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Experimental point of view

The story of collider physics in the last 60 years is marked by the accelerators eras
and punctuated by key discoveries

246 GeV W/ZT ----------------------------------- H ----------------------------- \Y
B T e
e TSR L R N
i i i i i i i
1960 1970 1980 1990 2000 2010 2020

European Strategy for Particle Physics — Venice 23-27 June — 2025 — Fabio Maltoni




Experimental point of view

The story of collider physics in the last 60 years is marked by the accelerators eras
and punctuated by key discoveries

W/Z L H y
DAB GEV == == === === e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeeee--eeeeeeeeeeeeeee-ea-ea-
OO (GEY =+t vt vt eesoesoesonsansansanseeseeseeseaseaseaseassessassassassassastoseastassassassassnssassassnsss 7 D A it it et c e e e e e s e e s s e s eeesseenne
B ! ST P T TN ST OO P P TN ISP PP U R UU U PP PR UUUUPPPURUUTRPOY
b
C 7 I
Jp 4ot Y
1 Gev ..............................................................................................................................................................................................
Tevatron | LHC >
SppS .I HERA »
PETRA 20+20 GeV EPland | P & KEK
SPEAR 343 GeV
Ada | Adone » | Daphne »
| | | | >
1960 1970 1980 1990 2000 2010 2020

European Strategy for Particle Physics — Venice 23-27 June — 2025 — Fabio Maltoni




Theorist’s point of view

The story of collider physics in the last 60 years is the slow yet steady turning of the
Standard Model into a Standard Theory for Strong and EW interactions.
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Where do we stand?

1 _ o
L= = 7P Fu ATy + Gy +h.c) + 1,0 1° = V(o)

3 gauge forces 1 scalar force

Renormalizable field theory:

eSU(3)c x SU(2)L x U(1)y gauge symmetries
e Matter is organised in chiral multiplets
eThe SU(2) x U(1) symmetry is spontaneously broken to U(1)em

¢ Yukawa interactions = fermion masses, mixing and CP violation

e Matter+gauge group = Anomaly free
e Neutrino masses can be accommodated in a natural way
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Gy + (0 gyl + h.c) + | D, |* = V()

MF, CPV, Flavour Custodial, MV EWSB/EWBG

Apparently accidental, but key aspects for successful phenomenology:

e epton and Baryon number conservation

e Custodial symmetry

e Absence of FCN interactions

eSmall and hierarchical mixing among quarks
e Collective suppression of CP violation

¢|R values of the parameters do not indicate any problem at
high scales, including vacuum stability

These are not only difficult to explain in one go, but are also
typically not respected by extensions of the SM.
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https://arxiv.org/abs/1707.08124

Where do we stand?

o _ _ L g

o =~ 7 Fu Wiy + v +hc) + [ D17 = V(o)

Yet many aspects of the SM are problematic vis-a-vis

phenomenology:
T=T, .
. / / i oEWBG difficult because of smallness of CPV and no
T<T,

strong first order transition (SFOPT)
e Nature of Dark Matter
e Unnaturally small Higgs mass and its origin
v( e Unnaturally small strong CP violation

h)
SM 1.1 TeT, e Fermion mass hierarchy and origin of CP violation
ond : Beyond SM theories typically address one (or two) of the
/ above problems at the time. We don’t have a precise idea

of where the scale of NP might reside.

V(h)

1st
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A is low

BSM direct searches at energy frontier

9 & e+e- PP
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A is low

BSM direct searches at energy frontier

B e+e-

Other

Contact
Interactions

Dark Matter

RPV

Extra Dimensions

String resonance

Zy resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, k? =1/2

Scalar Diquark

pp+Zly+X

tt+ ¢, pseudoscalar (scalar), gezap X BR(¢~ee/up) > =0.01(0.003)
tt+¢, pseudoscalar (scalar), gf,, X BR(¢~ee/uy) > = 0.03(0.04)
tt+ ¢, pseudoscalar, g, x BR(¢~77) > =0.2

tt+¢, scalar, g%, x BR(¢-717) > =0.2

quark compositeness (), Nugr =1
quark compositeness (1), Nugr= —1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

vector mediator (gq), gq =0.25,gom =1, m, =1 GeV

vector mediator (££), gg=0.1,gpw =1, 9, =0.01,m, > 1 TeV
(axial-)vector mediator (gg), gq = 0.25,gom =1, m, =1 GeV
(axial-)vector mediator (xx), gq =0.25,gom =1, my =1 GeV
(axial)-vector mediator (£f), 9¢=0.1,9om=1,9;=0.1,my > Mpeq/2
scalar mediator (+t/tf), 9q=1,0ou=1,m;=1GeV

scalar mediator (+t), gg =1, gom=1,m, =1 GeV

scalar mediator (fermion portal), A, =1, m, =1 GeV

pseudoscalar mediator (+j/V), gq=1,gom=1,m, =1 GeV
pseudoscalar mediator (+t/tf), gq =1, gou =1, m, =1 GeV
pseudoscalar mediator (+tf), gq =1, gom =1, m, =1 GeV

complex sc. med. (dark QCD), mp,, =5 GeV, CTx, =25 mm

Baryonic Z', gq = 0.25, gpm =1, m, =1 GeV

2 mediator (dark QCD), Mgark = 20 GeV, riny = 0.3, Agark = Afeae
Z'-2HDM, gz =0.8,gpu =1, tanB = 1, m, = 100 GeV

Leptoquark mediator, =1, B=0.1, Ax,pi = 0.1, 800 < M, < 1500 GeV
axion-like particle, 1 =1.2 Tev~!

