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HiLumi

LARGE HADRON COLLIDER

LHC / HL-LHC Plan

We are here

HL-LHC

LHC

13.6 - 14 TeV
—— ©T\ETCY

Dlodes Consolidation

cryolimit LIU Installation i

interaction inner triplet R HL LHC
pilot beam radiation limit installation

8 TeV
7TeV e button collimators )
— R2E project regions Clvil Eng. P1-P5
= 22 | 022 z026 2020 = IIIIIII@
ATLAS - CMS ./_.————'4
5t075
ATLAS - CMS x nominal Lumi

splice consolidation

experiment upgrade phase 1
beam plpes . . . . HL upgrade
nominal Lumi w ALICE - LHCb | 2 x nominal Lumi ,
upgrade

75% nominal Lumi /
F -1 integrated [EAUYY fb!
m m 500 fb luminosity EELIR{ v

HL-LHC TECHNICAL EQUIPMENT: _
DESIGN STUDY < PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. PHYSICS
HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS CORES

We have been taking data for ~15 years
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Physics Results from the first decade

3000+ papers submitted for publications for ATLAS and CMS

PHYSICS REPORTS

PHYSICS REPORTS

» Dark sector searches
« Overview of high-density QCD studies

 Stairway to discovery: a report on the
CMS program of cross section
measurements

» Review of top quark mass
measurements

» Searches for Higgs boson production
through decays of heavy resonances

* Review of searches for vector-like
quarks, vector-like leptons, and heavy
neutral leptons

 Enriching the physics program of the
CMS experiment via data scouting and
data parking

13 comprehensive reviews by the ATLAS and CMS collaborations
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LHC performance

| CMS = T
Run3 pp collisions @13.6TeV ] LHC S s’
- Excellent performance: data-taking efficiency (92%), = e ST | Smswi |
data quality, performance of LHC £, p p ,
- All detectors in smooth data taking mode 2o erranemon |1
 Full mitigation of dead-time from ageing detector i < §
. W | 1,
’ Meazrg number of‘ti%teractionsep?er bunch crsc(:ssing 100
600 - T T T T
CMS 2010,7 TeV, 45.0 Fil1)"
- e i el LHC delivered luminosity 7 | Recorded: 504 fb!
= m— 2015, 13 TeV, 4.3 fo™' .
> 2016, 13 TeV, 41.6 fb™" since 2010
@ 400 | — , 13 TeV, 49.8 fb™ | .
g ekl peend Run 3: 355 (13.6 TeV)
S — 2022, 13.6 TeV, 41.5 fb™
e ¥ m— 2023, 13.6 TeV, 32.7 fb" LS2
© — 2024, 13.6 TeV, 122.2 fb™ < > /
B 0ol 2025, 13.6 TeV, 125.7 fb" J |
€ m— 2026, 13.6 TeV, 33.1 fb™ /
g o Run 2: 164 (13 TeV)
. LSt / |
e . = . , . . . . : : ‘ : Run 1: 6 (7 TeV) + 23 (8 TeV)
2010 2111 2012 2015 2017 2018 2022 2023 2024 2026
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Introduction

Making progress through multiple frontiers made possible by the
outstanding performance of the LHC and versatility of the CMS detector

Run 1: Run 2:
 Higgs boson discovery » Study Yukawa couplings (observe 3rd
« SUSY searches (exclude large gen., evidence of 2nd gen.)
parameter space), * Observe VBS
* Probing QGP » Heavy flavour physics (B—pup)
Next:
— Precision physics
— Higgs boson
— Top quark
— Searches
— Flavour
— Heavy lons
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The Higgs boson

2602.18611
CMS 138 fb~! (13 TeV)
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Higgs and BSM

2602.18611

* Is there BSM physics hidden in the "Higgs sector™?

“0000000) N\N\N\
11”

bty - ——= L Wb, t

g > 4 L
BOOOO00 B/ \/\/ W
(0 -BR)(gg - H—vy) = osm(gg — H) -BRsm(H — vy) - gKg t
H Kb
Kr
Experimental approach K,
* parametrize deviations wrt SM Kj
in production and decay <2y
= loops are sensitive to BSM physics B
Bundet

CMS Preliminary 138 fb™' (13 TeV)
O Observed B Bgsy=0
— 68% CL (stat @ syst) Binvs Bundet float., |ky| <1
— 95% CL (stat @ syst) Bl B, Byunget float., offshell inc.
| SM expected
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psm = 0.18 psu = 0.20
2 o
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Higgs boson in Run3

2504.17755, HIG-25-015

CMS Preliminary 17117 (13.6 TeV
~ e renmnary.

|~

* 5 main decay channels
—ZZ, vy, WW, 11, bb
—Most accurate measurements in yy and ZZ

+ « Data
[0 H(125)
[la—»2z
N 99— 2Z
I =W
I Z+X

Events / 2 GeV

T T T T[T T [TT T[T 7T
e N TR RN R RE AN

* Progress since Higgs discovery (July 2012) ¢ | el ;mtw++h+ﬂ;+ " b ]
: : : 8 0op | iy LR R R R
—Observation in boson and fermion channels I

—Precise mass measurement (~125 GeV) I s s

| si - Sl lgmevemn

— Improving precision of coupling measurements s | — 3?.‘*.2F’.:’WSE‘;;;Ei’.fefc;;fé""?%ﬁ*:? n

— Differential distributions 7L

1072

—2nd generation fermions

—
—Study of rare decays o

—_

N s
T

O rrrrr T

—_

Ratio to
NNLOPS+POWHEG o

o

* A long journey ahead

NS PN N S B SR BT AT BN B
25 50 75 100 125 150 175 200

P (GeV)

o
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2602.18611

Ultimate precision

« Combination of production and decay modes
« Simultaneous measurement of O(100) cross sections

