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Short-Distance
BSM is widely associated with short-distance (high energy) because of the inherent prejudice that at the microscopic 
scale we will understand the most fundamental aspects of Nature. The idea is that if you know the micro you can derive 
the macro … not trivial at all. 
Explaining the macro using the micro has lead us a long way, and seemingly it does not stop to work. “To work” means 
that we understand new layers of Nature, but, even more important, the acquired knowledge raises ever deeper 
questions on the next layer of understanding of Nature.  

• Atoms, that were the micro-physics BSM of the mid/late-19th century, opened up 
questions on the time-reversibility of the basic laws of physics. Maybe solved today, 
maybe not, I am not in position to judge.

• Advocating for symmetry to explain the fundamental interactions worked out great. 
We are now lead to the question “how the symmetry was broken?” .This is “the” 
question about the next layer for our* generation, in my humble opinion, to be applied 
to the electroweak gauge symmetry, flavor symmetry, accidental baryon/lepton 
number, … That is also the flip side of asking what role symmetry still has to play in 
increasing our understanding of the Universe, not trivial to answer.

 
Incidemment, une telle figure, et même le dessin suivant, où se trouvent reportés à une

échelle arbitraire un plus grand nombre de déplacements, ne donnent qu’une idée bien
affaiblie du prodigieux enchevêtrement de la trajectoire réelle. Si en effet on faisait des
pointés en des intervalles de temps 100 fois plus rapprochés, chaque segment serait
remplacé par un contour polygonal relativement aussi compliqué que le dessin entier, et
ainsi de suite. On voit assez comment s’évanouit pratiquement en de pareils cas la notion
de tangente à une trajectoire.

 

73. Parfaite irrégularité de l’agitation.

 
Si le mouvement est irrégulier, le carré moyen X2 de la projection sur un axe sera

proportionnel au temps. Et en effet un grand nombre de pointés ont montré que ce carré
moyen est bien sensiblement 2 fois plus grand pour la durée de 120 s qu’il n’est pour la

durée de 30 s81.
Mais des vérifications plus complètes encore sont suggérées par l’extension aux

déplacements de granules des raisonnements imaginés par Maxwell (35) pour les vitesses
moléculaires, raisonnements qui doivent s’appliquer indifféremment aux deux cas.

En premier lieu, comme les projections des vitesses, les projections sur un axe des
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Given we want to explore the shortest distances, then  machines fill many checkboxes of the ideal tools:pp

• beams are relatively easy to handle (do not decay, do not annihilate, radiation is suppressed 
by , … ) thus can reach the highest energies, which is nearly all we seem to care about.m−4

p

• of course there is an issue with luminosity if you get down to numbers

Crystal Ball: on the Future High Energy Colliders Vladimir Shiltsev 

6 

αβγ-model Eq.(1), the cost of 100 km long accelerator facility with some 400MW of site power and based 

on today’s SC magnets can be estimated as TPC=2×(100/10)1/2+2×(100 TeV/1TeV)1/2+2×(400/100)1/2 

=30.3B$±9B$. As the biggest share of the TPC is for the magnets, the primary goal of the long-term R&D 

program should be development of ~16T SC dipole magnets which will be significantly (by a factor 3-5) 

more cost effective per TeV (or Tesla-meter) then those of, say, LHC – see Fig.2.   

 

While talking about frontier colliders, one should take into account the availability of experts. A simple 

“rule of thumb” (also know as “Oide-principle” [19]) based on statistics of construction projects in Japan 

and Europe and widely accepted in the accelerator community states that “one accelerator expert can spend 

intelligently 1 M$ in one year”. One can estimate that the world-wide community of accelerator physicists 

and experienced engineers does not exceed 1500 people and the total accelerator personnel (all scientists, 

engineers, technicians, drafters, etc) is about 4,000-4,500. Therefore, any plans for a really big facility at 

the scale of few B$ to 10B$ should take into account that significant time will be needed to get the required 

number of the people together. Another comment deals with the fact that due to extremely cpmplex nature 

of the fronrtier accelerators it takes time to get to design luminosity - often as long as 3-7 years [20] – and 

that should also be taken into account in any realistic plans.  

 
Fig.3: “Luminosity vs Energy” paradigm shift (see text) 

 
Finally, one can try to assess options for  “far future” post-FCC energy frontier collider facility with 

c.o.m. energies (20-100 times the LHC (300-1000 TeV). We surely know that for the same reason the 

circular e+e- collider energies do not extend beyond the Higgs factory range (~0.25 TeV), there will be no 

circular proton-proton colliders beyond 100 TeV because of unacceptable synchrotron radiation power – 

they will have to be linear. It is also appreciated that even in the linear accelerators electrons and positrons 

become impractical above about 3 TeV due to beam-strahlung (radiation due to interaction at the IPs) and 

about 10 TeV due to radiation in the focusing channel (<10 TeV). That leaves only μ+μ- or pp for the “far 

future” colliders. If we further limit ourselves to affordable options and request such a flagship machine not 
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What kind of BSM can we look for at a  machine?pp

sea-valence valence-valence colored sea weak sea

plus all the “precision” 
that you can steal from 
a typical  machine  e+e−

low-  LEP-style , , …pT A(l)
FB sin2 θW

high-  EFT-style  pT

CMS-PAS-SMP-22-010
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What kind of BSM can we look for at a  machine?pp

see M. Selvaggi and I. Moult on Wed.

The energy frontier 

30

stopsHigh mass resonances

Challenges: multi-TeV collimated top, W, τ highly collimated.
Tracking is the key highly segmented calorimetry  

For these kinds of searches we have a clear path ahead

Color Singlets (W/Z/H)

● Gluon/quark jet looks the same at 50 GeV and 5 TeV (QCD is ~ scale invariant)
● Color Singlets look like taus (do not radiate, a part from occasional QED/EWK shower)

○ high mass, highly isolated, highly collimated tracks

[Pierini]

16

up to non-negligible challenges in 
dealing with the reconstruction 

Boosted Colored Resonances 

● Multi TeV top radiates FSR at a typical scale angular scale ~ m / pT (deadcone)
● Large cone FSR can spoil mass by adding Δm ~ mtop even for 1 GeV emission

○ → use shrinking cone algo by reclustering with R ~ 4m/pT
○ use tracking for substructure  

Very simple heuristic algo

18

Light Z’ Searches

• Tremendous improvement in last 5 years. e.g. Light Z’ searches

Evolution of boosted dijet tagging

2017 2020

2024

pT > 500 GeV

[Figures from Simon Rothman]

Z
�

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0

yr
<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2

s?
<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

Workshop on High Luminosity LHC October 2024 40 / 46



Roberto Franceschini - Oct. 4th 2024 - INFN Frascati LNF - https://agenda.infn.it/event/42594/

What kind of BSM can we look for at a  machine?pp

further challenges in dealing with broad or non-resonant signals?

the reach does not necessarily require using mass 
reconstruction, need to keep an eye on angular resolution 

as well, but seems less of an issue

1706.03068v1 - Alioli,  Farina, Pappadopulo, Ruderman - for LHC

it is far less studied so far.

3

FIG. 2: The decay branching ratios of ⇢ and its total width in
comparison with its mass. We have chosen g⇢ = 4, a⇢ = 1/2,
MX = 2 TeV and c1 = 1 for the branching ratio curves. For
the �⇢/M⇢, we plot two curves with g⇢ = 4 (solid) and 5
(dashed) in magenta color.

Collider signal.–The most significant di↵erence be-
tween the collider signal of the spin-1 composite reso-
nances in our model and those of the previously used
benchmarks is in the width. The branching ratios into
di↵erent final states and the total decay width for the
neutral resonance ⇢0 are shown in Fig. 2. Since qL is
fully composite, its coupling to the ⇢ is of the order g⇢.
The dominant decay channels are tt̄, bb̄ in the mass re-
gion M⇢ < 2MX . In the mass region M⇢ > 2MX , the
decay into top partner pair is significant, which is almost
half of the total decay widths in the large M⇢ region.
The branching ratio to the di-boson final state is sup-
pressed by a factor of a4

⇢
/(2Nc). The suppression of the

di-boson branching ratio, especially at small a⇢, makes
them much less relevant. This is very di↵erent from the
well-studied cases, where the di-boson channel is the most
sensitive [31].

For broad resonances, the usual narrow width approx-
imation does not apply. It is not correct to just add a
large constant width to the propagator either. Instead,
we need to replace the propagator as

1

(ŝ�M2
⇢
)2 +M2
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, (8)

where
p
ŝ is the parton center of mass energy. This has

a significant impact on the shape of the resonance at the
LHC, as shown in Fig. 3.

There is no LHC search fully optimized for the broad
resonances presented here. Achieving maximal sensitiv-
ity will be a challenge which deserves much more detailed
studies. In the following, we will recast some of the LHC
searches which still have sensitivity and highlight the dif-
ference with the well studied benchmarks. First of all, the
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FIG. 3: Shape of the broad composite resonance at the LHC,
using tt̄ final state as an example. We have chosen M⇢ = 3
TeV, a⇢ = 1/2, y1R = 2 and c1 = 1.

searches in di-boson channel are not sensitive due to its
suppressed branching ratio. At the same time, the limit
set by searching for narrow resonances in the tt̄, bb̄, tb̄/t̄b
and `+`� final states will not apply if �⇢/M⇢ > 40%. The
systematic uncertainties on the backgrounds will have a
large impact for the large width case. There are sev-
eral broad resonance searches at the LHC in the above
channels, but most of the searches have used the con-
stant decay width approximation which could mis-model
the signal. For the tt̄ channel, the large width e↵ect has
been considered up to �⇢/M⇢ ⇠ 30% by the ATLAS at
36.1 fb�1 [32] and the CMS at 35.9 fb�1 [33]. While
the ATLAS measures only the semi-leptonic final state,
the CMS analysis combines all possible final states and
is more sensitive. In Fig. 4, we plot the current limits
and the projected 3 ab�1 reach for the tt̄ channel (red
shaded region) based on the CMS result. The colored
regions are truncated at g⇢ ⇠ 4 (�⇢/M⇢ 6 30%), beyond
which reliable extrapolations from current searches are
not possible. When g⇢ increases, the reach of M⇢ first
decreases because of the suppression of the coupling be-
tween the ⇢ resonance and valence quarks at large g⇢.
It then increases as the bb̄ initiated production becomes
important. We have taken into account the di↵erence
between the dynamical width propagator in Eq. (8) and
the constant decay width approximation.
The possibility of a broad ⇢0 decaying into `+`� has

been studied by ATLAS at 36.1 fb�1 [34], up to �⇢/M⇢ =
32%. The corresponding limit and its extrapolation to 3
ab�1 are shown in blue regions in Fig. 4. The mass reach
in low g⇢ region is higher than through the tt̄ channel.
But in the high g⇢ region, due to the branching ratio
suppression, `+`� will be worse than the tt̄ channel.
Currently, there is no strong constraint from the bb̄

channel. ATLAS has searched for a broad bb̄ resonance
up to �⇢/M⇢ = 15% in Ref. [35], but the constraint is

1901.01674
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What kind of BSM can we look for at a  machine?pp

A main driver for the physics program of (HL)-LHC and beyond

More nuanced questions, e.g. is the Goldstone-
Gauge-Higgs sector SO(4) invariant?
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Precision physics at a  machine?pp

New physics from 
contact interactions is 

enhanced by high-energy

Too small to 
observe, due to 
systematic 
uncertainties.

If the LHC has not found any evidence of new physics it is 
reasonable to assume that new physics is heavy.  

Then it can be encapsulated in contact interactions.

The effect of contact interactions, like the Fermi 4-
fermion interaction, grows with energy.

A  machine can exploit this effect!pp
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(Ï†i
Ωæ
D µÏ) © Ï†(iDµÏ)≠(iDµÏ†)Ï; (Ï†i

Ωæ
D I

µÏ) © Ï†· I(iDµÏ)≠(iDµÏ†)· IÏ where · I are the Pauli
matrices; T A

© ⁄A/2 where ⁄A are Gell-Mann matrices.
Four-quark operators:

O1(ijkl)
qq = (q̄i“

µqj)(q̄k“µql), (1)
O3(ijkl)

qq = (q̄i“
µ· Iqj)(q̄k“µ· Iql), (2)

O1(ijkl)
qu = (q̄i“

µqj)(ūk“µul), (3)
O8(ijkl)

qu = (q̄i“
µT Aqj)(ūk“µT Aul), (4)

O1(ijkl)
qd = (q̄i“

µqj)(d̄k“µdl), (5)

O8(ijkl)
qd = (q̄i“

µT Aqj)(d̄k“µT Adl), (6)

O(ijkl)
uu = (ūi“

µuj)(ūk“µul), (7)
O1(ijkl)

ud = (ūi“
µuj)(d̄k“µdl), (8)

O8(ijkl)
ud = (ūi“

µT Auj)(d̄k“µT Adl), (9)
‡O1(ijkl)

quqd = (q̄iuj) Á (q̄kdl), (10)
‡O8(ijkl)

quqd = (q̄iT
Auj) Á (q̄kT Adl), (11)

Two-quark operators:
‡O(ij)

uÏ = q̄iujÏ̃ (Ï†Ï), (12)

O1(ij)
Ïq = (Ï†i

Ωæ
D µÏ)(q̄i“

µqj), (13)

O3(ij)
Ïq = (Ï†i

Ωæ
D I

µÏ)(q̄i“
µ· Iqj), (14)

O(ij)
Ïu = (Ï†i

Ωæ
D µÏ)(ūi“

µuj), (15)
‡O(ij)

Ïud = (Ï̃†iDµÏ)(ūi“
µdj), (16)

‡O(ij)
uW = (q̄i‡

µ‹· Iuj) Ï̃W I
µ‹ , (17)

‡O(ij)
dW = (q̄i‡

µ‹· Idj) ÏW I
µ‹ , (18)

‡O(ij)
uB = (q̄i‡

µ‹uj) Ï̃Bµ‹ , (19)
‡O(ij)

uG = (q̄i‡
µ‹T Auj) Ï̃GA

µ‹ , (20)
Two-quark-two-lepton operators:

O1(ijkl)
lq = (l̄i“µlj)(q̄k“µql), (21)

O3(ijkl)
lq = (l̄i“µ· I lj)(q̄k“µ· Iql), (22)

O(ijkl)
lu = (l̄i“µlj)(ūk“µul), (23)

O(ijkl)
eq = (ēi“

µej)(q̄k“µql), (24)
O(ijkl)

eu = (ēi“
µej)(ūk“µul), (25)

‡O1(ijkl)
lequ = (l̄iej) Á (q̄kul), (26)

‡O3(ijkl)
lequ = (l̄i‡µ‹ej) Á (q̄k‡µ‹ul), (27)

‡O(ijkl)
ledq = (l̄iej)(d̄kql), (28)

Baryon- and lepton-number-violating operators:1
‡O(ijkl)

duq = (dc
i–uj—)(qc

k“Áll) ‘–—“ , (29)
‡O(ijkl)

qqu = (qc
i–Áqj—)(uc

k“el) ‘–—“ , (30)
1In the latest version of Ref. [1], O

1,3
qqq are merged into one single operator with SU(2)L indices mixed between

the two fermion bilinears. The two conventions are technically speaking equivalent [14].

