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Rich Physics Measurement Program with
Excellent Accelerator and Detector Performance
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Summary of SM cross-section measurements

SM Higgs production
cross-sections at+/s =7, 8, and 13
TeV, corrected for branching ratios
and compared to theoretical
predictions (LO QCD if not
specified).

Fiducial region: /s = 13 TeV results
are shown for |y | < 2.5, combining
production modes and decay
channels from original analyses.

Standard Model Production Cross Section Measurements
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Combination of Higgs boson measurements at /s = 13 TeV

Phys.Lett. B716 (2012) 1-29
T

T T T
ATLAS 2011 - 2012 e 1260 Gov

More than 10 years after the discovery of the Bz, Nature 607, 52.99 (2022
[ i i W
Higgs boson, we continue to improve the ..\ o 5000008 | £ |

Abch  Cpenacgess | Putiiahect 04 July 202
Adetailed map of Higgs boson interactions by the

precision of its property measurements. (i appear) | R
e Precision Higgs measurements are now a key i I R
test of the Standard Model and a probe for |, sorsrenan

BSM physics.

e Run 2 provides over 30 times more recorded » . |
Higgs bosons than the Run 1 discovery : i I
dataset. , . X . ;

e This combination exploits all available _\
channels simultaneously to provide the most  » |
comprehensive picture of Higgs boson —< el
interactions.



https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
https://www.nature.com/articles/s41586-022-04893-w

Input analyses - CMS

e Integrated luminosity : 138 fb™'
e Combined fit spans up to 1951 event categories
e  Over 10*fit parameters cover parameters of interest plus experimental and theoretical systematic uncertainties

Input analysis

H— 7y

H - ZZ 4t

H— WW — fuly

H-r71r

Decay channels targeted

Y

du, 2e2u, de

ejf e, ee+pu, epjj

34,48

€, €Ty, KTy T Ty

e #28, T+ /26, T, T+ L /20

Production targeted
agH, (N], ;-',','n;‘,,) bins
VBE, (p, mj, 71 bins
VH hadronic

WH leptonic, py bins
ZH leptonic

tttL, pi! bins

tH

g&H, (N], y.lyi, m”) bins
VBE, (NJ, £y, my, pi") bins
VH hadronic

VH leptonic, pY bins
ttH

ggH, (N], ;*;-i) bins
VBE-like (¢, my) bins
VH hadronic

WH leptonic, p;' bins
ZH leptonic, p} bins
ggH, (N], P‘rl.’ ) bins
VBE, (N}, ¢y, mt,) bins
WH leptonic, p\; bins
ZH leptonic, p; bins

Signal granularity

STXS stage 1.2

STXS stage 1.2

STXS stage 1.2

Inclusive production processes
or STXS stage 1.2

References

(2]

[43]

[44]

[45]

ggH, high-p? bins Inclusive production processes

H - bb boosted bb H [27]
VBE high-p;- bins or STXS stage 1.2

VBF (H - bb) bb VBF Inclusive production processes [28]
WH leptonic, py bi

VH (H — bb) bb SRR STXS stage 1.2 (30]
ZH leptonic, py bins
tH, p',4 bins Inclusive production processes

t(t)H (H — bb) bb [31]
tH or STXS stage 1.2

< 2f(same charge), 37, 4¢ *
t{t)H (E — leptons) i, tH STXS stage 1.2 [46]
1£427,, 2¥(same charge)+17y, 3£+171,

H=up pp ggH, VBE, VH, tH Inclusive production processes 47]

H < Zy - £iy Ly ggH, VBF Inclusive production processes [48]
Monojet

: VBF : A

H = inv Large pp™* Inclusive production processes  [29, 49-51]
VH leptonic
VH/ttH hadronic

Off-shell (H — ZZ — 4f) a8 Off-shell Virenell contribulions (28]

(ct. Eq. (17))

CMS-HIG-21-018



https://cds.cern.ch/record/2955243/files/2602.18611.pdf

Input analyses - ATLAS

Compared to the Nature combination, this analysis benefits

from more data in several channels, improved analysis

techniques, and the inclusion of new channels.

Integrated luminosity : 126-140 fb™
14 on-shell analyses
o 6 unchanged

o 8 updated or new
CERN-EP-2026-228

4 H — inv analyses
(to appear)

2 off-shell analyses
6 di-Higgs analyses
Systematic uncertainties:

o  Correlated for consistent
definitions/calibration/modelling schemes
across analyses
~ 600— 800 analysis regions
~ 6000— 8000 nuisance parameters

Analysis Prod. L Ref. Comparison Measurements
modes mY with Ref. [3] Incl. «x STXS
H— ZZ" - 4f All 140  [73] Unchanged v’ v
H— WW* = tviy ¢gF, VBF 140 [74] Updated v v
H— WW* = tvéy, bvjj VH 140 [75] FullRun2 + v
H—yy All 140  [76] Unchanged + v v
H—Zy All 140  [70] Unchanged v
H—1t All, except (V — leptons) i 140 [77] Updated v v v
H—1r (V — leptons)H 140 [72] New v v
H— pupu All 140  [71] Unchanged v
H— bb VBF 126 [5] Unchanged v v
H — bb,cc (V — leptons)H 140  [78] Updated v v v
H — bb (high p?) All 136  [69] Unchanged v
H — multileptons tH 140 [79] FullRun2 v v
H — bb ttH 140  [80] Updated v v v
H — bb tH 140  [81] Updated v v v
H — invisible VBF 140  [65] Unchanged v
H — invisible VBF +y 140  [68] New v
H — invisible (V — leptons) H 140  [66] Unchanged v
H — invisible ttH 140 [67] New v
H" — 2z ggF, VBF 140 [63] Updated v
HY — ww) ggF, VBF 140 [64] New v
HH — bbbb ggF, VBF 126 [6] New v
HH — bbbb (high p.{.’) VBF 140 [82] New v
HH — bbrr ggF, VBF 140  [83] New v’
HH — bbyy ggF, VBF 140 [84] New v
HH — bbtf + E#i” ggF, VBE 140  [85] New v
HH — multileptons ggF, VBF 140  [86] New v




Global signal strength - ATLAS

* Inclusive Higgs production and decay rate: total

. . . . 8 T T T T T T T T T T T T T T T T T T T
~1E0 <) BE | T | l | ]
uncertainty improved by ~15% vs. the Nature publication T F  amas o :
Cﬂ 7:— Vs=13TeV, 126 - 140 fb" —— Remove Background Theory —:
g . . ! - my=125.09 GeV, |y [<2.5 —— Remove Signal Theory i
o The SM compatlblllt)/zqL'Jan‘tlﬂe.d by p., value, derived 6 py-T% i -
using the asymptotic x“ distribution oF ]

psm = 1 — Fx2 (q([iSM)) CERN-EP-2026-228
o ™ (to appear)
e SM compatibility p,, = 77%

- ’
———————————————— e i -1: o

3 e
2k =
: : . +0.026 C .
signal-theory uncertainty: * QCD: Zgions | RN, V. . SNRIPUI. (2 /7 /SNSER—— = ——
dominant contribution to e PS/UE: 75019 5 T 1 . B
. 0 1 L Vi ! 1 1 1 1 L 1 il 1
the total uncertainty e PDF: +0-017 08 Q0 L Lo L
* —0.015 Signal strength p
o; - Bf observed rate

P e e = 0.990*0:0%% = 0.990 + 0.027 (stat.) = 0.024 (exp.) *003L (sig. theo.) *00¢ (bkg. theo.)
2 SM



Production cross-section and BR measurements

e  Production cross sections measured across 6 modes °
(ggF+bbH, VBF, WH, ZH, ttH, tH), with BRs fixed to SM
values
e Up to 45% tighter total uncertainties vs. the Nature °
combination;
e  SM compatibility p.,, = 20%
[ ]

T T T
ATLAS e Total Stat. mmm Syst. ] sM

{5« 13TeV, 126 - 140 fb”

m, =12509GeV, ly,| <25

Py =20%

Total ~ Stat. Syst. , SMunc.
ggF+bbH *l 1.04 i00s (<004, +005) i +0.06
VBF === 1083 2% Ternel. Homs £0.02
WH ye-laq 086 :am (o011, rot)  +0.02
ZH = =8| 1.00 51 (:osa, 122y ! +0.04
ttH {-E-l 063 013 (+010, +009) 5110.10
1 L TR NN W S NIRRT ST T T ST ST S TN YT ST T SN TN Y U T

0 0.5 1 25 3 3.5 4
T T T T T T . T
tH Hemm—— 518 2% (. Ni%) 1 x010
L L L L L ! H 1
5 ] 5 10 15 20 25

Cross-section normalized to SM value

CERN-EP-2026-228
(to appear)

ot Tats Stat
15-13TeV, 126- 14010
my = 125,00 GaV. |y, | < 2 [ Syst | sm
Pay = 85% Total  Stat.  Syst.  SMunc
] o -
Y l—Tﬁ—i 103 0% (<00, )i zom
2z ————i 098 ‘fta (=08, zo005)} :ow
ww- n%sq 107 a0 (=005, '00%) 1 =0
—— 094 210 (:00s, *2®)i :om
bb I—E—li 087 0% (=007, z0m) i <00
PR IR I PO T PR D TR I
0.6 08 1 1.2 1.4 16 1.8
I ‘ I “D62 .Ic.-.‘ . .
up — 122 T (2080, Tos) 0@
Zy |D—E——I2.0S Bk (108, 3%} 0w
y | L | ;
0 1 2 3 4 5 6
T T T T T T
} y +837 4396 4363, 4 4007
c 1 138 “iye (Zaser “azr) H
L | | \ \ |
=5 0 5 10 15 20

BR measurements (production cross sections
fixed to SM): yy/ZZ/WW decays ~10% total
uncertainty; bb/11 ~10%

up/cc and Zy decays: >50% uncertainty, still
statistics-dominated — expect large gains with
more data

SM compatibility: p.,, = 85%

L S S p s S S S R T

AT
ATLAS

Branching ratio normalized to SM value



m, (m,,) interpretation

The H — bb probes the bottom Yukawa
coupling and, through it, the running
b-quark mass

ou/ | 72 18
measured and reparameterized as a
function of m_m,, using high-order QCD
and electroweak calculations (N4LO

(QCD) + NLO (EW) in HDECAY 6.61)

/

Methodology: the ratio I’

(Top/Tzz) _ 0,06+
-0.17
Tz
Tpp Tpp 2 mb(mH)
TP = i 1+ Z an ref -1
zZZ ZZ | sM =1

CERN-EP-2026-228

ATLAS e Toal ==m Syst
V5 = 13 TeV, 126 - 140 b | SM Stat ('tO appea I’)
m,=12509GeV, |y | <25 Total Stat. Sys( — 45 T T
S 45— : e - .
00X 8 F ATLAS ]
VBF xB,, o B o N -
Wix B, —_ B Vs =13 TeV,. 126-140 b 7]
S 9. Al m, = 125.08 GeV _
i éa [ a(m ) =0.1180 T
tH % By, - z I
T 35 —
HxBy 1 Hl : -

....74'04..4,4 e 3 VD URDURIF U T WU VDV DN S S U G S S S B H
8,8, 3 ]
BB L ]
B8 b .
8,8, 25 mim): ¥ PDG world avg. B RG evolution | +3u, (0.004) =]
BB C my(my): ¥ ALEPH = DELPHI ¢ OPAL 4 SLD i
B, B, : n},(m")_ ® ATLAS Run 2, following PRL128 122001 (2022) :

4 2 TP | 5 M |

10 10°

15 20
Signal strength u

This provides the first ATLAS direct determination of m,_(m,,) in a
combined Higgs coupling fit
Reject the no-running hypothesis by more than 8 sigma

mp(mpr) = 2.737951 GeV = 2.73*0 25 (stat.) 015 (syst.)*0 0% (theo.) GeV

10



Simplitied Template Cross-Section (STXS) measurement

ATLAS —
I I [t <200/68¥]
Production phase space split —=

[=0jets
into 44 kinematic regions (8 _L,;_ P
AT
more than the Nature S T
. . . . - 0 e
combination), assuming SM-like CERN-EP-2026-228 o .