CMS

138 fo~' (13 TeV)

SM expected
68% CL (syst-only)
u':68% CL (stat @ syst)

1.202583

7.31:8%

1.11 +0.27

+0.27
-0.26 0'39—0.26

2.933%9

o Observed
my = 125.38 GeV H 68% CL (stat & syst)
psm = 0.03 (per-prod. and decay) W p'"™:68% CL (stat & syst)
1127988 1.06:31% 1.05:3%2 1.45:333
Yy l A
1.03*%18 1.03913 0.38°952 0.00°284
zz| Ko =T
0.99'583 0.92:§1] 0.82:3% 2.38'043
ww K b o=
0.84:31 0.61:83; 0.86°1¢ 1.40°33
| [l oA
1.02:978 2221138 1.65:5%3 1.28:3%
bb fof O o=
I 1 | LI I
1.15:944 0.40°38 1.45:08 |
up|  Ho— o==lo | 27 4
| 4
0,909,
24558 | 3.61:7%% -3.361308 k8K
ZY "0} WF SRS
XXX
I\IIII||||||l|||||]\|1|\||||| ||\I|||
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Inclusive ggH VBF WH
ul=1.01:388 pO=099:188  pVeF-087:3%2 W= 1.51:8%¢
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Signal strength dominated
by theory uncertainties
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Towards precision measurements

2602.18611

 Study Higgs boson
production with
Increased granularity

* Perform differential

measurements in the
STXS framework

« A few small deviations

CMS Preliminary 138 fo-! (13 TeV)
—_ 1 1 1
0
£ 10 o Observed — SM prediction E
'%:3 - T 68% CL (stat @ syst) 68% CL in SM prediction |
. _— o8 o [J 68% CL (syst)
© 102t ] T 4 VRE
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SMEFT interpretation

CMS 138 fb" (13 TeV)

2602.18611

1 o 1 T LI 1 T 1 . T T
o Bestfit — 68% CL (stat & syst) B Linear Lin + quad

| SM expected — 95% CL (stat & syst) my = 125.38 GeV Other WCs fixed to SM (0)

- Results are interpreted in EFT to constrain NP~ < = :
 Assuming the existence of unknown theoryat _ | | = | o
energy scale A (A> E yc), NP can manifest i i

through effective interaction btw SM fields ehae = ———
» Effective lagrangian e =

$2H2D Y2H?D

(i) ]
Crq(1) X ——
o N;

_ i ) s
LSMEFT = LSM + 25 ZO Ai—4 O] HC(HZ ==
1= ]: Re(Ch)

(CL)(CL) (CL)(EL)

(RR)(RR) (RR)(RR)

(CL)(RR) (CL)(RR)

k

|
——
Qu
[So¥1:)] - IS = — . = — o= I i sl R |
75 -50 -25 0.0 2.5 5.0 7.5 107! 10° 10!

Parameter value Probed scale A at 95% CL (TeV)
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Higgs mass and width

2409.13663, HIG-25-004, 2607.28396, 2607.23352

H(4¢) small BR but clean final state * Couplings and width sensitive

H(yy) improved m,; measurement probes of NP |

Improved my, through better detector » Off-peak to on-peak ratio

calibration, understanding of systematics proportional to I'y

Most precise single-channel I'y = 5.11%3 MeV

measurement (per-mil precision) CMS  1as (18 Te)
25 = 4£orl1- and off-shell | | N

5.1 fb"(7 TeV) + 19.7 fb" (8 TeV) + 138 fb' (13 TeV) "
CMS T Tou St oyt 20 42 on- and off-shell

202 off-shell
Tot Stat Syst evelrsie

-- Expected
ATLASH—4/ 7+8+13TeV

124.94+ 0.18 (£ 0.17+ 0.03 ) GeV
Phys. Lett. B 843 (2023) 137880

4% on- and off-shell
—— 202V off-shell

WW — 2£2v on- and off-shell

e
CMSH—4/ 7+8+13TeV e 125.08 + 0.12 (+ 0.10+ 0.05 ) GeV
Phys. Rev. D 111 (2025) 092014

e

-- Expected
ATLAS H—yy 7+8+13TeV b

125.22+ 0.14 (= 0.11 0.09 ) GeV
Phys. Lett. B 847 (2023) 138315

CMSH—yy 7+8+13TeV Fe—i 125.06 = 0.14 (+ 0.09+ 0.11 ) GeV L " 95%CL_

This Work

1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L1 TSRO NS e T n e e 6 QO/Q_QL_
122 123 124 125 126 127 128 ‘ 115 ‘

m,, (GeV)
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ttH(cc)

2205.05550, 2211.14181, 2508.14988, 2509.22535

CMSI L L B I B |138[ft‘rj,l(1|3‘T‘e“./)_

* Provide direct access to charm Yukawa coupling, Y. 12410 450 ¢ py ¢ 1200 Gov +ona
~ [ DeepDoubleX - cc) mm H(bl_7) ]

« H(cc): low cross section, large bkg g 1 Pessnomeger = 70 oner ]
W g0tk B Wcg — QCD ]

-~ H(cé) x 200

— Validate c-tagging using Z+jets, VZ(cc) production

™ 1 : . _}_0.23 6x10° Hzieq = 1.0 Mg = 9.4 —
ttH(cc) associated production WVZ(Z—sce) = 1,01_().21 L
— All ttbar decays (OL, 1L, 2L)
» Use improved ML tools |
— Jet flavour id, event classification :‘;’§1of-
« Simultaneous reconstruction: ttZ(bb), Z(cc), H(bb), H(cc) 3" opeselmmim n et
" CMS‘ | | 138 67" (13 TeV) 0% T e 1Jsgtms1:([)Ge\7]oo
E, ¢ Data B {iH(H-bb) (un=0.91)
L 105} 1 Background ttH(H—bb) (usm=1.0)

