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Introduction

From Discovery to Today

* We have been studying the Higgs
boson since its discovery at the
Large Hadron Collider (LHC) in 2012.

e Lots of progress in characterizing it...
but there’s still more to learn.

\\
A detailed map :,T
ATLAS experim
The ATLAS Co\\abora\'\on

This talk:

* New results for Moriond from
the ATLAS and CMS
experiments, covering
measurements of Higgs boson
cross-sections.
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Cross-Section Measurements at the LHC

The measurements discussed today cover a selection of the main production modes at the LHC:

q W/z t/b
----- H
t/b
Gluon fusion (ggF) Vector boson Vector boson Top- and bottom-associated
(87%) fusion (VBF) (7%) associated production, single-top production
production (VH) (2%)

(4%)
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Cross-Section Measurements at the LHC

The measurements discussed today cover a selection of the main production modes at the LHC:

Today
4
H
Gluon fusion (ggF) Vector boson Vector boson
(87%) fusion (VBF) (7%) associated
‘\ production (VH)
Probes H . (4%)
coupling to heavy Probe H coupling to
quarks and gluons vector bosons
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Cross-Section Measurements at the LHC

So far: all consistent with the Standard Model (SM):

eg. CMS [Nature, 2022]:

t/b/c
7°%
t/b/c

CMS 138 fb~' (13 TeV)
® Observed [] #1s.d. (stat)
w— +15.d. (stat ® syst) +1 s.d. (syst)
—— 12 s.d. (stat @ syst)
B : Stat Syst
# 0874 om 4G
—@-:— 0.80:12 ‘955 033
—E— 144928 w02 218
— 12992 100 0%
—S— 0.94'920 015 013
: — 805%% GE 1%
NP P PR I PR
0 0.5 1.0 15 2.0 25 3.0 3.5 40 45
Parameter value

. But the analyses covered today try to go further
in some way:

v Covering the boosted (high-p?) phase space

Stage 1.2 = VBF4+V(—qq)H
v’ Investigating granular ===
kinematic regions via [03501 M
Simplified Template L "’ S
Cross-Sections (STXS) i .

v Probing for physics beyond our current direct
energy reach using Effective Field Theory (EFT)
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https://www.nature.com/articles/s41586-022-04892-x

Recent Cross-Section Measurements

The results presented here join many xsec measurements released in the past year:

ATLASVH H — bb/cc [HIGG-2020-020] CMS boosted ggF and VBF H = bb [HIG-21-020]
ATLAS H — 17 [HIGG-2022-07] CMS boosted H — 7t [HIG-21-017]
ATLAS ttH H = bb [HIGG-2020-24] CMS diff xsec combo [HIG-23-013]

Dec.\ ~ Jan.\
20241 CMS ttH H - WW /tt [HIG-23-015]  20251™CMS H — ZZ fid and diff xsec [HIG-24-013]

CMS ttH and tH H — bb [HIG-19-011]

Run 2 (13 TeV)
Run 3 (13.6 TeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-24/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-011/index.html
)%20https:/cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-020/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-24-013/index.html

New Results for Moriond



Boosted H — bb

e H — bb: largest branching ratio, allows probing extreme

regions of phase space.

o eg. high-p¥ regime: BSM physics effects may be

enhanced

 bb decays mainly reconstructed as single large-R jet:

"~ collimated bb pair 2 merge into
one large-R jet (CMS: R=0.8).

* Previous Run 2 measurements studying boosted regime with H = bb decays: CMS ggF + VBF H —
bb, CMS V(lep) H = bb, ATLAS V(lep)H H = bb/cc, ATLAS V(aq) H = bb, ATLAS incl. H = bb.

New for Moriond: CMS Run 2 boosted V (qq)H (= bb).
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-020/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-020/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-08/

Boosted V(C]C]) H (bb) CMIS-PAS-HIG-24-017 (link not public yet)

Strategy:

* Use ParticleNet-MD: mass-decorrelated, GNN-
based tagger for 2-prong hadronic decays.

e V - qq and H = bb candidates identified with
ParticleNet-MD discriminants

e Events classified by V-candidate mass and
ParticleNet-MD Xbb discriminant score.

p(X — bb)
p(X — bb) + p(QCD)’

~—__ Defines ParticleNet-MD

Xbb pass/fail regions

Backgrounds:

e Data-driven estimate of QCD bkg, using events that fail ParticleNet-MD Xbb tagger requirement.

* Top quark bkg modelled with MC; normalization set in Top CR

 We-enriched CR to calibrate ParticleNet-MD efficiency and derive jet mass scale and resolution
scale factors.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-017

Boosted V(gqg)H(bb)

CMS-PAS-HIG-24-017 (link not public yet)

Jet mass after soft-drop grooming
(reduces underlying event and pileup
contamination)

Results:

* Fit to mgp distribution performed across
CRs and SRs (including IV-mass sidebands)

» Signal strengths and significances
measured for V(qq)H (bb) and
V(qq)Z(bb) processes:

Hyg = 0-72i8:;§»

Hyz = 0.09f8j2§,

Zo = 1.00(1.64)0 obs(exp)
Zy = 0.15(1.76)0 obs(exp)

—
o
o

Events / 7GeV
8 3

100

80}

Data - Bkg

ParticleNet-MD Xbb Pass region,
with other jet in V-mass window.