(to appear)

Higgs BRs — sharpens —
sensitivity to BSM effects while 5 Eiéifﬁn:?:.i"‘”“"’T e

B SM prediction
Psu = 47%

limiting theory uncertainty and

—P};-o-—{ |
a[pb]
|
i

|
T
t
I | . ‘

model-dependence from

[+ L [ A L L |
‘VH-enriched VBF-enriched 350 700 1000 1500 oo 350 700 1000 1500 o

acceptance extrapolation mylont maloes
Up to ~35% improvement in vz Eul= = JEereE - - g% -
precision >J k T s - = m:f}':.;{r.j t
SM compatibility p.,, = 47% ’ L T

CERN-EP-2026-228 ; E ’ ji »



Simplitied Template Cross-Section (STXS) measurement

. .. . . . 138 fb~' (13 TeV
e  Production phase space divided into 32 kinematic o M5 S DT
= 10% o Observed — SM prediction
; N . T 68 % CL in SM prediction
reglons Qg 02.:_ ‘“ﬂ = Z:;:gt::;:;ssysn 68% CL in SM predictior
. . o« 4 10%E= it [ e g 4
e Merged some bins to avoid large uncertainties or large T g s"s““"“’”““"‘“"?3"332
H 1 & w» T
correlations 1o I ¢ E
¥ i —
10% Ratio to SM A 2
‘ ]
. ‘m = st + gg — Z{qq)H e — = VBF + qq — V(qq)H 107! 5 g} | |
i [0,200] T Gem] > BERE BVEE BRE  BVBE ‘ |
‘“[ =ojet | [=1ht ] [ =2 | 200 S b 103 -
Py . [ fo.350] | [y 150,21 ] 1‘ |
0 § s 2f T ’ &
10 450 @ rh 1 1 m
. §1¢nﬁﬁi—im¢§¢~fkfl #. g ¢¢¢ :
ko s b [ 1 1
o @ of [ -
& 3'::“ = 1 % T 8w ecgc e b Q =
m — uti SEIOBEERESOREIRRIRCERNEAIRBEREES
= = TetutovRswERa feIsfuddAlgafuius
# = “u| T ey . H 4 88885 55§ | § 8§ | FE | B3 | 65§
." 120 3 T 2’:3 ﬁ ;’ ? é
e 8
o :":) 8 § ggH qgH | WHlep | ZHlep ttH [tH
Precision in several measurements (e.g. ggH 200 < p; < 300 GeV) now rivals SM theoretical uncertainty
Experimental data is approaching the point where it can constrain theoretical inputs CMS-HIG-21-018
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https://cds.cern.ch/record/2955243/files/2602.18611.pdf

k Coupling Modifiers Interpretation

In kappa framework, 0, x B are expressed in the Narrow-width approximation

aixl"f _ Kizkfz S _ Zf’cjg BSM(H - f)

o;XB(H - f) = L otMxBSM(H - f), k%

[y K
K—i; model Resolved k model Effective kK model
Ky Ky Ky Ky Ky Ky Ry 1, (1) Resolved + K, K, &,
Target  Test global Higgs Target  Measure direct couplings Target  Probe BSM effects in loop-
coupling structure to SM particles induced interactions
Input On-shell Input On-shell Input On-shell
K-ratio model Width interpretation ic; model
A=KlK ['y+ couplings 15, *+ couplings
Target Reduce total-width Target Constrain the total Target Constrain the Higgs
dependence Higgs width. self-coupling
Input On-shell Input On-shell + Off-shell Input On-shell + Di-Higgs

1-B;—B,

BSM-decay constraint
Effective + B,,, B,

Target Constrain BSM effect

Input On-shell + Hinv + (Off-shell)

my(my) interpretation
my(my)

Target  Measure the running b-
quark mass at the Higgs
scale

Input On-shell

13



K- K, model with B =B, = 0

CERN-EP-2026-228
(to appear)

e About 10% - 15% improvement in total T o3 S L B B B B B

o % - ATLAS # Observedbestfit 3

uncertainties compared to Nature 1.20F V5= 13TeV, 126 - 140 b o e g

combination qgE MW I0GIy <25 BB L

. . E Py = 34% Expected 95% CL 4

e The observed (expected) correlation 110k 3

between x_.and x| is 40% (36%) 1 055_ e

e a0 TE .

e SM compatibility p.,, = 34% 1 60E E

0.95F s

K—Ky model - .

B 0.90- E

Target  Test global Higgs = s e s T PITY PP PTIT I
coupling structure 0.94 0.96 0.98 1.00 1.02 1.04 1.06 1.08

Input On-shell



Resolved k coupling with B.

Loop-induced couplings (Kg, K, KZY)

Y

CMS

=Bu

are resolved assuming no BSM decay (on-shell)

-0

138 fb~' (13 TeV)

e POls: Ky K Ky Ky KL K (ICC)

€ 15 amas e

|*; E {S=13TeV, 126-1401b" 'z/, 3

5 [ m,=12509CeV,ly,|<25 /w 5
ul> $ .=«

[ = T ° ’ =

El: L F % x.isafree parameter /// E

L X B SM prediction ¥ ]

g

C i i

102 A Leplons Quarks

; 1% El-i:

-, 6. ook
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Two models: k_ =k, and ﬂoatmganIce mgss [e]

my = 125.38 GeV

— | I

Observed
68% CL (stat @ syst)
95% CL (stat & syst)

15

Py = 0.12 SM expected
Kw 4’0"
Kz —_— o+
Rt
Ko — e
|K1| .
[kl G s
PRNEET | T T oy o (o 7 L Il L Ly
-1.5 -1.0 -0.5 0.0 0.5 1.0
Parameter value
[ ]
[ ]

Ratio to SM

Resolved xk model
Ky Ky Koy Koy Koy K, (1G)

Target Measure direct couplings
to SM particles
Input On-shell

CMS-HIG-21-018

138 fb! (13TeV)

- o
E 1
|

C’MS

my = 125.38 GeV
- pw =012

i T
Observed

68% CL (stat @ syst)

95% CL (stat @ syst)

SM prediction
@z
b /
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T s
// v I v I v

WZ/}/Q
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K, restricted to positive domain

Best limits on the charm quark coupling: [« | < 3.5


https://cds.cern.ch/record/2955243/files/2602.18611.pdf

Effective k coupling with B, = B_

e Loop-induced couplings treated as
independent effective modifiers,
assuming no BSM decays (on-shell)

O

POls: k
K, (k)
Two models fit (k_=x_and
2 @t 5=10%
precision, k,_at 10-15%, K
upper limit of 4.2xSM at 95%
CL—upto 33%
improvement vs. Nature
combination,

SM compatibility p.,, = 70%
and 78%

WI KZI Ktl Kbl KTI Kpl Kgl

floating k ): K

0

CERN-EP-2026-228
(to appear)

- This analysis ATLAS
Vs=13TeV, 126 - 140 tb'
Nature 607 52 (2022) B
Xz
Kw F
xl
Kn
K,
Ku
X, F
\‘.;
X2y 7
o 0.1 02 0.3 04 05 06
Expected uncertainty

Effective k. model
Resolved + &, K, 3,

Target

Input

Probe BSM effects in loop-
induced interactions

On-shell

I ! I J I

——
—%.  ATLAS
Vs=13TeV. 126 - 140 " T
:_—-_:T:‘ my, = 125.09 GeV, IyN! <25
e v, Leptons Quarks
Vel Vul V|| U & n -
ESan o8 -
Force carriers Higgs boson
——
—~
............. s e |
° B, =B,=0
Effective KoKz p Py = 78%
===~ Resolved Kk, Kz, 0, =77% |
SM prediction
| ! | L [ | L.

68% CL interval

T ) T

| X |

3 478
95% CL upper limit

16



BSM-decay constraint

e Loop-induced couplings are treated as independent
effective coupling modifiers with floating B, and B_

o POls: Ky Ky Ky Ky Ky KK Ky (KC) +(B. ,B)

inv! Tu

e Two extended modebls:
o On-shell + Hinv combination assuming [k, | < 1
m Upperlimiton B of 12.1% at 95% CL
m  Upper limiton B of 17.5% at 95% CL
m  SM compatibility p,, = 69%

o On-shell + Hinv + off-shell combination without
additional assumption (remove H* — ZZx — 282v
off-shell)

m  Upper limiton B, ~of 12% at 95% CL

m  Upper limiton B, of 32% at 95% CL

m  SM compatibility p., = 73%
CERN-EP-2026-228
(to appear)

BSM-decay constraint
Effective + B,,, B,

Target Constrain BSM effect
Input On-shell + Hinv + (Off-shell)
—s—  ATLAS
----- Lo S Vs=13TeV, 126 - 140 fo"
L m,=125.09GeV, |y | <25
*‘,4—‘::‘_—_“ Leptons Quarks
————
3= [ ]
Tii ez Force carriers Higgs boson
| TFY pEE
.......... T TR
- —e— B, =B,=0,p_,=75%
: - BRI --m-- B, B, free, |A-szl.pw=69%
- @ B B, free, off-shell xncl.pw =73%
o 4!_' = SM prediction
. e [l Parameter value not allowed
D A B R }_)'.:"' mhe sk
| | | L | L
0.8 1 1.2 1.4 1.6
68% CL interval
1 1 1
0 1 2 4
95% CL upper limit
............... 4
1
---------------------- 1 i
L]
I | I gy ey gy
0 0.1 0.2 0.3 17

95% CL upper limit



Similar precision in CMS and ATLAS

e EW boson: 5%

e Massless boson: 6-7%
e Invisible BR: < ~ 12%
e Undetected BR: < ~ 30%

T T ATLAS
iy S V5=13TeV, 126 - 140 b’
e e b or— Ty = 125:09.G8V, Iy, | <2.6
| & — _: = 1 Leplons Quarks
; i { [ v v ][
e )
HEE==ain - oo |
i # |
j B Ly : camsrs Higgs boson
I =l
Ik || Foemmoo-- T TTTTTET
—e— B, =B.=0p_=75%
Iic gl oo T 1 --m-- B, B, free I 51, p_ =69%
= 4 ey @ B, B, free, off-shell inc!, p§M=73°/o
I | P — SM prediction
" - Parameter value not allowed
Ixzyl | TR ;--_-76‘.7“"“";“-‘
0.8 1 1.2 14 1.6
68% CL interval
Il I~
1 1 L 1
0 1 2 3 4
95% CL upper limit
B, Feinnrnesess et |
- O T e A 1 aq
1 2 1 FIH PP 1 1
0 0.1 0.2 0.3