77 Big uncerainty ttH(cc) R < 35(27)

« Reached HL-LHC projections

« 20% better sensitivity when
combined with VH(cc)

Meiz(zoee) = 102408
_ 0.45
Kitz(z—bb) = 1.47 J—ro.41

0.26
Kitr(H—bb) = 0.91 9%

T T T T
o| = ttH(H-bb) (uw=0.91) + Bkg

g | b  Most stringent constraint to date
%1 o o—e ‘ e o ‘ g : ‘ /
e )
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Boosted tagging

BTV-22-001, DP-2024-055, 2202.03772, 2601.05362

« Identifying the particle generating the jet is » Boosted Higgs: VH (H—bb)
suitable task for ML « ParticleNet-MD used
* Use ParticleNet-MD (g.raph .NN) or Pgrticle « Use VZ(bb) to validate method
Transformer (ParT) to identify hadronic = 3
decays of highly boosted particles uyp = 0.727577, uyz = 0.09723
+ Validate with Z—bb events
o cms 138 (13TeV)
> 100:CMS 'Slflnu‘/at‘IOI? FTrelllrrZ/ngr}T — T T ] (:ISVTGIV)j E 140r_ @(bl_)l VS. QCID) Passl | -+ Datla ] V(qq)\}(qc_;)_j
€ | H-bbvsQCD A | 68Gevemdet2cqi0Gey  __ OC0  mm Viazbb) |
o) - —_ - SD mm W-qq Top
S | pr>600GeV, Inl<2.4 | @ 120¢ + W= Zoqq  mm VH
“..q:) I 90 <mgp < 140 GeV §100_— Bm Z-bb H(other)
- 107'F O | ]
c | 8o}+ﬁ + .
o - : ]
o 60~ . 7
< : <+ ¥i+++++++
c(g 1021 40:— __
20 J
0_ ! |
107 ~— ParticleNet-MD bbvsQCD | s ‘ —
i —— DeepDoubleBvL o Bkg Unc 1
DeepAK8-MD bbvsQCD @ §
) | doluble-b | ] § © 0$+ $$ +—+— :F_iéiiﬁ,%HH +
0 02 04 06 08 10 '
_ o 40 100 120 140 160 180
Signal efficiency Jet 1 mgp [GeV]
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Rare production modes

HIG-25-010, 2604.24531

-
o

- Rare H—>Z(t)y decay CMS Preliminary 138 b (13 TeV) + 62 fb™ (13.6 TeV)
% :_ —eo— D
—Use separate processes: ggF, VBF, & — Sftaal
associated production L N :ny
—Signal extracted from fit to &y inv. mass S 301 oo
o W= - 061
—1.9(2.3)c obs(exp) %20;—

[1+ = 110755 (1L.00TEE)

L

WP -
re.g
.

Data - B model
o —_

Pl-lr_-lv‘lruﬂllll llllllllu

LCMs 1381 (13TeV) * l;w : + T4 4
@ [ oesm ~-Expected  —1o | 110 120 130 140 150
6« Best fit — Observed 2 | my, (GeV)
L 50 |
T * VVH(bb) sensitive to self (k,) and quartic (k,,) couplings
2f ] —H reconstructed as Iarge-cone jet
of i \;\ﬁ:,v a/d’
_ : v
-2-— ; — KX o--- e I’ ~ H
| | /41“ Y- i
e B T e q a/d  a a/d
Kow
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Di-Higgs searches

non-resonant production

 Self-coupling measurement e Only SM
 Destructive interference in SM
— Could be altered in BSM fQ
— If constructive, it could be large enhancement § -k
+ In SM, only 5=31(34)fb at 13(13.6) TeV £ .
- Study different final states E _h_.:’
- BR Mass scale \\‘h
bbbb  34% |
(X->)hh->7 EEC\T/W 37303{,0} e resonant production
| bbyy 0.26% Low New Physics
TTO) -h
’
V() = V, + %méh2+/1hhhvh3 + %Ahhhhh“ ‘>' £ o
Mass Term HH production HHH production haaag “h
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Higgs self-coupling

2510.07527, 2602.23991

W*Wryy
Obs. (Exp.): 95 (54)

bbzz, 4
Obs. (Exp.): 33 (41)

YT T
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W

Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbt*t

Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

cms 138 107 (13 TeV)
G =K=K =K, =1
—e— Observed === 68% expected
------ Median expected ------ 95% expected

|

11 II
10
95% CL limiton o(pp > HH) / ¢

IIII
100

Theory

4
§10

T

I

T 10°
(o} E
=2 8
b N
= 5
3102
E |
I

o

*

o)

o))

cms

-
o

- —— Observed

- &= Theory prediction :------ 95% expected

S 138107 (13 TeV)

------- Medlan expected

Excluded B 68% expected

* SM prediction K =K=k =1 E

N\

N\ e
NN

llllllllllll‘llllIllIIlllIIlljlllllllllll
00 02 04 06 08 1.0 12 14 16 1.8 2.0

Koy

ek, €[-1.4, 6.4] @95%CL
¢ k2V 6[06, 14] @950A)CL

= Run2 ATLAS+CMS combination: pyu< 2.5 (1.7)
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HH @ Run3

HIG-25-007, 2604.02127

* bbyy * bbWW(2(2V)

