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l The Higgs Mechanism _ NFsmdn

® Higgs boson (H): prediction of Brout-Englert-Higgs mechanism (1964, Nobel 2013) of electroweak
symmetry breaking for mass generation of SM particles.

® Discovered in 2012 the H — yy channel [ATLAS: 1207.7214, CMS:1207.7235]

® Present data compatible with a scalar particle with spin 0 and even parity (as predicted by the SM) of
mass my ~ 125 GeV/c?

® Coupling to fermions, EW gauge bosons, and Higgs itself.
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only parameter regulating field’s shape
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predicted by the SM once my is measured
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Refer to Jona’s Talk


https://indico.ijclab.in2p3.fr/event/9063/contributions/28442/attachments/21718/30774/lambdaHHH@CMS_HH2023_JM.pdf

l Higgs Self-Coupling sl

® Higgs boson discovered 10 years ago (no deviations from SM observed so far)

® Higgs can couple to Higgs itself (Agyy, Aygyy)- (The only particle in SM with self-coupling)
® Ayypy is not a free parameter — closure test of SM

® Ayyy is the only parameter regulating Higgs potential shape — EWSB and vacuum stability test

® Deviation of Ayyy from SM can allow first order EW transition — 3™ Sakharov condition for matter-
antimatter asymmetry

® Measuring Ayyy through di-Higgs production is the focus of research interest.
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l Non-resonant HH Production mmﬁ

H 9 2000099900008 “«——@----—------ H

Gluon-gluon Fusion (ggF): o;;i = 31.05 + 3% (PDF + a,)"52, (Scale + m,,) fb

Vector Boson Fusion (VBF): o5 = 1.726 + 2.1% (PDF + a,) 0., (Scale) fb
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® The coupling modifier k is used for measuring deviation from SM, where k; = Ayyn /A3t

Test BSM effective models with anomalous couplings: k;, k;, Ky, and k,y,
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l Direct HH Searches (ATLAS) R T

Ideally, we would like to investigate all the possible decay modes of HH but
given the current luminosity and the harsh experimental conditions, to

achieve good sensitivity, we need: bb |y 337 |

Branchinﬁ> ratio

@ Either large branching ratio

—

@ Or very good selection purity
@ Having both would be the best option 99|

Historic three HH channels: bbbb| bbyy, bbtt| New result

Thanks to continuously advancing reconstruction techniques and
identification algorithms, we are gradually escaping these two constraints
to include:

YY

Other HH channels: bbVV (0/1¥),|bb£¥} and multilepton

~WW  gg T
Refer to Jona’s Talk

Y4

First result
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https://indico.ijclab.in2p3.fr/event/9063/contributions/28442/attachments/21718/30774/lambdaHHH@CMS_HH2023_JM.pdf

Latest ATLAS Combination Results F

Phys. Lett. B 843 (2023) 137745
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub&__cf_chl_tk=duzZMNSXFAwy3y8sW9diaaKvWxXidS2bGqD169h3DiA-1698988414-0-gaNycGzNEdA

l Combination - HH

ATLAS
Vs =13 TeV, 126—139 fo~'
Ot . vee(HH) =32.7 fb

—— Observed limit

Expected limit
(KHH = 0 hypothesis)

[ Expected limit 10
[ Expected limit 20

Obs. Exp.
bbyyF * 4.2 5.7
bhrrT-f | { 47 39
bbbb} + 5.4 8.1
Combined~ 2.4 2.9
L L b b b b
0 I 5 10 15 20 25

95% CL upper limit on HH signal strength uyy

® 95% CL on K,y € [0.1,2.0] ([0.0,2.1])

-2InA

® Observed (expected) 95% CL upper limit on ugyy: 2.4 (2.9)
® 95% CLon k; € [—0.6,6.6] ([—2.1,7.8])

o

I T T T T I 1 I I
- ATLAS Preliminary
Vs =13 TeV, 126—139 fbo~'!
HH - bbt* T~ + bbyy + bbbb

Observed

Combined:
68%: K) € [1.0,5.0]
95%: K) € [-0.6,6.6]