60}

CMS Preliminary 138 o' (13 TeV)
B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 ]
[ pNetPaSs + Data V(qq)V(aq)
- Xbb QCD = Z(bb)V(qq) -
68 GeV < mSt2 < 110 Gev M W -qg Top g
- W= Z-qq BE VH ]
— B Z-bb --- VH ]
H(other)

[

et

100

120

140 160 180
Jet 1 mgp [GeV]
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-017

soF, VBFandVHH - WIW*

 H - WW?¥:second-largest branching boson: asymmetric
ratio, clean WW™ — £v£€v decay mode lepton pr cuts.

o Probes Higgs boson coupling to vector
bosons.

Spin correlations:
One offshell W 79 leptons and MET (&,

/ back-to-back. \/‘

\»W'q— H —w*

Leptons for triggering and /

to reduce backgrounds. — {7

New for Moriond: ATLAS 13 TeV measurements in
the H - WW™ channel:

 ggfF and VBF signal strengths, cross-sections,
STXS, and EFT interpretation [update of first
Full Run 2 paper]

* WH and ZH signal strengths, cross-sections,
STXS [update of preliminary result]

W
g
g W+

/

€+

q/
W
q
1% H
Vv
q ) W
, q A
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-067/

ggF and VBFH - WW* CERN-EP-2025-054
DF SRs Cyiﬁwf] VBF bins

St rategy: 2 T T T T T ATLAS Preliminary
E’ \iEfl;jiﬁrli:c):Eed i\?l??l;j-eéﬁrli:c):';ed i\?élgiﬁrli?;ed Vs = 13TeV, 140 fo!
. @ 1ot P € [200, o) Epg:jse[ZOO,oo) Epg:\i:se[ZOO,oo) ’I;Io_s’tmw*_’f"[”
° TargEt ggF and VBF STXS Stage 1.2 bins i [350,1000) ' c[1.0,15) | 2L €[1500,00) )
2l H H / Data
 Different-flavour (DF, evuv) and same- * | i - H
. f i VBF H
flavour (SF evev/uvuv) final states 1o o otver 4
« Categorize events by production mode, Y
10° H 2y - TT

. Zlyt —>eeluu
Misidentified lepton
I Other VV(V)

SF/DF, p?,mjj,Njets — 22 signal regions.

 Multiple improvements since previous s -
analysis: § Ry o B % 2 Eid misID
o Use of SF channel in stats-limited high-p% 5 055 ' f%/%} / /% 1 / lepton
regions 5 — Data_bkgbkg
o DNNs as final discriminants T ' éggg-H |
o Better lepton isolation = smaller misID BN 0 L i T T Gor e et expecen
lepton background. " 5§ & 5§ & & & &
binsof DNNscore & § 5 & & & §
DNN output
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ggFandVBFH - WIV*

CERN-EP-2025-054

Results:

—

2

* Measure g,4r and gypp, §

and STXS cross-sections £

 Compared to first 13 TeV ‘fj

paper: n

o 11% more precise for g
Og4gF and OypF.

0.8

0.6

0.4

- ATLAS Preliminary — es%cl ]
— /s=13TeV, 140 b} 95% CL —
L H— WW* = iy k- Bestfit .
- p-value = 28% SM :
:_ \ ] —:
_I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l_

9 10 11 12 13 14 15 16

OggF X BH_s ww+ [pb]
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ggF andVBFH - WW™ CERN-EP-2025-054

ReSUItS: rrr—+—+v7r 4Ty e ey T T e T e T T e e T T T

F i .
ATLAS Preliminary ol el
4 atistical unc.
* Measure o,,r and o Vs=13TeV, 140 fb - -
9ggF VBF H > WW* > vty | gﬁtemg'tli' unc.
H p-value = 39% preaiction
and STXS cross-sections
Total ( Stat. Syst.) SM unc.
. .

Compa red to first 13 TeV ggH Ot p/ <200 GeV ksl fo7 o (om0 1o
aper: ggH 1-jet, p!' <60 GeV Fr—e— 149 0% (5%, i ) 04
paper: ggH 1-jet, 60 <p" <120 GeV e 166 0% (93, 0% ) L +od5

0 1 i H +0.59 +050  +0.31 !
o 11% more precise for ggH 1jet, 120 <p [ <200 GeV == 168 G5 (%, 05) 1 zos
ggH 2-jet, p* <200 GeV || 0.80 ‘0% (0%, 5% ) L so2f
0, ggF and o VBF - ggH., 200 <p" <300 GeV =] 235 0 (0%, o4 ' io2s

H, pH =300 GeV | +0.94 +084  +0.42 !
. ggH, p!’ =300 Ge e 0.08 0% ( +08 o2 | +026
o 15 STXS categories EW ggH 1-jet kl#l—l! 1007 IS (0% 0y g0