— Trigger on photon pair — Trigger on leptons
— 2AK4 b-jets, 1 AK8 bb-jet — Bkg modelled with MC
— Improved mj; w/dedicated DNN — Use NN multi-classifier
- 1D (m,,), 2D (m,,, my) fits — 12(18.5) x o5 Obs (exp)
— 7.4(8.7) X ogy obs (exp) — +50% wrt lumi-scaled Run2
— +15% wrt lumi-scaled Run2
CMS Supplementary 62 fb" (13.6 TeV)
CMS Preliminary 61.91b" (136 TeV) o bsavet | e MetEnexped
165— 1D fit ! Data — 555 68% expected
----- 95% expected

— S+Bfit

= 1b -

----- B component Expected: 86.0

_: Observed: 88.3

E 22b I
N Expected: 29.6 H
g Observed: 26.5 u

Events / GeV
N
|

. Boosted
= Expected: 28.0

D
| il IT{ MT Jaa] Observed: 18.5
1 L = Combined —
B component subtracted = Expected: 18.5
E Observed: 12.0
A IR S S U R W SR R S SR N
E 100 150 200 250

95% CL limiton o(pp > HH) / ©

= l =
100 110 120 130 140 150 160 170 180
m,, (GeV)
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HH @ Run3 (cont.)

2604.27044, HIG-25-008

* bbbb * bbtt
— Resolved and merged topologies — Trigger on leptons
— DD bkg prediction — Bkg modeling MC+DD

— Run3: 4.4(4.4) x 6, obs (exp) — Categorization on H(bb), H(tt) topology
— +45% wrt lumi-scaled Run2 — Signal extraction with ggF, VBF DNNs

— Run3: +20% wrt lumi-scaled Run?2
— Run2+Run3: 3.9(3.0) x ogy obs (exp)

-1 -
138 fb" (13 TeV) + 62 fb™ (13.6 TeV) CMS Preliminary bb <, 172 fb” (13.6 TeV) 5 CMS Preliminary bb tt, 310 fb' (13, 13.6 TeV)
4l L) A — LIRS N LA S BT T T T T e
K =K=1 —— Observed ~ ----- Median expected < [ oK=ky=1 Excluded (ob 3)) ==ems Excluded ted
CMS SM — Observed o K:’=K;v=1 > p F %=k [ Excluded (observed) xcluded (expected) ]
[ 68% expected 5 ¢ Standard Model ~ FEEEE 68% expected 4
---- Expected +2¢ N C ]
----- 95% expected 3 ----- 95% expected
VBF ‘F E
Expected: 23 E
g;n 2 } Observed: 21 3F -
7. - — C .
E S 38? | bb-boosted - ]
Xp. o. Expected: 21 r .
‘ Observed: 16 2r ]
Run 3 \ ;esoltv§d1;b11 1:_ _
xpected: C ]
gbs. 442 } Observed: 18 B C ]
Xp. 4. resolved 2b oF 7
|
Expected: 4.2 c
Observed: 7.5 s
Combinati | : P ]
ompination ‘ : Combined C
Obs. 4.7 ‘ : Expected: 3.9 - | | | | | 1 1 1 1
Exp. 2.8 ‘ : Observed: 6.6 ] B R 26 4 2 0 2 4 6 8 10 12 14
P | L 1 10 100 K
1 10 95% CL limit on o(pp — HH) / o »
Theory

95% CL upper limit on M
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HHH and ttHH production

HIG-24-015, HIG-24-016

« Search for HHH production at 13TeV « Search in tt(SL)HH(4b) channel
— 4b2y final state (BR~0.2%) — 1 lepton+=>5(4) (b-)jets
— Parametrized wrt A5 and A4 couplings — DNN event classifier (9 classes)
In SM, 6=0.079fb@13TeV * Results interpreted in HEFT
iiiiiiiii F SM :
Wj> :3>u}, Wy, oo e

|(7(gg — HHH) < 243.96(152.073%3) fbl

CMS Preliminary 138 fb" (13 TeV)

CMS Preliminary 138 fb' (13 TeV) CMs Prel/m/nary 138 fb (13 TeV) 2016 | B Expected +1o
- S e R T e ey
(<4 © 40 =
@ ¢ Data Single Higgs ) E HHH— 4b2y All HHH Categories 5 """ Expected +2¢
15 Morphed LSR ~ —— Double Higgs x100 s BF E
g ; 2 F ¢ Data E —=— Observed
w Bl vy + Jets — HHHx 10 @ 30F =
R ﬁ F — S+B fit 3
* 50 | e B component 2017
20l (R ESR; E
' [J*20 E
15 f —
o8 E 2018
5F
ok Ll ! L | I I I
T A R A AR APV o td
= component subtracte
O 20T T T T T T O 15k g Combined
S ..k + ' Datac P
E 1.5 = Statistical Uncenalnlty 5
a 10' 1 LI>J 1 1 I 1 1
: 1
05.1.1(1,1:171’11111,: 30 40 5060 10° 2x10° 3x10°
. P R B N P IR B B .
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Expanded datasets

Phys.Rep.1115(2025)678

* A new paradigm to explore flexibility of CMS trigger and DAQ, low-p+ (di)muon
triggers, low pt electron ID, innovative techniques

—Data Parking: full event info, delayed reconstruction
—Data Scouting: write minimal info to reduce event size, write data at higher rate

* Innovative concept of parking of 2018 yielded ~12B events with about 10 b hadron
decays (~10 times the BaBar/Belle decade-long statistics in less than half a year!)

2018 (13 TeV)
IIIII T T LI I B

a 1 i T LB I T T T L I 1

S - CMS Simulation H

N A

Data flow for a typical 2018 data-taking scenario o 0.8+ ].’_

— : E - i

Standard data stream: | Prompt offline B !

