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 very exciting  (and challenging)  
 time for particle physics ! 

 Theory : present status 

 Experiments : main strategies 

 quite a few great options for 
 "beyond HL-LHC"  Physics ! 

 a few (personal) remarks 
      

Outline
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WHERE ARE WE ?

3
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 SM  works !

 [ THEORY + EXP’s ] 

nevertheless…
4

Higgs boson (the last piece of the SM) found ! 
huge amount of LHC data fits SM predictions with 
amazing (unplanned) level of accuracy 
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 two kinds of issues with the SM : 
 existence of “external” phenomena : 
 
 
 

 “internal” poor consistency :

great (although hazy) expectations  
for new BSM phenomena at colliders !

(quantum ?) 
Gravity

Dark Matter

Barion asymmetry
+ empirical evidences :

 neutrino masses

mainly connected to the 
EWSB/Higgs sector

. . . 

55
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the only “fundamental” scalar particle (microscopic interpretation ?) 

not protected by symmetries (the less constrained SM sector):  
 naturalness problem : mH ~ g × Λcutoff 

many different couplings all fixed by masses (?) 
proliferation of parameters historically leads to breakdown 
in TH models 

fermion masses/Yukawa’s hierarchy (?) 
have neutrinos a special role ?!!! 

λ determines shape and evolution of Higgs potential     cosmology ! 

Figure 40: The measured production cross section for e
+
e
� ! W

+
W

� compared to the SM and to
fictitious theories not including trilinear gauge couplings, as indicated

In order to obtain these result for the vertex the reader must duly take into account the

factor of -1/4 in front of F 2

µ⌫ in the lagrangian and the statistical factors which are equal

to 2 for each pair of identical particles (like W+W+ or ��, for example). The quartic

coupling, being quadratic in g, hence small, could not be directly tested so far.

3.5 The Higgs Sector

We now turn to the Higgs sector of the EW lagrangian [10]. Until recently this sim-

plest realization of the EW symmetry breaking was a pure conjecture. But on July ’12

the ATLAS and CMS Collaborations at the CERN LHC have announced [229, 230] the

discovery of a particle with mass mH ⇠ 126 GeV that very much looks like the long sought

Higgs particle. More precise measurements of its couplings and the proof that its spin is

zero are necessary before the identification with the SM Higgs boson can be completely

established. But the following description of the Higgs sector of the SM can now be read

with this striking development in mind.

The Higgs lagrangian is specified by the gauge principle and the requirement of renor-

malizability to be

LHiggs = (Dµ�)
†(Dµ�)� V (�†�)�  ̄L� R��  ̄R�

† L�
† , (264)
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where � is a column vector including all Higgs fields; in general it transforms as a reducible

representation of the gauge group SU(2)L ⌦U(1). In the Minimal SM it is just a complex

doublet. The quantities � (which include all coupling constants) are matrices that make the

Yukawa couplings invariant under the Lorentz and gauge groups. The potential V (�†�),

symmetric under SU(2)L ⌦ U(1), contains, at most, quartic terms in � so that the theory

is renormalizable:

V (�†�) = �µ2�†�+
1

2
�(�†�)2 (265)

As discussed in Chapter 1, spontaneous symmetry breaking is induced if the minimum

of V, which is the classical analogue of the quantum mechanical vacuum state, is not a

single point but a whole orbit obtained for non-vanishing � values. Precisely, we denote

the vacuum expectation value (VEV) of �, i.e. the position of the minimum, by v (which

is a doublet):

h0|�(x)|0i = v =

✓
0

v

◆
6= 0 . (266)

The reader should be careful that, for economy of notation, the same symbol is used for

the doublet and for the only non zero component of the same doublet. The fermion mass

matrix is obtained from the Yukawa couplings by replacing �(x) by v:

M =  ̄L M R +  ̄RM† L , (267)

with

M = � · v . (268)

In the MSM, where all left fermions  L are doublets and all right fermions  R are singlets,

only Higgs doublets can contribute to fermion masses. There are enough free couplings in

� so that one single complex Higgs doublet is indeed su�cient to generate the most general

fermion mass matrix. It is important to observe that by a suitable change of basis we can

always make the matrix M Hermitian (so that the mass matrix is �5-free) and diagonal.