inelastic dark matter model, y =105, ap=0.1

inelastic dark matter model, y =10~7,ap=0.1

dark Higgs, gq =0.25,gom =1,6=0.01, m, = 200 GeV, mz =700 GeV

RPV stop to 4 quarks

RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

ADD (jj) HLZ, ngp =3

ADD (yy, #) HLZ, ngp =3

ADD Ggg emission, ngp =2

ADD QBH (jj), nep =6

ADD QBH (eu), ngp =4

ADD QBH (eT), ngp =4

ADD QBH (ut), nep =4

ADD QBH (yj), nep = 6

RS Gy(£t), kiMp =0.1

RS Gyk(yy), kiMp=0.1

RS Gkk(qd, gg), kiMp = 0.1

RS QBH (jj), nep =1

RS QBH (vj), nep=1

non-rotating BH, Mp = 4 TeV, ngp = 6
3-brane WED gkk(¢ + 9= 999). 9grav = 6, g, =3, £€=0.5, m(¢)/m(gkx) = 0.1
split-UED, p>2 TeV

excited light quark (qg), A=mq
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CMS Preliminary

Overview of CMS EXO results

0,5-7.9 1911.03947 (2j)
0.35-4.0 1712.03143 (2 + 1y; 2e + 1y; 2j + 1y)
1.5:8.0 2106.10509 (1j+ 1y)
0.72-3.25 1808.01257 (1j+ 1y)
0,537 1911.03947 (2j)
057.5 1911.03947 (2j)
0.6-1.6 2303.04596 (pp + IL, pp +Y)
0.015:0.075 CMS-PAS-EX0-21-018 (31, = 4f)
0.108:0:35 CMS-PAS-EX0-21-018 (3, = 42)
0.045-0.35 CMS-PAS-EX0-21-018 (3, = 4f)
0.02:0.3 CMS-PAS-EX0-21-018 (31, = 4f)

0.0-24.0 2

0:2°5/6 2001.04521 (2e + 2j)
0:2°5.7 2001.04521 (2 + 2j)

0.35:0.7 1911.03761 (= 3j)
0.2:1.92 2103.02708 (2e, 2p)
0.5-2.8 1911.03947 (2j)
0.0-1.95 2107.13021 (= 1j + pi'™)
0.2:4.64 2103.02708 (2e, 2p)
0.0-0.29 1901.01553 (0, 1£ + = 2j + pj'ss)
0.05-04 2107.10892 (0, 1£ + = 2j + py's*)
0.0-1.5 2107.13021 ( = 1j + p¥'ss)
0.0-0.47 2107.13021 (= 1j + pY'™5)
0.0-0.3 1901.01553 (0, 1¢ + = 2 + py'™))
0.05-0.42 2107.10892 (0, 12 + = 2j + py')
0.0-1.54 1810.10069 (4j)
0.0-1.6 1908.01713 (h + p}'ss)
1551 2112.11125 (2 + py'ss)
05-3.1 1908.01713 (h + p{ss
0.30.6 1811.10151 (1 + 1j + p}'ss)
0552.0 CMS-PAS-EX0-21-007 (pp +yy)
0.003-0.08 2305.11649 (2 displaced p + py's*)
0.02-0.08 2305.11649 (2 displaced p + p}'ss)
0.16:0.352 CMS-PAS-EX0-21-012 (12 + 2 + pJiss, 2¢ + pIss)

0108%0/52 1808.03124 (2j; 4j)
0.1-0.72 1806.01058 (2j)
0.1-1.41 1806.01058 (2j)
0.07-0.2 CMS-PAS-EX0-21-004 (scouting boosted dijet)
0.07-0.075 & 0.095-0.105 CMS-PAS-EX0-21-004 (scouting boosted trijet)

00120 1803.08030 (2j)
0,0:9:1 1812.10443 (2y, 20)
0.0-10:8 2107.13021 (= 1j+p}
0.0:8:2 1803.08030 (2j)
0,055:6 2205.06709 (ep)
0,052 2205.06709 (eT)
0:0510 2205.06709 (ut)
200755 2305.07998 (y +j)
0,0-4.78 2103.02708 (2¢)
0.0-4:1 1809.00327 (2y)
0526 1911.03947 (2j)
0.0-5.9 1803.08030 (2j)
2,052 2305.07998 (y +j)
0,0:9:7 1805.06013 (= 7j(L, y))
2,043 2201.02140 (2j)
0:42.8 2202.06075 (£ + pI')

0.5-6.3 1911.03947 (2j)

Lpsu D Ly
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A is low

BSM direct searches at energy frontier

B e+e-

Other

Contact
Interactions

Dark Matter

RPV

Extra Dimensions

String resonance

Zy resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, k? =1/2

Scalar Diquark

pp+Zly+X

tt+ ¢, pseudoscalar (scalar), gezap X BR(¢~ee/up) > =0.01(0.003)
tt+¢, pseudoscalar (scalar), gf,, X BR(¢~ee/uy) > = 0.03(0.04)
tt+ ¢, pseudoscalar, g, x BR(¢~77) > =0.2

tt+¢, scalar, g%, x BR(¢-717) > =0.2

quark compositeness (££), e = 1
quark compositeness (1), Nugr= —1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

vector mediator (gq), gq =0.25,gom =1, m, =1 GeV

vector mediator (££), gg=0.1,gpw =1, 9, =0.01,m, > 1 TeV
(axial-)vector mediator (gg), gq = 0.25,gom =1, m, =1 GeV
(axial-)vector mediator (xx), gq =0.25,gom =1, my =1 GeV
(axial)-vector mediator (£f), 9¢=0.1,9om=1,9;=0.1,my > Mpeq/2
scalar mediator (+t/tf), 9q=1,0ou=1,m;=1GeV