4

Four-heavy (11 + 2 CPV d.o.f.) Indicative direct limits

c1
QQ © 2C1(3333)

qq ≠ 2
3 C3(3333)

qq

c8
QQ © 8C3(3333)

qq

!c+
QQ © C1(3333)

qq + C3(3333)
qq [≠2.92, 2.80] (Ecut = 3 TeV) [44]

c1
Qt © C1(3333)

qu [≠4.97, 4.90] (Ecut = 3 TeV) [44]
c8

Qt © C8(3333)
qu [≠10.3, 9.33] (Ecut = 3 TeV) [44]

c1
Qb © C1(3333)

qd

c8
Qb © C8(3333)

qd

c1
tt © C(3333)

uu [≠2.92, 2.80] (Ecut = 3 TeV) [44]
c1

tb © C1(3333)
ud

c8
tb © C8(3333)

ud

c1[I]
QtQb © [Im]

Re {C1(3333)
quqd

}

c8[I]
QtQb © [Im]

Re {C8(3333)
quqd

}

Two-light-two-heavy (14 d.o.f.)

c3,1
Qq © C3(ii33)

qq + 1
6 (C1(i33i)

qq ≠ C3(i33i)
qq ) [≠0.66, 1.24] [45], [≠3.11, 3.10] [44]

c3,8
Qq © C1(i33i)

qq ≠ C3(i33i)
qq [≠6.06, 6.73] [44]

c1,1
Qq © C1(ii33)

qq + 1
6 C1(i33i)

qq + 1
2 C3(i33i)

qq [≠3.13, 3.15] [44]
c1,8

Qq © C1(i33i)
qq + 3C3(i33i)

qq [≠6.92, 4.93] [44]
c1

Qu © C1(33ii)
qu [≠3.31, 3.44] [44]

c8
Qu © C8(33ii)

qu [≠8.13, 4.05] [44]
c1

Qd © C1(33ii)
qd

[≠4.98, 5.02] [44]
c8

Qd © C8(33ii)
qd

[≠11.7, 9.39] [44]
c1

tq © C1(ii33)
qu [≠2.84, 2.84] [44]

c8
tq © C8(ii33)

qu [≠6.80, 3.49] [44]
c1

tu © C(ii33)
uu + 1

3 C(i33i)
uu [≠3.62, 3.57] [44]

c8
tu © 2C(i33i)

uu [≠8.05, 4.75] [44]
c1

td © C1(33ii)
ud

[≠4.95, 5.04] [44]
c8

td © C8(33ii)
ud

[≠11.8, 9.31] [44]
Two-heavy (9 + 6 CPV d.o.f.)

c[I]
tÏ © [Im]

Re {C(33)
uÏ }

c≠
Ïq © C1(33)

Ïq ≠ C3(33)
Ïq c1

Ïq [≠3.1, 3.1] [45], [≠8.3, 8.6] [46]
c3

ÏQ © C3(33)
Ïq [≠4.1, 2.0] [45], [≠8.6, 8.3] [46]

cÏt © C(33)
Ïu [≠9.7, 8.3] [45], [≠9.1, 9.1] [46]

c[I]
Ïtb © [Im]

Re {C(33)
Ïud

}

c[I]
tW © [Im]

Re {C(33)
uW } ctW [≠4.0, 3.5] [45], [≠4.1, 4.1] [46]

c[I]
tZ © [Im]

Re {≠sW C(33)
uB + cW C(33)

uW } ctB [≠6.9, 4.6] [45], [≠7.6, 7.6] [46]
c[I]

bW © [Im]
Re {C(33)

dW
}

c[I]
tG © [Im]

Re {C(33)
uG } ctG [≠1.32, 1.24] [45]

Two-heavy-two-lepton (8 + 3 CPV d.o.f. ◊3 lepton flavours)

c3(¸)
Ql © C3(¸¸33)

lq

c≠(¸)
Ql © C1(¸¸33)

lq
≠ C3(¸¸33)

lq

c(¸)
Qe © C(¸¸33)

eq

c(¸)
tl © C(¸¸33)

lu

c(¸)
te © C(¸¸33)

eu

cS[I](¸)
t © [Im]

Re {C1(¸¸33)
lequ

}

cT [I](¸)
t © [Im]

Re {C3(¸¸33)
lequ

}

cS[I](¸)
b © [Im]

Re {C(¸¸33)
ledq

}

Table 1: Indicative limits on top-quark operator coe�cients for � = 1 TeV. For details on the
fit procedure, information on the input data and set of operators over which the results are
marginalised please consult the corresponding references (see also Ref. [47]). Coe�cients marked
with a ‘!’ are not independent of the ones previously defined.
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Figure 3.10. The 95% CL marginalised intervals in the
⇣
c(3)'q , c(�)

'q

⌘
plane from linear EFT fits to di↵erent datasets.

We compare the result of a LEP-only fit (blue) with those adding either the LHC Run II diboson data (orange) or
the HL-LHC diboson projections (green). The three fits are carried out with Level-0 pseudo-data, see App. D.
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Figure 3.11. Posterior distributions for three operators which in the quadratic EFT analysis display looser individual
(one-parameter) bounds in comparison with corresponding marginalised bounds. We show the two-light-two-heavy
operators c1tq, c3,8Qq , and c8Qd. The two fits considered are based on the same global dataset.

operators R�ci is unchanged in the individual fits before and after the inclusion of the HL-LHC projections.

A feature of Fig. 3.9 is that for some operators the individual bounds are looser than the marginalised

ones, albeit by a moderate amount (up to 30%). This is the case for most of the two-light-two-heavy

operators, and visible both with the SMEFiT3.0 dataset and for the fits with HL-LHC pseudo-data. To

investigate the origin of this feature, Fig. 3.11 shows posterior distributions for three operators (the two-

light-two-heavy operators c1tq, c3,8Qq, and c8Qd) which in the quadratic EFT analysis display looser individual

bounds in comparison with corresponding marginalised bounds. For these operators, the marginalised fits

lead to narrower posterior distributions, explaining the observed more stringent constraints. Finally, we

note that in scenarios relevant to the matching to UV models, which involve a subset of EFT operators,
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FIG. 2. Projected 95% CL exclusions in the W-Y plane. Left: exclusion from neutral (purple) and charged (green) DY

from LHC measurements at various luminosities and energies, compared to LEP bounds (gray). Right: projected reach from

a 100TeV collider (notice the change of scale).

and transverse lepton mass (for charged DY) bins and
compared with the observations using a �2 test. The
value of the cross section in each bin can be written as
� = �SM (1 +

P
p apCp +

P
pq bpqCpCq), C = {W,Y},

and ap, bpq are numbers that vary bin-by-bin. The coef-
ficients ap represent the interference between the SM and
the new physics, which is the leading e↵ect in our case.
The SM cross section, �SM , is computed at NNLO QCD
using FEWZ [29–32, 43, 44]. The NNPDF2.3@NNLO
PDF [45, 46], with ↵s = 0.119, is employed for the cen-
tral value predictions at 8 and 13TeV, and to quantify
PDF uncertainties. We use NNPDF3.0@NNLO [47] for
100TeV projections. The QCD scale and PDF uncertain-
ties are included following Ref. [39]. The photon PDF is
not a significant source of uncertainty, because it was
recently determined with high precision [48].

Run-1 limits on W and Y from neutral DY are ob-
tained using the di↵erential cross section measurements
performed by ATLAS [25] and CMS [23], including the
full correlation matrix of experimental uncertainties. The
left panel of Fig. 1 shows the comparison of the ATLAS
and CMS measurements with our theoretical predictions
for the cross section in each bin in the SM (W = Y = 0)
hypothesis. Theoretical uncertainties from PDF and
scale uncertainty are displayed as a shaded band, while
the black error bars represent experimental uncertain-
ties. Our predictions reproduce observations, under the
SM hypothesis, over the whole invariant mass range. We
also notice that statistical errors are by far dominant at
high mass, the theoretical and systematical uncertain-
ties being one order of magnitude smaller, around 2%.
The right panel of Fig. 1 shows the 95% exclusion con-
tours obtained with ATLAS and CMS data in the W-Y

plane. The constraint from LEP and from other low-
energy measurements [42] is displayed as a grey region
(marginalizing over Ŝ and T̂). Run-1 limits from neutral
DY are already competitive with LEP constraints.
We project neutral/charged DY reach at 13 TeV and

at a future 100 TeV collider. We also project the reach
of 8 TeV for charged DY (di↵erential cross section mea-
surements are presently unavailable at high transverse
mass). In order to estimate experimental uncertainties,
we include fully correlated (�c) and uncorrelated (�uc) un-
certainties. For neutral DY, we use �c = �uc = 2%, com-
mensurate with uncertainties achieved in existing 8 TeV
measurements. For charged DY we use �c = �uc = 5%,
consistent with uncertainty attributed to charged DY
backgrounds to W 0 searches [49–51]. We apply the cuts
p`T > 25 GeV and |⌘`| < 2.5 on leptons, and assume
an identification e�ciency of 65% (80%) for electrons
(muons). For neutral (charged) DY we bin invariant
(transverse) mass as in Ref. [39].
Our 13 TeV results, overlaid with the LEP limit, are

shown in Fig. 2 left, for luminosities of 100, 300, and
3000 fb�1. The projected LHC limits are radically bet-
ter than present constraints. The expected Run-1 limit
on W from charged DY is shown as a dotted green band.
The reach far surpasses LEP, even with Run-1 data. Pro-
jections for 100TeV are shown to the right of Fig. 2 for
luminosities of 3 and 10 ab�1.

In order to delve deeper into our results, Fig. 3 shows
how the limit on W or Y changes if only invariant
mass (for neutral DY, left panel) or transverse mass (for
charged DY, right panel) bins below a certain threshold
⇤cut are included. We learn that our limits mainly rely on
measurements below 1 (2) TeV for

p
s = 8 (13) TeV. The
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Energy helps accuracy: electroweak precision tests at hadron colliders
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We show that high energy measurements of Drell-Yan at the LHC can serve as electroweak
precision tests. Dimension-6 operators, from the Standard Model E↵ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
precision frontier.

Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question by studying the e↵ect of “uni-
versal” new physics [8] on neutral and charged Drell-Yan
(DY) [9] processes: pp ! `+`� and pp ! `⌫. Uni-
versal theories include scenarios with new heavy vectors
that mix with SM ones [10–15], new electroweak charged
particles [16], and electroweak gauge boson composite-
ness [17]. The e↵ects of universal new physics on DY
process can be parameterized as modifications of elec-
troweak gauge boson propagators and encapsulated in
the “oblique parameters” [18]. At leading order in a
derivative expansion they correspond to Ŝ, T̂, W, and
Y [8], which modify the �, Z, and W propagators. The
e↵ects of Ŝ and T̂ on DY processes do not grow with en-
ergy, making it di�cult for the LHC to surpass stringent
constraints from LEP [1]. On the other hand, W and

Y, which are generated by the dimension-6 operators of
table I, give rise to e↵ects that grow with energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [19–
25], Parton Distribution Function (PDF) determination,
and NNLO calculations [26–32]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.