In fact, we can make separate unitary transformations on  L and  R according to

 0
L = U L,  0

R = W R (269)

and consequently

M ! M0 = U †MW . (270)

This transformation produces di↵erent e↵ects on mass terms and on the structure of the

fermion couplings in Lsymm, because both the kinetic terms and the couplings to gauge

bosons do not mix L and R spinors. The combined e↵ect of these unitary rotations leads to

the phenomenon of mixing and, generically, to flavour changing neutral currents (FCNC),

as we shall see in Sect. 3.6. If only one Higgs doublet is present, the change of basis that

makes M diagonal will at the same time diagonalize the fermion–Higgs Yukawa couplings.

Thus, in this case, no flavour-changing neutral Higgs vertices are present. This is not

true, in general, when there are several Higgs doublets. But one Higgs doublet for each

98

Note that the trilinear couplings are nominally of order g2, but the adimensional coupling

constant is actually of order g if we express the couplings in terms of the masses according

to Eqs.(278):

L[H,W,Z] = gmWW+

µ W�µH +
g2

4
W+

µ W�µH2 +

+
gmZ

2 cos2 ✓W
ZµZ

µH +
g2

8 cos2 ✓W
ZµZ

µH2 . (285)

Thus the trilinear couplings of the Higgs to the gauge bosons are also proportional to the

masses (at fixed g: if instead GF is kept fixed then, by Eq. 244, g is proportional to mW ,

and the Higgs couplings are quadratic in mW ). The quadrilinear couplings are of order g2.

Recall that to go from the lagrangian to the Feynman rules for the vertices the statistical

factors must be taken into account: for example, the Feynman rule for the ZZHH vertex

is igµ⌫g2/2 cos2 ✓W .

The generic coupling of H to a fermion of type f is given by (after diagonalization):

L[H,  ̄, ] =
gfp
2
 ̄ H, (286)

with
gfp
2
=

mfp
2v

= 21/4G1/2
F mf . (287)

The Higgs self couplings are obtained from the potential in Eq.(265) by the replacement

in Eq.(283). Given that, from the minimum condition:

v =

r
µ2

�
(288)

one obtains:

V = �µ2(v +
Hp
2
)2 +

µ2

2v2
(v +

Hp
2
)4 = �µ2v2

2
+ µ2H2 +

µ2

p
2v

H3 +
µ2

8v2
H4 (289)

The constant term can be omitted in our context. We see that the Higgs mass is positive

(compare with Eq.(265)) and is given by:

m2

H = 2µ2 = 2�v2 (290)

By recalling the value of v in Eq.(279), we see that formH ⇠ 126 GeV � is small, �/2 ⇠ 0.13

(note that �/2 is the coe�cient of �4 in Eq.(265), and the Higgs self interaction is in the

perturbative domain.

The di�culty of the Higgs search is due to the fact that it is heavy and coupled in

proportion to mass: it is a heavy particle that must be radiated by another heavy particle.

So a lot of phase space and of luminosity are needed. At LEP2 the main process for

Higgs production was the Higgs-strahlung process e+e� ! ZH shown in Fig. 3.5 [231].

101

➜
66

what’s so problematic about the Higgs (TH)
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what’s so problematic about the Higgs (EXP)

very challenging experimental studies in general 
tiny x-sections in direct production from light states   
➜ must excite heavy states (t,W,Z) radiating Higgs  
➜ small cross sections ➜ harsh separation from 
backgrounds  
 
 
 
 

the measured (and unpredicted) mH value comes as a 
bonus, since it opens many explorable decay channels  
(with relatively unsuppressed production x-sections)

7
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a comment on Naturalness

the naturalness/hierarchy problem is a robust one ! 

one might say : SM theory is self-consistent  by itself 
➜ it is a complete framework ! 

