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LHC experimghn\\«ts

Large Hadron
Collider (LHC)

Operation and data-taking

Year Run 2 Run 3
ol pr'ton/ 2011 2012 2015 2018 2022  2026.6
proton CO||Id/l’/ N - >
‘ Center of mass
eneray 5 13 TeV 13.6 TeV
8 Peak luminosity ~1034/cm? s ~1034 /cm?2 s
AR ' ATLf\S/E'xperlment - Integrated 147 fb_1 301 fb_1
B ¢ __ luminosity (Until 2025)
| Full Run 3
500 fb'! in total
Plan f 2
Topic1  This talk will focus on the Topic2 Pl
results from ATLAS and ~3 ab! until the end of
EA”,[!Tﬁ.é CMS experiments in 2025 HL-LHC period
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Interest: Higgs physics

o Higgs boson discovery in 2012
All elementary particles predicted by the SM have been discovered

o Higgs boson measurement today cMS-PAS-HIG-21-018, ATLAS-CONF-2025-006
— ATLAS : u = 1.023 4 0.028(stat. ) ¥0:958 (exp.) 13952 (theory)
- CMS :u=1.014 + 0.028(stat.)*3-922 (exp.) 3925 (theory )

-—p  High-precision Higgs measurements are the next key

Is the Higgs boson we observe consistent with the
Standard Model? Or are there any BSM Higgs?

o Coupling measurement is important to understand the Higgs sector of the SM

— Fermions: Test of Yukawa-couplings
Are the fermion masses proportional to their Higgs couplings?

— Bosons: Test of electroweak symmetry breaking (EWSB)

— Self-coupling: The direct way to probe the shape of the Higgs potential
Understanding the structure of the vacuum
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Kr and Ky measurement (Run 2)

Summary of coupling measurement in Run 2 _ SM
K = 9i/9;

CMS-PAS-HIG-21-018
CMS Preliminar 138 fb~! (13 TeV) ATLAS-CONF-2025-006 ) i i
” : E—— S — The couplings to third-generation
T emeOLlmas 2 B Bt S "z 7 ATLAS Preliminary fermions and weak bosons are
T RctlEme e T S:;,exigiiezm.,o e B Run 2: Vs =13 TeV , 36.1— 140 fb™" .
e TR Gy Ky 4= Rin&\E=136TeV, 165" already constrained at the 10% level
— e i my, =125.09GeV, |y, | <25 i
Kw il;;m — e Leptons Quarks I_I
Ope— Kt p [ " []
“ I - AP Increased statistics in Run 3
‘ == o —— [OEC-D R
Kp ——t :'__ ; B nﬁai zﬁrs. Higgs boson |
o T avana | H
Ke ———f— 1 eessssssss hecaesuesnunnusesannnasdunnusunannnasnunnunsannannasnunnnR R Ra R RR R na R RR s . .
Sgg ...... Kp ....... ......................... K'# - - | 2nd gen NeXt StepS |S tO measure
...... Kg —0)_—(0:'_ K-.. .- A Second_generation Couplings
I g
________ o I - = ! 4 Run2 ¢RI and rare processes
Raf;'e Kzy }: : J‘ Ky — —— SM prediction
..... s AR D= /> New H — utu~ and H — Zy
K S Fovemmsy S — —e i
Busl | results are released from ATLAS
0.00 025 050 0.75 1.00 ngar;fnoet;r'?\faluzéoo 0.8 1 1.2 ;:r,amm;r_\(lsalue . H > cc reSU|tS are released from

ATLAS and CMS
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H - u"u_ at ATLAS (partial Run 3)

Phys. Rev. Lett. 135 (2025) 231802

Small branching ratio, but clean channel

— 23 categories are defined for statistical
analysis

. . 8 2209E ATLAS ¢ Data E

o Branching ratio: ~2x10- X fggg = s =13/13.6 TeV, 140/165 fo! — ;f’ta' f’dgf E

: : + - 2 5 — Signal p E

o Main background is Drell-Yan (Z - u™u™) : 1288 = E(;u:te n(1+S/B) weighted -+ Background paf