95% CL upper limit

Kw

Kz |+~

[Ko
[Kel
Kyl
IKg]
Kyl
|KZv|
Binv

Bundet
-15

CMS

138 fo~' (13 TeV)

O  Observed

my = 125.38 GeV

Py = 0.1

—  68% CL (stat & syst) &
— 95% CL (stat & syst)

B Bgsy =0

Biny. Bunde: float., Jxy] < 1

Bl By, Bynge float., off-shell inc.
| SMexpected

Kt:

s Serad v RO ) B e A K1

-1.0 -05

00 05 1.0 15 20
Parameter value
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Width interpretation

. . . . . d gg—H-VV 2 2
e Higgs width (I): sets the Higgs lifetime (1 = &/T); 3.} ity T T
precisely predicted in the SM (I °M =~ 4.1 MeV); YEN S
' off—she!
. . . . ’5 n‘: o emm— *. & r"
deviations could signal BSM Higgs decays 16 vt Ghogghey T
e Measured via three approaches: =15
o Directly from the Higgs lineshape N 7 o v oo
. . ) / N w2 couplings differently.
o Indirectly from off-shell production (J. Campbell et al. I <
JHEP 04 (2014) 060) anlt wiz
] . . - FMS Preliminary :
o From the Higgs lifetime = § "= = mns. m
o E CMS “hy 137 fb! (13 TeV)
400(— 21) 4 ]
Direct line-shape measurement of H—yy 3 - = a0 %:},‘jﬁ’z zr
% m? g 250 i ;
= 100 b . EW
& = w B Z+X
&

CMS-HIG-25-004
to appear

m,, (GeV)

PH < 92 MeV at 95% CL



https://link.springer.com/article/10.1007/JHEP04(2014)060
https://link.springer.com/article/10.1007/JHEP04(2014)060

Width results

off-shell and on-shell ZZ+WW

5.0 (2.9)o on off-shell production

CMS

25

20|
HIG-25-003 i
- 15
to appear g
(9]
10

138 fb~! (13 TeV)
—— 4¢ on- and ofi-shell g

-~ Expected

4¢ on- and off-shell
T 282v off-shell

Expected

4¢ on- and off-shell
— 2¢f2v off-shell Vs

WW — 2£2v on- and off-shell // 7

- Expected

Expected Observed |

3. 2.0
418 5102

I';; Combination
(68% Cl)

5 10 15

Tw (MeV)
Iy =529 Mev

CERN-EP-2026-228
(to appear)

off-shell includes H* — ZZ and H* — WW decay channels.
on-shell: All on-shell channels except for H — invisible decay.

~l i i ,I_
(= i ]
£ sy ATLAS / .
< i Vs =13TeV, 140 fo™' i /
o 1 i !
I i Full on-shell + off-shell I ; I
6 ! ] ] A
i ==« Expected ! 7 7
t === Expected Stat-Only 7 d
i — Observed i 7 ,l N
i - Observed Stat-Only i / 7]
5 - G ;o . —— Y]
2R & V4 m
R / 5|
A% ’ i
o [ . 7 ki
S N i i B S —68% CL

=367t MeV "

Expected: Iy = 4.1 + 3.0 MeV = 4.1%%3 (stat.) *37 (syst.) MeV @68% CL.
Observed: Iy = 3.67%% MeV = 3.6} (stat.) *J3 (syst.) MeV @68% CL.
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Higgs boson mass (m

and resolution

CERN-EP-2026-195
x10° 138 fb™ (13 TeV)
S - = B B L BB U UL B B
[} = 3
9 40 CMS All categories =
£ 351 ¢ Data =
5 30f — S+B it =
o _ ----- B component -
5t I 68% CL E
20 []95%CL
15 =
55 =
OF ! A | sil [ 3
1500 E
1000 3
500 3
5 ;
<B0OE it i A RS PHNGH] I AR [ o
100 110 120 130 140 150 160 170 180
m,, (GeV)

Events /0.25 GeV

35

30F
25F
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New three-stage photon energy calibration corrects residual data/MC differences in energy scale
From Z — ee data and MC

CMS

From simulation

From Z— ppy data and MC

10° 138 b (13 ToV) % x10° . : 1aa|b" u's TeV. % mm (13 Te
- CMS | Data B G 3 CmMs } Data 3 @ 3 CmMs } Data
E,,>50 GeV W2-+ee simulation 0 EL>50 GeV _JZ*m:', simuation 0 E{>50 GV Dz~wy simutation
I <144 [stat O 25 Wi<ias st S 25 Ini<1.44 [stat
x [stat® syst 3 ~ ﬂsm @ syst ~ Dsm @ syst
% 2} Without resicual i % 2F with residual -
& 3 s
Lf, 18 Z—puy corrections l‘[' ‘L E 2 sl Z—upy comections ‘.I l E
[n l: w r 'l.
1 F], L.i- E 1 r]. Ll e
0.5 o L"'\ g 05 o o, E
anenwn® 'I' % l 1 e, e oan it '|' 2ol 1 '\." """ -
W Q12
}*,M«w'«ww-»ww-'% ’A‘} § 'l* i [{ an No,m.v"' alad, v 0 ﬂl’{ k H' } 'H'y“’w""--‘»w "v iy it
08
85 90 95 100 80 90 95 100 80 85 90 95 100
m,, (GeV) m,,. (GeV) m,,, (GeV)
5.1 10" (7 TeV) + 19.7 ' (8 TeV) + 138 f5’ (13 TeV)
CMS e Total Stat | syst
Tot Stat Syst
ATLAS H—4/ 7+8+13TeV bt 124,94+ 0.18 (= 0.172 0.03 ) GeV
Phys. Lett. B 843 (2023) 137880
CMS H—4/ 7+8+13TeV () 125.08+ 0.12 (= 0.10= 0.05 ) GeV
Phys. Rev. D 111 (2025) 092014
ATLASH—yy 7+8+13TeV e 125222 0.14 (+0.1120.09) GeV
Phys. Lett. B 847 (2023) 138315
CMS H—yy 7+8+13TeV (e 125,06 0.14 (= 0.09= 0.11 ) GeV
This Work
PP S GRS PRSP NI SN W U G AR R L )
122 123 124 125 126 127 128
m, (GeV)
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https://arxiv.org/abs/2607.28396

Higgs boson mass (m,,) - ATLAS

H — yy 14 categories split by S/B ratio, myy, and photon energy
scale uncertainty; mH extracted from a simultaneous fit of the myy
peak across all categories

Key improvements: optimized categorization, and photon
energy scale uncertainty reduced from 320 to 80 MeV

Phys. Rev. Lett. 131 (2023) 251802
L DL EL L DLELLL LLLL ILLLAL BLLELEL
ATLAS e+ Total Stat. only | Combination
Run1: /5 =7-8TeV,25fb~', Run 2: /5 = 13 TeV, 140 b~
Total (Stat. only)
Run1 H — 4 F————&— 126.02 + 0.51 (+ 0.43) GeV
Run1 /7 — 4 — ‘ 124.51 + 0.52 (+ 0.52) GeV
Run2 H — 44 o | 125,17 + 0.14 (+ 0.11) GeV
Run2 i — 1/ I—O—Il 124.99 + 0.19 (+ 0.18) GeV
Run 142 H — 7 125.22 + 0.14 (+ 0.11) GeV
Run 142 [/ — 4/ 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined  —com—1 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined l'"l"l 125.10 + 0.11 (+ 0.09) GeV
Run 1+2 Combined I-Ll 125.11 + 0.11 (+ 0.09) GeV
P IR S SR N N .II..Jll e L e e gy T
123 124 125 126 127 128

H — 77% — 410 4 final states (4, 2e2y, 2u2e, 4e), with
non-resonant ZZ* as the dominant background

e Signal modelled via PDFs Am4£, DNN, oi | mH),
where DNN discriminates signal from background
and oi is the per-event m4¢{ resolution estimated by
a neural network

Phys. Lett. B 847 (2023) 138315 Phys. Lett. B 843 (2023) 137880
“’:23 ATLAS 4+ Osta
:‘; =13 TaV, 140 b sess. Backgraund 1
%1400 Hoyy —— Signal + Background ‘
1200

All categories

%1000 Inf1+ S{e%833") woighted sum | . ‘
€ 800 | :
< 500 @
400 20 ¢ J =,
2005 el
ob—t { N0 120 130 10 150 160
70 120 130 140 150 160 ™y 1GEV]
m, [GeV]
o > f T
s & .0 ATLAS
% - Muozz s a
g 9 60:: Vo w13 TeV, 139 1
s @ |
u £ |
$ 50| Ti
w [
40} L.

00 010203040506070809 1
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Single Higgs Run 2 (+partial Run 3) results
and projections
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H—uu - ATLAS

Rare process: BR = (2.17 = 0.04) x 10

e large background from Drell-Yan
p*y” production

e Extremely small S/B ratio
(~O(0.1%)), demanding
per-mille-level precision in
background modeling

> T T T T T T T
2 4o10

2 ?tL;:S; Tev, 165 fo" R o
g1 oo =2y

§ o H—py [ Diboson
a1 Preselection B Top

107 —— Higgs (x100)

10°

10°

10*

10°
o 1F i
= PPy
S 1 ......................................
<] F ]
e 09 |- Muon experimental uncertainties -

100 110 120 140 150

390

130

160

m,, [GeV]

Zly -\f\/’J.IV‘N‘.’\'\/x_»/.\/

Strategy: Event selection and
classification

Signal composition

e Sorteventsinto
mutually exclusive
categories targeting
the various Higgs
boson production
modes

Use machine learning

Background composition

to enhance the
signal-to-background
ratio

Phys. Rev. Lett. 135 (2025) 231802

ATLAS Vs=13.6TeV, 165", H— up

£ s = = £ - = ¥ —
5E335E825E825588356E5556E
I‘-a—J—JI:a—J-JIg—J—'Ig—J-JgIﬁJIZ‘ﬁIE
DU = OGO >=0F% Heh e
L5822 553885288 F3dSL2
SLO>AgNSIEr>8z0> I ST 7
o L & 5 L 3 L 5 S>>y =
> 0 N = - O = &
> Y] - o > >

Analysis categories

~| Il ggF +bbH
T VBF

VH
ttH + tH



https://journals.aps.org/prl/abstract/10.1103/gzdh-p159

H—uu - ATLAS

Fit across 43 categories

Phys. Rev. Lett. 135 (2025) 231802

Signal extraction

N TS B 7R R [

Combining Run 3 with Run 2
. & ol AL S
Background + Signal S flooE - WsaTuk ioes el T
g :m Incidajve, In(1+S/B) weighted Background pdf
/ z‘m\ E
£ 1000 =
P o :
200 A e ) A
2 S Sy
g5 ‘
Background a3 5/ % :
& 53/{%- J 0
TS i e T G s T80 185 e
m, (GeV]
4 T T T
§ 20C ATLAS —— Run2 E
18/~ Run 2: Vs = 13 TeV, 140 b — Run3 =
- Run3:(s=13.6 TeV, 165 b —— Combination 3
O ; -~ Stat.Only
14— ]
12 =
10_:_— 30 —;
8- 3.40 =
6 =
4:_ 20 __:
2 4, -3
0 4