BUT : 
“external” phenomena unavoidably introduces extra M scales (Mpl,  …)  

in a unified description this inevitably drives the Higgs-mass scale up 
to the extra M scales well above observed mH value,  

generating puzzling mass hierarchies (many many orders of magnitude 
for “desert” hypothesis up to Mpl or so) 

typical of fundamental scalar fields ! 

renormalizable,  
UV-complete

8
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LHC is just the right machine to explore this issue !

theorists suggested a few elegant paths to solve mH hierarchy 
      look for new heavy (~1TeV) states predicted in : 

SUSY (particularly far-reaching) 

Composite Higgs 

Extra Dims  … 

on the other hand : 
LHC already excluded their minimal versions 
but minimal versions not well motivated if not by allowing 
manageable predictions of new models that in general involve a 
large number of new parameters (>100 for MSSM !) 
Nature might well have chosen different paths than  
the theorists’ ones to solve the hierarchy problem 

relevant new energy scale must anyway be connected to mH !
9
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presently  four  strategies   
to  advance  in  HEP 

     at  colliders    
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four paths to advance in HEP at colliders:
by exploring the characteristics of the Higgs sector 
and confirming/spoiling the SM picture  
(primary relevance since the Higgs sector is so critical !)

11111111
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four paths to advance in HEP at colliders:
by exploring the characteristics of the Higgs sector 
and confirming/spoiling the SM picture  
(primary relevance since the Higgs sector is so critical !) 
by searching for new heavy states coupled to the SM, 
[acting as a cut-off for the SM  
possibly solving the naturalness issues and/or  
non-SM phenomena (dark matter, …)]

12121212
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four paths to advance in HEP at colliders:
by exploring the characteristics of the Higgs sector 
and confirming/spoiling the SM picture  
(primary relevance since the Higgs sector is so critical !) 
by searching for new heavy states coupled to the SM, 
[acting as a cut-off for the SM  
possibly solving the naturalness issues and/or  
non-SM phenomena (dark matter, …)] 

by exploring  Λ >> o(1TeV)  indirect effects  through 
high-accuracy studies of  SM x-sections/distributions 
and searches for rare processes (EFT parametrization)

13131313
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four paths to advance in HEP at colliders:
by exploring the characteristics of the Higgs sector 
and confirming/spoiling the SM picture  
(primary relevance since the Higgs sector is so critical !) 
by searching for new heavy states coupled to the SM, 
[acting as a cut-off for the SM  
possibly solving the naturalness issues and/or  
non-SM phenomena (dark matter, …)] 

by exploring  Λ >> o(1TeV)  indirect effects  through 
high-accuracy studies of  SM x-sections/distributions 
and searches for rare processes (EFT parametrization) 
by looking for new “DARK” states (i.e.,uncoupled to SM 
at tree level) either in production or/and heavy-state  
(H,top...) decays  (elusive signatures, may be long-lived p.les)

14141414
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Higgs new particles

“Dark” signals

indirect effects

1515

four paths  to advance in HEP at colliders:

every single method is of fundamental 
importance to make progress !
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(unplanned !)  EW precision  at LHC !

deviations ( δ ) from SM via Oid=6 can grow with energy : 
 
 
 

LHC can match LEP sensitivity  
by  looking at  larger ( < Λ)  Energy  !!! 
                    then,   δ ~ 0.1%  at  ELEP ~ 100 GeV   
                    matches  δ ~ 10%  at  ELHC ~ 1 TeV 
 

if new physics is heavy

enters SM-BSM  
interference terms !!

amplitudes ratio:

model independent  
way to probe BSM couplings !

16
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Higgs distribut.s as lever arm on BSM effects

in inclusive production : 

δ κi = δgHii/gSM ~ (v/Λ)2 ~ 6% (TeV/Λ)2 
                                           ~ 1%  for   Λ~ 2.5 TeV 
at large momentum transfer Oid=6 may induce a grow: 

δ [dσ/dpT] / [SM] ~ (pT/Λ)2  
                             ~ 16% at  pT ~ 1TeV 
                                     for   Λ~ 2.5 TeV

kinematic features can probe same Λ scales as 
inclusive ones  requiring  smaller accuracy !