5 1200 - _ E

Analysis strategy %1238: Run 2 + p%ﬁlaL’Run 3 E
— Dataset; partial Run 3 165 fb- = 600 combine =

ggF x8, VBF x8, VH x5, ttH x2 o2
| Observed | Expected Jist
Partial Run 3 2.80 1.80 0TS 0 i T30 i3 M0 145150 i%s 160

m,, [GeV]
Statistical combination with

Run 2 analysis 340 290 ¢ 3.00 (2.50 exp.) at CMS Run 2 C
(Phys. Lett. B 812 (2021) 135980) JHEP 01 (2021) 148 O”SiStent
resyj

Evidence of H - utu~!
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https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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H —» Zy at ATLAS (partial Run 3) ...,

> Rare process (~1.5x103)

Loop-induced process E 180 ATLAS | p | ¢ Dat;l |
. it may be sensitive to BSMs in the loop 5 160 E: Ao 1D 1 — Signal + background
% 140 H— Zy all cat,egories _ gfcnki:round
o In(1 +868/868) weighted sum

Z Z
7 120
¢ W * 100
H---- ¢ H---- W H{:ji b=
t W 2 80
W (0]
! = 60
v Y

» Analysis strategy 40
- Dataset: partial Run 3 165 fb-" 20
— Only Z — [l decay is considered
— Main background: Z + jets, Diboson
Use BDT to separate

_____|Observed  Expected JENRIE

Run 2 + partial Run 3
combined

lIlIIlI‘ lIllIl|Ill|IlIIIlllllllllllll

(weighted)

Data - Bkg.
AMOOMNPS

Partial Run 3 1.40 1.50 Uy =
Combined with Run 2 analysis : . - +1.0
(Phys. Lett. B 809 (2020) 135754) 2.50 1.90 Previous analysis: uy = 2.0Z59 (Run 2)

The excess over the SM prediction is reduced
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https://arxiv.org/abs/2507.12598
https://www.sciencedirect.com/science/article/pii/S0370269320305578?via%3Dihub

H - cc
o Branching ratio: 2.9% (SM)
o Huge QCD multijet as background

} H - cc is very challenging...

Use a production mode with Improve c-jet tagger

Large , 7 e distinctive features
ggF  wef > y Transformer-based tagger is introduced
c . vole L o ATLAS: GN2
'_8 .‘IIIIqllIIIIIIIlqllllIIIIIIIIIIIIIIIIIIIIIIIIIII..‘- O CMS: ParticleTranSformerAK4
O] : W/Z I 1 -
®» | . Two jets go forward region =« N _
o |1VBE 0 e 5 o :  Probability score of b-, c- and light-
o | = ez VBF trigger is developed . . g
5| q 7 : Jets are calculated while training
" q 4 _ . o . ..
S |: o Leptonic decay of W/Zcan = Rejection factor at 50% c-jet efficiency
O m m
g |V \ P9 B | Lightdets
O | = \ ' .
L2 . p Used as a main channel : ATLAS tagger a0
: o : (arXiv:2505.19689)
S ttH D> +  Two tops can tag CMS tagger 30
Sma” I‘ g : (CMS-DP-2022-050)

.IIIIIIIIIIIIIIIIIIDIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘
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H — cc by VBF at ATLAS

» VBF process q q

« Subleading production process (but small)
« Main background: QCD multijets

ATLAS can start to measure
with VBF process !