scalar mediator (+t), gg =1, gom=1,m, =1 GeV

scalar mediator (fermion portal), A, =1, m, =1 GeV

pseudoscalar mediator (+j/V), gq=1,gom=1,m, =1 GeV
pseudoscalar mediator (+t/tf), gq =1, gou =1, m, =1 GeV
pseudoscalar mediator (+tf), gq =1, gom =1, m, =1 GeV

complex sc. med. (dark QCD), mp,, =5 GeV, cTy,, =25 mm

Baryonic Z', gq = 0.25, gpm =1, m, =1 GeV

2 mediator (dark QCD), Mgark = 20 GeV, riny = 0.3, Agark = Afeae
Z'-2HDM, gz =0.8,gpu =1, tanB = 1, m, = 100 GeV

Leptoquark mediator, =1, B=0.1, Ax,pi = 0.1, 800 < M, < 1500 GeV
axion-like particle, 1 =1.2 Tev~!

inelastic dark matter model, y =105, ap=0.1

inelastic dark matter model, y =10~7,ap=0.1

dark Higgs, gq =0.25,gom =1,6=0.01, m, = 200 GeV, mz =700 GeV

RPV stop to 4 quarks

RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

ADD (jj) HLZ, nep =3

ADD (yy, #£) HLZ, nep =3
ADD Ggg emission, ngp =2
ADD QBH (jj), nep =6
ADD QBH (eu), ngp =4
ADD QBH (eT), ngp =4
ADD QBH (ut), nep =4
ADD QBH (yj), nep = 6

RS Gyx(£2), kiMp=0.1

RS Gyk(yy), kiMp=0.1

RS Gkk(qd, gg), kiMp = 0.1
RS QBH (jj), nep =1

RS QBH (vj), nep =1
non-rotating BH, Mp = 4 TeV, ngp = 6

3-brane WED gik(¢ + 9= 999), 9grav = 6, gg, =3, €= 0.5, m($)/m(gx) = 0.1

split-UED, p>2 TeV

excited light quark (qg), A=mq
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Overview of CMS EXO results
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0.35-4.0 1712.03143 (2 + 1y; 2e + 1y; 2j + 1y)
1.5:8.0 2106.10509 (1j+ 1y)
0.72:3.25 1808.01257 (1j + 1y)
0,537 1911.03947 (2j)
057.5 1911.03947 (2j)
0.6-1.6 2303.04596 (pp + IL, pp +Y)
0.015:0.075 CMS-PAS-EX0-21-018 (31, = 4f)
0.108:0:35 CMS-PAS-EX0-21-018 (3, = 42)
0.045-0.35 CMS-PAS-EX0-21-018 (3, = 4f)
0.02:0.3 CMS-PAS-EX0-21-018 (31, = 4f)
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0.0-24.0 2

0:2°5/6 2001.04521 (2e + 2j)
0:2°5.7 2001.04521 (2 + 2j)

T T TITITITITITTT=zT=x=zT=x==

0.35:0.7 1911.03761 (= 3j)
0.2:1.92 2103.02708 (2e, 2p)
0.5-2.8 1911.03947 (2j)
0.0-1.95 2107.13021 (= 1j + pi'™)
0.2:4.64 2103.02708 (2e, 2p)
0.0-0.29 1901.01553 (0, 1£ + = 2j + pj'ss)
0.05-04 2107.10892 (0, 1£ + = 2j + py's*)
0.0-1.5 2107.13021 ( = 1j + p¥'ss)
0.0-0.47 2107.13021 (= 1j + pY'™5)
0.0-0.3 1901.01553 (0, 1¢ + = 2 + py'™))
0.05-0.42 2107.10892 (0, 12 + = 2j + py')
0.0-1.54 1810.10069 (4j)
0.0-1.6 1908.01713 (h + p}'ss)
15:5.1 211211125 (2 + pi'™)
05-3.1 1908.01713 (h + p{ss
0.30.6 1811.10151 (1 + 1j + p}'ss)
0552.0 CMS-PAS-EX0-21-007 (pp +yy)
0.003-0.08 2305.11649 (2 displaced p + py's*)
0.02-0.08 2305.11649 (2 displaced p + p}'ss)
0.16:0.352 CMS-PAS-EX0-21-012 (12 + 2 + pJiss, 2¢ + pIss)

T T ==X

0108%0/52 1808.03124 (2j; 4j)
0.1-0.72 1806.01058 (2j)
0.1-1.41 1806.01058 (2j)
0.07-0.2 CMS-PAS-EX0-21-004 (scouting boosted dijet)
0.07-0.075 & 0.095-0.105 CMS-PAS-EX0-21-004 (scouting boosted trijet)
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0,0:12/0 1803.08030 (2j)
0,0:9.1 1812.10443 (2y, 20)
0/0-10:8 2107.13021 (= 1j+p{
0.0:8:2 1803.08030 (2j)
0,056 2205.06709 (ep)
0,055:2 2205.06709 (eT)
0,050 2205.06709 (ut)
200735 2305.07998 (y +j)
0,0-4.78 2103.02708 (2¢)
0.0:4.1 1809.00327 (2y)
0,52:6 1911.03947 (2j)
0,059 1803.08030 (2j)
2.05.2 2305.07998 (y +j)
0,0:9.7 1805.06013 (= 7j(£, )
2043 2201.02140 (2j)
0:42:8 2202.06075 (£ + pJ'ss)

M

0.5-6.3 1911.03947 (2j)
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A iIs low

BSM direct searches at energy and intensity frontiers

9 Ik e+e- pp

/
/
/

a”
-

|_|_ FCC-ee theo

1D242 : Mccullough et al. |

e ——

100
IWN1 [GEV]

>

M

European Strategy for Particle Physics — Venice 23-27 June — 2025 — Fabio Maltoni



https://indico.cern.ch/event/1439855/abstracts/191168/

A 1S high
Effective Field Theory

When the energies probed by the experiment are lower than A, it is possible to encompass all
possible UV theories into a universal & ;- including all possible deformations of the SM.