Signal strength

precision by 50% over Run 2 alone
e Clear evidence for the H—p*u™ decay

e Significance vs. background-only hypothesis: obs
3.40 (exp 2.50) — combining Run 2 + Run 3
categories (ttH, VH, VBF, 2-jet, 1-jet, O-jet) improves

ATLAS Run 2:¥s =13 TeV, 140 fb™ Run 3: /s =13.6 TeV, 165 fb”
H—pu e Total  Stat Fm Syst. |SM Total Stat Syst
|
Run 3 tiH categories —Els— 1.3 +35(+34,+1.1)
Run 3 VH categories —|E— 31=43 (+41,+13)
Run 3 VBF categories —-— 0309 (+08,x+02)
Run 3 2-jet categories ——— 33213 (+£12,206)
Run 3 1-jet categories —[‘— 13212 (=1.2,204)
Run 3 0-jet categories ——— 2013 (=12,=x05)
: - L G <
B ¥
Run 2 + Run 3 tiH categories 11 _56 (25 ,+08)
+34 14
Run 2 + Run 3 VH categories — =60 _,, (:31, tm )
Run 2 + Run 3 VBF categories ~ —#— 1.0 207 (0.7, jg? )
; 2 +1.0 +04
Run 2 + Run 3 2-jet categories —-— 16 _gg (209, Zg3)
. +09 +03
Run 2 + Run 3 1-jet categories - 19209 ( _gg:_g2)
Run 2 + Run 3 0-jet categories —T— 09 +1.0 (+09, :g; )
Combined Run 2 - 1206 (086, tg? )
4 +0.6
e I'* == 18408\ g5 «EDZ)
Combined Run 2 + Run 3 . 1.4 +0.4 (+04,=0.1)
1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1
-10 -5 0 5 10 15
Signal strength
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https://journals.aps.org/prl/abstract/10.1103/gzdh-p159

H—cc from ttH production mode - CMS

Phys. Rev. Lett. 136, 011801

First-at-LHC ttH(H-—cC) search across OL/1L/2L channels; main challenges are high jet multiplicity and combinatorics
ParticleNet jet tagger (11 categories, 2x rejection improvement) and Particle Transformer event classifier (10-class, no

ti+HF background constrained via data control regions with floating normalizations, validated using ttZ(Z—cc/bb)

o
)

°
°
explicit reconstruction)
°
. _CMS Supplementary 138 fo-! (13 TeV)

‘g g Post-fit t Data B tiH(H-cC) B t2(Z-4cE) ttH(H-—other) W t+22b W te>2c ti+light
% DYRLRISOPS ## Totalunc. wmy {iH(H—bb) WM fiZ(Z—bb) — fiZ(Z-other) WM fitb fisc W Other
S 10° oL
= & 5 g 1 5 &
S |5|8¢ g 8 AL
g ] ~ & = ~ =z ~
310

| {
Event classifier discriminants

b-jets

c-jets

10CMS simulation 13 I%
' B4 39% 0.1% 0.01%
tH(H-sce) ovents,
gl pr> 25GeV, |n| < 2.4 e —
£ — blots & officoncles %) |B3 10% 0.2% 0.02% i
Eoal — criss s %)
g_ ght jets & offiiencies (%) B2 9.2% 0.1%
8
B
g oo B1 10% 2.2% 0.2%
2
s
2
0.“ BO. 10%.6.9% 0.8%
02 [C2 5.6% 15% 0.6%
T3 1.7% 125 0A%
g Ci-gimserr
0.0 02 0.4 06 0.8 1
ParticleNet discriminant ps.c
light-flav. heavy-flav.

Dy >0
Do < {00210 11) No: refect
0L anl) Doy < 0,001

Yes: keep

}’l”.»‘ > 055
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https://journals.aps.org/prl/abstract/10.1103/9nwb-splk

Phys. Rev. Lett. 136, 011801

H—cc from ttH production mode - CMS

Signal strength Best fit Obs (Exp) significance
ttH—bb 0.9 +0.3/-0.2 4.40 (4.50)
ttH—cc -1.6+4.5 | =
ttZ—bb 15+£04 3.50 (2.40)
ttZ—cc 1.0+£0.8 1.20 (1.30)
CMS Supplementary 138 b (13 TeV) _ CMS supplementary 138 fo' (13 TeV)
' I Bbserved 68% expected g Kl . < 3.0 @85% CL 4 tH(H—c5) — Observed
< 008, 0, -
----- Median expected 95% expected UL Wl R IOROL. M VHH- = Fopaad
<4 Comb.
1 BA
Combined :
Exp. 5.6 i 5 /
Obs. 9.3
- ' i 4
ttH(H-cc) !
Exp. 8.7 E 3
Obs, 7.8 |
VH(H-¢g) | 3
Exp. 7.6 :
Obs. 14 s
0.0 25 50 75 00 125 150 175 ! - e Mo gt
95% CL upper limit on P .,cz 00 05 10 15 20 25 30 35

Exp. sensitivity comparable to VH—cc search

lie |

Combining ttH+VH:x_< 3.5
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H—cc from VBF production mode - ATLAS

H—cc:

o pcc=18=%13 - p_cc<41 (28 expected) at 95% CL; 3 MOFTTTT  as T
. L Run 2 cC, Run 3 c€ .
VBF+VH gives k_c < 4.7 (3.9 expected) — an 8% = 200 J[§J=13°TeTvl,’Vs7.5?b~f' 1 ;
. @ — s=13.6 TeV, 51.5 fy —
improvement over VH alone 5 [ VBF HocT In(145/b) weighted
) = ¢ Data -
H—bb: T 100 WHoCE (1=18)
= N W H-bb (u=0.97) ]
e yu=0.97(+0.57/-0.50), §’ C Wz 1
S . . . 80— i -
e combination with Run 2 reaches 3.20, giving first - —Non-res. bkgd 7
evidence for VBF H—bb 60— ~
ATLAS Wb - ; : 4
CERN-EP-2025-247 W o TR0 10m etaTey D2 4 [ e Backarpundsslanal uncettaity @
VBF H- ¢ Run 2: 375 fo’, 15=13 TeV == tpected ! ! - - L L -
VBF Ho cERuN3:515 1" fe=136Tey o0l @ T =
) E
VBF Hos cT 5'§ E
- Lo i -
Both channels remain - 9 ot z
. . VH, Hos c& fa g 5
statistically limited Exp- 106 M Mg, [GeV]
JHEI; 04 (2‘025) 075  lececacaol . . cccoevencacnanccncerencncnnncsacnnansannnnee ¢
Combined
Exp.=9.8 x SM
Obs.=12.7 x SM
| PR 1 1
0 10 20 30 40 50

95% CL limit on p 28


https://arxiv.org/abs/2511.21911

H—cc coupling @ HL-LHC

Run 2 constraints:
CMS: ttH + VH, K_< 3.5
ATLAS: VH + VBF, K_< 4.7

Projections based on Run 2 analyses predict ~20
significance at 3000 fb™

e Further gains expected from detector
upgrades: high-precision timing info for jet
tagging, and tracking info available at the first
trigger stage

e ML-driven improvements continue to enhance
both jet tagging and analysis techniques

Z
w
o

g
=)

n
[&))

H — cc discovery significance
n
o

-
N

1.0f

0.5,

CMS Simuiation Preliminary HL-LHC 3 ab~' (projection)
T 1 T T ] =] ‘ T

_________________________________________________________

band colour = systematics scenario
B Statistical uncertainties only (4 ch, + scouting)
I W+ BTV-25-002, EXO-23-007 trig. (4 ch, + scouting)
- + VBF + DP-2025-081 taggers (4 ch.)
|- W Published analyses, S2 (3 ch.)
Published analyses, S1 (3 ch.)

stal. only

" + new triggers
o4 (speculative)

_— + taggers now

Y = L

2nd axp. at CMS parity (r=1)

+++ 2nd exp., optimistic (r=0,73)
- 2nd exp., conservative (r=0.56)

CMS + 2nd oxp., Run 243
published + BTV-today deploy

|+ VBF (est. from public results)

0930 (IKi<1.8)

+ VBF —

Published, S2

Published, S1

!
200

| L | L | .
500 1000 3000
integrated luminosity per experiment [fbo=']

Public analyses lumi scale ~ 1.80

1.1

1.3

|ke] 95% CL UL (kp profiled)

1.5

1.8

2.2

Known improvement (tagger and trigger) ~ 2.30
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Couplings projections @ HL-

Expect to reach < 2% precision

for most of the couplings at 3 ab

Vs =14 TeV, S2, 3 ab' per experiment

—— Statistical
—— Experimental
—— Theory Uncertainty [%]

R 2.4 08 07 22
——

Total ATLAS+CMS
Projections ESPPU 2026

Tot Stat Exp Th
1.8 0.7 09 13
1.6 0.7 06 1.3

1.6 07 05 13

34 08 09 32
3.6 1.2 12 32
1.9 08 07 15

.0 27 09 1.0

= 3.0

6.8 59 16 3.0

002 004 006 008 01 0412

Expected uncertainty

| HC

ATL-PHYS-PUB-2025-018
CMS-HIG-25-002

V5 =13 TeV | YR4 YR5

o 48.58 pb | 48.09 pb

b(scale) o | tad

S(EWK) +1% +1%

8(t,b, ) +0.83% | £0.34%

St s 1% 0 LHC Higgs Working
) 2057 |0 el peons
Stheory) |35 | Titre |

§(PDF +ay) [[+3.2% | 324 |

§(PDF-TH) | E1.16% | £2.31%

30
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https://scipost.org/series/collection/report-5/
https://scipost.org/series/collection/report-5/
https://arxiv.org/pdf/2504.00672
https://arxiv.org/pdf/2504.00672

Constraints on effective field theory models

e EFT offers a model-independent way to probe new
physics beyond direct LHC reach, via

LHC Reach
< >

Standard Model EFT New Physics

] EFT effects on cross '

. . . s section (tails) could be :

higher-dimensional SMEFT operators - observabl a the LHC !

e These SMEFT effects alter Higgs production and 5

decay rates ST

mass
E : (6) ~A(6) /A2
L =Lsu+ C; 0, ; /A
[
STXS measurements EFT model | Reparameterization PCAleigenvectors Output
Measured signal strength |— w0 = ©) ACTLra o Replace STXS POls Rotate correlated ciinto |_| Constraints on SMEFT
in STXS regions o LaO/Tg" by Wilson coefficients ci best-constrained Wilson coefficients
=1 *Z""‘*ZB"“"" in Warsaw basis combinations