> Strategy ATLAS
[ ER
o Datasets: Run 2 37.5 fb-! + Run 3 52 fb-" o s Run2: 101 fetaTey %2
o New inclusive VBF trigger was introduced First measurement | ver o crunz 375! -tatev R
VBF H - CC_' VBF H— ¢C Run 3: 515", Vs=13.6 TeV
late Run 2 T T aweoeeessossaeaseenessssanoeeeeesssassseeeeees e AR R
e | ATLAS | ¢ i} : :
o Use AN.N fc?r —hg 1= (6136 TeV, 515 " ; : VBFHoct Uy < 41.4 : :
categorization © [# Run3cc ® Data sidebands | O 41 4 SN (27.6 exps)
N I % VBF H— cc O NN
[ + VBF H— bb
my was §101?:* .. Voo VH, H— c€ P
decorrelated due 2 3:3::;‘:**...;:;,.:,‘, s Exp=106x SM : 140 fb! result
to using final I 3.‘ * e+ +: JUUTTOTOT JHER DA2025) 075 1« fonemo e il R SLLLTCLEERERRREEEE et
: i +°%8 4 . Combined :
discriminant jo2k +i,: RNk 9.8 S ; uy < 12.7 (9.8 exp.)
Not use for % $ . : Obs.= 12.7 x SM q | | | |
s Ti S e S
10002 04 06 o8 1  Combined resultof CMS 95% CL limit on "

ANN output score (up<9.3 (5.6 exp.) ) is better than ATLAS
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https://arxiv.org/abs/2511.21911

Higgs self-coupling

It is important to test the shape of Higgs potential

« EWSB is induced by the Higgs potential
 Determine the vacuum structure

Expand around vacuum

V(®) = —u?d? + 1o+ expectation value v
Ay 272 3 4
V(h) —_ _Zv +Av h +/1HHth + O(h )
Tr|I|near coupllng ..................... ~ A determines the shape of Higgs potential
- E 2
-H ~ Inthe SM: Afjjiy = -5 ~ 0.13
H oo .: K = Agpn/3M - — A can be modified if there are some BSM effects
oo : e.g. 2HDM model (Phys. Rev. D 101 (2020) 055032)
~H k; can be changed by ~100%
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.055032

Production and decay modes

» Production process » Decay modes
Gluon-gluon fusion (ggF) g, = 311 ( H decays \
(/s =13 TeV)
H ar bb ww T ZZ Yy
~9,000 events in - ( N
Run 2 ATLAS + CMS
| . " % ww 25% 4.6%
Determine the shape 3 Tt 73% | 27% | 039%
of Higgs potential © }
L 7z 31% | 11% | 033% | 0.069%
( ‘W»[ DOSUI M\ 1[0/ / ) O-VBF—1 7fb L 0.26% 0.10% _
g (Vs = 13 TeV) " ' -
H Large «<—— Branching ratio —> Small
<—— Sensitive to BSM Low < Signal purity > High
“H
’ Rare production + no strong mode = HH search is challenging
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Di-Higgs searches at LHC (Run 2)

ATLAS-CONF-2025-012,

» Upper limit on pyy (4yy = 0 hypothesis) CMS-PAS-HIG-25-014
Privateplot =
_ Run 2 datasets T Cnsepecied .
Decay channels ATLAS + CMS T ATLAS.CMS oxpected
bBIl+ET™* | | - 95% C.L. upper limit on uyy
bbWW | | a Exp. Exp.
Multileptons I I (Bgn = 0) | (Mpu = 1)
(" bbb [ [ Most sensitive in CMS CMS 3.5 2.6 3.6
Thcrr?:n%(:ellieng obyy | ” boosted topology ch_z?nnels ATLAS 29 24 35
L bbrt | | Most sensitive in ATLAS{.g _________ »rCombined 2.5 1.7 2.8
Combined | G
S L s e st 5

Significance: 1.10 (1.30 exp)
The signal begins to exceed the 10 level!