1
. EW ggH 2-jet, p" <200 GeV, 350 <m_ <700 GeV 0.78 0% (046 4029 ! +0.06

T yi 0.50 0.43 0.25 |
resolved ( 11 last tim e) . EW qqH 2-et, p* <200 GeV, 700 <m, <1000 GeV = 030 ‘53 ( ‘i oz ) , *006
EW qqH 2-jet, pTH <200 GeV, 1000 <m, <1500 GeV 117 *531 ( Toas, : +0.06
EW qgH 2-jet, p¥ <200 GeV, m; =1500 GeV 123 98 (9%, 9% : +0.07
EW qqH 24et, p* =200 GeV, 350 <m_ <1000 GeV 176 0% (1087 4030 : +003
EW gqH 2-jet, pT” >200 GeV, 1000 sml_j <1500 GeV 1.57 tg:g‘: (o8 w02 : +0.04
EW qgH 2-jet, p’T* >200 GeV, m, >1500 GeV 0.80 332 ( v0dE 1018 | +0.05

v by s by by by by oy by by by by 1y

-1 0 1 2 3 4 5 6 7 8

o/ Og
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ggF andVBFH - WW™ CERN-EP-2025-054

Results: . . _

L L B L LI B B | T T
ATLAS Preliminary e gﬁ;ﬁcal -
_1 .
e Measure o,,r and o Vs=13TeV, 140 fb o -
9ggF VBF H > WW* > vty | gyl\//lstemg.tliunc.
H p-value = 39% preaiction
and STXS cross-sections rol (st Sty sm
ota at. Syst. unc.
. .
Compared to first 13 TeV st Ot <200 G sl o7 (em ey ow
pa pe r ggH 1et, p¥ <60 GeV e 149 0% ( od. 0w ) | +0.14
) ggH 1-jet, 60 <p" <120 GeV [=o=| 166 0% (0%, 0% £0.15
0 1 ggH 1-jet, 120 <p" < 200 GeV 1.68 0% w980 rost ! +0.19
O o More precise 1or T 0w (0%, N3 !
ggH 2-jet, p* <200 GeV || 0.80 ‘0% (0%, 5% ) L so2f
Oggr and oypr. ggH. 200 <p /<300 GeV P 235 92 (92008 s
. ggH. p! =300 GeV —— 008 0% (0% 0 ) 1 sz
o 15STXS catego res EW qqH 1-jet Fl;q! —0.07 LU (084 w056 0,05
. EW ggH 2-jet, p" <200 GeV, 350 <m_ <700 GeV 0.78 0% (046 4029 ! +0.06
T Vi 0.50 0.43 0.25 |
reSO|Ved (11 laSt tlme) EW qgH 2-jet, p <200 GeV, 700 <m, <1000 GeV = 030 “0e ( Toi. o) ! £0.06
_ 0 i EW qgH 2-jet, p" <200 GeV, 1000 <m_ < 1500 GeV 117 05 1045 4024 ' +0.06
O o MOore precise 10r T i oss (o0 “oz0 ) !
EW qgH 2-jet, p" <200 GeV, m. >1500 GeV 1.23 042 (4085 4024y i +0.07
. T ji 0.37 0.32 0.19
VBF STXS categories. EW qqH 24et, p/ 2200 GeV, 350 <m_ <1000 GeV 176 8% (8%, 0%) 1 o
EW qgH 2-jet, p’T* >200 GeV, 1000 =m < 1500 GeV 1.57 0% (0%, t0Z ! +0.04
EW qgH 2-jet, p’T* >200 GeV, m, =1500 GeV 0.80 0% ( t0d8 w018 ! +0.05
oy by by by by by by by by oy

-1 0 1 2 3 4 5 6 7 8

o/ Og
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ggFand VBFH - WW*™

CERN-EP-2025-054

Results:

* Measure g,4F and gypr,
and STXS cross-sections
e Compared to first 13 TeV

paper:

O

11% more precise for

Og4gF and OypF.
15 STXS categories

resolved (11 last time)
10-20% more precise for
VBF STXS categories.

up to 35% improvement
for ggF STXS categories.

ATLAS Preliminary

LA s B B U S S L

o4  Total
Vs =13 TeV, 140 fbo~ / Statistical. unc.
H 5> WW* > twin - Systema.tlc' unc.
p-value = 39% 1 SM prediction
Total ( Stat. Syst.) SM unc.

ggH O-jet, p* < 200 GeV . 1.07 01 (+00 o0 ' o7

ggH 1-jet, p' < 60 GeV e 149 3% (0%, %% o x04

ggH 1-jet, 60 <p'' <120 GeV F—e— 166 3 (0, UB) 1 sons

ggH 14et, 120 <p’ <200 GeV == 1.68 0% (0%, To% ) ! +0.19

ggH 2-jet, p* <200 GeV =] 0.80 ‘0% (0%, 5% ) L so2f

ggH, 200 <p" <300 GeV =] 235 0 (0%, o4 P

ggH, p" =300 GeV f——— 0.08 35 (3%, ‘3% ) | 026

EW qqH 1-jet Fﬁ -0.07 ‘oo ( ‘o5, 0%y ) : +0.05

EW gqH 2et, p* < 200 GeV, 350 <m <700 GeV 0.78 ‘53 (04, 0% ) ! +0.06
EW qgH 2-jet, p'' <200 GeV, 700 <m; <1000 GeV e 030 92 (04 w02 ' 4006
EW qqH 2-jet, p!' < 200 GeV, 1000 <m <1500 GeV 147 081 (05 w02y : +0.06
EW qgH 2-jet, p¥ <200 GeV, m; =1500 GeV 123 9% (9%, %) : +0.07