N ~1 kHz, ~ 1000 MB/s reconstruction R i

I 0.6~ [ =

3|— i B* — K'e*e //' i

l :: Le_vel L Parking data stream: | Delayed offline B Pr> 2GeV, nl <25 / 1

g - Trigger . Full datector ~3 kHz, ~ 2000 MB/s reconstruction 04 B ® Low-p_electron cand. // n
2|2 information and —— Low-p_ identification ‘

= e online resolution B T . / 1

ol - B PF electron candidate 5

- Scouting data stream: No offline - . e / —]

- ~5 kHz, ~ 40 MB/s reconstruction 0.2 | PF identification i

— T = By chance ]

I Data reconstructed and stored on disk I 0 i Ll | A et ol uul-——--r”'.".—r Ll 1 L1 111 |_

107 107° 1072 107 1

Misidentification probability
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Low mass resonance: 1t

2605.25103

« Search for low mass resonance decaying to tt

» Use data scouting in Run3
— Probe mass range 20-60 GeV
— Use novel DNN(TauNet) t Id algorithm
— Improve efficiency for low pt 1 : p1(t)>7GeV

* No significant excess for new scalar ¢

o]

Scouting 61.9 fb™ (13.6 TeV)

Th

Scouting 61.9 fb™ (13.6 TeV)
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Searches for NP

2606.09567, 2604.25604

» Search for 1 lepton+multi-jets+>2 b-jets
— Top quarks and multiple jets in final state
— Sensitive variables: Njg;, Ny.jet, M,
* Limits on RPV SUSY models
t

CMS 138 fb' (13 TeV)

—&— Observed 95% CL limit

—
<
TTTTT]

----- Expected 95% CL limit

- Expected, 68% CL

Expected, 95% CL =

R |

% T

UL IR

Theory = 15.d,,, (NNLO+NNLL)

o(pp—>Gg)B(G—tbs” [fb]
o

—
o —
O
o

| | | . | | | |
1500 2000
m, [GeV]

» Search for EWKinos in compressed spectrum
scenario in multi-lepton events

— Events with soft isolated tracks and large MET
— Small mass difference btw lightest SUSY particles

 Limits on chargino-neutralino in RZI?V models

p X5
P ot

X1 .

— 5

% 4+ CMS Preliminary

S 3L PPoTLy Toky Lk, %X, (Higgsino)
Do | mE) = M) + 24 M, X))