95% CL upper limit on L
» Best fit value of signal strength [i;y (SM: uyy = 1)

Observed Hyy = 0.8%5:2(stat.) X33 (theory) X33 (exp.) Statistical uncertainties is dominant
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Constraint on k; and k,y (Run 2)

ATLAS-CONF-2025-012,

Ky constraint o KZV Constralnt 1o PASHIG.25-014
S LA B B B N B NN ¥ < L LI IR I LR I
£ [ ATLAS and CMS Preliminary T ATLAS ] = I ATLAS and CMS Preliminary — ATLAS ]
Y 7FLHCRun 2 — OMS 4 Y 7-LHCRun 2 — CMs
L Vs =13TeV —— Combined 1 C Vs =13 TeV —— Combined -
61— All other k fixed to SM —— Obs.: 95% CL [-0.71,6.1] ] 6:_AII other K fixed to SM —— Obs.: 95% CL [0.73,1.3] —
B === Exp.: 95% CL [-1.3,86.7] ] N —==- Exp.: 95% CL [0.66, 1.4] 1
5:— ] ! h ] 5:'_ \ Vi ' _:
B l' ] ;: B ‘\\ lll “ " ;: / ]
e N\ e ] { {95% CL] de N o 1 ! 95% CL]
- H A . NS o T — A
- ! f‘ i" B \ \\" I / T
3 — ,’ . — 3 n Y \ “ fj ’f ; 1
B N i B \ 1 1! / 1
- S - LY ' m ; ]
= ] i - \ W\ 1! ’ ]
2 ’," =] 2 \ ‘.\\‘ ’.f;f, ,’; -]
o WA S /S e8%CL | AL ) g 68% CL ]
- PN A - - \ F o :
PRI RN N Y- S i IR R B T e ’J"If pao v b by
° 8 10 Obtglptlp et Ll sl
K Kav

—0.71<K;<6.1 (13 <k, <67exp.) 0.73 <Ky <1.3 (066 <K,y < 1l4exp.)
0% b < o ATLAS: -13<k; <72 89 bett < o ATLAS: 0.57 < kpy <1.5
obelter >/ 5 CMS: —1.4 <k, < 6.6 o beter CMS: 0.66 < iy < 1.4
bbyy and bbt*t™ are most sensitive channel bbbb are most sensitive channel
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bbyy at ATLAS (Run 2 + partial Run 3)

> About this channel arXiv:2507.03490
— Branching ratio: 0.26%
— Main backgrounds: yy + jets, H = yy
BDT is used to separate signal and background

» New analysis strategy from Run 2 analysis (JHEP 01 (2024) 066)

Kinematic fit

Correct m,5 using the information of
H — yy momenta m,j resolution: 13% improvement

New b-jet tagging
DL1r - GN2 (based on the transformer)

L Light jet rejection: x3
- ATLAS Preliminary Muon-injet + PiReco + K7 .

300 Vs=13/13.6 TeV, 140/ 168 b’ — bHtbrr =
r HH—)bEw pre-selection After 5‘:];8 Y600 7

- ——— other Hx100
250 I ¢+ Data -
- Muon-in-jet + PtReco
- === HH—bbyy x1000
- === ZH, H—yy x500

st ggF(VBF) cross section 30.77 (1.68) fb ;34.13 (1.87) fbé

Events / 2.5 GeV

200

150} - B ¢ o OD Y el zo Hoyys00 :
100 ' i Integrated luminosity 140 fb™’ : 168 fb"
500" Expected number of
1™ st N iy 11.2 (0.61) : 12.4(0.68)
%0 40 60 8O 100 120 140 160 180 200 ggF (VBF) HH — bbyy signals :

m [GeV]
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https://link.springer.com/article/10.1007/JHEP01(2024)066
https://arxiv.org/abs/2507.03495

bbyy at ATLAS (Run 2 + partial Run 3)

arXiv:2507.03495

» Fit result (all regions combined)