17
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 in the SM : 
 
 

 direct exploration 
needs HH                            or  HHH 
in final states  
(tiny x-sections) 

 BSM : Max λ deviations   
compatible with no  
other BSM observation: 
      few % to ~20% 

 target for both TH and EXP accuracies !

 λH3  coupling  most exposed to BSM

1 Introduction

Recently, both ATLAS and CMS collaborations have discovered a new boson with a mass around
125GeV [1,2] at the Large Hadron Collider (LHC). Its properties are, so far, compatible with the
long sought Standard Model (SM) Higgs boson [3]. In order to decide whether this particle is
indeed responsible for the Electroweak Symmetry Breaking (EWSB), it is crucial to measure its
couplings to fermions and gauge bosons and to verify their proportionality to the particle masses.
Furthermore, a precise measurement of the Higgs self-interaction is needed.

The measurement of the Higgs self-couplings is the only way to reconstruct the scalar potential.
After EWSB, the Higgs potential takes the form

V (H) =
1

2
M2

HH
2 + λ vH3 +

1

4
λ′H4 . (1)

In the SM the trilinear and quartic self-couplings take the same value, λ = λ′ = M2
H/(2v

2), where
v ! 246GeV is the Higgs vacuum expectation value and MH its mass. In most new physics
scenarios these couplings deviate from the SM values. Therefore, a determination of the Higgs
self-interaction is necessary both to understand the EWSB mechanism and to try to distinguish
the SM from other models.

The Higgs quartic coupling can be in principle studied via triple Higgs boson production.
However, this cross section is too small to be measured at the LHC [4], and then a determination
of its value is not possible at present time. The situation is different for the trilinear coupling λ
via Higgs pair production if very high luminosities can be achieved,

The possibilities of observing Higgs pair production at the LHC have been discussed in Refs.
[5–12]. Though the analysis is challenging due to the smallness of the signal cross section and the
large QCD background, it has been shown to be achievable at a luminosity-upgraded LHC. For
example for bb̄γγ and bb̄τ+τ− final states, after the application of proper cuts, the significances
obtained are ∼ 16 and ∼ 9 respectively, for

√
sH = 14TeV and

∫

L = 3000 fb−1 [8]. These are so
far the most promising final states for the Higgs trilinear coupling analysis. The application of jet
substructure techniques was shown to be important to further improve on the sensitivity of the
discovery channels [6, 7, 13].

As it occurs for single Higgs [14], the dominant mechanism for SM Higgs pair production
at hadron colliders is gluon-gluon fusion, mediated by a heavy-quark (mainly top) loop. The
corresponding cross section has been calculated at leading-order (LO) in Refs. [15–17]. The next-
to-leading order (NLO) QCD corrections have been evaluated in Ref. [18] in the large top-mass
approximation and found to be rather large, with an inclusive K-factor close to 2, a very similar
situation to the one observed for single-Higgs production at the same order [19–21]. Considering
that the next-to-next-to-leading order (NNLO) corrections for single-Higgs are also sizable [22–24],
it becomes essential to reach the same accuracy for double-Higgs production in order to provide
precise predictions for the process.

A full NNLO calculation requires the evaluation of the corresponding amplitudes for double
real radiation, real emission from one-loop corrections and the pure virtual two-loop contribution.
In this article we present the explicit results for two-loop virtual corrections to the partonic process
gg → HH in the heavy top quark limit. Furthermore, we combine these results with the universal
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λHHH

gg → HH

qq′ → HHqq′, qq̄′ → ZHH/WHH, qq̄, gg → t t̄HH
➪ more than 10 times smaller

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 4

Promising channels/strategies
Note: single-H: “pb” −→ double-H: “fb”