While we propose to use DY for electroweak preci-
sion tests, previous studies have shown DY can probe
4-fermion contact operators [33–37], the running of elec-
troweak gauge couplings [38, 39], and quantum e↵ects
from superpartners [40, 41].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 g22W

2m2
W
JL

a
µJL

µ
a

Y � Y
4m2

W
(@⇢Bµ⌫)

2 g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral and charged vector boson propa-
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Effects of the size of the Higgs boson

ℓHiggs ∼ 1/m⋆{effects and purely gluonic operators):1729

L
d=6
universal = cH

g2
⇤

m2
⇤
OH + cT

Nc✏
4
qg

4
⇤

(4⇡)
2m2

⇤
OT + c6�

g2
⇤

m2
⇤
O6 +

1

m2
⇤

[cW OW + cBOB]

+
g2
⇤

(4⇡)
2m2

⇤
[cHW OHW + cHBOHB] +

y2
t

(4⇡)
2m2

⇤
[cBBOBB + cGGOGG]

+
1

g2
⇤m

2
⇤

h
c2W g2

O2W + c2Bg02
O2B

i
+ c3W

3!g2

(4⇡)
2m2

⇤
O3W

+ cyt

g2
⇤

m2
⇤
Oyt + cyb

g2
⇤

m2
⇤
Oyb (66)

where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755

1756

Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759

yt ' ✏q✏tg⇤ (67)

where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763

66

effects and purely gluonic operators):1729

L
d=6
universal = cH

g2
⇤

m2
⇤
OH + cT

Nc✏
4
qg

4
⇤

(4⇡)
2m2

⇤
OT + c6�

g2
⇤

m2
⇤
O6 +

1

m2
⇤

[cW OW + cBOB]

+
g2
⇤

(4⇡)
2m2

⇤
[cHW OHW + cHBOHB] +

y2
t

(4⇡)
2m2

⇤
[cBBOBB + cGGOGG]

+
1

g2
⇤m

2
⇤

h
c2W g2

O2W + c2Bg02
O2B

i
+ c3W

3!g2

(4⇡)
2m2

⇤
O3W

+ cyt

g2
⇤

m2
⇤
Oyt + cyb

g2
⇤

m2
⇤
Oyb (66)

where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Higgs compositeness

09/09/2018 Philipp Roloff Physics at future linear colliders 23
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final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.
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Published Run II DY data: EFT vs PDF interplay negligible 

HL-LHC projections: strong constraints on large-x antiquark PDFs, 
may be reabsorbed into SMEFT PDFs

Bounds based on SM-PDFs overly optimistic as compared to 
those obtained from SMEFT-PDFs

Emphasises importance of SMEFT-PDF interplay at the HL-LHC

Rojo@LHCp 2024

https://indico.cern.ch/event/1253590/contributions/5814396

Assume a BSM scenario with an extra W’ gauge boson with MW’ = 13.8 TeV

Generate HL-LHC pseudo-data (NC & CC Drell-Yan) for this model and include in global PDF fit

Data-theory agreement unchanged, but the  luminosity shifts far beyond PDF uncertainties. 

Why? Because anti-quark PDFs at large-x poorly constrained, “fitting away” BSM signals

Miss BSM signals in SMEFT analysis & spurious effects in ``SM’’ processes (e.g. diboson)

qq̄

Hammou, Madigan, Mangano, Mantani, Morales, Ubiali, arXiv:2307.10370

SM
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Lifting the PDF/BSM Degeneracy
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 Need accurate low-energy measurements constraining large-x PDFs  to robustly disentangle 
QCD from BSM effects and break this degeneracy

 Including DIS neutrino measurements from the LHC (FASER, SND@LHC, FPF) removes this 
PDF/BSM degeneracy, fixing the large-x PDFs independently from high-pT data

 Essential input to realise the full BSM search potential of the HL-LHC

Hammou, Madigan, Ubiali, WIP

SM+W’ (baseline dataset)
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SM+W’ (Drell-Yan weighted)

Global PDF fit + HL-LHC & FPF pseudo-data
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reabsorbed in PDFs!
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• These wrinkles from contaminations can be ironed out with more data in PDF fits.
• In general the strategy seems very robust, as it requires “some” control over systematics, but 

completely within feasibility

1712.01310

Precision obtained by leveraging high-  to see the magnified effect of small 
new physics couplings can tolerate relatively large systematics
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Figure 6. Expected 95% CL bounds from fully leptonic WZ on the high-energy primary parameter
a(3)q as a function of the new physics scale M . The plots reports the results for the HL-LHC
(orange lines), HE-LHC (green lines) and FCC-hh (brown lines) for different values of the systematic
uncertainties.

quantify how large M concretely needs to be for our results to hold by studying [10, 64, 65]

how the limit deteriorates if only events with low WZ invariant mass, mwz < mmax
wz are

employed. This obviously ensures that the limit is consistently set within the range of

validity of the EFT provided the EFT cutoff M is below mmax
wz .14 The results are reported

in figure 1 for the LHC and the HL-LHC and in figure 6 for the higher energy future

collider options. Since the 95% CL interval is nearly symmetric around the origin (with

the exception of the LHC one), only the upper limit is reported in the figure for shortness.

Several conclusions can be drawn from figures 1 and 6. First of all we see that the

reach saturates for mmax
wz below around 1.5TeV at the LHC and at the HL-LHC if the

systematic uncertainties are low, meaning that the limits obtained without mwz cut apply

to theories with cutoff M above that threshold. The threshold grows to around 3 and

4TeV at the HE-LHC and at the FCC-hh, respectively. The curve with δsyst = 100%

in figure 1 outlines the crucial role played by accuracy in this analysis. An inaccurate

determination of the cross-section would not only weaken by a factor ∼ 4 the asymptotic

reach at mmax
wz → ∞, but it would also raise above 2TeV the energy scale that is relevant

for the limit. This makes that on one hand we would be only sensitive to theories with a

lower M , since a(3)q ∼ 1/M2, while on the other hand we would need theories with larger

M for our limit to hold. The combination of these two effects would drastically reduce the

set of BSM theories that we would be able to probe. This is illustrated in the figures by

overlying to the reach the theoretical estimates of a(3)q , as a function of M ≃ mmax
wz , in the

14The choice of the kinematical variable that best characterizes the hardness of the event, to be compared

with M in order to ensure the EFT validity, is ambiguous to some extent. One choice could be the total

invariant mass of all the final state hard objects [65], which in our case would include extra hard jets.

The diboson mass mwz that we employ here is also a reasonable choice, in light of the cut on pT,V V that

effectively vetoes hard QCD radiation.
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Figure 10: Values of sin2 q`eff measured with the AFB and A4 fits, for seven alternative PDF sets,
combining the four detection channels and using the full Run 2 data sample. The orange line
and the yellow band correspond to the default result, obtained with the CT18Z PDFs. The green
open squares show the results obtained without profiling the corresponding PDF uncertainties.
For the AFB-based result, the violet error band represents the PDF uncertainty while the black
error bar represents the total uncertainty.
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Figure 11: Comparison of the sin2 q`eff values measured in this analysis with previous measure-
ments and the SM prediction.

the CT18Z set of parton densities, the result is

sin2 q`eff = 0.23157 ± 0.00010 (stat) ± 0.00015 (syst) ± 0.00009 (theo) ± 0.00027(PDF).

The total uncertainty, dominated by the PDF term, is 0.00031, accounting for correlated uncer-
tainties; it varies between 0.00024 and 0.00035, depending on the PDF set used. For the central
values of the CT18Z set, the combined statistical and experimental systematic uncertainty is
0.00014. The measured sin2 q`eff value is in good agreement with the standard model predic-
tion, 0.23155 ± 0.00004, and is the most precise among the hadron-collider measurements. The
precision is comparable to that of the two most precise measurements performed in e+e� col-
lisions at LEP and SLD, with respective uncertainties of 0.00026 and 0.00029. We have also
measured the A4 coefficient differentially, as a function of the dilepton’s mass and rapidity, a
result that can be used in combination with other LHC measurements and in improvements of
the sin2 q`eff measurement with future PDF sets.

9. The precise W boson mass measurement as a test of the SM 11

9 The precise W boson mass measurement as a test of the SM

In this paper we report the first W mass measurement by the CMS Collaboration at the CERN
LHC, with a precision very similar to that of the recent CDF measurement and better than that
of all other results. The W mass is extracted from a sample of W ! µn decays, collected in 2016
at the proton-proton collision energy of 13 TeV, via a highly granular maximum likelihood fit
to the three-dimensional distribution of the muon pµ

T, hµ, and electric charge. A number of
novel experimental techniques have been used, together with state-of-the-art theoretical mod-
els, to improve the measurement accuracy. Both the data analysis methods and the treatment
of the theory calculations used in the mW measurement have been validated in multiple ways,
including a muon momentum calibration using only J/y ! µµ events and the extraction of mZ
from a W-like analysis of Z boson dimuon decays.

Figure 4: The mW measurement from this analysis (in red) is compared with those of LEP [9],
D0 [14], CDF [17], LHCb [19], and ATLAS [20]. The global EW fit prediction [1] is represented
by the gray vertical band.

The measured value, mW = 80 360.2 ± 9.9 MeV, agrees with the expectation from the standard
model electroweak fit and is consistent with the present world average (excluding CDF), as
shown in Fig. 4. This measurement constitutes a significant step towards reaching an experi-
mental value with a precision approaching that of the standard model prediction.
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This hinges on a spectacular control of systematic uncertainties.

Such control over systematics is far from guaranteed for a future  machine. Today is too early to say 
if we can tackle BSM scenarios via low-  precision measurements. A cleaner  machine would 
make things easier.
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using mW analysis. Ref. [33] studied a specific exam-
ple of category (B) only. Moreover, in the following, we
describe a more general approach than Ref. [33] for the
associated analyses.

III. A PROOF-OF-PRINCIPLE: Lµ � L⌧ GAUGE
BOSON

The first model that we consider is the Lµ�L⌧ Z 0 [34]:

Lint = gZ0Z 0
⇢J

⇢
µ�⌧ + gDZ 0

⇢J
⇢
D , (1)

where gZ0 and gD are the couplings of Z 0-boson to SM
and dark-sector states, respectively. The U(1)Lµ�L⌧ cur-
rent reads

J⇢
µ�⌧ = (⌫̄µ�

⇢⌫µ + µ̄�⇢µ� ⌫̄⌧�
⇢⌫⌧ � ⌧̄ �⇢⌧). (2)

The term Z 0
⇢J

⇢
D describes the interaction of the Z 0-boson

with some invisible, unspecified dark-sector states. The
key assumptions, that gD � gZ0 and the dark sector
contains states su�ciently lighter than mZ0 , guarantee
that the Z 0-boson decays predominantly invisibly.

This model has been extensively studied as a possi-
ble portal to dark matter or as an extension to SM. The
2-dimensional parameter space (gZ0 ,mZ0) is tested by a
variety of searches, from K-/B-factories, g � 2, to neu-
trino beam-dump experiments [26, 35].3 In this model
belonging to category (A), the W -boson has a 3-body
decay into µ ⌫µ Z 0 (Fig. 1 left), modifying the kinematic
distributions of `+MET final state.4

We obtain the kinematic distributions through
a Monte Carlo (MC) simulation via Mad-
Graph5 aMC@NLOv3.42 [37] + PYTHIA8.212
[38] + Delphesv3.4 [39] (ATLAS card). We employed
LHAPDF [40], PDF ID:244800 [41]. The 3-body
decay (versus 2-body) softens the pT and mT distri-
butions, as seen in Fig. 3 for a benchmark value of
(mZ0 , gZ0) = (10 GeV, 0.12).5

As shown in Fig. 3, for gZ0 ⇠ O(0.1), the expected S/B
ratio is O(10�3). Sensitivity to these e↵ects strongly re-
lies on the various sources of uncertainties, which is ex-
actly the main target for the experimental collaborations
that reached percent [1] and even sub-percent uncertain-
ties [5, 6], aimed at measuring mW . Also backgrounds
are extensively studied and they are only a few% in the
region of interest. In this letter we will not attempt a

3 Additional constraints arise when mZ0 is of Stuckenberg origin
[36].

4 Additional signal events come from ⌧ ! Z0µ ⌫µ ⌫⌧ . For simplic-
ity we don’t include them in our analysis.

5 NP also modifies W -boson total decay width. This e↵ect is ex-
pected to be negligible given the projected bound on the NP
parameters. Therefore we fix the width to its SM value. The
e↵ect of the width on the mW determination within the SM is
only a few MeV. [5, 15].

Figure 3: Normalized transverse mass distributions for
µ + MET at the LHC. Blue line: mZ0 = 10GeV, gZ0 =
0.12). Red line: mµ̃ = 115GeV, m⌫̃ = 83GeV, m�̃0

1
=

70GeV. The dashed lines in the lower panel are obtained
from selected Z events. The dashed gray lines indicate
the ATLAS fitting range.

complete study of the various sources of uncertainties in
the presence of NP. We just comment on the possible ef-
fect of our NP hypothesis on the sample of Z ! `` events
which are heavily used for detector calibration [1, 6] and
for tuning the boson production model on data [15]. Thus
a contamination of NP in the Z ! `` sample might af-
fect the calibration of the MCs, “calibrating away” signs
of NP [42]. However, by isolating pure Z-boson events
with appropriate kinematic cuts, such as those imposed
by ATLAS [6]: 80 < m``/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to
O(10�4), still for gZ0 ⇠ O(0.1).
We estimate the sensitivity and the impact of our NP

hypothesis on the mW measurement through a binned �2

analysis for the p`T and mT distributions. Our analysis
is aligned as much as possible with the ATLAS measure-
ment [5, 6], only slightly extending the fit range aiming
at maximal sensitivity (see Tab. I). We then construct
the following �2:

�2(�mW ,�NP) =
NBinsX

i=1

⇣
N i

ev(�mW ,�NP)�N
i
ev

⌘2

�2
stat + �2

sys

,

(3)

where N i
ev(�mW ,�NP) is the expected number of events

in the the bin i as function of mW (�mW = mW �mW )
and the NP parameters. We centered our �2 at �NP = 0
and �mW = 0 because we are assuming data to realize
the SM expectation for the W-boson massmW . We stress
that we are testing the New Physics hypothesis with no
prior on mW , as both �NP and mW are floated.
On the contrary, the authors of [33] fixed mW in the

hypothesis to the EW fit prediction. The simultaneous
fit to mW and NP that we perform here is thus a more

p
`
T p

miss
T mT |~uT | mT range p

`
T range

ATLAS [23, 24]

(W ! µ ⌫µ)

> 30 (analysis)

> 18 (trigger)
> 30 > 60 < 30 [60, 100] [30, 50]

Sec. 3.1 (W ! µ⌫µ�) > 20 > 20 > 40 < 30 [40, 100] [20, 50]

Sec. 3.2 (W ! µ⌫4) > 20 > 20 > 40 < 30 [40, 100] [20, 50]

Sec. 4 (pp ! WZ
0) > 30 > 30 > 60 < 30 [60, 140] [30, 70]

CDF (µ) [25]
[30, 55] (analysis)

> 18 (trigger)
[30, 55] [60, 100] < 15 [65, 90] [32, 48]

Sec. 3.1 (W ! µ⌫µ�) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Sec. 3.2 (W ! µ⌫4) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Table 1: Kinematic cuts and analysis ranges considered in our fit and in the latest W -mass

measurements [23–25]. All the number are measured in GeV. The hadronic recoil vector

is denoted by ~uT . For our LHC projections, we construct 2 GeV bins for mT and 1 GeV

bins for p`T [24], unless otherwise specified. For the CDF projections, we construct 0.5 GeV

bins for mT and 0.25 GeV bins for p`T , p
miss
T [25]. The analysis ranges of p`T apply also to

p
miss
T in the CDF analyses.