EW ggH 2-jet, p¥ =200 GeV, 350 <m_ <1000 GeV 176 1082 (1087 4030 : +0.03
EW qgH 2-jet, p’T* >200 GeV, 1000 =m, < 1500 GeV 1.57 094 (1089 w020 ! +0.04
EW qgH 2-jet, p’T* >200 GeV, m, >1500 GeV 0.80 082 ( +048 018 ! +£0.05

PR NI T T AT S A T S W A

5 6 7 8
0/0S

M
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ggF and VBF H - WW™: EFT Interpretation  cner

2025-054

Strategy:

* Re-parameterize measured STXS
signal strengths = constrain dim-6
CP-even EFT operators.

 PCA to find linear combinations of
operators to which analysis has
sensitivity.

Most contributing operators:

Results:

ATLAS Preliminary _—
Vs =13TeV, 140fb~!
H - WW* — ¢vbv
N=1TeV

95% confidence level

23

SM
Observed
Expected

|
1 A 1
6o [x107], — ' ' 0.005:3812 0.000:38%
|
1 [N 1
o x10h — 0198 0083 |
|
1
cot L A 0455 00533 A
|
1 L 1
of I 1238 0058
|
L AI ] 4 4
CHw Caf 7y - 4 0’3 074 -
M PR R e
; -5 0 5 10 15 20 25

Value of Wilson coefficient
Simultaneous constraints on 5 linear combinations of

EFT operators.
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CERN-EP-2025-054

ggF and VBF H - WW™: CP-Sensitive EFT Interpretation

Strategy:

e Current STXS bins defined in CP-even variables = no sensitivity to CP violation.

* Analysis uses a CP-odd variable for CP sensitivity: |
SM symmetric

azimuthal angle difference between the forward Pure CP-odd terms symmetric w/phase shift
. . + . .
(highest 1) and backward (lowest n) jets, A¢ . Mixed SM-CP-odd terms asymmetric "~y
JJ A hep-ph/0703202
H g=45: pp—jiH —— CP-even
) 3 403_ m,, = 160 GeV
/// '§ ----- CP-mixed

[
o
TTI[TrT1

W
o
T

25

20f
15}

v’ This is asymmetric around O for CP-odd/SM interference. 1o
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https://arxiv.org/pdf/hep-ph/0703202

CERN-EP-2025-054

ggF and VBF H - WW™: CP-Sensitive EFT Interpretation

Strategy:

* Perform STXS., measurement:

o 2-jet STXS categories split into four Aqb]?—;- bins = target cyw, Cyé
o 0-and 1-jet STXS categories split as usual = target cyg, Cyw .

H—->WW
ggH VBF
\ 7 7
=0 jet =1jet > 2jet = 1jet > 2jet
m]‘j [350,00] . . .
Affect Higgs production via ggF: cyg, Cyé
e Affect Higgs production via VBF: cypr
4 4 , Affect Higgs production via VBF
P2 [0,200] e [220,001 my; [350, 700] B 700, oo] pZ 200, 0] and de cay via WW:- CHw
v
449;; bins 4 4d;; bins 4 A®;; bins 4 A®;; bins 4 Ad;; bins
Moriond EW, March 2025 Robin Hayes 19



CERN-EP-2025-054

ggF and VBF H - WW™: CP-Sensitive EFT Interpretation

Results:
.............. —————————————————
ATLAS Preliminary I ——— SM
Vs =13TeV, 140fb~! : K  Observed
H—- WW* - ¢vbv : lei Expected
A=1TeV !
95% confidence level !
1
I A ]
CHg [x10*2]F — ' 0.005:5858 0.00025557-
1
L l ]
CHG[ I — 0.02:33  0.0°99
1
R I
Cuw - 1 -0.7:55  0.0173
1
L
CHW[ — -0.2:3§  0.0733
.............. | IR B EPEE B P
-3 -2 -1 0 1 2 3

Value of Wilson coefficient

CHW[7O 0.6] obs. at 95% C.L.

Compare to world-leading limits from ATLAS Legacy Run 2
H - 11 [HIGG-2022-07]: [-0.31, +0.88] obs at 95% C.L
« Advantages of this result: multi-POlI fit, ~no correlation

with CP-even effects, Aqﬁ;—rj is decay-agnostic.

L 41 " ! ! L
3 10 = ATLAS Preliminary 3
S F V5 =13TeV, 140fb~"
O 103 H—- WW* - fvbv -
22 - e c=(4m)? EEE c-1 EEE =001 -
o

5 10°F E
< r N

10’

10°

10

1072

CHG CHG CHw CHw

Limits on Wilson coefficients translated into
limits on the energy scale of new physics.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/

VHH - WW* HIGG-2023-09

Strategy:

e Target inclusive measurement (previously published) and VH STXS Stage 1.2 bins (new!)

e Channels for leptonic and hadronic V decays: same-sign (SS) 2¢, opposite-sign (OS) 2¢€, 3¢ and 4¢
final states.