HH production possible with luminosity-upgraded LHC

gg → HH → bb̄γγ: ≈ 50 signal events for
∫

L = 3000 fb−1
[Baglio,Djouadi,Gröber,Mühlleitner,Quevillon,Spira’13]

similar results: [Baur,Plehn,Rainwater’04]

gg → HH → bb̄ττ : “promising”; gg → HH → bb̄WW ??
σ(gg→HH)
σ(gg→H) ➪ λ > 0 at 95% C.L. with 600 fb−1 [Goertz,Papaefstathiou,Yang,Zurita’13]

gg → HH → bb̄γγ ➪ λHHH with 40% accuracy for
∫

L = 3000 fb−1
[Barger,Everett,Jackson,Shaughnessy’14]

gg → HH → bb̄ττ ➪ λHHH with 60% accuracy for
∫

L = 3000 fb−1
[Barr,Dolan,Englert,Spannowsky’14]

gg → HH + 2j [Dolan,Englert,Greiner,Spannowsky’14]

gg → HHtt̄ : important in case λ > λSM [Englert,Krauss,Spannowsky,Thompson’14]

[Dolan,Englert,Spannowsky’12; Dawson,Furlan,Lewis’13,. . . ]

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 6
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ATLAS NOTE

February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW
(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014

Measuring λhhh

44

arXiv:1305.6397Defining a target accuracy for λ:
   - Maximum deviation in (plausible) BSM scenarios for which...
   - There are no other EWSB states accessible at LHC.
        (ie: first sign of non-standard higgs sector is in λ)
   - Models investigated satisfy existing direct/indirect constraints 

How well do we need to measure λ?
 - SM predicts relationship between mh and λ:
       Verifying relationship directly probes EWSB
 - Modified in many SM extensions.

m2
h = 2�hhhv

2

value of �S required to raise the Higgs mass to 126 GeV in-
creases (this can be understood from the sin2 2� factor in
eq. 47). For tan � = 2 we find �S  0.7, which satisfies
the condition for perturbativity up to the Grand Unification
scale [23] (MGUT ⇠ 2⇥ 1016 GeV), whereas for tan� = 7.5 we
find �S  2, the upper value (�S = 2) leading to a divergence
in �S at ⇠ 10TeV [39]. For tan � > 7.5 we find that the con-
dition for perturbativity up to 10 TeV, �S < 2, is not satisfied.
Thus the maximum possible deviation, if we require perturba-
tivity up to 10 TeV is about �25% for tan � = 7.5,mA = 500
GeV.
Now we come to the question, would the heavier Higgs re-

main undetected by the LHC for this point tan � = 7.5,mA =
500 GeV? In the case of the MSSM this point lies outside
the LHC reach of heavy supersymmetric Higgs searches (see
Fig. 1.21 of Ref. [24]). In the NMSSM the coupling of the
heavier Higgs bosons to down-type quarks and vector bosons
is the same up to the percent level while the coupling to
up-type quarks is reduced with respect to the MSSM. This
means that the we expect similar (in processes controlled
by heavy Higgs boson couplings to down-type fermions like
bb ! H ! ⌧⌧ ) or smaller cross-sections (if the process
involves, for instance, gluon fusion where coupling to the
top would be suppressed relative to the MSSM). Thus we
would expect that if a point like tan� = 7.5,mA = 500
GeV is beyond LHC reach for the MSSM the same would
hold for the NMSSM too, given our construction. Thus
tan � = 7.5,mA = 500 GeV indeed represents a point where
the self-coupling deviation from SM is maximal, and the heavy
Higgs bosons are beyond the LHC reach. The self-coupling
deviation for this point, �25% is thus the target in the case
of the NMSSM.

Model �ghhh/gSMhhh

Mixed-in Singlet �18%
Composite Higgs tens of %
Minimal Supersymmetry �2%a

�15%b

NMSSM �25%
LHC 3 ab�1 [36] [�20%,+30%]

Table 1: Summary of the physics-based targets for the triple
Higgs boson coupling. The target is based on scenarios where
no other exotic electroweak symmetry breaking state (e.g.,
new Higgs bosons or “⇢ particle”) is found at the LHC except
one: the ⇠ 126GeV SM-like Higgs boson. Percentages quoted
are approximate maximal deviations for each model based on
the discussion in the text. For the �ghhh/gSMhhh

values of super-
symmetry, superscript a refers to the case of high tan � > 10
and no superpartners are found at the LHC, and superscript
b refers to all other cases, with the maximum value of �15%
reached for the special case of tan � ' 5. In the last row,
the best estimates for the 1� accuracy of the measurement of
the triple Higgs coupling at the LHC with 3 ab�1 integrated
luminosity is given. It is assumed here that no additional dy-
namics or operators contribute to non-SM shifts in pp ! hh
except the self-coupling.