L

e

| |
| | PCA
|

Sensitive 3

31
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Constraints on effective field theory models - CMS

e New physics may shift multiple Wilson coefficients CM3 ; e )
. . o Bestit = 68% CL (stat @ syst) W Linear (observed)
at once, causing large degeneracies and flat, SMerpected  — 95% CL (stat @ sys) Linear (expacied)
. . . Expected 95% CL (stat & syst) — oV Profie other EV, pey = 0.1
hard-to-fit likelihood surfaces ’ ’ mi=tenacey; Pbeohecki
. .o P . . . EV; x 1000 — ——
e PCA identifies the sensitive directions, enablinga ., 0
simultaneous fit to 17 linear combinations of WCs  evxioo ‘
EVyx 10 |an
CMS 138 1b" (13 TeV) EV, x 10 -
E:: EVs x 10 ————— ———=
EV, —
EV | m— EV; on |————ns
Z‘é:: EV;; -t S
EV. EVs i fe—
1 —
EV, — EVio SN—— |
EV . — EViyy ——C—
EV | n——
EV,, — EVi2 —— l—
3:‘_ EViax 0.1 -t
EV,:_ EVy4x 0.1 S |———
e 0.001 01 10 EVys x 0.1 - ———
1N EVye x 0.1 —— e
EHDY X WIXH GHD (LY (ARKAR) (LL(AR) o, B0 2S00 25 B0 I3 107 10° 10!
A 1/ )\ f h ) . h )\ CMS—H/G-27-O78 ‘ Paramel(‘ervalue ‘ . Probed scale A at 95% CL (TeV)
J TOr €ach eigenvector, where A e Constraints on the linear combinations of SMEFT WCs
is the corresponding eigenvalue. extracted with the PCA procedure.
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https://cds.cern.ch/record/2955243/files/2602.18611.pdf

Constraints on effective field theory models - ATLAS

e Fit performed at A = 1 TeV, both linear and ATLAS CERN-EP-2026-228
. . V5 =13 ToV, 126 ~ 140 1b~", my, = 125.08 GeV, |yu| < 25 SMEFT A« 1 TeV
linear+quadratic results produced . Il

. . 2 7 o6 :‘z‘zw

e Up to 55% tighter constraints than the Nature ~ ¢« b

o : . g “ B
combination; results consistent with the SM, E o
g ¢ 08 .::_
no significant deviations o .
ATS v s f b
13 TeV, 1 1 Lmy=1 WV, | =1TeV

- 10 _Hn o d " Yl MEFT A 0.32 %, g ::_‘:g:: Eg:;; E
%102 10 § E E
£ 3 g s
@ 101 | I Jats & =25 > 2= 5 £ f 1 —= " > = @ = =

R T4 ; : . i psii=81%

g iz i ; i Gl * BestFit
L ~eio i1 i et 344
:ﬁ e 95 9% GL ég : o
1" i
55 P Z o4 i

W E— . SEASE_UEE 759 9995 U9V ¥ ¥
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Extracting x, through NLO electroweak corrections

SM
\ Kx = AguH/ Agan

q - 1

68% CL interval

e Single-Higgs (indirect, via NLO EW corrections) combined )"‘”;:-_--- y
. - . . . - “u
with di-Higgs (direct) tightens the k, constraint vs. di-Hi~~~ e
alone A 4 o 2
H 9 ——————— ! U - Soeza?’
e Two scenarios: T i i
. : I ; y S
o  Only floating k, (others fixed) ! ' |l
ST 9900} —<—i—<— ;QQ0Q0) o
m  about 25% (20%) compared with di-Higgs ' CERN-EP-2026-228
only o B : . ; . . ——
.- - £ [ ATLAS — H 3 Gy 5
o  Generic: floating k, and k,, k, k,, K_ e e AR iy 5
. N - =125.09 GeV, 25 S am— =
m  about 1% and 5% after floating all k , i [ DesloniRiblinic H+HH Ky only
. . . . 61— wee H + HH K generic —|
showing the combination is robust to fewer - .
assumptions o /
E vA?ngsreV,‘ZGJM)Ib" -:H 1 42 Einiatatatunnd Uy | NSt Y O TN _-—:QS%CL
"~ mu=125.08 GeV, Iyl <25 W HelH ™ s : = R B 2
[ K free; all other  fixed to SM ] Fit Best fit 689 CL interval  95% CL interva 3= ]
|__ Expected ] = 7
s _|-—I"' ] Single-Higgs -0.9432 [~3.4, 3.0 [-5.3, 8.8] = 7
- Ill i = Di-Higes 15424 (01 59] [=13 72) 2 -
E I 'l E H+HH (others fixed)  1.3%3} [-0.3, 4.4] [-1.5, 6.5] o 7
F .‘_.,.l"" 1 H+HH (generic) 06723 [=0.9, 3.1] [—2.1, 5.9] Ll e e S N s it ity AL —{68% CL
= o = - =
sl R R U %2 @ o 2 4 8§ € 70
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Di-Higgs searches
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The Higgs potential and Di-Higgs searches

Nature Reviews Physics 3, 608-624 (2021)

* Potential shape and origin are experimentally very * > b biggs
loosely unconstrained : . petsud |
Local minimum established since 2012 Our Stable
Key predictions to consolidate our understanding of the ' e
EW symmetry breaking mechanism and the evolution of . ‘
the Universe e feld
]_ 9 9 3 1 4 V(H) V(‘NI
V(H) = =m%H? + \vH? + =\, H
H :
2 4
/' \ / oH
7z N /
s \ / — SRR odel Al a
’ Y% /,A :
_____ '.\\)\3 ,‘\ 4 what the SM What we ITlnovv.
N ’/ \\ predicts experimentally using
AN ’ N ATLAS Run 2 legacy limits

-~

4 N
accessible via HH production  accessible via HHH production @95%CL

* Measure HH to probe the potential shape by
_ A determining the strength of Higgs boson
A3 = A = Ainthe SM, k)= — self-couplings 36
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HH production at LHC

e Destructive interference between the box and the 02

Reviews in Physics (2020)

Phys.Lett. B732 (2014) 142-149

"
MadGraphs_aNCaHLO

triangle diagrams . Wi | — i fciofs 14 TOY G & 00T 000
e Cross section is suppressed (~10° times smaller o o1t ~. ] e e
than that of single Higgs cross section) g
e Deviations from SM can increase this cross section  °° T
§ —————— triangle
-0.1 .
’ interference
o S 31(34) tb @ 13 (13.6) TeV — sum
99 ; =02 300 400 500 600 700
H g AR00000029980 > AT H My [GeV] 4 3 2 r o 3 3 3 4
Mgy
A \
H G 0000000002000 < s H 9 90990008 7
(a) (b)
A
T 4 [ /__q 7 .
A\‘E/" \\\{; t\{,
L Ky Kz H vy H My Koy U H 9 20090090
v /‘LP Ky | i
v L v 4"'7."‘\.
o H V8- H ! H
,,Jr""/:\ -~ /,v//;_\\h\:l ' = o /r\"\\_\
[l ~4q 7 T q q
- - Oy~ 0.7 (0.9) fb @ 13 (13.6) TeV
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HH ATLAS+CMS Run 2 combination

Both ATLAS and CMS have a broad physics program to cover many decay mod: :-
bb

o Compromise between purity and BR

8§

zz

o WV channels mainly exploited through electron / muon decay channels ww  [25% | 46%

o require excellent performance from all physics objects

CERN-EP-2026-011 Submitted to Phys. Rev. Lett.

Clizaiiel Details Expected Observed
Hun K Kav Hun K Kav

bbbb [36,38] <8.1 [-5.3,12] [0.38,1.7] <54 [-34,11] [0.55, 1.5]
% bbtt [40] <33 [-2.6,92] [-0.24,24] <58 [-3.3,9.1] [-0.51,27]
< bbyy [42] <52 [-3.0,79] [-1.1,33] <4.1 [-1.6,7.0] [-0.48,2.7]
E bbt + ET™  [44] <14 [-11,17] [-0.50,2.7] <9.6 [-6.5,13] [-0.19, 2.4]

Multilepton ~ [51] <11 [-45,96] [-19,41] <17 [-64,612] [-2.5,4.7]

Combined [48] <24 [-1.7,72] [041,1.7] <29 [-13,72] [057,15]

bbbb [35,37] <43 [-4.6,12] [0.63,14] <70 [-5.0,12] [0.66, 1.4]

bbtt [39] <54 [-42,11] [-0.64,28] <35 [-19,89] [-0.32,25]
E bbyy [41] <57 [-3.5,8.8] [-0.94,3.1] <87 [-35,8.0] [-143.6]
U bbWW [43] <19 [-94,16] [-14,35] <15 [-6.1,13] [-1.0,3.1]

Multilepton ~ [50] <20 [-8.0,12] [-2.5,46] <22 [-538,10] [-3.4,5.6]

Combined [49] <2.6 [-2.2,80] [0.63,14] <35 [-14,6.6] [0.66,1.4]
ATLAS + CMS combined <17 [-1.3,6.7] [0.66,14] <25 [-0.71,6.1] [0.73,1.3]

T 7.3% 2.7%

0.39%

A large variety of analysis strategies:
o very complex analyses with multiple SR
targeting multiple production modes

simultaneously

Recent ATLAS+CMS combination

o  Covers most decay channels
Complementary constraints on k,, k,, and u,,,
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HH ATLAS+CMS Run 2 combination

(] Observed (expected) HH signal significance: 1.1 (1 3) (0) Py Statistical combination of Run 2 results:

o equalising signal predictions among

o +0.9 +0.7 +0.4 +0.3 .
A = 0.8757 = 0.87 ¢(stat.) "y (theory) "3 (exp.) experiments
o understanding correlated uncertainty
e Important improvements are on the way to reach an source
evidence with run 3 data o  reproducing results with each-others
o Largely dominated by statistics frameworks
ATLAS and CMS By < 5 PO -0.71 <k, < 6.1 @95%CL 0.73<k,,<1.3@95%CL
LHC Run 2 il ) 2V
Vs =13TeV [0 Expected +20 < § T T T T T T T < 8 | B T T T T T T
o + oV 328 1b ~+- Expocted (uf§i™ = 1) £ | ATLAS and CMS = ATEAS £ | ATLAS and CMS = RTEAS
R 255 o LE®  Ew 9 7ELHC Run2 —— OMS 4 q7FLHC Run2 macMy 9
(uBgim = 0) (ufim=" = 1) VE=13TeV — Gombined VE=13TeV ~—Combinad
7_—;——— ______ 81 All other « fixed to SM —0bs. 95% CL:[-0.71,6.4). B Al other K fixed to SM —TOmeINRC0L NS 1S
=== Exp.95% CL:[-1.3,6.7] === Exp.95% CL: [0.66,1.4]
CcMs|- i 35 26 36 B ik E sk E
}
P 4 g ar e
{ 5
ATLASH } 29 24 35 3k =) 3 g
.. i [ j
i H
Combined|~ !? 25 17 28 £ E
i 1+ g
il il. I e datlon o Hin R ndbon 0 ) |
1 2 3 4 5 6 7 8 9 10 11 12 o é ‘Ic 0.4 16 18
95% CL upper limit on HH signal strength L1y Koy




Run 3 opportunities and challenges

Opportunities: new data, upgraded detectors, more powerful Al-powered algorithms, Nature Communications 541 (2026)

Blet

new triggers
Challenges: harsher conditions, understanding detector performance, aging detectors,

bookkeeping CERN-EP-2026-101
(13 TeV, 13.6 TeV

5‘ :lllll"lllllll!ll'lllllllllllllll!"llll!'l'll_ :.
c 1.2+ ] @
s “L CM HH— 4 S R R = T T T ]
3P O Jre 80 ATLAS Preliminary 4%
S 1= S F Vs =13 TeV, pr €[85,110] GeV GN2 43500
a - —1 70 s (cdata B =
o I —— . (et = 74%) 1 2
Sosf e e - ' Nk « 60f 70008
= r R —0.8 == s ] -
. o — . = 50F 32500°C
- — -1 [e] B B o
®r - —~ Run2:2018 06 3 aof = 12000
L g . o 40F Reco Software Update T @
[ = Run 3: 2022 ] @ : . o
o e ——Run3:2023  1°* 3 30F Reference: DL1r da?aL_1;’5°/) i %
ool — . Signal distribution ] Y o0F DL (a7 | TR % 11000 5
B before trigger 02 E (£0%0 = 77%) 4 | ';56;,,4 -
- —— . —— 1 -
= R 3 10F asp x1.4x1.7 i x1.5 7500
300 400 500 600 700 800900 7000 1100 1200 ob BN . FEEN iR . . WP
Generator-level m,, (GeV) 2017 2018 2019 2020 2021 2022 2023

Signal efficiency: 18% — 45% Year of tagger deployment


https://www.nature.com/articles/s41467-025-65059-6
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-24-010/

Run 3 Al - powered: featuring HH—bbzr

ATLAS

SR Preselection

l Transformer MVA (one per channel)

CERN-EP-2026-227

Multiclass
Py PVBF- PB: PBsM

Binary
My > 350 GeV, main-stream
Prt. wir P, Hi

Top parentage

Aux

Aux

Higgs parentage

Lo = Lganictass + 10 Lginaey + 2 Lapxtop + 5 Lauy tiges

Categorisation score
Pk
Pegr + Py

SR VBF
2 pyp .