* Multivariate discriminants used in every channel.

g 10° A%LAS“‘.‘D“\\‘UH‘t eg. 3£ channel:

ata 2\ Uncertainty .
a>) Vs=13TeV, 140 fb™' W wH \.ZH ANNS V\/Ith nOdeS fOI’ — o
w o qe VH, H > WW* wz Mis-id. q 1%

3¢ Z-dominated SR Bz B www

Post-fit Other VWV ttvitz
3

10 W other H

signal and main bkgs
for 2¢ (OS) and 3¢

102

10E

RNN for 2¢ (SS) due to
varying jet multiplicities

1E

147
120
et 8

0.8f t
0.6-

Data / Pred.

L BDT for 4¢ (mainly ZZ bkg)
15.0.15015, 928 03 037, 055 l0ag , 07z, Iz

) 03g) 0y 05 > 063> 0.7/ 085y > 1] q

AN NZdom
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-067/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-09/

VHH - WW* HIGG-2023-09

Results (Inclusive):

 Measurements of WH and ZH cross-sections compatible with SM within 95% C.L:

R L D e DL 3! 1 | | | | |
ATLAS led Total Qo .
Vs=13TeV, 140 fb™' [ Statistical Unc. % 0.9 — ATLAS 68% GL ]
VH, H - Ww* [] Systematic Unc. 2 081 Vs =13 TeV, 140 o — 95% CL
p-value = 13% (2-POlI) | SM Prediction T . Best fit
p-value = 73% (1-POI) iy 0.7 — VH, H—- WW es Io
Total ( Stat., Syst.) SM Unc. Q — SM68% CL
XI 0.6 — + SM —
WH e 0.48 “o3 (0%, o016 ) = 0,03 >~ 05 L B
§ 0.4 -
ZH I 16 g; (los, loy ) =005 0.3
024 0.2 — D —
VH 'LEFL' 0.92 o5 ( 0200 oir ) | =002 0.1
PRI T SN AN T SN SN T T SN T ST SN AN T Y SN T NN SN T T S [N T T T [N T T N S [N TN S T T A T T SN S N ST S W 0 | | | | | | | | |
0 05 1 15 2 25 3 35 4 455 ~0.1-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
oxB /(o x B .
( o ww) H o wwlgy Oy X By S ww- [PD]

 Dominant uncertainties are statistical; 3¢ and 4¢ channels dominate sensitivity.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-09/

VHH - WW*

HIGG-2023-09

Strategy (STXS):

Stage 1.2 = V(— leptons)H

V| ¢ = WH | [ wa—zm | [ g9—2zH |
prﬂll"lll"lll"l
. . . V . . ; : i ! : 0
* Signal regions split by pt proxy for STXS measurement: T [ [
o 2, 4¢: sums of lepton & jet pr and missing energy - IR —— - '
o 3¢:Regression ANN e oze o e czm ol e 2.
T T T T T T T T T T T T
Results (STXS): ATLAS ot -
_ 4 Statistical Unc.
EH_ ;3_-[6'/\&1/‘1? 0fb Systematic Unc. [
: 1500 Unp. Likelihood
WH, ZH and EW prietie= % SM Prediction I
gqH split according Total  (Stat, Syst) swune
to STXS 1.2 scheme ¢VH, 0 < pY < 75 GeV —_— 0.0 728 (708, 0% )iio0s ~ .
¢vH, 75 < p{ < 150 GeV j 09 “gs (103, 05 )izoo04 Excellent pr < 150 GeV
¢vH, p¥ > 150 GeV ’ 0.5 707 (108 <04 )10 / sensitivity (competitive
Lower cut-off: LH ¢¢H, 0 < pr < 75 GeV e 26 51 (T35, 04 )izo07 with combination!)
becomes ¢¢H,75 < py < 150 GeV e 19739 (702, 0% )iso0
unphysical > (rH.pr>150Cey AT 02708 (105, 102 )lion
(negative S+B) qqH, 80 <m; <120GeV | .% 1275 gig:;, .igi% )iio;os
-2 0 2 4 6 8
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/figaux_15.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-09/

Combination of Run 2 STXS Measurements

Combinations of Run 2 Higgs boson measurements performed by ATLAS and CMS at the
end of Run 2, published in Nature.

Article | Open access | Published: 04 July 2022

A portrait of the Higgs boson by the CMS experiment
tenyears after the discovery

The CMS Collaboration

Nature 607, 60-68 (2022) | Cite this article

New for Moriond: CMS combination of Run 2 STXS measurements.

v First CMS STXS combination
v' Updated input measurements wrt Nature paper.
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https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x

Combination of Run 2 STXS Measurements

CMS-PAS-HIG-21-018

(link not public yet)

See Aliya
Nigamova’s wildcard
talk for more!