W -boson mass is not a crucial input. This is because the majority of the sensitivity to

new physics comes from regions of the kinematic distributions in which the SM processes

are relatively rare, thus a moderately S/B is typical for this search strategy. Thus, after

careful testing of this step, we assume mW to be a know parameter from other experiments

or other analyses, or both, and set �mW = 0 in Eq. (2.3).

Figure 3: Normalized kinematic distributions for the models presented in Sec. 3.1, 3.2

and Sec. 4. The reference points in the new physics parameter space are (�µµ = 1, m� =

10 GeV) for the “neutrinophilic scalar” (blue lines), (|Uµ4| = 0.04, m⌫4 = 30 GeV) for

the “heavy neutrino” (green lines), and (gZ0 , mZ
0
B
= 10 GeV) for the hadrophilic Z

0
B (red

lines).

– 8 –
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Figure 1: Cartoon of the various regions. In black, we show a cartoon distribution of

the transverse momentum of the lepton from the SM decay of the W boson. The colored

lines show roughly where the distribution would change with the inclusion of various BSM

physics. The sub-electroweak region contains the Jacobian peak (at 1
2mW ) of the SM W

boson distributions, and is therefore used to measure mW , systematic uncertainties can

reach the per-mill level [23–25]. The supra-electroweak region contains the high-pT tails of

the distributions and is often used for heavy BSM physics searches, like the W
0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above
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Università degli Studi and INFN Roma Tre,

Via della Vasca Navale 84, I-00146, Rome
3
Mitchell Institute for Fundamental Physics and Astronomy,

Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA
4
Department of Physics, Duke University, Durham, NC 27708

(Dated: October 23, 2023)

We show that the mW measurement is a direct probe of New Physics (NP) contributing to
`+MET, independently from indirect tests via the electroweak fit. Such NP modifies the kinematic
distributions used to extract mW , necessitating a simultaneous fit to mW and NP. This e↵ect can
in principle bias the mW measurement, but only to a limited extent for our considered models.
Given that, we demonstrate that the agreement at high-precision with SM-predicted shapes results
in bounds competitive to, if not exceeding, existing ones for two examples: anomalous W decay
involving a Lµ � L⌧ gauge boson and ⌫̃l l̃ production in the MSSM.

I. INTRODUCTION

The mass of the W boson plays a crucial role in
our understanding of nature. The discrepancy between
the recent and most precise measurement by CDF [1]
and the SM prediction might already be a hint of new
physics (NP) beyond the Standard Model (BSM). Theo-
retical explanations commonly invoke new contributions
to the electroweak (EW) fit [2] in order to shift the value
of the SM prediction (see for instance [3, 4]) and ex-
plain the anomaly. Yet, the more recent re-measurement
by ATLAS [5, 6] adds to the puzzle, confirming the
SM-predicted value and the previous measurements by
LHCb, D; and LEP [7–9]. Whether in the future the
CDF anomaly will be confirmed cannot be foreseen. The
only fact that we have today is the striking precision of
10�4 of these measurements and of the corresponding
theory SM predictions. This precision might even im-
prove in the near future due to an ongoing intense experi-
mental [5, 10] and theoretical e↵ort (see e.g. Refs. [11–17]
for recent works).

The mW experimental value is extracted from the si-
multaneous fit of di↵erent measured kinematic distribu-
tions (see below) in leptonic decays of singly-produced
W -bosons to the SM predictions. Both ATLAS and CDF
find perfect agreement with their best-fit SM distribu-
tions.

We show in this letter that the data used for the mW
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Figure 1: NP contributions to the W -boson mass sample
in the `+MET channel. Left: invisibly-decaying Lµ�L⌧

Z 0-boson. Right: slepton-sneutrino production in the
MSSM.

measurement can simultaneously be a powerful direct
probe for any NP that contributes to the same final state.
The key observation is that NP produces kinematic dis-
tributions that are su�ciently di↵erent with respect to
those in the SM. Hence, the same analysis can be used
for the extraction of both mW and NP parameters. The
correct procedure thus requires a global fit, which might
in principle shift the measurement of mW , with NP pro-
viding new nuisance parameters.

This paradigm is general, having already been at-
tempted in [18–24] for the top quark, in the context of
NP copiously produced via strong interactions. Fainter
signals of NP charged only under the electroweak inter-
action are more challenging. Yet we will show how the
extraordinary precision of the mW measurement can put
competitive bounds on motivated new physics scenarios,
and in some cases to exceed present bounds, e.g. those
for long-sought SUSY sleptons. This strategy is in ad-
dition to the classic test based on EW fit of the SM to
which we are accustomed since LEP [25]. In this letter,
we focus solely on the mW measurement. We classify the
possible NP that can contaminate the measured sample
and quantify the sensitivity to two concrete, well-known
BSM scenarios (see Fig. 1).
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run-2 projections. Present bounds are obtained from [26] and [27] respectively for the left and right figure.

II. INVISIBLE NEW PHYSICS BEHIND THE
SEMI-INVISIBLE W-BOSON

The W -boson mass measurement is special. The re-
markable precision, reached by hadron colliders, relies
only on the partially visible leptonic decays. The masses
of other heavy SM bosons are instead extracted from fully
visible and clean final states (e.g., h ! ��, Z ! `+`�),
hence resonance reconstruction is possible in a narrow
region. For hadronic W -boson decays, resonance recon-
struction is plagued by the challenges of QCD observ-
ables. The semi-invisible final state of leptonicW -decays,
namely `+MET, is cleaner, but it presents a good hide-
out for invisible NP.

Given that the W -boson decay cannot be fully recon-
structed, the measurement of the mW is a result of the
fit to the lepton p`T and the transverse mass mT distri-
butions.1 Hence, any BSM that contributes to the same
final state, modifying these kinematic distributions, can
a↵ect the mW measurement. Such NP can be classified
in three possibilities:

(A) anomalous W -boson decay,

(B) anomalous W -boson production,

(C) `+MET not from an on-shell W -boson, ` = (e, µ).

1 CDF also fits the missing transverse momentum pmiss
T distribu-

tion.

The first (second) possibility includes all BSM models
that modify the W -boson decay (production), yet result-
ing in `+MET. Option (C) collects all BSM models that
can produce an `+MET final state, without the involve-
ment of any on-shell W -boson. This category includes
the production of new particles, decaying into `+MET,
and new interactions among quark/gluons and leptons.2

Here we explore two simple, yet relevant, case stud-
ies that cover options (A) and (C). In Sec. III, we focus
on anomalous W -boson decay in the invisibly-decaying
Lµ � L⌧ gauge boson scenario (Fig. 1 left). This rep-
resents a proof-of-principle of our idea, highlighting the
relevant points with rather simple phenomenology. Nev-
ertheless, we find that the mW measurement represents a
competitive probe for this model (see Fig. 2a). In Sec. IV
we focus on category (C), using ⌫̃ ˜̀ production in SUSY
as an example. This production mechanism is not cur-
rently investigated at the LHC. Remarkably, our results
in Fig. 2b show that the mW measurement can cover an
unexplored parameter space of slepton searches.
In a follow-up paper [31], we will study additional ex-

amples of category (A) and an illustration of category
(B): a Z 0-boson gauging baryon number (see [32] and ref-
erences therein). Overall, our two papers thus represent
a comprehensive study of probing NP giving ` + MET

2 Examples of this are dim-6 quark-lepton four fermion operators
that mediate qq ! ` ⌫` processes. The latter are usually very
well constrained by high-energy measurements [28–30].

3

using mW analysis. Ref. [33] studied a specific exam-
ple of category (B) only. Moreover, in the following, we
describe a more general approach than Ref. [33] for the
associated analyses.

III. A PROOF-OF-PRINCIPLE: Lµ L⌧ GAUGE
BOSON

The first model that we consider is the Lµ�L⌧ Z 0 [34]:

Lint = gZ0Z 0
⇢J

⇢
µ�⌧ + gDZ 0

⇢J
⇢
D , (1)

where gZ0 and gD are the couplings of Z 0-boson to SM
and dark-sector states, respectively. The U(1)Lµ�L⌧ cur-
rent reads

J⇢
µ�⌧ = (⌫̄µ�

⇢⌫µ + µ̄�⇢µ� ⌫̄⌧�
⇢⌫⌧ � ⌧̄ �⇢⌧). (2)

The term Z 0
⇢J

⇢
D describes the interaction of the Z 0-boson

with some invisible, unspecified dark-sector states. The
key assumptions, that gD � gZ0 and the dark sector
contains states su�ciently lighter than mZ0 , guarantee
that the Z 0-boson decays predominantly invisibly.
This model has been extensively studied as a possi-

ble portal to dark matter or as an extension to SM. The
2-dimensional parameter space (gZ0 ,mZ0) is tested by a
variety of searches, from K-/B-factories, g � 2, to neu-
trino beam-dump experiments [26, 35].3 In this model
belonging to category (A), the W -boson has a 3-body
decay into µ ⌫µ Z 0 (Fig. 1 left), modifying the kinematic
distributions of `+MET final state.4

We obtain the kinematic distributions through
a Monte Carlo (MC) simulation via Mad-
Graph5 aMC@NLOv3.42 [37] + PYTHIA8.212
[38] + Delphesv3.4 [39] (ATLAS card). We employed
LHAPDF [40], PDF ID:244800 [41]. The 3-body
decay (versus 2-body) softens the pT and mT distri-
butions, as seen in Fig. 3 for a benchmark value of
(mZ0 , gZ0) = (10 GeV, 0.12).5

As shown in Fig. 3, for gZ0 ⇠ O(0.1), the expected S/B
ratio is O(10�3). Sensitivity to these e↵ects strongly re-
lies on the various sources of uncertainties, which is ex-
actly the main target for the experimental collaborations
that reached percent [1] and even sub-percent uncertain-
ties [5, 6], aimed at measuring mW . Also backgrounds
are extensively studied and they are only a few% in the
region of interest. In this letter we will not attempt a

3 Additional constraints arise when mZ0 is of Stuckenberg origin
[36].

4 Additional signal events come from ⌧ ! Z0µ ⌫µ ⌫⌧ . For simplic-
ity we don’t include them in our analysis.

5 NP also modifies W -boson total decay width. This e↵ect is ex-
pected to be negligible given the projected bound on the NP
parameters. Therefore we fix the width to its SM value. The
e↵ect of the width on the mW determination within the SM is
only a few MeV. [5, 15].

Figure 3: Normalized transverse mass distributions for
µ + MET at the LHC. Blue line: mZ0 = 10GeV, gZ0 =
0.12). Red line: mµ̃ = 115GeV, m⌫̃ = 83GeV, m�̃0

1
=

70GeV. The dashed lines in the lower panel are obtained
from selected Z events. The dashed gray lines indicate
the ATLAS fitting range.

complete study of the various sources of uncertainties in
the presence of NP. We just comment on the possible ef-
fect of our NP hypothesis on the sample of Z ! `` events
which are heavily used for detector calibration [1, 6] and
for tuning the boson production model on data [15]. Thus
a contamination of NP in the Z ! `` sample might af-
fect the calibration of the MCs, “calibrating away” signs
of NP [42]. However, by isolating pure Z-boson events
with appropriate kinematic cuts, such as those imposed
by ATLAS [6]: 80 < m``/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to
O(10�4), still for gZ0 ⇠ O(0.1).