6

1 I I I I I

bbbb

bbt*T~ |
bbyy
Combined |

68%

MJTm

® Combine bbbb (Phys. Rev. D 108, 052003), bbtt (JHEP 07 (2023) 040) and bbyy (Phys. Rev. D, 106 (2022), 052001)

Phys. Lett. B 843 (2023) 137745

< 1 0 T T T T I T T T ] T I T T T | I T T T ) ) | _4 _I 1 1
c | ATLAS Preliminary —— bbbb 1
o~ | Vs=13TeV, 126—139 fb-" — bbTtT™ ]
| g8 HH-bbt* T~ +bbyy+bbbb — bbyy
| Observed —— Combined |
- Combined:
6 68%: Koy € [0.5,1.7] —
i 95%: Ky € [0.1,2.0]
a- NN 95%
2 - —]
NN 68% __|
i l l l l I l l l l I | l ke 1 | 1 | | Il 1 Il 1
05 3 0 1 2 4
Kov
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052003
https://arxiv.org/abs/2209.10910
https://arxiv.org/abs/2112.11876
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub&__cf_chl_tk=duzZMNSXFAwy3y8sW9diaaKvWxXidS2bGqD169h3DiA-1698988414-0-gaNycGzNEdA

l Combination - HH+H mmﬁ

> 1.4 T T T T T ]

< - IAII'II'LIAISI - —_ 68%CL;-II-;+|H| E
® Single Higgs production does not depend on k; at LO, but it (b neTeY. 126 e oo
. . T Observed - 95:/:CLH ]
contributes to the calculation @NLO(EW) o = a6 L
L | : SM prediction |
[ - : qp  BestfitHH+H ]
* an indirect constraint on can be extracted. I e S ]
Y " i
® Two scenarios considered: 1SN [D -
* K, only: Fit with k, floating and all other coupling modifiers 0.9 | 'T | | -
fixed to unity. -0 -5 1015 K20
A
* K, generic: Fit with all coupling modifiers floating except for < T . | .
0 0 0 c c 0 £ - 1 = H K onl
K,y fixed to unity (no available parameterization of single- N oL 7 =18 Tov. 1267139 — HH only

—— HH+Hkzonly |
HH + H k) generic

Higgs NLO EW correction as a function of k5 )

® K, only: [-0.4,6.3] ([-1.9,7.6])

HH + H k) only:
95%: K) € [-0.4,6.3]
HH + H k) generic:
95%: K) € [-1.4,6.1]

® K, generic: [-1.4,6.1] ([—2.2,7.7])

68%

Phys. Lett. B 843 (2023) 137745 K
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub&__cf_chl_tk=duzZMNSXFAwy3y8sW9diaaKvWxXidS2bGqD169h3DiA-1698988414-0-gaNycGzNEdA

Direct HH Searches: Sub-channels F

HH — multilepton

HH — bbttt~

HH - bb + WW /ZZ /tt — bb£¢ + MET
HH - bbyy
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l NEW: multilepton decay channel

Several HH decay modes with small branching ratios are included:
VvvVv,VVyy,VVzt, tttt, bbZZ = 12 %

Many of these are not covered by dedicated analyses.
Use a common analysis strategy for the same final states

Categorize final states by number of e, u, 75, named by yy + ML
channel (3) and Multilepton channel (6), 9 orthogonal channels in total

* Two same-sign light leptons w/wo 7},: 2¢5501;, and 2£SS + 11,
* Three light leptons: 3¢

* One/Two light leptons and two 7,: 1/2¢ + 2t

* 4 light leptons originated from H — ZZ and 2 b-jet: bb4¥

* Two photons with light leptons and t;: yy + 1£0t,yy + 0€1t,yy + 2¢

Yulei Zhang | FCPPL 2023
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Number of hadronic taus (tr)

N

—_

yy+1th

Legend

1£+2Th 20421h ML
channels

yy+ML
channels

yy+12 2£SS+11h

2¢SS
3¢ 47+bb
yy+2¢

1 2 3 4
Number of light leptons (¢)
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I FIRST Result for multilepton

ATLAS Glance [link]