129-138 fb™ (13 TeV)
All limits at 95% CL
—— Observed Limit
----- Expected Limit

Soft 21 and 3l
EXO-23-017

Isolated Soft Track
SUS-24-012

Q Disappearing Track
arXiv:2309.16823

~~~~~~~~~ Radiative corrections

............................................
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resonances

B2G-24-011, B2G-24-019

e Search for: X—=HH—bb1t » Search for H and a new scalar
particle Y: X—>HY—yybb

" SCMS Preliminary ‘ ‘ 138 o' (13 TeV)
E 10 2016APV ' 2017 ; ;:= :sz g::‘D 2018 — ‘S:%ﬂ:gg\?\lﬂoﬁbg 4 Data
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Charged Higgs

2512.24471, 2604.27795

» Search for heavy H*—tb » Search for light H*—cs
— 1 lepton+MET+>2 b-jets — 1 lepton+tMET+>(2)4 (b-)jets
— Simult. pDNN fitin 2 (e,u) channels, 5 SRs . Light H": m,;=40-160 GeV b (,
Heavy H: m=0.2-1TeV — dominant bkg is ttbar (90%)
— Local excess of 2.4c at m=0.6 TeV — probe 2 light-flavour-jet H

invariant mass

(
b
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£ 100)(10' CrTTTrTTT T T T '(I i IVI) ' — 102 cM|S| T T T T L T :138| f\b T (1|3 TleV)
10°E S L CMS } Data Psinget {& ' ' ' ' [ ' E
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E 2 o |13 C \
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200 300 400 500 600 700 800 900 1000 20 40 60 80 100 120 140 160 40 60 80 100 120 140 160
m,.. [GeV] m; [GeV] m,, (GeV)
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non-SM Higgs decays

SUS-23-005, 2605.27875

* In 2HDM+a, H—aa—-puutt » Search for light scalar in H decays
—if my>m,, a boosted — prompt/LL scalar
— Leptons from a—# collimated — Collimated muon pair, charged hadrons
— Dee.p.D!Tau classifier to identify merged t,1, & Improves sensitivity, m3=0'4'2'0 GeV
* Sensitivity down to m,=3.6 GeV <"
T N
. H a T x_ M d S‘\<”_/K_
]
%10 1387 (13 TeV) T ag (13 TeV)
e T T T T > [T
% —— Observed 8 CMS :;S:?.ﬁ]gevy + Data 1
:L -+='~ Median expected g 10° = B(H—>SS)=1% . mg=1 GeV, — Background
() -Ga%expected d : h=m* cv=1mm 3
:IT: 95% expected _'\Q 10° F prompt category E
= c F
0%’02 |-T>-|) 10%
107"
| S PRI PP P I I P I 10‘2-"
4 6 8 10 12 14 16 18 20
m, (GeV) M
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Long-lived: Higgs portal

2601.17576, 2402.14491, 2606.25840

« Production of long-lived dark photons Zj via Higgs portal /
— H-Hp mixing with parameter « %o ;
— Use improved dimuon trigger stream (data scouting) i o
» Higgs decaying to long-lived scalars § :
Scalars decay to fermion final states in the muon chambers Zp
— Displaced dimuon originating from secondary vertex 7
] (13.6 TeV) 62. 4fb ! (136 TeV)
-§ 82 C|-||V|_)SZDZDSlmulatlon _____ run 2 (2018 _1: CMS H_—’élz:enn(/:::o— 20 GeV B(ZD—’ HH) = 0.143) 1
£ 07E m(H)=125GeV — 2“”322022)L | 107 --- Expected E
e 0. m(Z ) =20 GeV —— Run 3 (2022, L3 .
g oss — nsemia e
= 102 ° ]
= —— JHEP 05 (2024) 047

— JHEP 04 (2022) 062

95% CL upper limit on B(H - ZpZp)

Run 3 (2022)
Run 2 (2018)

ct [cm]

CT(Z)D [cm]
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Run 3 improvements

2604.27044, 2608.18331, BTV-25-002, DP-2023-050, DP-2024-064, DP-2024-052, DP-2024-066

2023 (13.6 TeV)
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Improved triggers, scale factors, reconstruction, MVA optimization, etc.:

= Large improvements in electron/y/t/b ID and udsg (charm) rejection
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Preparing for HL-LHC

L1-Trigger
https://cds.cern.ch/record/2714892
* Tracks in L1-Trigger at 40 MHz

* Particle Flow selection

* 750 kHz L1 output

* 40 MHz data scouting

DAQ & High-Level Trigger ~ Barrel Calorimeters

https://cds.cern.ch/record/2759072 https://cds.cern.ch/record/2283187
« Full optical readout * ECAL crystal granularity readout at 40 MHz

+ Heterogenous architecture with precise timing for e/y at 30 GeV
+ 60 TB/s event network * ECAL and HCAL new Back-End boards

* 7.5 kHz HLT output

Muon systems

. https://cds.cern.ch/record/2283189
Calorimeter Endcap * DT & CSC new FE/BE readout

https://cds.cern.ch/record/229364 "F; i = S * RPC back-end electronics
* 3D showers and precise timing , 1 : . * New GEM/RPC1.6<n<2.4
* Si, Scint+SiPM in Pb/W-SS * Extended coverage ton =3

Tracker N AN P Y A
https://cds.cern.ch/record/2272264
* Si-Strip and Pixels increased granularity
* Design for tracking in L1-Trigger

Beam Radiation Instr. and Luminosity
http://cds.cern.ch/record/2759074

* Beam abort & timing
https://cds.cern.ch/record/2667167 . Beam-induced background

« Extended coverage to n = 3.8 Precision timing with: * Bunch-by-bunch luminosity:
« Barrel layer: Crystals + SiPMs 1% offline, 2% online
* Endcap layer: * Neutron and mixed-field radiation
‘‘‘‘‘ Low Gain Avalanche Diodes monitors
CMS+TOTEM

Precision Proton Spectrometer
https://cds.cern.ch/record/2750358

- p * New RP stations at 196, 220, 234, (420) m
* Timing and tracking
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https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf
https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2759072
http://cds.cern.ch/record/2759074
https://cds.cern.ch/record/2750358
https://cds.cern.ch/record/2750358

Stay tuned!
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Shutdown/Technica st End of HL-LHC program

Protons physics

EYETS ( ::oonnimissioning with beam N OV. 2 8 y 204 1 at Ga m

Hardware commissioning

Last update: November 24
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Summary

« Comprehensive program of SM tests and BSM searches
 Precision and reach already exceeded expectations

« Latest results on several fronts:
— SM, Top, Higgs, rare processes, searches, etc.

— Improved analysis techniques and new tools
crucial to enhance sensitivity beyond statistics

* No clear signal for NP, a few deviations
» Great progress in the first 15+ years

» Large samples collected