We estimate the sensitivity and the impact of our NP
hypothesis on the mW measurement through a binned �2

analysis for the p`T and mT distributions. Our analysis
is aligned as much as possible with the ATLAS measure-
ment [5, 6], only slightly extending the fit range aiming
at maximal sensitivity (see Tab. I). We then construct
the following �2:

�2(�mW ,�NP) =
NBinsX

i=1

⇣
N i

ev(�mW ,�NP)�N
i
ev

⌘2

�2
stat + �2

sys

,

(3)

where N i
ev(�mW ,�NP) is the expected number of events

in the the bin i as function of mW (�mW = mW �mW )
and the NP parameters. We centered our �2 at �NP = 0
and �mW = 0 because we are assuming data to realize
the SM expectation for the W-boson massmW . We stress
that we are testing the New Physics hypothesis with no
prior on mW , as both �NP and mW are floated.
On the contrary, the authors of [33] fixed mW in the

hypothesis to the EW fit prediction. The simultaneous
fit to mW and NP that we perform here is thus a more

Figure 1: Cartoon of the various regions. In black, we show a cartoon distribution of

the transverse momentum of the lepton from the SM decay of the W boson. The colored

lines show roughly where the distribution would change with the inclusion of various BSM

physics. The sub-electroweak region contains the Jacobian peak (at 1
2mW ) of the SM W

boson distributions, and is therefore used to measure mW , systematic uncertainties can

reach the per-mill level [23–25]. The supra-electroweak region contains the high-pT tails of

the distributions and is often used for heavy BSM physics searches, like the W
0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above

the Jacobian peak, there is opportunity for BSM searches where the optimal S/B ratio is

compatible with per-cent level systematics. We denote this the circa-electroweak region.
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II. INVISIBLE NEW PHYSICS BEHIND THE
SEMI-INVISIBLE W-BOSON

The W -boson mass measurement is special. The re-
markable precision, reached by hadron colliders, relies
only on the partially visible leptonic decays. The masses
of other heavy SM bosons are instead extracted from fully
visible and clean final states (e.g., h ! ��, Z ! `+`�),
hence resonance reconstruction is possible in a narrow
region. For hadronic W -boson decays, resonance recon-
struction is plagued by the challenges of QCD observ-
ables. The semi-invisible final state of leptonicW -decays,
namely `+MET, is cleaner, but it presents a good hide-
out for invisible NP.

Given that the W -boson decay cannot be fully recon-
structed, the measurement of the mW is a result of the
fit to the lepton p`T and the transverse mass mT distri-
butions.1 Hence, any BSM that contributes to the same
final state, modifying these kinematic distributions, can
a↵ect the mW measurement. Such NP can be classified
in three possibilities:

(A) anomalous W -boson decay,

(B) anomalous W -boson production,

(C) `+MET not from an on-shell W -boson, ` = (e, µ).

1 CDF also fits the missing transverse momentum pmiss
T distribu-

tion.

The first (second) possibility includes all BSM models
that modify the W -boson decay (production), yet result-
ing in `+MET. Option (C) collects all BSM models that
can produce an `+MET final state, without the involve-
ment of any on-shell W -boson. This category includes
the production of new particles, decaying into `+MET,
and new interactions among quark/gluons and leptons.2

Here we explore two simple, yet relevant, case stud-
ies that cover options (A) and (C). In Sec. III, we focus
on anomalous W -boson decay in the invisibly-decaying
Lµ � L⌧ gauge boson scenario (Fig. 1 left). This rep-
resents a proof-of-principle of our idea, highlighting the
relevant points with rather simple phenomenology. Nev-
ertheless, we find that the mW measurement represents a
competitive probe for this model (see Fig. 2a). In Sec. IV
we focus on category (C), using ⌫̃ ˜̀ production in SUSY
as an example. This production mechanism is not cur-
rently investigated at the LHC. Remarkably, our results
in Fig. 2b show that the mW measurement can cover an
unexplored parameter space of slepton searches.
In a follow-up paper [31], we will study additional ex-

amples of category (A) and an illustration of category
(B): a Z 0-boson gauging baryon number (see [32] and ref-
erences therein). Overall, our two papers thus represent
a comprehensive study of probing NP giving ` + MET

2 Examples of this are dim-6 quark-lepton four fermion operators
that mediate qq ! ` ⌫` processes. The latter are usually very
well constrained by high-energy measurements [28–30].
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using mW analysis. Ref. [33] studied a specific exam-
ple of category (B) only. Moreover, in the following, we
describe a more general approach than Ref. [33] for the
associated analyses.

III. A PROOF-OF-PRINCIPLE: Lµ L⌧ GAUGE
BOSON

The first model that we consider is the Lµ�L⌧ Z 0 [34]:

Lint = gZ0Z 0
⇢J

⇢
µ�⌧ + gDZ 0

⇢J
⇢
D , (1)

where gZ0 and gD are the couplings of Z 0-boson to SM
and dark-sector states, respectively. The U(1)Lµ�L⌧ cur-
rent reads

J⇢
µ�⌧ = (⌫̄µ�

⇢⌫µ + µ̄�⇢µ� ⌫̄⌧�
⇢⌫⌧ � ⌧̄ �⇢⌧). (2)

The term Z 0
⇢J

⇢
D describes the interaction of the Z 0-boson

with some invisible, unspecified dark-sector states. The
key assumptions, that gD � gZ0 and the dark sector
contains states su�ciently lighter than mZ0 , guarantee
that the Z 0-boson decays predominantly invisibly.
This model has been extensively studied as a possi-

ble portal to dark matter or as an extension to SM. The
2-dimensional parameter space (gZ0 ,mZ0) is tested by a
variety of searches, from K-/B-factories, g � 2, to neu-
trino beam-dump experiments [26, 35].3 In this model
belonging to category (A), the W -boson has a 3-body
decay into µ ⌫µ Z 0 (Fig. 1 left), modifying the kinematic
distributions of `+MET final state.4

We obtain the kinematic distributions through
a Monte Carlo (MC) simulation via Mad-
Graph5 aMC@NLOv3.42 [37] + PYTHIA8.212
[38] + Delphesv3.4 [39] (ATLAS card). We employed
LHAPDF [40], PDF ID:244800 [41]. The 3-body
decay (versus 2-body) softens the pT and mT distri-
butions, as seen in Fig. 3 for a benchmark value of
(mZ0 , gZ0) = (10 GeV, 0.12).5

As shown in Fig. 3, for gZ0 ⇠ O(0.1), the expected S/B
ratio is O(10�3). Sensitivity to these e↵ects strongly re-
lies on the various sources of uncertainties, which is ex-
actly the main target for the experimental collaborations
that reached percent [1] and even sub-percent uncertain-
ties [5, 6], aimed at measuring mW . Also backgrounds
are extensively studied and they are only a few% in the
region of interest. In this letter we will not attempt a

3 Additional constraints arise when mZ0 is of Stuckenberg origin
[36].

4 Additional signal events come from ⌧ ! Z0µ ⌫µ ⌫⌧ . For simplic-
ity we don’t include them in our analysis.

5 NP also modifies W -boson total decay width. This e↵ect is ex-
pected to be negligible given the projected bound on the NP
parameters. Therefore we fix the width to its SM value. The
e↵ect of the width on the mW determination within the SM is
only a few MeV. [5, 15].

Figure 3: Normalized transverse mass distributions for
µ + MET at the LHC. Blue line: mZ0 = 10GeV, gZ0 =
0.12). Red line: mµ̃ = 115GeV, m⌫̃ = 83GeV, m�̃0

1
=

70GeV. The dashed lines in the lower panel are obtained
from selected Z events. The dashed gray lines indicate
the ATLAS fitting range.

complete study of the various sources of uncertainties in
the presence of NP. We just comment on the possible ef-
fect of our NP hypothesis on the sample of Z ! `` events
which are heavily used for detector calibration [1, 6] and
for tuning the boson production model on data [15]. Thus
a contamination of NP in the Z ! `` sample might af-
fect the calibration of the MCs, “calibrating away” signs
of NP [42]. However, by isolating pure Z-boson events
with appropriate kinematic cuts, such as those imposed
by ATLAS [6]: 80 < m``/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to
O(10�4), still for gZ0 ⇠ O(0.1).

We estimate the sensitivity and the impact of our NP
hypothesis on the mW measurement through a binned �2

analysis for the p`T and mT distributions. Our analysis
is aligned as much as possible with the ATLAS measure-
ment [5, 6], only slightly extending the fit range aiming
at maximal sensitivity (see Tab. I). We then construct
the following �2:

�2(�mW ,�NP) =
NBinsX
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,
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where N i
ev(�mW ,�NP) is the expected number of events

in the the bin i as function of mW (�mW = mW �mW )
and the NP parameters. We centered our �2 at �NP = 0
and �mW = 0 because we are assuming data to realize
the SM expectation for the W-boson massmW . We stress
that we are testing the New Physics hypothesis with no
prior on mW , as both �NP and mW are floated.
On the contrary, the authors of [33] fixed mW in the

hypothesis to the EW fit prediction. The simultaneous
fit to mW and NP that we perform here is thus a more
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0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above

the Jacobian peak, there is opportunity for BSM searches where the optimal S/B ratio is

compatible with per-cent level systematics. We denote this the circa-electroweak region.
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II. INVISIBLE NEW PHYSICS BEHIND THE
SEMI-INVISIBLE W-BOSON

The W -boson mass measurement is special. The re-
markable precision, reached by hadron colliders, relies
only on the partially visible leptonic decays. The masses
of other heavy SM bosons are instead extracted from fully
visible and clean final states (e.g., h ! ��, Z ! `+`�),
hence resonance reconstruction is possible in a narrow
region. For hadronic W -boson decays, resonance recon-
struction is plagued by the challenges of QCD observ-
ables. The semi-invisible final state of leptonicW -decays,
namely `+MET, is cleaner, but it presents a good hide-
out for invisible NP.

Given that the W -boson decay cannot be fully recon-
structed, the measurement of the mW is a result of the
fit to the lepton p`T and the transverse mass mT distri-
butions.1 Hence, any BSM that contributes to the same
final state, modifying these kinematic distributions, can
a↵ect the mW measurement. Such NP can be classified
in three possibilities:

(A) anomalous W -boson decay,

(B) anomalous W -boson production,

(C) `+MET not from an on-shell W -boson, ` = (e, µ).

1 CDF also fits the missing transverse momentum pmiss
T distribu-

tion.

The first (second) possibility includes all BSM models
that modify the W -boson decay (production), yet result-
ing in `+MET. Option (C) collects all BSM models that
can produce an `+MET final state, without the involve-
ment of any on-shell W -boson. This category includes
the production of new particles, decaying into `+MET,
and new interactions among quark/gluons and leptons.2

Here we explore two simple, yet relevant, case stud-
ies that cover options (A) and (C). In Sec. III, we focus
on anomalous W -boson decay in the invisibly-decaying
Lµ � L⌧ gauge boson scenario (Fig. 1 left). This rep-
resents a proof-of-principle of our idea, highlighting the
relevant points with rather simple phenomenology. Nev-
ertheless, we find that the mW measurement represents a
competitive probe for this model (see Fig. 2a). In Sec. IV
we focus on category (C), using ⌫̃ ˜̀ production in SUSY
as an example. This production mechanism is not cur-
rently investigated at the LHC. Remarkably, our results
in Fig. 2b show that the mW measurement can cover an
unexplored parameter space of slepton searches.
In a follow-up paper [31], we will study additional ex-

amples of category (A) and an illustration of category
(B): a Z 0-boson gauging baryon number (see [32] and ref-
erences therein). Overall, our two papers thus represent
a comprehensive study of probing NP giving ` + MET

2 Examples of this are dim-6 quark-lepton four fermion operators
that mediate qq ! ` ⌫` processes. The latter are usually very
well constrained by high-energy measurements [28–30].

3

using mW analysis. Ref. [33] studied a specific exam-
ple of category (B) only. Moreover, in the following, we
describe a more general approach than Ref. [33] for the
associated analyses.

III. A PROOF-OF-PRINCIPLE: Lµ L⌧ GAUGE
BOSON

The first model that we consider is the Lµ�L⌧ Z 0 [34]:

Lint = gZ0Z 0
⇢J

⇢
µ�⌧ + gDZ 0

⇢J
⇢
D , (1)

where gZ0 and gD are the couplings of Z 0-boson to SM
and dark-sector states, respectively. The U(1)Lµ�L⌧ cur-
rent reads

J⇢
µ�⌧ = (⌫̄µ�

⇢⌫µ + µ̄�⇢µ� ⌫̄⌧�
⇢⌫⌧ � ⌧̄ �⇢⌧). (2)

The term Z 0
⇢J

⇢
D describes the interaction of the Z 0-boson

with some invisible, unspecified dark-sector states. The
key assumptions, that gD � gZ0 and the dark sector
contains states su�ciently lighter than mZ0 , guarantee
that the Z 0-boson decays predominantly invisibly.
This model has been extensively studied as a possi-

ble portal to dark matter or as an extension to SM. The
2-dimensional parameter space (gZ0 ,mZ0) is tested by a
variety of searches, from K-/B-factories, g � 2, to neu-
trino beam-dump experiments [26, 35].3 In this model
belonging to category (A), the W -boson has a 3-body
decay into µ ⌫µ Z 0 (Fig. 1 left), modifying the kinematic
distributions of `+MET final state.4

We obtain the kinematic distributions through
a Monte Carlo (MC) simulation via Mad-
Graph5 aMC@NLOv3.42 [37] + PYTHIA8.212
[38] + Delphesv3.4 [39] (ATLAS card). We employed
LHAPDF [40], PDF ID:244800 [41]. The 3-body
decay (versus 2-body) softens the pT and mT distri-
butions, as seen in Fig. 3 for a benchmark value of
(mZ0 , gZ0) = (10 GeV, 0.12).5

As shown in Fig. 3, for gZ0 ⇠ O(0.1), the expected S/B
ratio is O(10�3). Sensitivity to these e↵ects strongly re-
lies on the various sources of uncertainties, which is ex-
actly the main target for the experimental collaborations
that reached percent [1] and even sub-percent uncertain-
ties [5, 6], aimed at measuring mW . Also backgrounds
are extensively studied and they are only a few% in the
region of interest. In this letter we will not attempt a

3 Additional constraints arise when mZ0 is of Stuckenberg origin
[36].

4 Additional signal events come from ⌧ ! Z0µ ⌫µ ⌫⌧ . For simplic-
ity we don’t include them in our analysis.

5 NP also modifies W -boson total decay width. This e↵ect is ex-
pected to be negligible given the projected bound on the NP
parameters. Therefore we fix the width to its SM value. The
e↵ect of the width on the mW determination within the SM is
only a few MeV. [5, 15].