Channels Stats. Only Stats.+ full syst.
20SS 3162 34.81 ATLAS Work in progress {s =13 TeV, 140 fo '
c c T | A I R
1721
3¢ 25.58 28.13 2eoe | i
bb4f 27.62 28.71 2Lss | |
1¢ + 215, 3831 41.21 2LSS ttau | _
3L
26 + 21, 33.46 33.99 oot | i
24SS + 11y 59.00 60.55 Y24 +Th)| B
vy + 1€07;, o5 43 26.68 Y120ty + jets | B8 Expected + 10 |
yyo/ 1T, + jets| L E e Expected * 2c .
YY + O‘E]f[h 5250 5450 Combined L t (l)blslerl\/?dl o
vy + 20 37.05 38.21 0O 20 40 60 80 100 120 140
. 9.25 9.74 95% CL limit on SigXsecOverSM

95% C.L. combined expected upper limit reaches 9.74 11331 (full systematics) on the HH cross-section over SM for HH —
multilepton final states with the full RUN2 data with 1401 fb luminosity.

Machine learning techniques are introduced in multilepton for the first time, achieved an order of magnitude increasement in
expected sensitivity.

K) and K,y scan is ongoing. (Samples are ready)

Yulei Zhang | FCPPL 2023
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https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?id=2808

I NEW: HH - bbrt7™

3 channels per di-t decays
Optimize trigger strategy

X
3 signal regions per
production mode and myy
split
Improve K,y constraint

S

1 control region
Improve bkg modelling

Yulei Zhang | FCPPL 2023

LepHad
HadHad ( A \

[ThadThad } [ TlepThad SLT ] [ TlepThad LTT }

X

gk
mypy < 350 GeV

Dedicated MVA study with hyper-param and input var optimization

Multi-jet rejection
from di-t

Previous Run 2 analysis: JHEP 07 (2023) 040
ATLAS Glance for this study [link]

Sizeable Br = 7.3%

2 b-jets
77% efficiency per jet

Large H — bb
branching ratio

2 7-leptons
Reconstruct hadronic
and leptonic decay

12



https://link.springer.com/article/10.1007/JHEP07(2023)040
https://atlas-glance.cern.ch/atlas/analysis/analyses/details?ref_code=ANA-HDBS-2019-27

l k likelihood scan o re=srul)

—_~ 3 T T "I T L 1T L L L T T T4 L T —_~ 3 L |' T 1T T T 1T L I I | LI L T T 1T T T 1T o T T L I T
\_,6 :|_:| T T T T T 7 ] % r T T T T T | T a > S
Rs) 5 5: ATLAS Work in progress ] S 5 C ATLAS Work in progress : ] * 65_ ATLAS Work in progress Exp. 95% CL =
R /s =13 TeV, 140 fb” B < 295 Is =13 TeV, 140 fb” ; E 56 s=13TeV, 140 fb” Exp.68% CL 3
- HH — bbrr, non-resonant . - HH — bbrr, non-resonant : . ©  HH — bbrr, non-resonant -~ Obs. 68% CL 3
o - o ] - 4F — Obs. 95% CL 3
C Exp 95% CL ] C Exp 95% CL ] E + Obs. bes_t f_it ]
C [-2.43,9.16] ] - [-0.22,2.4] ] 3 % SMprediction
1.5 Obs 95% CL - 1.5 Obs 95% CL — YT L L — 3
- [-3.19,9.09] . - [-0.53,2.7] ] 2 E
1= = 1= = 1= E
- - - - oF . B
0.5~ ] 0.5 — E T~ - ]
- . - ] -1 E
Okl L v L™ ‘F*'u 4 I-'r'l":.:--..l..l--l'-l-‘l' R B BT B 07| I IR B |~I’r-| I AR |-'|A‘|'| Al L 1] _2:| L v v v v v b v e b e b by |:

-4 -2 0 2 4 6 8 10 12 -05 0 05 1 15 2 25 3 35 -4 -2 0 2 4 6 8 10 12
Ky Kov Ky
95% Cl K, 95% Cl Kav
95% ClI K, Koy
Obs [-3.2,9.1] Obs [-0.53, 2.7]
Obs 0.73 0.39
exp [-2.4,9.2] exp [-0.22, 2.4]
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I NEW: HH - bb + WW/ZZ /1T - bb#2 + MET sl |