CMS Preliminary 138 fb~! (13 TeV)
—_ 1 1 1 1
€ 10%F - o Observed — SM prediction E
% | 68% CL (stat @ syst) 68% CL in SM prediction |
: = &g 1 68% CL (syst) :
© 102,glj ] T T T
| [’ﬂ 2 — STXS stage 1.2, [yy| < 2.5, my = 125.38 GeV
o &= ? . psm = 0.06 ]
wy |§ *
10"} ﬁ —% a J[ﬁéﬁ 3
Vs : ¢ =
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ol I | e [i] -
oF 1 K| ]
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-018/index.html

Conclusion

Run: 307259 Event: 427063040 2016-08-26 16:39:41 CEST

* Presented several measurements of ’
total and differential Higgs boson EA”I!T,ﬁ,\,ST
production that are new for Moriond.

* In many cases, huge improvement
over existing Run 2 results, with same
dataset = innovative analysis
techniques and improvement in
combined performance.

* Run 3 and beyond bring more promise
for discovery.

26

Moriond EW, March 2025 Robin Hayes



Backup



gFandVBFH - WIWV*

ATLAS Simulation Preliminary

Reconstructed event classes Vs = 13TeV, H — WW* — (uly

Production mode Particle-level production categories Reduced STXS 1.2 Signal Regions

Strategy: el =

pﬁ-e’miss < 10GeV

£0,miss

ggF 0O-jet low py

Njets =0

= p_ei_lz‘miss > 10GeV
i i
p¥ < 60GeV » PETISS < 60 GeV came v saogory
g9H 1-jet low p& ggF 1-jet low py"™e 9F | veF
bid o bid £0,miss L2z
pf <200GeV | Nigts =1 |60 <p{ <120GeV 60 < py < 120GeV ggF-\vs:
composition for
(0.miss different-flavour category
120 < pff < 200 GeV 120 < pp ™ < 200 GeV
ggH 1-jet high p.f.’
: ggF-like
7 2-jet
200 < piHMSS < 300 GeV Niets = 1
200 < p¥ < 300GeV -
ggH high p: .
G W W 200 < pi™ < 300 GeV ggF-like
PEETISS > 300 GeV
p2 > 300GeV "
ggH highest i
99 ighest pr pgl_z,mlss > 300GeV
p[Té’""ss < 60GeV
Nigs = 1 60 < ptO™SS < 190 GeV i
= EW gqH 1-jet T VBF-like
PSS > 190 GeV
350 < mj; < 700 GeV. 350 < mj; < 700 GeV
Niets = 2
700 < mj; < 1000 GeV 700 < mj; < 1000 GeV
P < 200GeV p™ < 200GeV
1000 < mj; < 1500 GeV. 1000 < mj; < 1500 GeV
Nigts = 2 mj; > 1500 GeV mj; > 1500 GeV VBF-like
350 < my; < 1000 GeV EW agH Ziet 350 < my; < 1000 GeV
igh p
medium Io:nrl mjj .
P >200GeV | 1000 < m;; < 1500 GeV 1000 < my; < 1500GeV | pF™® > 200 GeV
mj; > 1500 GeV.
VBF

- —= = -
Data
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ggFandVBFH - WIWV*

T c
>80 5
S o> &
£33 5 Sgs
£23 Ssrgcs
%_olf\_, . HHw S AT qmw

tQFFthW.V,V”Nh
mmwm 555855557525

1} — N
=~ 1) N
SRS TR T LI
< Ia

Sjuang

Strategy

¢ Data
Unc
Pred.

4

N
X
-

N
---sehtr
H/./

L N 4
N
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u-//M// ]
N
N |

NN
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TIT TR T[T
e
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‘paid / eleqg

‘dwod "jay

Q
<}

Control region
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ggFandVBFH - WIWV*

1-jet DF ATLAS Preliminary

VBF-enriched Vs =13TeV, 140fb"

P [120, o) H - WW* - ¢vlv
Post-fit

1-jet DF
VBF-enriched

22, miss

p
- €160,120)

1-jet DF

10°E VBF-enriched

Events

Strategy:

GeV

¢ Data
2277 Une.
goF H
VBF H
Other H
twe
WW (QCD)
WW (EW)
Zly* > 11
Zly* - eeluu
Misidentified lepton
Other VV(V)

102

10°

Data
722z Une.
— Pred.

kg

III%\\\III

Data / pred
-
>
—o—
-+
-
——
SN N——
——
BN

0.5 L L

40 ¢ Data - bkg.
7722 Unc.
mm goF H
VBF H
— ggF+VBF H (pre-fit expected)

5 x VBF H (pre-fit expected)

20

Total - bkg.