4 Conclusions

To summarize, we have found that the 150MeV uncertainty
on the Higgs boson mass that ATLAS and CMS are scheduled
to achieve is likely to be better than we will ever need to
know it in the foreseeable future. Better determinations yield
no obvious advantage in testing any proposed question about
nature that we can formulate today.
On the other hand, we have shown that in beyond the SM

15

Target ~20% constraint on λhhh

   - 20 % measurement of µhh or 
    - 40 % measurement of µhh-VBF

⇒

mH directly related to Higgs dynamics !

18

(impact on vacuum stability, Baryogenesis from cosmological EWPT ?)

18
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WHAT  after  HL-LHC  ???
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e+e- colliders great opportunities in all sectors 
(cleanness [➜ model independence], accuracy…) 

focus on  e+e- Higgs factories

Higgs new particles

“Dark” signals

indirect effects

2020

four paths  to advance in HEP at colliders:
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general  consensus by now on next machine

21 Higgs & Fichi,   29  September 2022

250GeV e+e- Higgs Factory 

10th August, 2019 Geoffrey Taylor, LP2019, Toronto, CA 17 

Next Big Machine should be an 
e+e- collider “Higgs Factory” 
But … 
Which Higgs Factory? 
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Snowmass summary on expected δgHii/gSM
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For example we can take a snapshot of all of the many many 
bar charts - after the first stages of proposed Higgs Factories

Tree
Higgs 
Width

yu ys yc yb yt ye yμ yτ λ3 λ4

LHC/HL-LHC 

ILC/C^3 250 

CLIC 380 

FCC-ee 240 

CEPC 240

!(1)!(.01) !(.1) > !(1)Order of Magnitude for Fractional Uncertainty
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?
?

?

No study 
Beyond HL-LHC

Clearly many parameters greatly improve compared to HL-LHC, but 
also many don’t even achieve O(1) accuracy 
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assume we find a deviation in H couplings…

in order to figure out what’s going on  we will need  
an energy-frontier facility to explore  
the corresponding M scale in a direct way.  

R&D for future high-energy colliders (new technologies ?) 
hadron collider beyond LHC ?  
higher energy linear collider ?  multi-TeV muon collider ? 
plasma acceleration ?
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Current physics landscape

�Higgs properties SM-like.
¾After HL-LHC precision level of several %
¾Deviation from SM:  d ~ v2/M2 v = 246 GeV

M scale of new physics
M ~ 1 – 10 TeV   Æ d ~ 6 – 0.06%

�

Bedeschi, LFC19, Trento F. Bedeschi, INFN-Pisa2

Granada 2019
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Comparisons

Project Type Energy
[TeV]

Int. Lumi. 
[a-1]

Oper. Time 
[y]

Power
[MW]

Cost

ILC ee 0.25 2 11 129 (upgr. 

150-200)

4.8-5.3 GILCU + 

upgrade

0.5 4 10 163 (204) 7.8 GILCU

1.0 300 ?