Figure 3: Normalized transverse mass distributions for
µ + MET at the LHC. Blue line: mZ0 = 10GeV, gZ0 =
0.12). Red line: mµ̃ = 115GeV, m⌫̃ = 83GeV, m�̃0

1
=

70GeV. The dashed lines in the lower panel are obtained
from selected Z events. The dashed gray lines indicate
the ATLAS fitting range.

complete study of the various sources of uncertainties in
the presence of NP. We just comment on the possible ef-
fect of our NP hypothesis on the sample of Z ! `` events
which are heavily used for detector calibration [1, 6] and
for tuning the boson production model on data [15]. Thus
a contamination of NP in the Z ! `` sample might af-
fect the calibration of the MCs, “calibrating away” signs
of NP [42]. However, by isolating pure Z-boson events
with appropriate kinematic cuts, such as those imposed
by ATLAS [6]: 80 < m``/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to
O(10�4), still for gZ0 ⇠ O(0.1).

We estimate the sensitivity and the impact of our NP
hypothesis on the mW measurement through a binned �2

analysis for the p`T and mT distributions. Our analysis
is aligned as much as possible with the ATLAS measure-
ment [5, 6], only slightly extending the fit range aiming
at maximal sensitivity (see Tab. I). We then construct
the following �2:

�2(�mW ,�NP) =
NBinsX

i=1

⇣
N i

ev(�mW ,�NP)�N
i
ev

⌘2

�2
stat + �2

sys

,

(3)

where N i
ev(�mW ,�NP) is the expected number of events

in the the bin i as function of mW (�mW = mW �mW )
and the NP parameters. We centered our �2 at �NP = 0
and �mW = 0 because we are assuming data to realize
the SM expectation for the W-boson massmW . We stress
that we are testing the New Physics hypothesis with no
prior on mW , as both �NP and mW are floated.
On the contrary, the authors of [33] fixed mW in the

hypothesis to the EW fit prediction. The simultaneous
fit to mW and NP that we perform here is thus a more

Figure 1: Cartoon of the various regions. In black, we show a cartoon distribution of

the transverse momentum of the lepton from the SM decay of the W boson. The colored

lines show roughly where the distribution would change with the inclusion of various BSM

physics. The sub-electroweak region contains the Jacobian peak (at 1
2mW ) of the SM W

boson distributions, and is therefore used to measure mW , systematic uncertainties can

reach the per-mill level [23–25]. The supra-electroweak region contains the high-pT tails of

the distributions and is often used for heavy BSM physics searches, like the W
0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above

the Jacobian peak, there is opportunity for BSM searches where the optimal S/B ratio is

compatible with per-cent level systematics. We denote this the circa-electroweak region.
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II. INVISIBLE NEW PHYSICS BEHIND THE
SEMI-INVISIBLE W-BOSON

The W -boson mass measurement is special. The re-
markable precision, reached by hadron colliders, relies
only on the partially visible leptonic decays. The masses
of other heavy SM bosons are instead extracted from fully
visible and clean final states (e.g., h ! ��, Z ! `+`�),
hence resonance reconstruction is possible in a narrow
region. For hadronic W -boson decays, resonance recon-
struction is plagued by the challenges of QCD observ-
ables. The semi-invisible final state of leptonicW -decays,
namely `+MET, is cleaner, but it presents a good hide-
out for invisible NP.

Given that the W -boson decay cannot be fully recon-
structed, the measurement of the mW is a result of the
fit to the lepton p`T and the transverse mass mT distri-
butions.1 Hence, any BSM that contributes to the same
final state, modifying these kinematic distributions, can
a↵ect the mW measurement. Such NP can be classified
in three possibilities:

(A) anomalous W -boson decay,

(B) anomalous W -boson production,

(C) `+MET not from an on-shell W -boson, ` = (e, µ).

1 CDF also fits the missing transverse momentum pmiss
T distribu-

tion.

The first (second) possibility includes all BSM models
that modify the W -boson decay (production), yet result-
ing in `+MET. Option (C) collects all BSM models that
can produce an `+MET final state, without the involve-
ment of any on-shell W -boson. This category includes
the production of new particles, decaying into `+MET,
and new interactions among quark/gluons and leptons.2

Here we explore two simple, yet relevant, case stud-
ies that cover options (A) and (C). In Sec. III, we focus
on anomalous W -boson decay in the invisibly-decaying
Lµ � L⌧ gauge boson scenario (Fig. 1 left). This rep-
resents a proof-of-principle of our idea, highlighting the
relevant points with rather simple phenomenology. Nev-
ertheless, we find that the mW measurement represents a
competitive probe for this model (see Fig. 2a). In Sec. IV
we focus on category (C), using ⌫̃ ˜̀ production in SUSY
as an example. This production mechanism is not cur-
rently investigated at the LHC. Remarkably, our results
in Fig. 2b show that the mW measurement can cover an
unexplored parameter space of slepton searches.
In a follow-up paper [31], we will study additional ex-

amples of category (A) and an illustration of category
(B): a Z 0-boson gauging baryon number (see [32] and ref-
erences therein). Overall, our two papers thus represent
a comprehensive study of probing NP giving ` + MET

2 Examples of this are dim-6 quark-lepton four fermion operators
that mediate qq ! ` ⌫` processes. The latter are usually very
well constrained by high-energy measurements [28–30].
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using mW analysis. Ref. [33] studied a specific exam-
ple of category (B) only. Moreover, in the following, we
describe a more general approach than Ref. [33] for the
associated analyses.

III. A PROOF-OF-PRINCIPLE: Lµ L⌧ GAUGE
BOSON

The first model that we consider is the Lµ�L⌧ Z 0 [34]:

Lint = gZ0Z 0
⇢J

⇢
µ�⌧ + gDZ 0

⇢J
⇢
D , (1)

where gZ0 and gD are the couplings of Z 0-boson to SM
and dark-sector states, respectively. The U(1)Lµ�L⌧ cur-
rent reads

J⇢
µ�⌧ = (⌫̄µ�

⇢⌫µ + µ̄�⇢µ� ⌫̄⌧�
⇢⌫⌧ � ⌧̄ �⇢⌧). (2)

The term Z 0
⇢J

⇢
D describes the interaction of the Z 0-boson

with some invisible, unspecified dark-sector states. The
key assumptions, that gD � gZ0 and the dark sector
contains states su�ciently lighter than mZ0 , guarantee
that the Z 0-boson decays predominantly invisibly.
This model has been extensively studied as a possi-

ble portal to dark matter or as an extension to SM. The
2-dimensional parameter space (gZ0 ,mZ0) is tested by a
variety of searches, from K-/B-factories, g � 2, to neu-
trino beam-dump experiments [26, 35].3 In this model
belonging to category (A), the W -boson has a 3-body
decay into µ ⌫µ Z 0 (Fig. 1 left), modifying the kinematic
distributions of `+MET final state.4

We obtain the kinematic distributions through
a Monte Carlo (MC) simulation via Mad-
Graph5 aMC@NLOv3.42 [37] + PYTHIA8.212
[38] + Delphesv3.4 [39] (ATLAS card). We employed
LHAPDF [40], PDF ID:244800 [41]. The 3-body
decay (versus 2-body) softens the pT and mT distri-
butions, as seen in Fig. 3 for a benchmark value of
(mZ0 , gZ0) = (10 GeV, 0.12).5

As shown in Fig. 3, for gZ0 ⇠ O(0.1), the expected S/B
ratio is O(10�3). Sensitivity to these e↵ects strongly re-
lies on the various sources of uncertainties, which is ex-
actly the main target for the experimental collaborations
that reached percent [1] and even sub-percent uncertain-
ties [5, 6], aimed at measuring mW . Also backgrounds
are extensively studied and they are only a few% in the
region of interest. In this letter we will not attempt a

3 Additional constraints arise when mZ0 is of Stuckenberg origin
[36].

4 Additional signal events come from ⌧ ! Z0µ ⌫µ ⌫⌧ . For simplic-
ity we don’t include them in our analysis.

5 NP also modifies W -boson total decay width. This e↵ect is ex-
pected to be negligible given the projected bound on the NP
parameters. Therefore we fix the width to its SM value. The
e↵ect of the width on the mW determination within the SM is
only a few MeV. [5, 15].

Figure 3: Normalized transverse mass distributions for
µ + MET at the LHC. Blue line: mZ0 = 10GeV, gZ0 =
0.12). Red line: mµ̃ = 115GeV, m⌫̃ = 83GeV, m�̃0

1
=

70GeV. The dashed lines in the lower panel are obtained
from selected Z events. The dashed gray lines indicate
the ATLAS fitting range.

complete study of the various sources of uncertainties in
the presence of NP. We just comment on the possible ef-
fect of our NP hypothesis on the sample of Z ! `` events
which are heavily used for detector calibration [1, 6] and
for tuning the boson production model on data [15]. Thus
a contamination of NP in the Z ! `` sample might af-
fect the calibration of the MCs, “calibrating away” signs
of NP [42]. However, by isolating pure Z-boson events
with appropriate kinematic cuts, such as those imposed
by ATLAS [6]: 80 < m``/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to
O(10�4), still for gZ0 ⇠ O(0.1).

We estimate the sensitivity and the impact of our NP
hypothesis on the mW measurement through a binned �2

analysis for the p`T and mT distributions. Our analysis
is aligned as much as possible with the ATLAS measure-
ment [5, 6], only slightly extending the fit range aiming
at maximal sensitivity (see Tab. I). We then construct
the following �2:

�2(�mW ,�NP) =
NBinsX
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,

(3)

where N i
ev(�mW ,�NP) is the expected number of events

in the the bin i as function of mW (�mW = mW �mW )
and the NP parameters. We centered our �2 at �NP = 0
and �mW = 0 because we are assuming data to realize
the SM expectation for the W-boson massmW . We stress
that we are testing the New Physics hypothesis with no
prior on mW , as both �NP and mW are floated.
On the contrary, the authors of [33] fixed mW in the

hypothesis to the EW fit prediction. The simultaneous
fit to mW and NP that we perform here is thus a more

Figure 1: Cartoon of the various regions. In black, we show a cartoon distribution of

the transverse momentum of the lepton from the SM decay of the W boson. The colored

lines show roughly where the distribution would change with the inclusion of various BSM

physics. The sub-electroweak region contains the Jacobian peak (at 1
2mW ) of the SM W

boson distributions, and is therefore used to measure mW , systematic uncertainties can

reach the per-mill level [23–25]. The supra-electroweak region contains the high-pT tails of

the distributions and is often used for heavy BSM physics searches, like the W
0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above

the Jacobian peak, there is opportunity for BSM searches where the optimal S/B ratio is

compatible with per-cent level systematics. We denote this the circa-electroweak region.
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II. INVISIBLE NEW PHYSICS BEHIND THE
SEMI-INVISIBLE W-BOSON

The W -boson mass measurement is special. The re-
markable precision, reached by hadron colliders, relies
only on the partially visible leptonic decays. The masses
of other heavy SM bosons are instead extracted from fully
visible and clean final states (e.g., h ! ��, Z ! `+`�),
hence resonance reconstruction is possible in a narrow
region. For hadronic W -boson decays, resonance recon-
struction is plagued by the challenges of QCD observ-
ables. The semi-invisible final state of leptonicW -decays,
namely `+MET, is cleaner, but it presents a good hide-
out for invisible NP.

Given that the W -boson decay cannot be fully recon-
structed, the measurement of the mW is a result of the
fit to the lepton p`T and the transverse mass mT distri-
butions.1 Hence, any BSM that contributes to the same
final state, modifying these kinematic distributions, can
a↵ect the mW measurement. Such NP can be classified
in three possibilities:

(A) anomalous W -boson decay,

(B) anomalous W -boson production,

(C) `+MET not from an on-shell W -boson, ` = (e, µ).

1 CDF also fits the missing transverse momentum pmiss
T distribu-

tion.

The first (second) possibility includes all BSM models
that modify the W -boson decay (production), yet result-
ing in `+MET. Option (C) collects all BSM models that
can produce an `+MET final state, without the involve-
ment of any on-shell W -boson. This category includes
the production of new particles, decaying into `+MET,
and new interactions among quark/gluons and leptons.2

Here we explore two simple, yet relevant, case stud-
ies that cover options (A) and (C). In Sec. III, we focus
on anomalous W -boson decay in the invisibly-decaying
Lµ � L⌧ gauge boson scenario (Fig. 1 left). This rep-
resents a proof-of-principle of our idea, highlighting the
relevant points with rather simple phenomenology. Nev-
ertheless, we find that the mW measurement represents a
competitive probe for this model (see Fig. 2a). In Sec. IV
we focus on category (C), using ⌫̃ ˜̀ production in SUSY
as an example. This production mechanism is not cur-
rently investigated at the LHC. Remarkably, our results
in Fig. 2b show that the mW measurement can cover an
unexplored parameter space of slepton searches.
In a follow-up paper [31], we will study additional ex-

amples of category (A) and an illustration of category
(B): a Z 0-boson gauging baryon number (see [32] and ref-
erences therein). Overall, our two papers thus represent
a comprehensive study of probing NP giving ` + MET

2 Examples of this are dim-6 quark-lepton four fermion operators
that mediate qq ! ` ⌫` processes. The latter are usually very
well constrained by high-energy measurements [28–30].
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using mW analysis. Ref. [33] studied a specific exam-
ple of category (B) only. Moreover, in the following, we
describe a more general approach than Ref. [33] for the
associated analyses.