(110 ‘00°0]
(1e'0 ‘se ol
[00°L ‘g0l
6€°0 ‘€0l
00} ‘6€70]

(G0 ‘110l
[00°L ‘S1°0]
(G20 ‘00°0]
(€0 ‘00°0]

DNN output
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soF and VBF H » WW*

Results:
8 T T T T T T T T T H H
& [ EW, EWqoH 22qets | EWqgH 2 2]ets | EW qgH > 2-jets ATLAS Preliminary 1
3 T 9qH ! pH ¢ 200GeV L pH ¢ 200GeV I pH>200GeV Vs =13TeV, 140fb"
6| 17et! 350 <m;<700GeV I m;>700GeV I m; > 350 GeV H - WW* - ¢vbv
B | | & Observed (p-value = 91%)
B ! : -—- SM
ar | | Crw = =2
- | | Cri = -1
- : |
2— I
_ |
0 -

Ag¢j [rad]
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soF and VBF H » WW*

Results:
= +  ATLAS Preliminary
L, 10 Vs=13Tev, 14010
= - H — WW* = (viv
80—
60_—
40—
20_

Statistical unc.
I Background theory unc.
B Signal theory unc.
B Experimental unc.

SM unc. 7

g 'y 'y 'y 'y & 'y 'y X/ 9 9 9
W P9ty ,M./ 9oty 2”./ 9oty ;.V 9oty QM./ oty 2“.’ 9oty ;.V 9oty 14'/0%929,7 Oy 7 Vet ,%' Mo 77@“?%’7 et 7 Very, f./" Nighe
Jet " et o, <ot o, “Tetio, <oty <Tetp, STetp <Ietp, W 4 1 Medl, "h s i9h o St 4
Y 28ty Pl a2 higp P i 0 a0 20 1 r Moy r
r T ey 9h ,, 7 "9he eq oh . 1 "gh r
o)l m % Slry "M 1y 7St m

i
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VHH - WW*

Strategy:

Moriond EW, March 2025
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VHH - WW*

Strategy:

Channel

p.¥ proxy

Reconstructed SR

Relevant p.‘r’ range

Opposite-sign 2¢

Dijet transverse
momentum, p;’/

0 < pl/ <160GeV
160 < pJ/ < 260 GeV
py > 260 GeV

0< p¥ < 150 GeV
150 < py < 250GeV
py > 250GeV

Same-sign 2¢

Scalar sum of lepton, jet,
and missing transverse
momenta, . |pr|

0 < 3 |p1l < 200GeV
200 < ¥ |p1| < 320GeV
320 < 3 |p1| < 460 GeV

3 |pt] > 460 GeV

0< P"rl < 75GeV
75 < py < 150GeV
150 < pY < 250GeV
py > 250GeV

3¢ Z-dominated

Regression ANN
for W transverse
momentum, p¥

0 < pR <90Gev
90 < pX < 180GeV
pX > 180Gev

0 < py <75GeV
75 < p¥ < 150GeV
pY > 150GeV

3¢ Z-depleted

Regression ANN
for W transverse
momentum, pX

0< p{f < 90GeV
90 < p¥ < 180 GeV
180 < p¥ < 270GeV
pX >270Gev

0< p¥ < 75GeV
75 < py < 150GeV
150 < p¥ < 250 GeV
py > 250GeV

Z boson transverse
momentum, p%

0 < p% < 75GeV
75 < p% < 150GeV
150 < p% < 250 GeV

p% > 250GeV

0 < pY <75GeV
75 < py < 150GeV
150 < py < 250GeV

pY >250GeV

[GeV]

pr

400

350

300

250

200

150

100

iIIII|IIII|III

y

’

f

ATLAS Simulation _
(s=13TeV
WH, H -» ww* =
37 channel

-
-

o v b b b by v b byl
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1072
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VHH - WW*

Results:

VH,0 =< p1‘_/ <75 GeV
VH, 75 < p1‘_/ <150 GeV
VH, 150 < p¥ <250 GeV

VH, p¥ > 250 GeV

Total

T T T I T I
ATLAS ol
\/E =13 TeV. 140 fb™ Statistical Unc. |:|
a ’ Systematic Unc. ]
VH, H - WW* _
Unp. Likelihood
p-value = 6% -
SM Prediction |
Total ( Stat., Syst.) smunc.
Fre 12755 (fgl, Toi )i =004
A= 1.2 702 (102, 02 ) +0.05
= 040 (los, log )i =006
%1 +1.0 +09  +05 | .
0.1 Zg9  (Zog» -o4 )i =008
L L L | | | | |
-2 0 2 4 6 8

(ox By ww) ! (oxBy_ )

SM
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Recent Run 3 Results



Recent Run 3 Results

Several Higgs measurements among the earliest LHC Run 3 results.

* New COM energy: 13.6 TeV
e Use 2022 data: 20-35 fb!

T T I T T T I T T
ATLAS Online Luminosity
] LHC Delivered
[ ] ATLAS Recorded

Total Delivered: 38.5 fb™
Total Recorded: 35.7 fb

T I T T T | T T T 50
/s = 13.6 TeV

Total integrated luminosity (fb™)
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ﬂ
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ref 2022 (pp 13.6 TeV)
' CMS BN | HC delivered: 41.47 fo™" |
Offiine 1 CMS recorded: 38.01 fb™"

N N | | | | N N | |
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Day in 2022
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Recent Run 3 Results

Take advantage of cleanest Higgs boson decay channels:

tracks and calo deposits from

electrons and muons calo deposits from photons

iy
o & S

H-ZZ* - 4¢ H —vyy HIGG-2022-12
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/

13.6 TeV Cross-Section Measurements

ATLAS 13.6 TeV H — ZZ* and H - yy [HIGG-2022-12]

Aim:

 Measure 13.6 TeV cross-section of Higgs production (all modes included).