Usual “SM” measurements can be interpreted in a universal way at an intermediate layer.
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A 1S high
Effective Field Theory

When the energies probed by the experiment are lower than A, it is possible to encompass all
possible UV theories into a universal & ;- including all possible deformations of the SM.

Usual “SM” measurements can be interpreted in a universal way at an intermediate layer.

Zz BSM?2

°(ZSM
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Agqp is high
SMEFT

Rattazzi®
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Agqp is high
SMEFT

U(1); x U(1)g

GIM

Y., Y, Y, = Flaydr & OP
—=Y, X
°

Rattazzi® @
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Agqp is high
SMEFT

gSMEFT = LD+ LI\ + XQCZ(S) + Fg(@ + ...
m\; — O U/Ql/}L N mv # O
U(1); x U()g Flabor = u — ey, Amy, ...
GIM QP = edm’s

Dipoles = (g —2),
Y., Y, Y, = Flaydr & OP 0

.~ > Y , X - %ﬁ/% <
Rattazzi® @ 9 iﬁd
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Agqp is high
SMEFT

1 1
Z sMEFT = + [ LD\ + XS/”(S) + F&f@ + ...
m, =0 U, — my # 0
U(1); x U()g Flabor = u — ey, Amy, ...

Dipoles = (g —2),
Y., Y, Y, = Flaydr & OP 0

ﬂﬁyéx a%%/
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Agqp is high
SMEFT

4 3(4) + ig(S) + Lg(@ 4
A A?
m, = ()
mf ~ A? ’ U/QI’}L—H% # 0 = A>10% GeV
= A~ 10° GeV U(1)? x U(1), Flabor = u — ey, Amy, ...
GIM CP = edm’s = A>10° GeV

Dipoles = (g —2),

Y,.Y,. Y, = Flaydr & OF U1y = p o 20" = A> 10 GeV

R Y , X — %Y% > A>10° GeV
Rattazzi® @
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Agqp is high
SMEFT

Simplicity & Naturalness &
Naturalness & Simplicity &)
4 1 5 1 6
+ LI\ +\ =L+ —FO ¢
A A?

m, =0 14

U), — m, # 0 = A > 10 GeV
= A ~ 10° GeV U(1)2 x U(1), Flabor = u — ey, Amy, ...
6

Dipoles = (g —2),

Y,.Y,. Y, = Flaydr & OF U1y = p o 20" = A> 10 GeV

R Y , X — %Y% > A>10° GeV
Rattazzi® @
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Agqp is high

Precision for discovery

The master equation of an EFT approach has three key elements:

|
AQObs, = ObsEXP — ObsnSM = N a,§6,-)(/4) cl.(6)(,u) + O (—)
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Agqp is high

Precision for discovery

The master equation of an EFT approach has three key elements:

Most precise/accurate experimental measurements with uncertainties
and correlations

>
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Agqp is high

Precision for discovery

The master equation of an EFT approach has three key elements:

AQObs, =

>

Most precise SM predictions for observables:

” NLO. NNLO, N3LO...

Most precise/accurate experimental measurements with uncertainties

and correlations
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The master equation of an EFT approach has three key elements:
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~¥ Most precise EFT predictions

Most precise SM predictions for observables:
NLO, NNLO, N3LO...

P

Most precise/accurate experimental measurements with uncertainties
and correlations
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Precision for discovery

The master equation of an EFT approach has three key elements: © 0606 0 6 o o o

AQObs, =

current measurements
future measurements

$ increased NP Sensitivity
“p Most precise EFT predictions

Most precise SM predictions for observables:
NLO, NNLO, N3LO...

»

Most precise/accurate experimental measurements with uncertainties
and correlations
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Precision for discovery

The master equation of an EFT approach has three key elements:

® o ©
© =
: 0 O P00
> 2
& ®
AQObs, = 2 £
n EQ O ® ®@ @ ;
o et
= N3 -}

&)
O O O ® o o

:} increased NP Sensitivity
“p Most precise EFT predictions

Most precise SM predictions for observables:
NLO, NNLO, N3LO...

»

Most precise/accurate experimental measurements with uncertainties
and correlations

4
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Agqp is high

Precision for discovery

The master equation of an EFT approach has three key elements:

AQObs, =

current measurements
future measurements

.
“ ol
e - -
oy -
n
Y P>

$ increased NP Sensitivity

‘% Most precise EFT predictions . : : :
prect prea —> increased UV identification power

Most precise SM predictions for observables:
NLO, NNLO, N3LO...

»

Most precise/accurate experimental measurements with uncertainties
and correlations

4

EFTE
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Agqp is high

Scales and energy

Linking observables at different scales Energy helps precision
4B
A "? uv A > E/\/é
TeV E2IN2 < §
T Vs < A
My
T SM E’
GeV Obs = ObsM - ( 1+ )’ 56
i
An EFT allows to connect measurements at For A =100 TeV, one needs & = 107 precision for

different scales without needing to know the UV.