Previous analysis: 5.0

3 425_ ATLAS 4 bem E > 15% improvement by
2 4F. (5=13/13.6TeV, 140/ 168 16" -~ Cont. background 3 only analysis Strqtegy
P = S eBy Total background 3 . -
_'Ev 3'55_ i = by - Signal + background E > Upper Ilmlt on HuH
© 3F log(1+Sgy,/ B) weighted sum -
e F 3 (tgy = 0) | (Hyy = 1)
w - - S
1,55 E Run 2 dataset 4.8 4.2 ~ 5.5
1 - Run 3 dataset 5.8 3.8 5.0
05E P B T A Combined 3.8 2.6 3.7
O™ F10~ 720 130 140 150 160
m,, [GeV]
Observed +13 +0.6 » Constraint on k;
ugy = 09775 (stat) Zgs (syst) 1.7 < Kk, < 6.6 (0obs.) 20% improved
Expected s from previous full-
{13 Significance —1.8<K; <6.9 (exp.)  Run2 analysis
K = +-Y-1.0 0.840 (1.01 exp.)
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https://arxiv.org/abs/2507.03495

bbbb at CMS (partial Run 3)

» About this channel CMS-PAS-HIG-24-010
— Highest branching ratio (34%)
— Main background: QCD multijet 62fb" (13.6 TeV)
Used data-driven estimation with reweighting by neural network CMS SM — Observed [i+io
> Analysis strategy Preliminary ~ “E®ected 2o
— Datasets: Run 3 2022+2023 61.9 fb-" :
. . Resolved ;
- Main improve: b-tagging Obs. 6.4 : |
Exp. 5.5

— Two analysis topologies
Merged

» Resolved » Boosted Obs 6.8 ‘
Exp. 8.1
Combination
Obs. 4.4 Upyp < 4.4
Exp. 4.4 o N @ .
1 10

o my regression 95% CL upper limiton u_
: 10-25% improve

o DNN signal/background
separation: 25% improve

Performed mass regression
with new boosted tagger Similar sensitivity with Run 2
full analysis by only Run 3 !
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HL-LHC

» LHC operation plan

» Detector upgrades

LHC schedule
: ——ywwes 3200

— - | Nothinal P70 . — Tracker: replace all silicon
‘}'; - Ultimate +— % 000 -::-/ 3000 :E, - T|m|ng detector
g; 5 cull L/ {es00 = — New muon chambers
=, ] i {2000 £ — Trigger and DAQ updates ... and more
D = 3 ] < 5
s 3{ |34 g a 4 110 5
5 2- o eces { 1000 € Many detector upgrades may
§ 14 . " /& 150 £ potentially introduce improvements

0 1o 5 . . . — 0 in analysis performance

2010 2015 2020 2025 2030 2035 2040 _

Year * Improve b-/c-/tau- tagging
— Start in 2030 * Improve muon reconstruction resolution

— Pileup brings up to ~200
- Target integrated luminosity: 3 ab™" | .
: o . : ] * In the following projections,
The increased statistics is expected to bring ~2.4 times ,¢r¢ are no new method exploiting
of improvement in statistical uncertainties performance of new detectors
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https://lhc-commissioning.web.cern.ch/schedule/HL-LHC-plots.htm

Precision measurement at HL-LHC

-----------

----------

-----------------------------------------------------------------------------------------------------------

Expected coupling precision measurement

(s =14 TeV, S2, 3 ab' per experiment

| Total ATLAS+CMS

I

| 1.6 07 05 13

24 08 0.7 22

| 34 08 09 32

0 0.02 0.04 0.06 0.08 0.1 0.12

ATL-PHYS-PUB-2025-018  EXpected uncertainty

12/26/2025

The coupling can be measured with a

" precision of 3—7%

Limited by theory uncertainties

2nd generation and rare process

Statistical Projections ESPPU 2026
—— Experimental
N Theory Uncertainty [%)]
........................................................................... Tot.Stat.Exp..Th.....
| 1.8 07 09 13 |
= 1.6 0.7 06 1.3

> H-ptu”
« Maximum 30% improvement by detector upgrades
> H- Zy
- 50@>2ab"
» H—-ccC
« ~1.70@ 3 ab™
« Limiton uzit < 1.5
» Analysis of other rare process will start
* H->J/)y, H- ¢y
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HH search at HL-LHC

Projection based on Run 2 result

ATL-PHYs-PUB-2025-018  Di-Higgs signal can reach ~70

e
T L L L L Lt T
...........
g o .
A .
.