Sep vir =
SR VBF
Py + Py

Ssk 1o

SR Lo

2
=asm

Pasm + Py

-1

S.

SR Hi
2P, ws

SRH= T
Prni, wi + P wi

=1

thresholds in Run 3 improve signal acceptance

origin predictions per object

b-jets: state-of-the-art GN2 b-tagging (85% efficiency); Thad:
RNN-based 1-tagging with better electron-fake rejection and a
re-optimized MMC algorithm for mTT; trigger: new lower-pT

New transformer-based model combines event- and object-level
variables to output classification scores plus auxiliary top/Higgs

|
@,

s ;vt’—.\-\"' 2
\

New/expanded triggers: 21+1 jet, 4-jet parking (17+1
b-tag), and extensive VBF parking triggers, plus a

dedicated DNN for VBF jet selection
Improved signal extraction via a new DNN architecture

combining a Lorentz-Boosted Network (feature

extraction), a TT-mass regression network, and a
DenseNet classifier

¢

CMS

~
&
-~ -/
"/
M\ (M
. o)
-/ s
' r
idimeS) L
. L
M 2
8
W, concatenate |

ade<n
aftar T,

< A
>
\J dense | dense | | dense |
(] enAcT BN, ACT Softmax.
e multi-class
output
A 1 )
o7
cancalenate T::,i"’;c

(to appear)
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Recent Run 2 + partial Run 3 results

42



-2AIn(L)

HH — bbbb - CMS (£ = 138 + 62 fb)

NN multi-classifiers (various architectures)
separate ggF/VBF HH signal from
data-driven background, using jet and di-jet

4-vector inputs

SvsB discriminant bins are uniform in signal

Obs -4.1 < K, <9.6

1
. CMs

Ky =Ky =K =1

-~ Expected { 1.005 5

1381b" (13 TeV) + 62 fb” (13.6 TeV)
LA | T T T T 5

—— Observed {-0.6777% ) 3

-zAln(L)

Most stringent constraints on K., to date

Obs 0.77 < Ky, < 1.27

138 fb" (13 TeV) + 62 b (13.6 TeV)
T 7 L T T T ]

R

- Cms —— Observed (1.0250) 1
S i e -~ Expected (1.0075)
6 5
5F ]
4-_ g <384
3
2r
g <1
1
E \
G"l. TR 1| W0 1P| TP
0.6 0.8 1 12 14
Kaov

41.0 fb! (136 TeV)

4 Data
B Background
77] Bkg. Unc.
SM ggHH,po_ N-m
— SMagHHu_ =100

Data/Pred

K _.--oa---s004-0'4-t$¢4++-+-g

E §Postn ) Prefit
A

.

Data-Pred
Oal;
2.

Post-fit

losealy Loaaalosaadiaaelansaly Lesaal "
01 02 03 04 05 06 07 08 09 1
SvsB DNN score

Best sensitivity achieved in the
HH — 4b final state to date

138 fb" (13 TeV) + 62 fb™ (13.6 TeV.
CMS

— SM — Observed
- Expected

+io
+20

Run 2
Obs. 7.5
Exp. 3.8

Run 3

Obs. 4.4
Exp. 4.4

Combination
Obs. 4.7
Exp. 2.8

il

i 10
95% CL upper limit on M

Statistical combination of Run 2 and Run 3 performed with:
e Resolved and boosted topologies with Run 3 data

e Re-analysis of Run 2 resolved topology

e Run 2 boosted analysis
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HH — bbyy - ATLAS (£

HHH

=140 + 168 fb™)

significance 0.87 (1.1) 0 — a

factor ~2 improvement over Run

2 (from more data, b-tagging,

BDT categories, kinematic fit),

limited by statistics, signal

modeling, and photon energy

scale

HH - bbyy, Koy =1 Observed
68% CL: k), € [-0.3,5.1]
95% CL: k), € [1.6,6.6]
Expected

68% CL: Ky € [-0.6,5.4]) !
95% CL: k) € [-1.8,6.9] /

foe) .

Ka

I\' HH - bbyy, k=1
\

Di-photon trigger  Phys. Lett. B 876 (2026) 140280 & 45:_ATLAS ¢ Data 3 ATLAS e i
1 <m <1 V - 4; Vs=13/13.6TeV, 140 /168 1b" """ Cont. background 3 V3 =13/136TeV, 140/ 168 ! ooy e

D i e ] [ =
>2 b-jets @85% ID efficiency & ‘3 log(1+S,,,/B) weighted sum HG_OQM ground 3 o, St lani= )

. — . . Z b e - o Ex
Kinematic fit to improve m, (constrained by m ) s ** E s 28
Two BDT in low and high m*__ , regions B 15f 3z H“ il

. . . 1 E|
o  Trained with a mixture of SM and BSM o5t 5 L - f un - H ss 98 o0
= | “I ‘ ‘ ) : ] + v
samples 0910120 730 140 150 160 Comtined- l e
. . . m,, [GeV]
Fit m,, in 14 BDT categories T T 77
= 091 = 0.9%1-2 (stat.) +0.5 (syst.) Obs16<x<6é Obs - 0.5 <y <26
’ < 12 ™ = | L | < 12prrrpr 'I"'l‘ R REREN
Observed (expected) & ATLAS Expected § | ATLAS —- Expected |
" 1ol vs=13/136Tev, 140/ 168 fo-! — Obsarved U 10f v8-13/136TeV, 140/ 168 fb- — Obseved ]

Observed

68% CL: Kav € [0.1,2.1]
95% CL: Koy € [-0.5,2.6]
Expected

68% CL: Kav € [0.1,2.1]
95% CL: Kay € [-0.4,2.6]



https://www.sciencedirect.com/science/article/pii/S0370269326001346?via=ihub

‘ATLAjS ' l GI- \3“13?srev‘ |:sovseml‘
HH - bb 't
=Total =Stat. (Tot.) ( Stat., Syst. )
_ - rleprnEdRunS-j—,o—ﬂ e B
HH_)bbﬂ - ATI_AS (£ - 140+56 fb 1) TapThag RUN 21 H—e——tt 2658 0%
TagThag RUN 3 H—————it 2088 (B2, 4Ty
ThadThag RUN 2 —o— 23497 (3. 5y
e 71 T . +71_7T . same overall strategy as Run 2 legacy, but with the BDT =™ A I i PV T P
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e Measurement statistically dominate ppy = 26710 =26"5 1 (stat) 7] fyst.)
e leading systematics: ggF HH and H modelling/ttbar-tW interference moaenmy
e observed (expected) significance 2.6 (1.2) 0 — a ~60% sensitivity gain over Run
2 legacy, with ~1.650 above the SM expectation
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HH—bbwe - ATLAS (£
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Expected p,, upper limit (2.4) is
now equivalent to the full ATLAS
Run 2 combination
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Events

Data/Pred.

First evidence of ZH—bbTT

Auxiliary ZH/ZZ—bbT1t measurements - ATLAS (£ =140+56 tb™")

e /H/ZZ — bb1t used as standard candles to validate HH analysis CERN-EP-2026-227
Result obtained by changing the output score to target ZH/ZZ instead of HH,
using the same analysis chain, in the m > 350 GeV regions
ignifi :1.8(2.7
Obs (exp) significance: 1.8 (2.7) 0 21 = 1527052 = 1 52 4 0.40 (stat.)*23 (syst.
L M 0.48 0.28 8Y
e Obs (exp) significance: 3.5 (2.4) o ey o
i ' — pzz = 0.647 3¢ = 0.64 + 0.28 (stat.) "y 5e (syst.)
Results are compatible with SM (u=1) at ~10 -0.36 0.28
o ATLas | o T fobame  ©  mk ] YHames ol TN g T
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£ - " o -g:::.:,, % loarg adaa o =:)vtlhrs 1045"“"'\-0--\.... -m:,, ?-
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= - . T e §" s
15:?- R 4 + T T g gty 4 * * i : 1ﬂ,..,,-..f#++**f: %nr:g . Y + ;
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HH—bbte - CMS (Run 3£ =110 fb™)

e Triggering primarily on leptons

e Background modelling mostly with MC + data-driven
estimation of other objects faking taus

e Categorisation based on H—rrand H — bb topologies

e Signal extraction using 2 dedicated DNNs: ggF and VBF

u= 11713 4 < 4.0(3.0)

Obs. (exp.) significance: 0.7 (0.8) o
Obs. (exp.) K, : [-2.5,9.5] ([-1.5,8.3])

110 o™ (13.6 TeV)
CMS Proliminary + Data ~——ggF HH — bbTT (SM) x 2.58 EEDrell-Yan #Single H 8 Fakes

Events

CMS Preliminary bb v, 310 fb™' (13, 13.6 TeV)
e R e R R AR 2

Uncertainty ——VBF HH = bbtt (SM) x 2.56 =t 5 Others T
K, =% =1 —— Observed ----- Median expected (1=0)

2024 -

HIG-25-008

F ; Resolved 1b1j Resolvog 2b Ky=kp=1 Median expected (u=1)
H £ (to appear) 8 68% expected
§ ----- 95% expected

13 TeV

Expected (1=0): 5.3
Expected (1=1): 6.2
Observed: 3.5

- 13.6 TeV
Expected (u=0): 3.9
4 j_JL Expected (u=1): 4.6
Observed: 6.6

Combined
Expected (u=0): 3.0
Expected (u=1): 3.9
Observed: 4.0

N

Data/Exp. 3

-

5 10 1'5 20 25 ab 35 40 45 50 55 60 6.5 70 75 80
DNN score

3w’

POl (AR | PN F ST PR Y
6 8 10 12 14
95% CL limit on o(pp — HH) / aThew

20% improvement due to Run2 lumi scaling

48



ttHH - ATLAS (£ =140+56 fb™)