. E=100 GeV, while 0=1% is enough at 10 TeV (for c;A; ~ 1).
See later for an example in Flavour. Lol

European Strategy for Particle Physics — Venice 23-27 June — 2025 — Fabio Maltoni




The Higgs future

HL-LHC baseline

[ATLAS, 2024] [ID170: CMS&ATLAS]
S — | _\/5:14TeV,S2,3ab’1perexperiment
K‘z - 1 I M N 1 N ! ! I N M N 1 N N ! I N M Brund. KT
_ | 4 .| Total ATLAS+CMS — 8
Kw i e ALCIR StatiSt.ical Projections ESPPU 2026
a | , - —— Experimental
K, S - e‘v’””sv - —— Theory Uncertainty [%] .
- o Ll % Tot Stat Exp Th "
Kp| -m © d Ky = 1.8 0.7 09 13
B Force carriers Higgs boson |
K. R ey gl |z|wBE = 1.6 07 06 1.3
Kp| 1~ F - : = 1.6 07 05 1.3
_ i .
K —e— B, =B,=0
g_ == -m- B,20,x,<1 | — 24 08 07 22
SM prediction
Ky = Parameter value not allowed Kt  — ‘ 3.4 08 09 3.2
“2r U DTS U SO .',ff-n'.'.'.f.' ....... L Kp | 36 12 12 3.2
0.8 1 1.2 1.4 1.6 K
68% CL interval = 1.9 08 0.7 15
T T T T
o R 1 Kp, — 3.0 27 09 1.0
inv. C‘ . Kb Kg
By |----mmm e 1 Kz, | | 6.8 59 16 3.0 S MEFIT
PP B B R R P T T T S S S
0 0.05 0.1 0.15 0.2 0 0.02 0.04 0.06 0.08 0.1 0.12 [%] Error reduction with respect to HL-LHC
o, imi . e |LHeC* =% CEPC* ~p— FCC-ee+hh* Error defined via 68% C.L.
95% CL limit Expected uncertainty — ILC* FCC-ee* = muC3* Bound as 95% U.L.

CLIC* —g~ FCC-hh* === muC1l0*

10-20% g 2-4% ’ 0.1-1 %
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https://arxiv.org/pdf/2404.05498
https://indico.cern.ch/event/1439855/abstracts/191052/

Agqp is high -

Naturalness vesi

This term is responsible for the so called hierarchy problem. It's the only
dimensional parameter of the SM Lagrangian, and should be order of A2,

Zz = 5gn/gu"" ~ce £ = my [ Amj

Consider the case of New Physics due to the presence of a top partner.

Different models can be realised, which in ABSENCE of tuning, give:
1] Am%l ~ m% ~ mé = ¢ ~ 1 :Usual Soft SUSY

3 2
2] Am? ~ im2 = ¢ ~ 1/20 : Super Soft SUSY and CH
o qp2t

3,

3] Amé ~ 2m% = ¢ ~ 1/100 : Natural Naturalness

167
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Is there room for discovery?

A simple toy example

Imagine a vector-like heavy quark exists at 4 TeV. * HLL,HC il | |
This iIs currently not excluded by the direct 100} Luca Mantani = SMEFIT
searches at the LHC and will not at the end of
HL-LHC. AU
10~* ¢ ¢
How would a discovery unfold? — |
>

1] Some tension + pattern at the HL-LHC '5 o I -

—1072f
2] Clear identification of deviation at FCC-ee ®
through EFT _10- 1L
3] Model matching up in the UV. Identifying the —10°F
scale with the help of RGE. » - -

CoQ CoQ b
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>
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O
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Is there room for discovery?

A simple toy example

Imagine a vector-like heavy quark exists at 4 TeV. dinintall oo b reow
This is currently not excluded by the direct 100} Luca Mantani = SMEFIT
searches at the LHC and will not at the end of
HL-LHC. 101 f
—2 ‘ ><’10 ' ><’10

How would a discovery unfold? _ 1077F

>
1] Some tension + pattern at the HL-LHC L e I -

O
2] Clear identification of deviation at FCC-ee T @
through EFT 101l
3] Model matching up in the UV. Identifying the  -10°%}
scale with the help of RGE. - -

€0 CoQ Cte
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Is there room for discovery?

A simple toy example

Imagine a vector-like heavy quark exists at 4 TeV. 0
This is currently not excluded by the direct ' -uca Mantant = SMERT
searches at the LHC and will not at the end of 2
HL-LHC. ol
How would a discovery unfold? o 15)
1] Some tension + pattern at the HL-LHC or
5k -
2] Clear identification of deviation at FCC-ee \\/
through EFT o, | S -
0 2 4 0 8 10 12 14 16
M [TeV]

3] Model matching up in the UV. Identifying the
scale with the help of RGE.
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https://indico.cern.ch/event/1439855/abstracts/191168/