CLIC ee 0.38 1 8 168 5.9 GCHF

1.5 2.5 7 (370) +5.1 GCHF

3 5 8 (590) +7.3 GCHF

CEPC ee 0.091+0.16 16+2.6 149 5 G$

0.24 5.6 7 266

FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF

0.24 5 3 282

0.365 (+0.35) 1.5 (+0.2) 4 (+1) 340 +1.1 GCHF

LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF

FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)

HE-LHC pp 27 20 20 7.2 GCHF

D. Schulte 24Higgs Factories, Granada 2019

LHC ➜ 150 MW, 4 GCHF

ESPP2020
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updated list after Snowmass discussion (2022)
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Snowmass 2021: 
EF Benchmark Scenarios 

Higgs-boson factories 
(up to 1 TeV c.o.m. energy)

Multi-TeV colliders 
(> 1 TeV c.o.m. energy)

9

Timelines are taken from the ITF report (AF)

timelines

timelines

new entries
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how to assess a large-scale  project

Physics potential (direct, indirect) 
feasibility ➜ maturity ➜ technical risk 
innovation 
construction/operation costs (vs constrains from fund. agencies) 

power consumption 
start-up time 
total operation time (staging, expandibility) 
location vs infrastructures vs politics (global context !) 
HEP (both regional and global) community support 
fraction of present HEP community involved
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project      [beam species, energy, lumi, technology]

(mainly discussed here)
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how to assess a large-scale  project

Physics potential (direct, indirect) 
feasibility ➜ maturity ➜ technical risk 
innovation 
construction/operation costs (vs constrains from fund. agencies) 

power consumption 
start-up time 
total operation time (staging, expandibility) 
location vs infrastructures vs politics (global context !) 
HEP (both regional and global) community support 
fraction of present HEP community involved
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project      [beam species, energy, lumi, technology]

(mainly discussed here)

a g
lob

al 
aff

air
 !
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Probes and Signatures of new physics at colliders

Colliders offer the unique ability to probe, with a single experimental setup, 
all sectors of the SM and its extensions

With such an exciting and vast landscape of possibilities, 
the breadth of the experimental program is of paramount importance
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Pagan Griso, Snowmass 2022

THv
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Higgs is a fantastic probe to unravel current HEP mysteries !
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Why is the Higgs so central and important?
2

Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

Over the past decade, the LHC has fundamentally changed the landscape of high energy particle physics through
the discovery of the Higgs boson and the first measurements of many of its properties. As a result of this, and no
discovery of new particles or new interactions at the LHC, the questions surrounding the Higgs have only become
sharper and more pressing for planning the future of particle physics.

The Standard Model (SM) is an extremely successful description of nature, with a basic structure dictated by
symmetry. However, symmetry alone is not su�cient to fully describe the microscopic world we explore: even after
specifying the gauge and space-time symmetries, and number of generations, there are 19 parameters undetermined by
the SM (not including neutrino masses). Out of these parameters 4 are intrinsic to the gauge theory description, the
gauge couplings and the QCD theta angle. The other 15 parameters are intrinsic to the coupling of SM particles to the
Higgs sector, illustrating its paramount importance in the SM. In particular, the masses of all fundamental particles,
their mixing, CP violation, and the basic vacuum structure are all undetermined and derived from experimental data.
Therefore, as simply a test of the validity of the SM, all these couplings must be measured experimentally. However,
the centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic role
in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). However, while the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.
This has profound consequences both theoretically and experimentally. From our modern understanding of quantum
field theory viewed through the lens of Wilsonian renormalization, fundamental scalars should not exist in the low
energy spectrum without an ultra-violet (UV) sensitive fine tuning. This is known as the naturalness or hierarchy
problem. From studying properties of the Higgs boson, one can hope to learn whether there is some larger symmetry
principle at work such as supersymmetry, neutral naturalness, or if the correct theory is a composite Higgs model
where the Higgs is a pseudo-Goldstone boson.

Experimentally, there are also a number of intriguing directions that open up if the Higgs boson is a fundamental
particle. The most straightforward question is whether the Higgs boson is unique as the only scalar field in our
universe or is it just the first of many? From a field theoretic point of view, one can construct the lowest dimension
gauge and Lorentz invariant operator in the SM from the Higgs boson alone. This means that generically if there
are other “Hidden” sectors beyond the SM, at low energies the couplings of the Hidden sector particles to the Higgs
boson are predicted to be the leading portal to the additional sectors. Additionally, with a scalar particle the question
remains as to whether the minimal Higgs potential is correct. The form of the potential has repercussions for both our

Snowmass 2022