— Full Run2+Run3 dataset (~0.5/ab)
— Preparations for HL-LHC at full speed

= Probing the SM in unexplored regions with studies
of rare processes and precise measurements
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A few remarks

We are in a golden age of particle physics:

» Large data samples to explore and to collect
(HL+HL-LHC)

» Excellent experimental conditions (complex
detectors taking data with high efficiencies,
impressive algorithms, excellent collider
performance, etc)

« Upgrade detector program with innovative
technologies in full swing

« Undefined physics panorama needs updated
standard model

Improved precision and reach with full
exploitation of (HL-)LHC data
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Questions?

THANK YOU FOR YOUR ATTENTION!
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A few small deviations

arXiv:2310.01643, CMS-HIG-20-016, arXiv:2208.02717, arXiv:2405.18149
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Exotic decays: H—aa—4y

2209.06197, 2208.01469, 2601.00183

» Exotic Higgs decay to light pseudo-scalar A

— Motivated in BSM extensions (ALPs, DM, etc) g 0o
— (semi-)merged yy reconstructed as single y-like object ;\\ )
— Resolved and boosted topologies g <
* Model-independent search y
boosted resolved
< 12CMS L L | - S L
% —— m, =0.4 GeV, 75% 5 ) - CMS 95% CL upper limits . 53 5_ 95% CL upper limits _
S =04 Gev,50% $ | ~orsene 112 g
~ 4 T B = Median expected , ; 3 [ 68% CL expected .
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non-SM Higgs decays

2508.06947, 2605.27875

* Search for light pseudoscalar « Search for light scalar in H decays
— Challenging t ID (low py) — prompt/LL scalar

* Reconstruct u-track invar. mass — Collimated muon pair, charged hadrons
~ SS dimuon sample (removes DY, ttbar) * Improves sensitivity, mg=0.4-2.0 GeV
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Self-coupling: H and HH

a/q w/Z

2407.13554

VA 1111112

1
Y5
A IILLLLD .

CMS 138 b (13 TeV)
j 6 [ T I T 1 71 I T T I T 1. 1 | T 1 1 I T 1 71 l L I L ] T L I T LI ]
E - Observed — single-H comb., 5.83‘:
—_— | +3.9 ’
< 5F Ki =Ky =Koy =1 HH comb., 1.0_1.5
o

— single-H and HH comb., 3.1°>7

4

« Set constraints on H self-coupling

« Use H and HH results:

—HHVV coupling (kyy) affects VBF HH mechanism

—H: Use NLO EWK corrections 1
0: PR IR B

P L
-4 -2 0 2
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2504.17755
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Cross section vs Vs

S Supplementary 5.1 fb=1(7 TeV), 19.7 fo=1(8 TeV), 137 fb-1(13 TeV), 34.7 fb-1(13.6 TeV
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Rare production modes

CMS-HIG-24-019, 2604.24531

. ] CMS Preliminary 138 fb' (13 TeV)
* First measurement of charge asymmetry in T4 =
WH(tt) production S i 1 <
+ . . E s l —70 "
A= U(W H) U(W H) A=0.22 expected °H
0'(W+H) + O'(W_H) due to proton PDFs H
» Results may be interpreted in terms of N
constraints on Yukawa couplings ;
_1_—
LCMS  13887(13TeV) o
MN | ¢SM --- Expected —1o ]
6« Bestfit E — Observed 26 | —
I _‘ w(W'H)
s * VVH(bb) sensitive to self (k,) and quartic (k,,) couplings
i — H reconstructed as large-cone jet
o ) q a/d" q a/d’
: \q\‘ v v
“L ' : ‘ : : — /7/4:\N v /V/Q\( N
—4, I I—2I — 0 — 2 — 4 — 6 I q q/q/ q q/q/

Kow
M. Gallinaro - "The Higgs boson and beyond at CMS" - MultiHiggs@Lisbon - Aug. 2026 40



Triple Higgs production

» Search for HHH production at 13TeV e u

20000999 ~
— 4b2y final state (BR~0.2%) | ., vy H
: . As
— Parametrized wrt A5 and A, couplings O B asssaaza ol <
— dominant bkg from ttH i L
H ,
+ In SM, 6=0.079fb@13TeV Lt .
NI ek «----H
D
+199.3 X, "
— OV. H H
CMS Preliminary 138 fb' (13 TeV) CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 fb~! (13.0 TeV)
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Morphed LSR ~ —— Double Higgs x100 P 355— + Data E : Expected 95% CL (Kxg=1.0, Kxs=1.2) i
WYy + Jets — HHH X 10° § = S4B it = 750 - Allowed range for Kxg -
e tt+ X I} E 3 - from H+HH measurements ]
25 [ e B component B N
wh =0 E 500~ —
. =20 ] - ]
15| | E 250} =
101 ‘ = - ]
st 1 °F E
o) S—— | NI B S B P A P | A A AR SR RN AR AR IAARAP R ARIIAARASL. N -250:_ _:
> rrrTrTTrTT T T TTT T B -1
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&) 20_ T e e == e e [ e e e P ] T ~ -500__ __‘
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HIG-24-016

» Search in tt(SL)HH(4b) channel
— 1 lepton+>5(4) (b-)jets
— DNN event classifier (9 classes)

* Results interpreted in HEFT

b < 37(42) fb obs(exp), p = —9729 M

Events / bin

Data / Pred.

CMS preliminary 138 fb~! (13 TeV)
T N ’ T T T T N T T N
S0 //t g:ta Unc ‘EZ ]
l+jets, jets 2 5, btags > 4 " B4 Hine. -“
ttHH node , post-fit s+b - = ttHH (neg. events) x 110.6 tEH
400} - {iZZ m th ]|
ttZH
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0
15F T T T T T .
R e i
0.5 — 1 1 P
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Differential distributions

2504.13081, HIG-25-015

~ T T T T T T T T T 1
© 103 b
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= | ft
& 102} T
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2 :iT { t g
g I
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 1-D and 2-D variables measured in several channels
« BSM effects can be enhanced in tails of distributions

» Good agreement of data with predictions

138 fb~! (13 TeV)
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Couplings

2602.18611
» The Higgs boson discovery marked LHC Run 1

* Run 2 and Run 3 are eras of precision measurements

 Wide variety of final states explored
— Each channel probes different phase space and brings complementary information

 All main decay modes have been measured (>50)

CMS 138 fo~1 (13 TeV) CMS 138 fb~! (13 TeV)

o Observed N 68% CL (stat) O Observed N 68% CL (stat)

— 68% CL (stat & syst) 68% CL (exp) —  68% CL (stat & syst) 68% CL (exp)