Lessons from the HL-LHC

Questions with 3 inverse attobarns

' 1 1.2 . - -° - - - .
| ATLAS+CMS 3 ab™" per experiment ATLAS + CMS i
] Pro_/ectlons ESPPU 2026 1.0F Projections ESPPU 2026 ,’
—_ -1 . (—:
180.0 - Vs =14 TeV, S3, 3 ab™* per experiment ,-';’I
- 0.8r — SM SMEFT 6 ,/
Instablllty — ~—- SMEFT 6, k_;pfn=1.66 | igeu[‘ocgztfﬂnltég] ‘—r:}.;
1= _ —~ | e SMEFT 8, k" = 1.69, k" = 5.4 HH-driven P
177.5 - my from tt+)et § 0.6 _.. Log. Potential, k"M = 1.57 — Iloeunociztainltég ..;"./
; | ——== 8 TeV (202 fb—l) Exp. Potential, k3" = 1.99 3€10.74 -1, ]',;7
D . 0.4t '
O, | Metastability —— 13 TeV (36.3 fb?)
¥ 175.0 - . -
S - —— 52 with profiling 0.2
"""" S2 without profilin ?—_._
‘ p g 0.0F * N .
172.5 - —~  0.2F | SMEF';'G | HH-drilven
1 o uncertainty o uncertainty
N 20 Uncertaint 20 Uncertaint
— E 0.1t SMEFT 6 -y HH-driven
] >Ln . 1o Uncertainty '~ 1o Uncertainty
17004 Stability | 0OE—
1 ' ' ! I ! ! ' 1 ! ! ! 1 ' ! ! I ! ! ' 1 g —O 1_
124.8 125.0 125.2 125.4 125.6 125.8 S '
my |GeV]| —0.2—45'¢ 0.8 1.0 1.2 1.4 1.6 1.8

0
ls the SM vacuum stable or metastable? vV s the Higgs potential compatible with a SFOPT?
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https://indico.cern.ch/event/1439855/abstracts/191052/
https://indico.cern.ch/event/1439855/abstracts/191052/

Lessons from the HL-LHC

Questions with 3 inverse attobarns

2 b a b a
V(®,8) = —p2|®|2 + Ay |®|* + b1 S — “7552 + 84+ 2[0S + 28° + TS|
FOPT Selection - ms =300 GeV, b3z = 0 GeV, by =0.25
i — - —
1077} ——— = 101 S,
= —— — \I N
| —om== = = o o |
10 _ 2 7 1072 2
N — X N
B T W N
S —_— g & ® Strong FOPT g
= > BN S-HH (S2 NWA, 95%) j_>|
10-3 = | Strong FOPT ,:' 10-3 B S-ZZ (S2 NWA, 95%) —
= k3 (S3,68%) § | > ; K3 (S3, 68%) (J,>)
= k3 (53, 95%) § [ L B ks (S3,95%) 2
: Kz (S2, 68%) Kz (52, 68%)
Kz (S2, 95%) W Kz (S2, 95%)
10—4 N N . . . . 2 2 10—4 . . . a i i - - ' -
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
. K3 K3 . .
Indirect ONLY Indirect + Direct

Can we exclude a strong 1st order phase transition within a model? v/
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https://cms-pub-talk.web.cern.ch/uploads/short-url/a6Sy7wWO1szHfUVLpnu6qy92IhF.pdf
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https://indico.cern.ch/event/1439855/abstracts/191052/

Lessons from the HL-LHC

Questions with 3 inverse attobarns

14 TeV pp%%i& TR XoTs %%, (Higgsino), m(x.) = m(%.) + 2am(7%.) June 2025
E ! ! ! ! | ! ! ! ! ! ! ;‘ 5 | | | | | | | | | | | | | | | | |
@ ATLAS+CMS S 4- CMS Preliminary | with Bun 2 syst uncert Disappoaring Track
S " Projections ESPPU 2026 _ s~ 3 - Soft 21 and 3| 0O
&S g2 — 1< EX0-23-017
Y= 7 U U5 Isolated Soft Track Z
= = 2 SUS-24-012 N
o 4 | S  Observed (138 fb") e
» ~N < 95% CL Upper Limit Tl
zo) _ .C? __ Expected (138 fo') ><
O 95% CL Upper Limit
g 11O 17 - = = Expected (400 f5") Q
>3 | g) : —— Expected (3000 &) Q
) _
;—’ 2 ] Q) 82 ] == Expected (6000 fb") |O
D;_' il j—>| 0.4 —I - - -- Radiative corrections B
|— B SIS .
_ (:(/>) 3 P en e 8
1 0.2 - ~
0 : : : : | : : : : I : : : : | | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ]
1 2 3 100 200 300 400 .
Integrated luminosity per experiment [ab™] m. [GeV.
Can we observe EW restoration at the LHC? Can a relic Higgsino be excluded? X
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Lessons from the HL-LHC

Questions with 3 inverse attobarns
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Lessons from the HL-LHC

Questions with 3 inverse attobarns
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Benchmark 1 Benchmark 2 Benchmark 3 Benchmark 4 Benchmark 5 Benchmark 6 Benchmarks 7-10

Roberto & Roberto & Tim & Nathaniel/Tim &
Aurelio Loukas Nathaniel & Loukas Annapaola Sophie & Lesya Aurelio Lesya + Annapaola + all tF

# Id Link New gauge forces Compositeness EWBG simple models Thermal WIMP Flavour/collider SUSY/naturalness The portals - Dark Photo

19 The Forward Physics Facility at the Large Hadron Collide_ _

21 Search for the electric dipole moment of the neutron wi

23 Prospects and Opportunities with an upgraded FASER N

27 Exploring the Dark Universe: A European Strategy for Ax

37 Long-Baseline Atom Interferometry

43 REDTOP: Rare Eta Decays TO Explore New Physics _
44 proposal for a shared transverse LLP detector for FCC-ee

46 search for feebly interacting particles with the Lohengrii

50 Searching for Light Dark Matter and Dark Sectors with t

55 Kaon Physics: A Cornerstone for Future Discoveries

61 MATHUSLA: An External Long-Lived Particle Detector to
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The mandate of the BSM working group is to
collect the information from the input to the
strategy and explore the potential of on-going
and future experiments to answer questions
related to the existence of physics beyond the
standard model.