Dominant background from top quark processes and Z+HF — estimated from simulation

® MVA used to separate signal and background events and set limits

® Observed (expected) upper limit on

Yulei Zhang | FCPPL 2023

« Uyy:9.6 (16.2)
. K, € [-6.2,13.3]([-8.1,15.5]
.« K,y € [—0.2,2.4]([-0.5,2.7])

arXiv:2310.11286

)

- 2A log(L)

IIII|IIII|IIII|IIII|IIII|IIII

ATLAS
s =13 TeV, 140 fbo™

HH — 2b+2+ET™

\ " [-8.1, 15.5] @95% CL

N
ol

20

- 2A log(L)

ATLAS
s =13 TeV, 140 fb™
HH — 2b+21+ET'

___ Observed ___ Observed
[-6.2, 13.3] @95% CL [-0.17, 2.4] @95% CL
expected expected

"7 [-0.51, 2.7] @95% CL

w
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N
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https://arxiv.org/abs/2310.11286

NEW: HH - bbyy sl

More details in Qiuping’s Talk [link]

® Tiny BR (= 0.3%), with very good purity

Reoptimized analysis to probe anomalous values of the k; and the k,;,

® Observed (expected) upper limit on
* Uyy: 4.0 (50)

.« Kk, € [-1.4,6.9]([-2.8,7.8])

« Ky € [—0.5,2.7]([-1.1,3.3])

arXiv:2310.12301
E 7 _I T T T I T T T I T T T T T T I T T T I T T T I T T T I i E 7 _I T I T T T T I T T T T I T T T T I T T T T I T T T T I i 5 8 | e I o I ! o I I ! I v I v I ! o I ! ' ! I n ' a
al - ATLAS — Observed 1 & ATLAS —— Observed i ATLAS — Observed 68% CL ]
6 vs=13TeV, 140 b ---- Expected ] 6 vs=13TeV, 140 o' ---- Expected Bl VS =13TeV, 140 b —=- Observed95%CL |
T HH - bbyy ] T HH - bbyy ] L HH - bbyy Expected 68% CL E
o . r 7 L Expected 95% CL .
Sr . Observed ! 4 SF \ Observed ! R - % Bestfit E
MY 68% CL: k) € [0.6,5.2] / ] CA 68% CL: Koy € [0.3,1.9] ! : 4= Y2 SM predicti N
N o ] N o 7 prediction
a A\ wrCmeliass [ fosmod AN\ WrCliwaveroszn  f 95% Gl i )
- \\‘ Expected ! 1 C ‘\\ Expected / : L i
C \ 68% CL: Ky € [1.2,6.1] / ] AN 68% CL: Kay € [-0.3,2.5] / ] ol _
3 \ 95% CL: Ky € [-2.8,7.8] / - 3\ 95% CL: Ky € [-1.1,3.3] J - i i
B \ ; ] B \ / T L i
B \\ I’ ] C ‘\ ,' ]
-— \ — — \ — B 1
2 N \\\ I,’ ] 2 N \\\ ,/l ] 0 | _
¥ \ 1 ¥ \ / 1 - :
C DN N AN A 68% CL I S N / 68% CL.1 - T
11 X - . 1F S N Ay A - i ]
- X y C . 1 -2 —
0 N B SR g R T 0_ i IR B et 0y 1 oo v b b b b b b by
- - 0 2 4 6 8 10 -1 0 1 2 4 -6 -4 2 0 2 4 6 8 10 12
K Kav K
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https://arxiv.org/abs/2310.12301
https://indico.ihep.ac.cn/event/20622/contributions/144533/