III. A PROOF-OF-PRINCIPLE: Lµ L⌧ GAUGE
BOSON

The first model that we consider is the Lµ�L⌧ Z 0 [34]:

Lint = gZ0Z 0
⇢J

⇢
µ�⌧ + gDZ 0

⇢J
⇢
D , (1)

where gZ0 and gD are the couplings of Z 0-boson to SM
and dark-sector states, respectively. The U(1)Lµ�L⌧ cur-
rent reads

J⇢
µ�⌧ = (⌫̄µ�
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The term Z 0
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⇢
D describes the interaction of the Z 0-boson

with some invisible, unspecified dark-sector states. The
key assumptions, that gD � gZ0 and the dark sector
contains states su�ciently lighter than mZ0 , guarantee
that the Z 0-boson decays predominantly invisibly.
This model has been extensively studied as a possi-

ble portal to dark matter or as an extension to SM. The
2-dimensional parameter space (gZ0 ,mZ0) is tested by a
variety of searches, from K-/B-factories, g � 2, to neu-
trino beam-dump experiments [26, 35].3 In this model
belonging to category (A), the W -boson has a 3-body
decay into µ ⌫µ Z 0 (Fig. 1 left), modifying the kinematic
distributions of `+MET final state.4

We obtain the kinematic distributions through
a Monte Carlo (MC) simulation via Mad-
Graph5 aMC@NLOv3.42 [37] + PYTHIA8.212
[38] + Delphesv3.4 [39] (ATLAS card). We employed
LHAPDF [40], PDF ID:244800 [41]. The 3-body
decay (versus 2-body) softens the pT and mT distri-
butions, as seen in Fig. 3 for a benchmark value of
(mZ0 , gZ0) = (10 GeV, 0.12).5

As shown in Fig. 3, for gZ0 ⇠ O(0.1), the expected S/B
ratio is O(10�3). Sensitivity to these e↵ects strongly re-
lies on the various sources of uncertainties, which is ex-
actly the main target for the experimental collaborations
that reached percent [1] and even sub-percent uncertain-
ties [5, 6], aimed at measuring mW . Also backgrounds
are extensively studied and they are only a few% in the
region of interest. In this letter we will not attempt a

3 Additional constraints arise when mZ0 is of Stuckenberg origin
[36].

4 Additional signal events come from ⌧ ! Z0µ ⌫µ ⌫⌧ . For simplic-
ity we don’t include them in our analysis.

5 NP also modifies W -boson total decay width. This e↵ect is ex-
pected to be negligible given the projected bound on the NP
parameters. Therefore we fix the width to its SM value. The
e↵ect of the width on the mW determination within the SM is
only a few MeV. [5, 15].

Figure 3: Normalized transverse mass distributions for
µ + MET at the LHC. Blue line: mZ0 = 10GeV, gZ0 =
0.12). Red line: mµ̃ = 115GeV, m⌫̃ = 83GeV, m�̃0

1
=

70GeV. The dashed lines in the lower panel are obtained
from selected Z events. The dashed gray lines indicate
the ATLAS fitting range.

complete study of the various sources of uncertainties in
the presence of NP. We just comment on the possible ef-
fect of our NP hypothesis on the sample of Z ! `` events
which are heavily used for detector calibration [1, 6] and
for tuning the boson production model on data [15]. Thus
a contamination of NP in the Z ! `` sample might af-
fect the calibration of the MCs, “calibrating away” signs
of NP [42]. However, by isolating pure Z-boson events
with appropriate kinematic cuts, such as those imposed
by ATLAS [6]: 80 < m``/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to
O(10�4), still for gZ0 ⇠ O(0.1).

We estimate the sensitivity and the impact of our NP
hypothesis on the mW measurement through a binned �2

analysis for the p`T and mT distributions. Our analysis
is aligned as much as possible with the ATLAS measure-
ment [5, 6], only slightly extending the fit range aiming
at maximal sensitivity (see Tab. I). We then construct
the following �2:

�2(�mW ,�NP) =
NBinsX

i=1

⇣
N i

ev(�mW ,�NP)�N
i
ev

⌘2

�2
stat + �2

sys

,

(3)

where N i
ev(�mW ,�NP) is the expected number of events

in the the bin i as function of mW (�mW = mW �mW )
and the NP parameters. We centered our �2 at �NP = 0
and �mW = 0 because we are assuming data to realize
the SM expectation for the W-boson massmW . We stress
that we are testing the New Physics hypothesis with no
prior on mW , as both �NP and mW are floated.
On the contrary, the authors of [33] fixed mW in the

hypothesis to the EW fit prediction. The simultaneous
fit to mW and NP that we perform here is thus a more

Figure 1: Cartoon of the various regions. In black, we show a cartoon distribution of

the transverse momentum of the lepton from the SM decay of the W boson. The colored

lines show roughly where the distribution would change with the inclusion of various BSM

physics. The sub-electroweak region contains the Jacobian peak (at 1
2mW ) of the SM W

boson distributions, and is therefore used to measure mW , systematic uncertainties can

reach the per-mill level [23–25]. The supra-electroweak region contains the high-pT tails of

the distributions and is often used for heavy BSM physics searches, like the W
0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above

the Jacobian peak, there is opportunity for BSM searches where the optimal S/B ratio is

compatible with per-cent level systematics. We denote this the circa-electroweak region.
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Figure 2: New physics contributions to `+ /ET for the di↵erent models that we consider.
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2310.13687 - Agashe, Airen, Franceschini, Kim, Kotwal, Ricci, Sathyan

2404.17574

2404.17574
• A  machine has its Achille’s heel in the electroweak 

searches. You have to expect gaps in the coverage for 
models that predict new non-colored states

• “precision” can come in rescue, but can a future  machine 
deliver such “precision” program as the (HL-)LHC? 

pp

pp

https://arxiv.org/abs/2404.17574
https://arxiv.org/abs/2404.17574
https://live.staticflickr.com/3106/3143051693_321b839f01_b.jpg
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Exotica? Why?

SM

Dark Sector

γD

ALP

First of all because we know that strange things happen in Nature
You have to look for them, not assume they do not exists (Forbes 1843)

http://www.seasky.org/ocean-exploration/ocean-timeline-1801-1900.html
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Exotica? Why? Long lived particles!

n 2.655× 1014 mm
n-bar 2.655× 1014 mm
Λ 78.91 mm

Λ-bar 78.91 mm
Σ+ 24.04 mm
Σ- 24.04 mm
Σ- 44.4 mm
Σ+ 44.4 mm
Ξ0 86.9 mm

Ξ0-bar 86.9 mm
Ξ- 49.2 mm
Ξ+ 49.2 mm

Omega- 24.6 mm
Omega+ 24.6 mm

Λ_c 0.060 mm
Λ_c-bar 0.060 mm
Ξ_c^+ 0.133 mm
Ξ_c^- 0.133 mm
Ξ_c^0 0.033 mm

Ξ_c^0-bar 0.033 mm
Omega_c 0.021 mm

Omega_c-bar 0.021 mm
Λ_b 0.369 mm

Λ_b-bar 0.369 mm
Wolfram Particle Data

"Ordinary" Long Lived Particles Long lifetime can be associated to 
• either some symmetry breaking effect (nearly degenerate particles)  
• or very weak couplings.

Both are generic ingredients of BSM models. For instance an ultra-weak 
coupling could be behind the “freeze-in” of Dark Matter, or be the sign of 
the existence of a secluded/hidden sector (do you remember gauge-
mediated SUSY-breaking?)

2212.02479
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Figure 2: Schematic picture of the relic abundances due to freeze-in and freeze-out as
a function of coupling strength. The way in which the freeze-out and freeze-in yield
behaviours connect to one another is model-dependent. As we show in detail in Section
5, freeze-in and freeze-out are in fact two of the four basic mechanisms for thermal DM
production, and we sketch the “abundance phase diagrams” of DM depending upon
the strength and type of the DM-thermal bath interaction and the DM mass.

In the simple case that the DM mass m0 is the only mass scale entering �v, we have �v ⇠ �02/m02,
where �0 is the relevant interaction strength, giving a freeze-out yield of

YFO ⇠
1

�02

✓
m0

MPl

◆
. (2.4)

Freeze-in assumes a negligible initial X abundance, but increasing the interaction strength, �,
increases the production from the thermal bath, while freeze-out begins with a full T 3 thermal
number density of DM particles, and reducing the interaction strength, �0, helps to maintain this
large abundance (see Figure 2). Indeed, the yields eqns.(2.2) and (2.4) show inverse dependences
on the coupling and mass, which is stressed by writing

YFI ⇠ �2 mtm, YFO ⇠
1

�02 m0tm0
, (2.5)

where tm ⇠MPl/m2 (t0
m ⇠MPl/m02) is the Hubble time at the epoch of freeze-in (freeze-out). The

freeze-out abundance decreases with tm0 while the freeze-in abundance is increased by occurring
at late times.

Despite these opposite features, freeze-out and freeze-in share crucial common aspects: the final
out-of-equilibrium abundance, given the relevant particle masses and couplings, can be computed
solely from an initial state of bath particles that are in thermal equilibrium, and the resulting
abundance is dominated by IR physics.

For freeze-out the special case �0
⇠ 1 and m0

⇠ v, the scale of weak interactions, gives DM as
“Weakly Interacting Massive Particles”, or WIMPs, with

YFO ⇠
v

MPl
. (2.6)

In practice the cross section may involve more than one mass scale in the TeV domain, so that there
are orders of magnitude spread in the abundance expected from WIMP dark matter. Nevertheless,

5

5.4 WIMPless Dark Matter 5 VARIATIONS

WIMPs

WIMPless DM

Figure 18: Contours of ⌦Xh2 = 0.11 in the (mX , gX) plane for hidden to observable reheating
temperature ratios T h

RH
/TRH = 0.8 (upper solid) and 0.3 (lower solid), where the hidden

sector is a 1-generation flavor-free version of the MSSM. Also plotted are lines of mweak ⌘

(mX/g2
X
)g02 = 100 GeV (upper dashed) and 1 TeV (lower dashed). The WIMPless hidden

models generalize the WIMP miracle to a family of models with other dark matter masses
and couplings [93, 94].

masses are

mX ⇠
g2
X

16⇡2

F

Mm

, (27)

where gX is the relevant hidden sector gauge coupling. As a result,

mX

g2
X

⇠
m

g2
⇠

F

16⇡2Mm

; (28)

that is, mX/g2
X

is determined solely by the SUSY-breaking sector. As this is exactly the
combination of parameters that determines the thermal relic density of Eq. (25), the hidden
sector automatically includes a dark matter candidate that has the desired thermal relic
density, irrespective of its mass. This has been verified numerically for a concrete hidden
sector model [93, 94]; the results are shown in Fig. 18. This property relies on the relation
mX / g2

X
, which may also be found in other settings [95, 96].

As is evident from Fig. 18, WIMPless dark matter opens up the possibility of light dark
matter with masses in the MeV to GeV range that still has the virtue of being produced
through thermal freezeout with the correct relic density. A large number of experiments are
now planned or underway to look for such light dark matter [2, 91].

WIMPless and other hidden sector models also naturally open the possibility of dark
forces in the hidden sector. In the WIMPless scenarios just described, this possibility arises
naturally if one attempts to understand why the hidden sector particle is stable. This is
an important question; after all, in these GMSB models, all SM superpartners decay to the
gravitino. In the hidden sector, an elegant way to stabilize the dark matter is through U(1)

29

2212.02479

Exotica is not the “non-SUSY”, 
“non-Higgs”, “non-SM” stuff … 
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Outlook
• LHC and it experiments provided the first platform to study spontaneous 

symmetry breaking and Higgs physics. Future  machine promise to do 
the same. The Higgs boson has a serious chance to show us signs of new 
physics and we should pursue this direction with full strength. 

• There is no guarantee for discoveries with the next generation of colliders, 
but we should not be worried about that. We will learn plenty of lessons by 
doing our job … back to regular science exploration!  

• The breadth of the physics program is very important, especially 
because we do not know what to expect. In this respect a  machine is 
an excellent tool.

pp

pp
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Critical points
• The jump in luminosity for the next machine is as critical as the jump in energy. 

Ideally one wants , that is ℒ ∼ E2 ℒFCChh ≃ 50xℒHL−LHC ≃ 150ab−1

• The reach for non-colored states struggles. Precision physics at  and 
possible inputs from  machines may come to rescue. 

pp
ℓ+ℓ−

Low-E FCC-hh physics reach

• Minor improvement HE-LHC => LE-FCC 
• In the region above pt~100 GeV, LE-FCC stat limited for 

rare decays, while FCC is still syst-dominated (=> room for 
improvement of asymptotic precision)

LE-FCC comes short of the upper mass limits for 
a wino (higgsino) WIMP, namely 3 TeV (1 TeV) 

•Mmax(37.5) ~ 0.35 Mmax(100) 
•Mmax(37.5) ~ 1.25 Mmax(27)

M. Mangano on Wed.

19!!

M. Mangano on Wed.
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• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?
EFT

EFT

S T R O N G  I N T E R A C T I O N S

?
W E A K  I N T E R A C T I O N S

N E E D  S O M E  C O S M O L O G Y  
I N P U T S

Open Questions on the “big picture” on fundamental physics as of 2020s

The biggest strategic issue in my opinion is that we need to evaluate the 
importance of these two critical points against:  
• the absence* a forthcoming energy/mass threshold in the above open questions  
• the ubiquity of weak interactions as central aspect of the above open questions
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Thank you!

Thank you!

Thank you!