N
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109 searching for millicharged particles with the FORMOSA «
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Choosing the focus

Even with the above scheme clear in mind, there could be many possibilities of summarising the
BSM input:

By New Physics models

By showcasing specifically the strengths of each accelerator project
By focusing on specific signatures

By open fundamental questions

RN~
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Our focus

We have chosen to focus on:

Specific questions that can be addressed through new physics scenarios which can be
constrained or discovered at present and future experiments, also through multi-

pronged approaches, putting together collider data in combination with different
experiments or observations possibly at different scales.

In a few instances we have literally updated scenarios of the 2020 strategy.
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second = plt.legend(handles=bottom_handles, loc='upper center', bbox_to_anchor=(0.5, -0.28), ncol=2, frameon=Fal

plt.gca().add_artist(first)

#Not needed for Venice
# Add the image as an inset
#img = mpimg.imread('espp_logo.png')

In Order tO COmpiIe the # Get the current axes object

ax = plt.gcal()

14 repositories

HeavyDM Private

%o .0 - (0 - 190 - Updated 6 hours ago # The arguments to inset_axes are [x, y, width, height] in fractions of the parent axes.

Compa rison pIOtS We have izjzzzi.:mi;;irg;syaxes([@.76, -0.03, 0.3, 0.3]) # Adjust position and size as needed
collected the input data,

#ax_inset.axis('off') # Hide axes for the inset image
EWBG (Private ax.set_xlim(0, 20)

® Jupyter Notebook + ¥ 0 - Y0 - (D0 - 190 - Updated 9 hours ago h th t b k d
t e py On no e OO 9 an # Add the diagonal text with gray color and transparency

o o . o plt.text(10, 1.5, 'ESPP 2026: Preliminary', fontsize=40, color=(0.5, 0.5, 0.5, 0.4), # Gray color with alpha for
a descrlphon In GItHUb rotation=27, ha='center', va='center')

plt.tight_layout()

repOSitO ry tO be made plt.savefig('SUSY_gluino.png', dpi=300, bbox_inches='tight"')
pUinC. plt.show()

SUSY Private
® Jupyter Notebook « ¥ 0 - Y90 - (D0 - §90 - Updated 9 hours ago

Yprime Private
® Jupyter Notebook « ¥ 0 - Y70 - (D0 - §90 - Updated yesterday

Flavor Private
® Mathematica «+ ¥ 0 - Y90 - (D0 - §90 . Updated yesterday

DMDS-Plots Private
® Jupyter Notebook «+ ¥ 0 - Y40 - (D0 - 190 - Updated 2 days ago

Quasi-elastic-DM  Public
® Jupyter Notebook « ¥ 0 - Y70 - (D0 - §9 0 - Updated 2 days ago

DarkScalar Private
Y¥o.%0-(0 - 10 - Updated 2 days ago

J—-ttx1° (m(x1°)=0
DarkPhoton Private g X ( (X ) ) ' —
® Jupyter Notebook « ¥ 0 - Y70 - (D0 - §9 0 - Updated 2 days ago

Great collaboration with

® Jupyter Notebook + ¥ 0 - Y40 - (D0 - 190 - Updated 2 days ago ‘gv—)ttX].O (Am < 50 GeV)

DMDS/Neutrino/EW/ - !

® Jupyter Notebook «+ ¥ 0 - Y0 - (D0 - 190 - Updated 2 days ago

Inelastic-DM  Public Flavour WGS gN—)QQXlO (m(X10)=O)

P
Y¥o0.v%0-(®0 - 190 - Updated 3 days ago ’

WIMPs Private

® Jupyter Notebook + ¥ 0 - Y70 - (D0 - 90 - Updated last week gN—)quIO (Am < 50 GEV)

templates Private
® Jupyter Notebook « ¥ 0 - Y70 - (D0 - 90 - Updated last month ' ' '

000 25 50 7.5 10.0 12.5 150 17.5 20.0
m(g) [TeV]
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Benchmarks
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Questions and scenarios

Question Model Method
Are there new gauge forces? 7’ Direct and indirect
Are the heaviest particles of the SM elementary? SILH Indirect

Can we understand the EW phase transition?

Singlet and simplified
models

Direct and indirect

Minimal DM

Direct and indirect

Are solutions to the flavour problem visible at high-Q27?

Leptoquarks, top
FCNC

Direct and indirect

Do symmetries exist that protect the Higgs?

SUSY

Direct

#
1
2
4 |Can we discover a WIMP?
6
7

Is the SM alone in the Universe?

Simplified model

Energy and Intensity
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Questions and scenarios

# Question Model Method

1 [Are there new gauge forces? Z’ Direct and indirect

e Important benchmark: origin of v masses in
B-L, DM portal, typically very interesting
experimental signatures.

elt links to the dark photon portal A /;‘-F"; g.«: :
signatures. -
PP .M 1
Eam"\":"’%ﬁx
e Probe of the interplay between direct and f—t—>
indirect searches We received input for a
limited number of scenarios often not > : >

overlapping.
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Questions and scenarios

# Question Model Method

2 |Are the heaviest particles of the SM elementary? SILH Indirect

Rl

| I
ELECTRON SCATTERING

FROM HYDROGEN ———f
(188 MEV LAB)I
l

spin-1/2 and point-like g —2 # 0
' i (9

POINT CHARGE,
POINT MOMENT -
(ANOMALOUS)
CURVE -

10729

QCD analogy
G =5U(2) x SU(2)r

Naco (M, ™ 9f 1) O(1 GeV) I

S,
u
o

(a)
MOTT CURVE,~__ |

spin-less and point-like

()
U
g

EXPERIMENTAL CURVE

(b)
DIRAC

CURVE |
spin-1/2 and point-like g—2 =0
1 1 1 1

30 50 70 90 1o 130 150
LABORATORY ANGLE OF SCATTERING (IN DEGREES)

fro My 0(0.1 GeV)