ATLAS + CMS [ S2, 3 ab~! per experiment : :
" Projections ESPPU 2026 I S3, 3 ab™! per experiment : F o
Vs=14Tev ~= 50 Threshold 4 Effects by analysis improvement

6_

(Baseline scenario from ATL-PHYS-PUB-2025-006)

SRR I S ATLAS only projection example at 3 ab"
, I I _ Bl |significance

Baseline 4.260

Combined Statistical Significance (o)

| b-tagging efficiency improved by 5% 4.440 (+ 4%)
H || : : Thaa 1D efficiency improved by 5%  4.340 (+ 2%)

s - 3 3 o0 s qed .
o P e e e B e b-tag and 44 improved 4.520 (+ 6%)

Sensitivity will be better by

Limit by stat. | imit by a lot of QCD background s
analysis improvements

Comparable level with theory syst. and stat.
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k, constraint at HL-LHC

How precisely k; can be measured for a
R given assumed true value of k;
ATLAS + CMS Projections ESPPU 2026 3 ab~! per experiment (14 TeV)

K, likelihood scan

Q
(@)}
i 20t VS =14 TeV, S3, 3 ab~! per experiment = gl ATLAS+CMS .I
~ All other couplings fixed to SM = | Projections ESPPU 2026 N
' 68% CL k3 €[0.74, 1.29] ol 52 i !
.
15 5t . '
—— Combination .l
— bbrtT ar ¢ Cross section is smallest
— bbwy | : I at ky~2.5: less precise
10¢ —— bbbb 2| | A ey
Multilepton 1| — '___I' _____________________________________________
bbll o
Of i ! ™ SM case: k; can measured by 30%
-1 8 " 95%Cl |
_2|. ' 68% Cl 1
-3
2 -1 0 1 2 3 4 5 6 7 8
o 1.2f ]
Em 0.6} -
=
;ﬁ-?,g’-'.."l"llllIll""...-i
x = L) L 1
0.74 < Kk; <1.29 (68% CL) 2 A0 12 3 45 6 7 8

Truth K

< 30% of precision measurement
If true x; < 0.5 0r x; > 2, SM can be excluded
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Constraint on Higgs potential ..........

Strong first-order phase transition is one of the necessary conditions to realize electroweak

baryogenesis (—\ Shape will change at larger ¢

1.2 ;
ATLAS +CMS
| E}:ff;ﬂ_?zfipguaiizj per experiment '—“ FT D|m8 In case Of EFT
0.8 — sM SMEFT6 _ _ 1 5 , kKs—1_ ., 5 K4 — 06Kz + 5 5 A
| semekeies ol FEETDIMG V(@) =gt = DT T (9T T T — (7 2 D
g DE'— Log. F‘Dteint:;al.-ki”;";l;?- | llig_gr:::?r?aiﬂtv _}-‘f' SM Dim6 Dim8
Exp. Potential, k" = 1.99 ks €10.73-1.31] R high |
0.4} : s igher-energy-scale
2 .
SM shape OGaNINIG tar corrections
0.2
Test with various scenario
0.0 : : f . : ] . ign
< odl e T wate 7 _Strong first-order phase transition
L L Tl R n k3 >1.4~1.9
S o1 ! HL-LHC may have sensitive for the strong
02 e s To T3 14 Te s first-order phase transition scenario
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Conclusion

» The Higgs boson has entered the era of precision measurements
Coupling measurement helps the understanding Higgs physics

» ATLAS and CMS experiments are performing analysis
— Adding Run 3 datasets, more sensitivity was obtained
— Fermion coupling: moving to focus on 2nd generation and rare process
— Self-coupling: di-Higgs production reached to ~10

» Prospects at the HL-LHC
— Fermion coupling can measure with a few % of precision
— HH can observed by 70
— These projection can be improved by analysis improvements and detector upgrades

VI

EXPERIMENT

Public results link: ¥ATLAS ATLAS results |t CMS results
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