1L: single lepton (e/p) + =5 b-quarks, targeting W—{v and HH—bbbb decays SSML: Regions based on
SSML: 22 b-quarks + same-sign dilepton pair (or >2 leptons), selecting events with number of leptons and
>1 leptonic W decay plus additional leptons from H—11/WW*/Z7* decays (b)jets
bbyy: 22 b-quarks + 2 photons, targeting HH—bbbyy decays Fit transformer output
bbbyy: Regions based on gzsu5 ATLAS S o
. ; | VS=13TeV, 140107 o iz -1 Vit =5
1L: Regions based on BDT cuts |y . e S
| b-tag score Fit m 0 -
Fit transformer output - ‘ o
2 : om = Bn 8 | ATLAS P
Szof AILAS a - S ] 108 /5 =13/136TeV, 140/56 151 OOt backaround 4
st Vs = |3.6TeV.»56fb - R : :::::;:r:z;oﬂj Wy tiHH bbyy, postfit -~ Total background
; 6!:;.: 1L, Post-fit Erad oy Pt | _E SR1 ~— Signal + Background
: 2
w6
4
2

8 0.5
ff 00 } { { I I {‘ T T T T 150 160 CERN-EP-2026-045
sl s M. S | 4 myy [GeV]
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ttHH - ATLAS (£ =140+56 fb™)

., < 20 driven by the 12 channel (HH—bbbb)
e Limited by statistics and multi-top modeling

—e— Observed limit
Expected limit
Expected limit 20

ATLAS
VS =13/136TeV, 140/56 fb~!

ttHH 1L + SSML + bbyy Expected limit +10
Exp.
Qbs, (et = 0)
T B
bbyyf : 75 79
I3
E '
SSML} E i 3
I 1
1
1L} § 25 29
Combined + 20 21
10" T o
95% CL upper limit on Hyiny
- = 3t 11
HttHH = —3_15

ot
= o

g 20000000
‘{ . H

=

t m
g 90000009

—~—__

constraints on c,,, extracted using the same
phase space, multivariate discriminant, and
analysis regions as the rest of the analysis

interpreted within HEFT (ttHH vertex absent in ~ i
the SM, present at LO in HEFT): excludes CERN-EP-2026-045
quartic coupling outside -3.9 < ¢ < 3.3
< 10— : , :
5 ATLAS —— Combined
I _| VS =13/13.6 TeV, 140/56 fb~ s L
(HH 1L + SSML SSML
Observed
6 Combined:
95%: Ceepir € [-3.9, 3.3]
68%: Ctenr € [-2.5, 2.0] -
4+ ! 95% CL
2
68% Cl
0—5 4 3 0 2 4 6 50
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ttHH (HH — bbbb) - CMS (Run 2 £ = 138 fb™)

e Select events with 1 isolated lepton and =5 jets (=4 b-tagged); topological reconstruction via a dedicated BDT

(JABDT)
DNN classifier discriminates background across 9 categories: ttHH, tt (subdivided into 4), ttH, ttZ, ttZZ & ttZH

e Signal extracted via a simultaneous binned profile-likelihood fit
e  Obs (exp) 95% CL upper limit: 49 (55) x 0SM, using 138 fb™ HIG-24-016 (to appear)
e Interpreted within HEFT: excludes quartic coupling outside 6.6 <c_ < 6.4

CMS Preliminary 138107 (13 TeV)
CMS Prelimi ' 138 (13 Te ‘ i e
relim, (13 T P2 T ]
L 18315 _U3TeV). Iujots, jots 2 5, blags 2 4 " 0. U bacch

tHH nods , postfitssb  —= (i1 (neg. everts) » 110.6 W i
-z L L]

8

zH

2 A log(L)
Events / bin

B Expected <10

2016

2017

2018

5| L L
0.0 0.2 04 0.6 08 1.0

ttHH score
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HL-LHC projections
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HH sensitivities

e Improved analysis techniques (independent Combined significance above 70

of detector upgrades) already yield a much
stronger projection than the previous
European Strategy estimate

=
N

ATLAS + CMS Projections ESPPU 2026
Vs =14TeV, 3 ab~! per experiment
SM HH production (k3 = 1)

=
(=}

e Continued optimization through the LHC run 81 mem bbbb 1
and HL-LHC phase is expected to push the k, oy
6F EEm bbTT

B Combined

uncertainty well below 30%

HH statistical significance

2ab~ (52) 3ab~" (52) 3ab ($3)

ATLAS CMS | ATLAS cMs ATLAS cMS

= 7 siaistieal significance vl
bor 3.0 19 | as 24 38" 27
blryy 21! 20' 24! 24 26' 26
bbbb resolved 09 10' 10 12! L0 1.3'
bbbh boosted - 1.8t = 22* - 22
Multilepton 0s' - 10 - 10' -
bbet e 04 - 05! - 0s' -
Combination 37 35 | 43 4.2 i 4.5 45 0
ATLAS+CMS 6.0 72 7.6 026

2 6% confidence imierval ESPPU 20200 7 ESPPU 2

b 03 187 01,80 | (0417 (02,22 | [05, 1.6 [0.3, 2.0) N'2 19'0
bbyy 03, 20' 223 | o418 (03 20" | 05 17" [0.4. 19]) (CER
bbbbresolved  [-0.7, 6.3]  [-06, 7.6]' | [-0.5, 6.1] [-0.3, 7.3]' | [-0.5, 6.1] [-0.3, 7.2]'
bbb boosted = [-06, 85]' = [~0.4, 8.2]" - [-0.4, 8.2]' - - - -
Multilepton |02, 4.9)' - =01, 4.7 - [—0.1, 4.7) = ATL P HYS PU B 2025 O 1 8
bbet e [-2.4, 9.3)! - -2.2 92" - [~2.1, 9.1] -
Conbinati [06, 15 04,17 | [06, 1.5  [0.5, 16 | [0.6, 1.4]  [0.6, 1.5] C M S— H IG —25—002
ATLAS,*CMS —32% [ +37% —27% [ +31% —26% / +29%

"1 used in the ATLAS+CMS combination
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HH sensitivities

e k3 likelihood scan, S3, 3 ab™": combined ATLAS+CMS scan yields a 68% CL interval of k3 € [0.74, 1.29], consistent
with a single, well-defined minimum around k3=1

e k2Vscan, S2vs. S3, 3 ab™": based on the boosted VBF HH—bbbb search, comparing the two systematic scenarios
— S2 gives k2V € [0.87, 1.16] while S3 gives [0.90, 1.13], a modest but real gain from the same 5% b-tagging/th

efficiency improvements assumed in S3 ATL-PHYS-PUB-2025-018 CMS-HIG-25-002

a ) N - T g g 5 200 — . . : . —
§‘ ATLAS + CMS projections ESPPU 2026 - | ATLAS +CMS Projections ESPPU 2026 |
< 20} V§=14TeV, S3, 3 ab™! per experiment 9175 | VS=14TeV, 3ab~! per experiment /

~ All other couplings fixed to SM - \ Boosted VBF HH - bbbb //

! 68% CL k3 €[0.74, 1.29] | 15.0 "‘\ All other couplings fixed to SM / 1

\\ ’/’
= 12.57 | —— 52,68%CLky€[0.87,1.16] | 1

—— Combination

— bbT*T-

—— bbyy

—— bbbb
Multilepton

\ —— 53,68% CL kv €[0.90,1.13]

10r
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https://arxiv.org/pdf/2504.00672

The potential shape

SM BEH potential and the expected k,
precision band are compared against four
alternative EWSB potentials that could still allow
a strong first-order phase transition (FOPT) in the

early Universe

Arrows on each curve mark the direction of
shape variation required for a strong FOPT, with
parameter values as given in the legend

Red band: model-independent, k3-only
constraint from ATLAS/CMS HH projections, valid

near the minimum;

Blue band: same constraint reinterpreted in
SMEFT 6, extending validity across a much wider

potential range

ATL-PHYS-PUB-2025-018

CMS-HIG-25-002

Vig)

V(¢) — Vsm(9)

12

ATLAS +CMS
1.07 Projections ESPPU 2026

0.8f — SM
~== SMEFT 6, kI'" = 1.66
----- SMEFT 8, kI = 1.69

k=54

Exp. Potential, k3" =1.99

V5 =14TeV, $3, 3 ab~?! per experiment

SMEFT 6

10 Uncertainty —

k; €[0.74 - 1.29]
HH-driven

—-- Log. Potential, kJ"" =1.57 pow 1o Uncertainty
k3 €1074-129] 7
7

0.2+ SMEFT 6

HH-driven //
20 Uncertainty 20 Uncertainty Py
SMEFT 6 ____ HH-driven
0.1r 1o Uncertainty % 10 Uncertainty
0.0 resm——
-0.1 4
<
0.6 0.8 1.0 1.2 14 1.6
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Concluding remarks

ATLAS and CMS are exploiting the LHC's full potential in Higgs physics: mass at
0.1%, width at 40%, off-shell production confirmed, couplings at 5-10% precision,
with first evidence emerging for rare production/decay modes

ML and improved reconstruction are transforming analysis sensitivity — reshaping
expectations for the Higgs self-coupling in Run 3 and making charm-Yukawa evidence
at HL-LHC increasingly realistic

~450 fb™ of Run 2+3 data still to analyze, with HL-LHC ahead — exciting chapters of
Higgs physics still to come

Highlight: detailed Higgs boson characterization and the most sensitive HH search to
date (HH—bbTT)

Thanks for your attention!
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Higgs boson production per decay channel

e Measurements of o,x B, (floating production cross sections times BR)
e  Combining or separating production modes:
o Driven by experimental sensitivity and ability to distinguish different process in a
given decay channel
e Up to 70% improvement in total uncertainties (for WH/ZH WW)
e  Good agreement between the measurements and SM predictions p.,, = 53%

ATLAS
5=13TeV, 126-140 "', m,, =125.09 GeV, |yN§ <25, Py= 53% FedData (Total Unc) Sys!v Une. | SM prediction
0 5 0 § 5 0 5 1 2 3 10 0 10 20 10 0 10 10 4 10 0 1 2 3 1 2 3 0 10 20

CERN-EP-2026-228

tH 5187550 | WM | 24900 il 187 [ 1102l | HEEH | sest) |[HEH Eﬁﬁzs:&;k
e
ttH |HEH Pt onscd HH HEH | 04503 | HEEH [oc0il @ o823 | = 05655

ggF+bbH |1.043% 108511 L ﬂ 093754 ns;;;; 030 1 09551
20302
VBF [1030h 12782 BB 12e33|0ssll 1047500 _ —E=— soe=
e

2.26'}3
WH o= p@{ 149705 rarii|  HEH | ossiiresil  HEEH $nua —— ’-%—(
i
ZH |ousy - ozl s | HEEH e ¢ 06873 07155
Incl. |00 10355 I | 098730 | 10785 F 09450 087212 }-F-h 2205 S84 13075
06 08 1 12 0 { 32 3 2 3 0 1 2 0 1 2 05 1 1§ 0 1 2 3 1 2 3 0o 10 20
Incl. 144 zz ww* 24 bb oy Zy ce

¢ x B normalized to SM prediction
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Resolved k coupling with B. =B

e Loop-induced couplings (ICg, K, chY) are resolved assuming
no BSM decay (on-shell)

o POls: Ko Kz Ky Ky KK (ICC)
e Twomodels: k_=k, and floatlng K.