CROSS SECTION IN CM%/STERAD

'0-32

Quintessential indirect approach
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Questions and scenarios

# Question Model Method

2 |Are the heaviest particles of the SM elementary? SILH Indirect

Composite Higgs

||||||||||||||||||||||||||||||||||||

102

B HL-LHC |
/\ (m*Ng*f) Flavor -_U
’ ’ 0(10 TeV) 0| Unitarity Bound FeCee _U
(W', Z’, VLQs) 10 A
f O(1 TeV) 1072 i ; Q
S | ] S
____________________ ol 1=
My, 125 GeV 107 N =

0 500 1000 1500 2000 "0 20 3 40 50 60 70

My, (GeV) m [TeV]

eResults given in a plane (M*, g*). These models predict new resonances that can be also

searched directly.
e New scenarios considered, including RG running effects.
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https://indico.cern.ch/event/1439855/abstracts/191168/

Questions and scenarios

# Question Model Method

.Can we understand the EW phase transition? Singlet and simplified models | Direct and indirect

e The problem of EWBG in the standard model. Tied to accurate
measurement of the Higgs-self coupling. ) MO0

e Discussed in all collider inputs.

e New physics model realisations that can be constrained also by
direct measurements.

e \We choose a simple, yet sufficiently rich, scenario to perform a
study of the various constraints, including the HL-LHC.

— ¥Y)sm — 1

—0.02

B
|
O
o
SN

A(H — y7)mom/T? (H

|
=)
o
>

[ID140 : A LC vision]

ba
4

b3

2
V(®,S) = —u5|®* + Mg |®|* + 515 — “7552 + —8% + %|<I>|252 + 333 + %|<I>|QS .
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https://indico.cern.ch/event/1439855/abstracts/190997/

Questions and scenarios

# Question Model Method

4 |[Can we discover a WIMP? Minimal DM Direct and indirect

WIMP Dark Matter 20 reach

B 5=3TeV
Bl |\ /s=10TeV

. : .

e In collaboration with the DMDS WG i E
e Minimal DM S
e A variety of signatures at colliders moomion | 5
mono-photon E o

; A

=

(17 2) %)DF
Higgsino-like

| Thermal Target

1 L 1 1 | 1 L 1 L PR T N TR S S T N S RN SRR N EEEE
0.5 1 2 3 4 5
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https://indico.cern.ch/event/1439855/abstracts/191122/

Questions and scenarios

# Question Model Method

Leptoquarks, top FCNC Direct and indirect

Are solutions to flavour problem directly
accessible at high Q27

A\

e In collaboration with the flavour WG Tev
e Unique probe of the interplay between flavour,
EWPO and direct searches Y
y4
A few GeV
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Questions and scenarios

# Question Model Method

6 |[Do symmetries exist that protect the Higgs? SUSY and CH Direct

e In connection with the naturalness problem

e SUSY is still the best TH framework for UV
model building exploration

e SUSY has also been used as a signal generator

e Other symmetries

RPV

RPV

RPV

RPV

HA

RPV

RPV

H,A

RPV

HA

o o o >+<+
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e disappearing tracks
¢ R-hadrons

e HSCPs

e displaced photons




Questions and scenarios

# Question Model Method

7 |ls the SM alone in the Universe? Simplified model Energy and Intensity

Note that in realistic BSM extensions, more than one portal is

Portals: (SM SINGLET) X (DS SINGLET) activated and the phenomenology becomes more intricate (rich!)
ZHN Multi-leptons at colliders with or without missing energy Semi-visible mono photons at colliders
. O“-a\ elq
o
Uv
Vector portal F ,qu g elq
AV AV AV VA, ®
c . .
QSM S gDS é) Misfggczgeﬂxadtgirzg{?ed NeUtz:;%|:%ZZag:£2§ and Multi-leptons at meson factories
cal
lkomal HP @2 . E )
____________________ S
a
r 1 =

Non.- , |
enormahzable Portals E @SM@DS
The current approach is to simplify the matters and

consider one portal at the time.
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https://indico.cern.ch/event/1439855/abstracts/191180/

Questions and scenarios

# Question Model Method
1 |Are there new gauge forces? Z’ Direct and indirect
2 |Are the heaviest particles of the SM elementary? SILH Indirect
Can we understand the EW phase transition? Singlet and simplified models | Direct and indirect
Can we discover a WIMP? P9 Minimal DM Direct and indirect
Are solutions to the flavour problem visible at high-Q27? Leptoquarks, top FCNC Direct and indirect
Do symmetries exist that protect the Higgs? SUSY Direct
FF portal: search for dark photons Simplified model Energy and Intensity
phi.phi portal: search for dark scalars Simplified model Energy and Intensity
PQ-inspired states: reach for a ALP scalar Simplified model Energy and Intensity
10 |L.phi portal: reach for a HNL Simplified model Energy and Intensity
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Summary

* The search for phenomena that go beyond the SM is one of the main
drivers of the field of HEP.

*We do not have a clear indication or rock-solid theoretical argument

on where new physics necessary to address open fundamental
Issues demandes lies.

* As we will see, already for a limited number of questions the number
of signatures and possibilities is very rich. & NZ

A future collider programme is needed that can fully leverage on i@
precision and energy, covering the widest range of observables at \

different scales, (below, at and above the weak scale), and that can
significantly sharpen our knowledge of SM phenomena.

B\ A
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