Strategy:

e Fiducial phase spaces defined for both analyses.

H - vyy

Photons

Leading (sub-leading) pY.  py./m,, > 0.35(0.25)

Pseudorapidity
Isolation (AR = 0.2)

|n| < 2.37 and outside 1.37 < |p| < 1.52
EX°/EY <0.05

Di-photon system

Mass window

105GeV < m,, < 160 GeV

H-ZZ"
Leptons
Leptons pr > 5 GeV, |n| < 2.7
Lepton selection and pairing
Lepton kinematics pt > 20,15,10 GeV
Leading pair (m17) SFOC lepton pair with smallest [mz — meg|
Subleading pair (m34) remaining SFOC lepton pair with smallest |mz — mge|
Event selection (at most one quadruplet per event)

Mass requirements 50 GeV< mip < 106 GeV and 12 GeV< m34 < 115 GeV
Lepton separation AR(¢;,¢7) > 0.1
J /¥ veto m(£;,€;) > 5 GeV for all SFOC lepton pairs
Mass window 105 GeV< myp < 160 GeV

If extra lepton with pt > 12 GeV  quadruplet with largest matrix element value
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/

13.6 TeV Cross-Section Measurements

ATLAS 13.6 TeV H - ZZ* and H — yy [HIGG-2022-12]

Strategy:

» Signal extracted via fit to invariant mass spectra.

> 16000

S 14000

[2]

§ 12000

& 10000
8000
6000
4000
2000
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0
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Data - Bkg.

200,
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Vs=13.6TeV,31.4 1o

-o- Data

— Total pdf
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--- BKkg. pdf
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C 4 i 7
- Vs=13.6 TeV, 29.0 fo XX, VWV ]
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% Uncertainty
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/

13.6 TeV Cross-Section Measurements

CMS 13.6 TeV H — ZZ* and H - yy [HIGG-24-013 and HIG-23-014]

Aim:

 Measure fiducial and differential cross-sections in both channels separately.

H-yy H-ZZ*

Strategy: «0°CMS Preliminary 34.710" (13.6 TeV) CMS 347 (136Tev)
18*H—>YY m, —125 38 GeV All Categories - (?3405— 4 Data —
16} S/(S+B) weighted o = H(125) 1
. . . . E ¢ Dat 35 - 1
* Similar to ATLAS: fiducial 3 Z s < AR
. . . 2EN B component £ 3 i

regions defined, fit to Mo E I =

[ ]+2¢ =

S/(S+B) Weighted Events / GeV
|

invariant mass spectra 3 : o)
performed. ‘0 E ol
o Addition for H - yy: TN Ao sewe ‘I
. 800 -
events separated into -3
three categories based on Q
. 0 I
mass resolution. 200 B 7
100 g T 10 140 180 7160
maq (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-24-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html

13.6 TeV Cross-Section Measurements

CMS 13.6 TeV H — ZZ* and H - yy [HIGG-24-013 and HIG-23-014]

Strategy:
* Also split events into bins of p¥, |yy| and (for H = yy) Njets-

CMS 1 i — Z Z 34.7 107 (18,6 TeV) CMS preliminary 34.7 fb~! (13.6 TeV)
T T T T T T = T |- U T U T T T T T

— ,
! p-value (MadGraph NNLOPS) = 0.94 -

— ggH (MadGraph5_aMC@NLO + NNLOPS + Pythia) + xH |
—— ggH (MadGraph5_aMC@NLO + Pythia) + xH

o]
T

p -value (POWHEG) 0.95

Tiig (fb)
N
[=]
]

— ggH (POWHEG + JHUGen + Pythia) + XH

dorig/dlyn| (fo)
T

— ggH (NNLOPS + JHUGen + Pythia) + XH 100 — ggH (POWHEG + Pythia) + xH 7]
B XH = ttH + VH + VBF (POWHEG + JHUGen + Pythia) | L7 H =ttH + VH + VEF (MadGraphs_aMC@NLO + Pytia) ]
| I Data(stat® sys unc.) | 80 - 7 § Data (stat @ sys unc.) _—
L . . I Systematic uncertainty
I Systematic uncertainty i
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I 40}
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. i
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-24-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html

13.6 TeV Cross-Section Measurements

Results:

* Fiducial total and differential xsecs consistent with SM predictions.

* Results dominated by stat uncertainty.

£ 3
CMSH - Z7
5.1 0" (7 TeV), 19.7 b (8 TeV), 138 b (13 TeV), 34.7 b (13.6 TeV)
3 _I TTT | UL | TTTT I TTTT [ UL l UL | UL | LI I TTTT | TTT I_
= 6 CcMS B
2 N % Run1 Data (stat ® syst) 3
o) 5 __ ¢ Run2 Data (stat ® syst) ]
C 4 Run 3 Data (stat ® syst) ]
C | Systematic uncertainty 7
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