125 38 Gev — 95% CL (stat @ syst) B 68% CL (theo) —  95% CL (stat @ syst) N 68% CL (theo)

g::n; 0 86 (incs pne': 68% CL (stat @ syst) | SM expected i = 125.38 GeV ™ 68% CL (stat @ syst) | SM expected
psm = 0.02 (per-prod.) Total  Stat Exp  Theo psm = 0.33 Total  Stat Exp  Theo
e ro13E 9% 9% oot uvy | 11238 9% 4% 2%
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uVBF — o 0.87:31% 318 8% 88 pww —HOR— 0.99:388 8% 0% 88
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M
uZH L T I A TR T oo E_ ro2gls %8 e 9
pttH y —E—i—l - |0-|77i|3:1:§ Iigzﬁil Ii8|:83| |:(.&‘1’;. y pHH 1 1‘ e 11-1152811‘1[‘ IiS:l‘éél .t?’ﬂn . ;8:&}1 |
0.5 1.0 15 2.0 2.5 3.0 0.5 1.0 15 2.0 2.5 3.0 35
pH| | — O — 58738 4R GR 4§ poY| e 24548 8% S 8%
2.5 5.0 75 100 125 150 175 1 2 3 4 5 6 7 8
Parameter value Parameter value

M. Gallinaro - "The Higgs boson and beyond at CMS" - MultiHiggs@Lisbon - Aug. 2026 44



SMEFT interpretation

arXiv:2504.02958
» Set constraints on Wilson coefficients ' '

- Combined interpretation of Higgs, EWK, top,
multijet measurements

d wt
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SMEFT interpretation (cont.)

2504.02958

» Set constraints on Wilson coefficients ' '
« Combined interpretation of Higgs, EWK, top,
multijet measurements :
cMS qqH WH/ZH tHAtH ggH 138 fb! (13 TeV)
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Heavy resonances

2403.16926, 2508.11494, 2501.14825

» Searches for Higgs through « Search for a heavy pseudoscalar: A—H(tt)Z(¥)
decays of heavy resonances

—X—YH
138 fb™ (13 TeV)
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Dark Matter

DM in association with Higgs(tt) DM in association with top DM in association with bs

2506.04431, 2503.20033, 2604.20999

u X
h
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DM: Invisible decays

2405.13778, 2303.01214, 2505.05300

* In the SM, BR(H—inv) is ~0.1%
« Search for invisible decays in VBF and associated prod.

 Set limits on DM models
— Upper limits: 0.15(0.08exp)@95%CL
* Limits interpreted in the context of Higgs portal models

E Trrr [ rrrr[rrrr[rrroprrrr [rrrr[rrrrprrrr|rrrr : - CMS 4.9 fb_1 (7 Tev)’ 19.7 fb_1 (8 Tev), 140 fb_1 (13Tev)
& CMS 95% CL upper limits ] c\ll—l 10 T T T T T T T T T T T T T T T 17T
o E _38 90% CL upper limits
o) —e— Observed oy 10 B(H — inv) <0.14
_____ Expected Expected (AH) 1 .2. _39 Higgs portal models
! (combination) p = 10 _ ,
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i 1 0-4 ) - ’Direct detection
1o . Y « == CRESST-III, Phys. Rev. D 100 (2019) 102002
. 10 - = == DarkSide-50, Phys. Rev. Lett. 121 (2018) 081307
102 small ~2c S|gnal excess 0 « = PandaX-4T, Phys. Rev. Lett. 130 (2023) 021802
T T T T T T T Lo LUX-ZEPLIN, Phys. Rev. Lett. 131 (2023) 041002
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MIP Timing Detector

CERN-LHCC-2019-003

 High precision time measurement of MIPs
— 30-40 ps at start, degrading to <60ps at 3000 fb-"
— Provide track-vertex association
— Improve sensitivity to slow particles, add particle ID capabilities, etc.

BTL: LYSO bars + SiPM read-out

> TK / ECAL interface ~ 45 mm thick
>|n|< 1.45 and p;> 0.7 GeV

> Active area ~ 38 m? ; 332k channels
> Fluence at 3 ab™': 2x10'* n,,/cm?

ETL: Si with internal gain (LGAD)
> On the HGC nose ~ 65 mm thick
>1.6<|n <3.0

> Active area ~ 14 m?; ~ 8.5M channels §
> Fluence at 3 ab™': up to 2x10' n,,/cm?
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Looking ahead

2504.00672
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Charm tagging

ParticleNet: Use of PF and
secondary vertices
associated to large-R jets

Exploits jet substructure,
flavor, pileup with GNN

Regression algorithm to
Improve mass
reconstruction

Background efficiency
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BPH-24-010

* LFV decay of t—3u

» Use data parking
— Rare decay in SM

1 ts from HF hadron decays (cs and bs) and EWK decays (Ws, Zs)

— Validated using D' —¢n*—putun*

Run2+Run3(194fb-1): BR<2.8(2.2) x10-8
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Tau lepton: g-2

« Anomalous magnetic moment (a,) provides v
stringent tests of SM = sensitive to NP

« Use photon-photon collisions to probe exclusive t -

Y
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lepton pair production —
— Exclusivity by requiring PV with <1 extra tracks o .o e
— Use hadronic and leptonic T decays (EPiC 35 004y 159 — 95%CL

- 68% CL
CMS PbPb

« LHC as photon collider (pp and PbPb collisions)

ATLAS PbPb

— Dependence on Z* (Z=82 for Pb) enhances photo-production = " "
xse Ctlon CMS 138 fb™ (13 TeV) (Rep. Prog. Phy?vg’()goz4) 107801) -

7)) N T T T T T T T T T
€ - + Observed [ Z/y* — 1t [[]Z/y* — eelup e+3-prong
Q 2000JExcl. bkg. EBVV +tt [l Jet mis-ID (This result)
L Clyy o 1t Uncertainty

L (This‘)l ::sult)

1500

H+3-prong

B (This result)
1000 F

H+1-prong
r (This result)
500 -
- Combined
(This result)

P
o ®
=)

I I AT N | I TR IR
g’mo:— Bkg. unc. —yy—tt ¢ Obs. — bkg. E S S S 5 5 5 o o o o o
| 50 | l_ Most precise measurement to date o
g o LT i I fid 555+60 b
w 0 1 2 3 4 5 6 7 8 9 . —
Ntracks ,)/,Y_)TT _14]/t

M. Gallinaro - "The Higgs boson and beyond at CMS" - MultiHiggs@Lisbon - Aug. 2026 54



BSM “Classics”

EXO-25-021, EXO-24-021

* High-mass dilepton resonances « W’ decay to e/mu+pTmiss
— Based on 2022-25 Run3 (283 fb") — Based on 2022-23 Run3 (62 fb1)
— Electron and muon pairs — Obs(exp) 95%CL myy- limit 5.9(6.2) TeV
— Wide mass range: 0.2-6 TeV — Better than Run2 limits
— Most stringent m»- limits: 5.6(5.8) TeV — Largely driven by higher c.o.m., trigger
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Leptoquarks

B2G-25-011

* Probing coupling of third generation quarks to
1st/2nd generation leptons

» Use 2024-25 data
» Strongest limits on these models to date
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