o Uncertainties of k. . at 5%-10% level
Uncertainties of k, at 10%-15% level
Upper limit on k_of 4.1xSM at 95% CL
Up to 45% improvement compared to Nature
combination

o SM compa’clbllltypswI = 69% and 77%

o O O

A YLAS

B Ths anatyes ATLAS | T i seania (=13 TaV, 126 - 1401’
15« 13TV, 126 . 140 ' Niturw 807 52 (222) x, ee Noatng
Nare 607 52 (2022)  x, = .
<. -
. :
| ey F
Sw F y ===
L= . —
«. [ . =
! I
« " ; :
° 005 [X] 015 or (X a [ 0
N e § =il | . RESSINRSSIIRAGS]
! «
¢ o% Uy 08 &z 0® a3 o% ¢ T 5 i & 5
Expected uncertainty Expecled uncertainty

Ay
vvev

Mg =
|K'F|ve—v- or yx

1072

ATLAS

Vs=13TeV, 126-140fb™
my,=125.09 GeV, ly, | <2.5
I K=K,

¥ «.is afree parameter
SM prediction

T lII|IIII T llllllll
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74

4

P

W ]

7 3

// -

b// i
Leptons Quarks

g/ .
m/n sl Lol L L

-ﬂ [
L ] - I

Force carriers Higgs boson

Lo | I

11 II|IIII

] IHIIIl

_uul YT T T T lllv”] T

IR

| ool I

¥

Ll sl

T TS A |

10 10°
Particle mass [GeV]

59



mb (mH)

Quark masses are "running constants” in QCD due

to renormalization;
o PDG world average m_b(m_b) = 4.18
(+0.03/-0.02) GeV,
o LEP/SLD average m_b(m_2Z) = 2.82 + 0.28
GeV
Measurable at the LHC via H—bbb coupling:
assuming SM Yukawa, the decay rate scales
quadratically with m_b
First m_b(m_H) result (ATLAS+CMS, PRL):
m_b(m_H) = 2.60 (+0.36/-0.31) GeV — 10
compatible with the SM running prediction, and
differs from a no-running scenario by 70

IFIC-UV/CSIC, PSI, U. Tohoku, U. Vienna (2021)
T

| R ] T T T | J )L | ]
E mp(mp) = 4187305 GeV E
SE [my(myz) = 2.82 £ 0.28 GeV|/ T \T[ g
r (Average) j
:._ }In[,(mu) — 2601-8%? GCV] j
- my(m): x PDG world avg. B RG evolution Dwu. j
3 my(m,): © DELPHI  CSLD 4 ALEPH ® OPAL E
E m(m): o ATLAS'20 1 CMS'19 ¥ average (this work) -

| #0s 5 | l 1 1 1 1 11 11 l

10 107

Q [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.122001

NLO EWK corrections on single Higgs

The measured production cross-section and

a(x)lasu BR(x;)/ BRgy,
branching fractions (BR) can be parametrized asa &I Thm —& S
. Vs . —— H- Z
function of x4 S = i e -
é 10’ ggHH p @ >
o qaHH

* C1is the process and kinematic- dependent
coefficients which encodes the magnitude of the
kA-dependent corrections (linear correction)

100 E
e ZH BSM is the wave function renormalization ok 1
(universal correction) | ‘( ‘
e KEW factors represents the full set of NLO EW
corrections
; BSM 2 _ f
. BSM _ e s (xa - 1)EY s () = BR} ) ke + (k= 1)C
i s Rj) — : .4 SM i’
Kew BR;™ ¥;BRM [Kf + (k1 — l)Cf]




HH — bbyy - ATLAS

Fraction of events / 0.025

Source of systematic uncertainty

Relative impact [%0]

Up Down

Experimental

Photon energy scale +22 -34

Photon energy resolution +14 =7.5

Photon efficiency +13 -2.5

Jet +10 -6.9

Luminosity +6.7 -1.2
Theory

QCD scale + mop, PDF+ag +35 -5.2

B(H — yy, bb) +10 -2.1

Parton showering model +15

Heavy-flavour content +30
Background model

Spurious signal +7.2

*
= - - +
M g ™ My My~ M
> u,zs.zdl. A L e
g | ATLAS Simulation ]
& oof is = 13 TeV 3
fr HH->bbyy ggF 3
= N —x,=-6 d
g 0.15 - K-,-= 0 —-B
g J_i —_— =1 1
-% 0.1 x,=2 =
E :J_‘_‘—'—T — —X,= 10 3 5
0.05 _J”j]l: | H—\_\_\_&_ g
= T A e -
50 300 350 400 450 500 \550 600 650 700 750
M, [Gev
Low-mass BDT High-mass BDT
T P R R | b T R AT G
ATLAS — HHEAY S ATLAS — HH S
101 vs=13:186Tel, 0 tee ! T D 3 g 10 F-nimmeTeciwican ! e -
E HH - by pra-salection [(Ratlt g F HH vbBwpr&selecﬁon by + s 1
Low-mass ragion + Camodcbance ® E- High-mass.segion 4 Duasccbords |
L E E = =
s 1 B Lo ]
o | & F j_r
ol ,FT}:: 101, i
.‘.... ,.(—-r_rll I ii: F &< - - ‘ 7r~ i I i
Yeby 4, e il 3 R T
102_;1"}: T W '.m'.n? S IS o 3 A oS i
E b ¥ 102 3 4 + 4 t] I—-
By ey gy N U O Ho | i +!+ ¢ |. i#l_,.
0 0.2 0.4 06 0.8 1 - 0.2 04 06 = 08 c
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HH—bbwr - ATLAS (140+56 fb

Variable Deseription
Global event-level features: both channels
Mg Invariant mass of the reconstructed HH system using the di-r four-momentum after the MMC algorithm
npy Invariant mass of the b-jet pair
ARbp AR between the two b-jets
mjy Invariant mass of the two leading VBF jets
AR;; AR between the two leading VBF jets

JIVBF jy * TIVBF i

Product of pseudorapidities of the two leading VBF jets

Global event-level features: TragThag only

SRLo o F cre

STT, DTT, DBT i SR Hi
all events
th Rs
SR vpp ] Other CRs
SLT
T Tiuabb 57 bb Y bb e*uThb
1 1
1 1
Thadhad SRS TiepThad SRS TiepThaa—T CR Z + HE CR tt-ep CR . W CR

ARy AR between the two 7y,¢ candidates
Global event-level features: TegThag only
AR(Tyyq. () AR b the 7y,y candidate and the el or muon
Pruan Transverse momentum of the reconstructed HH system
nuu P: pidity of the 4 HH system
Ep= Missing transverse energy
AR(by, Theg) AR between the leading b-jet and the 7y, candidate
AR(by, Tiga) AR between the subleading b-jet and the 1, candidate
mpye min(x, v}, where x = max(my, 7. Mp, ¢) and y = max(my, ¢.mp, o)
m‘,'i; Invariant mass of the visible di-r system
p.‘l'.ifr ~ Transverse momentum of the visible di-r system
T Topness , with oy = oy = 5 GeV
Hy Scalar sum of transverse momenta of all reconstructed objects
Anlbb,rr) An between the b-jet pair and the MMC di-r systems
A¢(rr, ET'™) Ag berween 51 and the MMC di-r system
AR(by, €) AR hetween the subleading b-jet and the lepton
7 (Tads 17.';‘"“) Transverse mass of the n,,y candidate and ﬁ!l'."'“ system
Object-level features ( per-object inputs to the transformer network)

n Pscudorapidity: set to 0 for g™
¢ Azimuthal angle
n Mass: set 1o () for ,7’.;““. leprons, and 1y, candidates
Pr Tran,wcr.vc momentum

GN2 pseudo-continuous b-tagging score (bins: [00%—90%—85%—77%—T0%—65%)
PCBT i : g

set 1o -2 for non-jet objects and ~ 1 for forward jets
isTau Booleun flag: object is & 1i,g candidate
islet Boolean flag: object is a non-b-tagged jet
isBjet Boolean flag: object is a b-tagged jet
iSMET Boolean flag: object is f5=
isSMMC Boolean flag: object is the MMC di-7 system
isLepton Boolean flag: object is a lepton (only in ney Ty channel)

my, < 150 GeV > 150 GeV mye < 250 GeV my, > 250 GeV

. 11 reweighing (derived in the I7 - eu CR)

Scale factors per jet — fake-7i, (derived in the 7.7~ (7 CR)

i TiepThag SR ThadThad SR

17 with true-j,,4 (

elp — lepton-fake-7;,,y

(17, IW)

Jet — fake-1;,,4
(1, tW, W+jets)

Multijet Data-drive

Other Simulation without anal

ific prefit corrections

—_
—
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HH—bbwr - ATLAS (140+56 fb™)

Source of uncertainty Bhierss Source of uncertainty Tuzn  Tuzz
Total 1.20 Total 0.50 037
Statistical 0.91 Statistical 039  0.28
Systematic 0.76 Systematic 030 024
Experimental uncertainties 0.20 Experimental uncertainties 0.14  0.12
Electron and muon 0.01 Electron and muon 0.02 0.02
Thad 0.13 Thad 0.05 0.03
E_r[piss 0.03 E.'r""‘“ 0.02 0.02
Jet 0.14 Jet 0.13 0.10
Flavour tagging 0.04 Flavour tagging 0.02 002
Pile-up 0.01 Pile-up 0.01 0.0l
Luminosity 0.03 Luminosity 0.01  0.01
Modelling uncertainties 071 Modelling uncertainties 026 021
Background template statistical 021 Background template statistical ~ 0.10  0.09
HH 0.54 HH 0.01  <0.01
ZH 0.02 ZH 0.09 <0.01
zzZ <0.01 Zz <0.01  0.04
Other SM Higgs 0.25 Other SM Higgs 0.11  <0.01
Z+jets 0.07 Z+jets 0.14  0.17
w 0.21 W 0.06 003
Top 0.12 Top 0.07  0.05
jet — Thaa fakes 0.07 jet = Ty, fakes 0.03  0.03

Others 0.01 Others <0.01  0.04




S2: assumes b-jet and Th identification
efficiencies unchanged from Run 2

S3: assumes a 5% improvement in both b-jet
identification efficiency (at fixed light-flavour
rejection) and Th identification efficiency (at
fixed efficiency on hadrons)

Both scenarios share reduced systematic
uncertainties vs. Run 2: statistical-origin
systematics shrink toward "floor" values with
luminosity, theory uncertainties are halved,
MC statistical uncertainties are treated as
negligible (thanks to ML-based large-sample
generation), and data-driven background
uncertainties scale down with \/(luminosity
increase)

HL-LHC uncertainty source scenarios

Table 3: Reduction of the systematic uncertainties common to several input channels

Uncertainty

Luminosity

bjet tagging efficiency

cjet tagging efficiency

Light-jet tagging efficiency

Jet energy scale and resolution
Photon efficiency

Photon energy scale and resolution

Ty, efficiency (statistical components)
Ty, efficiency (systematic components)

Ty, energy scale
7, misidentification efficiency

Reduction with respect to Run 2

Statistical uncertainties of Montecarlo samples

Theoretical uncertainties

Uncertainty source

Not considered

Not considered

Uncertainty scale factor
No systematic
uncertainties

Run 2 systematic
uncertainties

Baseline

Background modelling uncertainties

MC statistical uncertainties

Photon identification and isolation

Flavour tagging of b, c jets

Other experimental systematic uncertainties
Theoretical uncertainties

1.0
1.0
1.0
1.0
1.0
1.0

0.0
0.0
0.8
0.5
1.0
0.5

0.0
0.0
0.0
0.0
0.0
0.0
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