EW phase transition
flashing concrete results for
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Electroweak phase transition

• Modifications of the Higgs potential  Out of Equilibrium transition from one vacuum to a new energetically favorable one⇒

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2
Singlet loop makes 

V(0,v) deeper

high T
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Electroweak phase transition

• Modifications of the Higgs potential  Out of Equilibrium transition from one vacuum to a new energetically favorable one⇒

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2
Singlet loop makes 

V(0,v) deeper

high T

• We need to study all possible new states that induce a change 
in the Higgs boson potential.

• For these new state to have sizable effects in the early Universe 
they must be light, around 1 TeV at most. 

• All searches for new Higgs bosons (or general electroweak 
particles) probe such fundamental issue of the origin of matter 
in the early Universe!
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C O L L I D E RW  B O S O N

pp or ℓ+ℓ− → hh

• High-Energy lepton collider has 
large flux of “partonic” W bosons

ξ ≃ ( mW

mnew )
2

∼
1

E ℒ

Singlet tree and loop makes V(0,v) deeper

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2

Electroweak phase transition

•  collisions as usualgg
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


�vc3

✓
+

1

4
c2
✓
s✓ (2a2vs + a1) +

1

2
a2vc✓s

2
✓
+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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strong First Order EW phase transition on all points

Gravity Wave SNR
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �
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�†�

⌘2
+
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⇣
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⌘
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2 + b1S +

b2

2
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2 +

b3

3
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3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
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2
1 sin

2
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2
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✓ (3.2)

� =
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2
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2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1
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⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,
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h2
s2
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,
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(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
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2
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where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02
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24
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4
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


�vc3

✓
+

1

4
c2
✓
s✓ (2a2vs + a1) +

1

2
a2vc✓s

2
✓
+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):
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4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U
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h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
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where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,
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with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
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µ2
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where we only keep the gauge invariant T 2-order terms [82, 83], and
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
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
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4
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s✓ (2a2vs + a1) +
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3
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(3b4vs + b3)
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, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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Figure 3. Left: after the basic acceptance cuts, the invariant mass distributions of the jet pairs and
four-jet system for the signal and main backgrounds at the 10 TeV muon collider. Here we select
Mh2 = 600 GeV as the signal benchmark. Right: the expected probe limits on s2✓ ⇥Br(h2 ! h1h1)
for di↵erent muon collider setups. The scatter points are the FOEWPT data, in which red, green
and blue colors represent SNR 2 [50,+1), [10, 50) and [0, 10), respectively. The limit from ATLAS
at the 13 TeV LHC with L = 36.1 fb�1 [114] and its extrapolation to the HL-LHC [12] are also
shown for comparison.

as illustrated in orange in the left panel of Fig. 3. The cut flows for three chosen signal

benchmarks at a 10 TeV muon collider are shown in Table 1, indicating Cut III is fairly

powerful to improve the signal over background factor.

Given the collision energy
p
s and the integrated luminosity L, the signal and back-

ground event numbers are

S = �S ⇥ ✏S ⇥ L = �SM
h2

⇥ s2
✓
⇥ Br(h2 ! h1h1)⇥ ✏S ⇥ L,

B = �B ⇥ ✏B ⇥ L,
(3.14)

where �S,B are the signal and background production rates, and ✏S,B are the corresponding

cut e�ciencies, respectively. Note that �B is already fixed, and �SM
h2

as well as ✏S,B depends

only on Mh2 . This implies that we can generate events for several Mh2 benchmarks and

derive the collider probe limits for s2
✓
⇥ Br(h2 ! h1h1) by the 2� exclusion criterion

S/
p

B = 2, (3.15)

and make the interpolation to derive the s2
✓
⇥Br(h2 ! h1h1) reach as a function ofMh2 . The

sensitivity of the muon collider to FOEWPT can be obtained by projecting the FOEWPT

parameter space to such 2-dimension plane. This is done in the right panel of Fig. 3, in

which the reach of di↵erent collider setups are plotted as di↵erent colored solid lines, and

the FOEWPT data points lying above a specific line can be probed by the corresponding

muon collider. Note that our projections are derived without b-tagging. We have checked

that by assuming a 90% b-tagging e�ciency the probe limits can be improved by a factor

of 3 ⇠ 5, which has little visual e↵ect in the log coordinate.
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):
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. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as
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2
2
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h
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= U
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!
, U =
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!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]
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with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
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where we only keep the gauge invariant T 2-order terms [82, 83], and
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while
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, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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Figure 3. Left: after the basic acceptance cuts, the invariant mass distributions of the jet pairs and
four-jet system for the signal and main backgrounds at the 10 TeV muon collider. Here we select
Mh2 = 600 GeV as the signal benchmark. Right: the expected probe limits on s2✓ ⇥Br(h2 ! h1h1)
for di↵erent muon collider setups. The scatter points are the FOEWPT data, in which red, green
and blue colors represent SNR 2 [50,+1), [10, 50) and [0, 10), respectively. The limit from ATLAS
at the 13 TeV LHC with L = 36.1 fb�1 [114] and its extrapolation to the HL-LHC [12] are also
shown for comparison.

as illustrated in orange in the left panel of Fig. 3. The cut flows for three chosen signal

benchmarks at a 10 TeV muon collider are shown in Table 1, indicating Cut III is fairly

powerful to improve the signal over background factor.

Given the collision energy
p
s and the integrated luminosity L, the signal and back-

ground event numbers are

S = �S ⇥ ✏S ⇥ L = �SM
h2

⇥ s2
✓
⇥ Br(h2 ! h1h1)⇥ ✏S ⇥ L,

B = �B ⇥ ✏B ⇥ L,
(3.14)

where �S,B are the signal and background production rates, and ✏S,B are the corresponding

cut e�ciencies, respectively. Note that �B is already fixed, and �SM
h2

as well as ✏S,B depends

only on Mh2 . This implies that we can generate events for several Mh2 benchmarks and

derive the collider probe limits for s2
✓
⇥ Br(h2 ! h1h1) by the 2� exclusion criterion

S/
p

B = 2, (3.15)

and make the interpolation to derive the s2
✓
⇥Br(h2 ! h1h1) reach as a function ofMh2 . The

sensitivity of the muon collider to FOEWPT can be obtained by projecting the FOEWPT

parameter space to such 2-dimension plane. This is done in the right panel of Fig. 3, in

which the reach of di↵erent collider setups are plotted as di↵erent colored solid lines, and

the FOEWPT data points lying above a specific line can be probed by the corresponding

muon collider. Note that our projections are derived without b-tagging. We have checked

that by assuming a 90% b-tagging e�ciency the probe limits can be improved by a factor

of 3 ⇠ 5, which has little visual e↵ect in the log coordinate.
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
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!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
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◆
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h1
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✓
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h2
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✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
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S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
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⌘
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⇣
�†�

⌘2
+
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⌘
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4
S
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. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
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2 sin ✓ cos ✓
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]
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(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)
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(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
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where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)

– 3 –

Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh

��� ��� ��� ��� ���
��-�

�����

�����

�����

�

��� �������	
 ��/�����

��
�
��
��
��	

�

|�
��
�
/�
��
�

��
-
�|

���� ������ ��	
��� �
���

�������

��-��	

���-��

��
�
-��

��
�
-��

Parameter space scan for a singlet model extension 
of the Standard Model. The points indicate a first 
order phase transition. 

Direct detection of extra Higgs states at 
FCC-hh

(h2 ~ S,   h1 ~ H)
34

Constraints on models with 1st order phase transition at the FCC

1605.06123

pp → h2 → h(125)h(125)
Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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Parameter space scan for a singlet model extension 
of the Standard Model. The points indicate a first 
order phase transition. 

Direct detection of extra Higgs states at 
FCC-hh

(h2 ~ S,   h1 ~ H)
34

Constraints on models with 1st order phase transition at the FCC

1608.06619

parameters space of 1st order phase transition accessible by several measurements available at the  collider100 TeV pp

100 TeV pp



Dark Matter at the 
weak scale

flashing concrete results for
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pp or ℓ+ℓ− → ff̄, W+W−

T O TA L  C R O S S - S E C T I O NP R E C I S I O N

1810.10993 , 2212.11900 

• fiducial cross-sections are significantly 
affected by off-shell new physics heavier 
than the collider kinematic reach

χ  is heavy new physics

χ  is light new physics
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pp or ℓ+ℓ− → ff̄, W+W−

T O TA L  C R O S S - S E C T I O NP R E C I S I O N

1810.10993 , 2212.11900 

� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [24] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [25] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [24],
which however do not include e↵ects from bound state formation that are expected to sizeably for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [25]).

5

18
54
48MF

*
*

• Comprehensive tool to explore new electroweak particles 

• Can probe valid dark matter candidates! • fiducial cross-sections are significantly 
affected by off-shell new physics heavier 
than the collider kinematic reach

χ  is heavy new physics

χ  is light new physics
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Direct Dark Matter production  pp → χχ

Disappearing charged track analyses
(at ~full pileup)
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Wino
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Higgsino

K. Terashi, R. Sawada, M. Saito, and S. Asai, Search for WIMPs with disappearing 
track signatures at the FCC-hh, (Oct, 2018) . https://cds.cern.ch/record/2642474.

=> coverage beyond the upper limit of the thermal WIMP 
mass range for both higgsinos and winos !! Mwimp ≲ 2 TeV ( g

0.3 )
2

Disappearing charged track analyses (at ~full pileup)
Saito, Sawada, Terashi, Asai,
https://arxiv.org/abs/1901.02987  w. 80 TeV study by Saito

Mwimp ≲ 2 TeV ( g
0.3 )

2

Excluded region for 
thermal WIMP DM

80 TeV study, vs 100 TeV:

•signal rates @ 80 TeV

•kinematic selection reoptimised

•bgd rates unchanged 

➡ discovery reach 

conservative

5σ higgsino reach drops from 1150 

GeV to 1000 GeV

100 TeV 80 TeV

M. Mangano on Wed.
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24

s-channel resonances

100 TeV 80 TeV 120 TeV

Q* 40 33 46

Z’TC2→tt 23 20 26

Z’SSM→tt 18 15 20

GRS→WW 22 19 25

Z’SSM→ll 43 36 50

Z’SSM→ττ 18 15 20

ColliderReach ECM extrapolation of 5σ 
30ab–1 discovery reach

• 10-15% reach increase at 120 TeV 
• 15-20% reach loss at 80 TeV

High-mass reach WIMP DM reach

=> loss of yes/no answer to 
WIMP DM scenarios

2018 costs as documented in the FCC CDR 

HE-LHC

FCC-ee

assumes 2.3 MCHF/dipole ~2.9 BCHF
(cfr ~ 1 MCHF/ LHC dipole)

includes SC SPS

NB: FCC-ee new estimate (2024) ~13B. 
No update available for HE-LHC

NB: If no 90km tunnel built, HE-LHC to be 
compared with LEP3 for prioritization: 
a different talk…

M. Mangano on Wed.
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Thank you!



open questions



Open Questions on the “big picture” on 
fundamental physics circa 2020

Nothing we have measured in high energy physics 
makes so much of a distinction between particles 
and anti-particles.

The observable Universe is made of matter, no antimatter

We need to go from this

to this

out-of-equilibrium processes are necessary 

particles
antiparticles



Open Questions on the “big picture” on 
fundamental physics circa 2020

The observable Universe is made of matter, plus about 5 times as 
much dark matter

We need to go from this

to this

interactions rate from                              are just about right! 

normal particles
dark matter

σ = ( gweak

Mweak )
2

antiparticles
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M

A puzzle we have no idea how to solve
M E C H A N I C S  FA I L S ?N E W T O N I A N

v ∝
1
r

r

Perfect in our “neighborhood”
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M

A puzzle we have no idea how to solve
M E C H A N I C S  FA I L S ?N E W T O N I A N

v ∝
1
r

r

Perfect in our “neighborhood”

19
89
A&
A.
..
22
3.
..
47
B

Begeman, K. 1989, A&A, 223, 47 

NGC 3198
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A puzzle we have no idea how to solve
A number of observations (including CMB from early Universe) suggest

• It may have only weak interactions (even possible it feels only gravity)  

• There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy 
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not necessarily material for particle physics and accelerators

It may well be not of the kind we are used to:

a new form of matter must exist
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A puzzle we have no idea how to solve
A number of observations (including CMB from early Universe) suggest

• It may have only weak interactions (even possible it feels only gravity)  

• There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy 
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not necessarily material for particle physics and accelerators

It may well be not of the kind we are used to:

a new form of matter must exist• We know the scope of the search for Dark Matter is huge

• In principle, it can be very elusive (to all experiments)

• The simplest history of the early Universe suggests the 
“TeV” mass range

• Accelerators are the only way to go see it and study it in 
detail 



Open Questions on the “big picture” on 
fundamental physics circa 2020

EFT

EFT

? • what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EACH of  these issues one day will teach us a lesson
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Z 1

re

E =
1

4⇡✏0

e2

re

me = m(0)
e +

Z 1

re

E

e

δme ≃
αem

re
→ ∞

A puzzle (today) we know how to solve
R E L AT I V I T YA F T E R

re → 0
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?

Z 1

re

E =
1

4⇡✏0

e2

re

A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

re → 0
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?
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re
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4⇡✏0

e2

re

A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +
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log
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b
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A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log

h̄

mecre

�
. (6)

b
Do you recognize ⇡?

Z 1

re
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A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem

• Similar arguments would require a contribution of the 
electric filed to the mass of the charged pion

• In that case the solution is not an antiparticle, but a “heavy 
photon”, the  meson, somewhat heavier than the pion

• In the grand picture, both the positron and the  meson 
appear at the same scale where the problem arises.

ρ

ρ