l HH results from CMS =

Observed (expected) 95% CL upper limit

Non-resonant, resolved topology Phys. Rev. Lett. 129.081802 on ppp: 3.4 (2.5)
Non-resonant, boosted topology Phys. Rev. Lett. 131.041803 _
HH - bbbb * pology Fhy Ky € [—1.24,6.49]
Non-resonant, VHH production CMS-PAS-HIG-22-006 7
Koy € [—067, 138]
Resonant X — YH Phys. Lett. B 842.137392
CMS 138 b (13 TeV)
Non-resonant Phys. Lett. B 842.137531 mrel  —e Obssrved e Mogian ;x;e'ct'e'd
HH — bbtt * Ky =Ky =1 BB 68% expected
Resonant X —» YH JHEP 11 (2021)057 | | ™/ 5% expected
Non-resonant JHEP 03 (2021) 257 ~ 7
HH - bbW 3 kE)gpethEd: 40
Resonant X —» YH CMS-PAS-HIG-21-011 Observeciaz | B
Non-resonant JHEP 06 (2023) 130 g
HH - beZ * Observed: 21 | |
Resonant Phys. Rev. D. 102.032003 bb v
Non-resonant + Resonant CMS-PAS-HIG-21-005 vsoec: 4 B |
HH - bbWW b
Resonant JHEP 05 (2022) 005 g);pectet(!jzlss.i1
HH - WWyy Non-resonant CMS-PAS-HIG-21-014 bb bb B |
Expected: 4.0
HH N WWWW + Observed: 6.4
WWrt + oot Non-resonant + Resonant JHEP 07 (2023) 095 }133;2}:;":3 g
HH combination Nature 607 (2022) 60 (uses only starred * final states) Rl = BT BT v

95% CL limit on o(pp — HH) / o
Refer to Jona’s Talk

eory
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https://indico.ijclab.in2p3.fr/event/9063/contributions/28442/attachments/21718/30774/lambdaHHH@CMS_HH2023_JM.pdf

l Outlook: LHC Run 3  re=srul)

Better b-tagging Better triggering

c L B o e N B m e e
2 0% L ATLAS Simulation Preliminary DL1d
8  F Vs=13TeV, PFlow jets —— GN1 3 ' ' ' ' ' ' ' '
Q £ , ] N1 > [ ]
9 EoY [9)
o 2 250 GeV — 1.2 i : -59% —
-E 104 I tt, 20 < pr <250 Ge GN2 : .5 : Run3ma,n+de|ayed streams: e(HH—4b) =59% - - \e =18 18.8TaY
c E o 10, <> Run 3 main stream: e(HH—4b) =53% B ¢>->, O [ P
> - = 1.0+ . ) o — [
% 10° 3 © - < Run2mainstream: e(HH-4b) =41% ] ch 1.4 [ Smuaton Preliminary Run 3 2023 HH trigger ¢(HH— 4b) = 82%
X E o) C ] T
] e~ o 08— ] ‘O - HH — 4bwithk, =1 . _rno
ch 102 ?-.__:_:._:_.:_f ..... E; - o T —=———— ; = 3 A Run 3 2022 HH trigger ¢(HH— 4b) = 68%

i N"':.':'-:'-:-.:- ] 0.6 —o= - Z Run 2 ¢(HH—> 4b) = 52%

10 o “Tmeeeo 5 C - —— ] — A
E —— Lightjets [ ellTE s C . 1f
. - 04— - _ % [
100;—.-:-....::-.]efs..|..‘.|....|...‘|....|....|...._ .: _O_+ ATLAS _ D 08_— ——

e B L I e e e o B ELAR A 02—~ =<~ Preliminary Simulation ] = r
2k ] “r Vs=13,136Tev | i —_—
2 20f - 1 0.6 |- —
% r 0'0 1 1 ! 1 1 Il 1 L : ————
N :_ T T T T T T T T 0-4 B
S F T 20F . :
S S B S s B é ‘ 0.2 — Event selection: = 4 jets, p_ > 30 GeV, Inl <2.5

LA B B ey e e e e A e o T [
:‘g 4j_.sN.~.~. 1 '.g _I _O_—O—_o_ — 0-|||||||||||||||||\|||||||||||||||||||||||||||||
g i S~ S 10" ——— —— 200 300 400 500 600 700 800 900 1000
- __'_'_ “"“'~.__ 1 o VI L L L L ! L L ] Reco
e - 300 400 500 600 700 800 900 1000 mye° (GeV)

1= ey e el e e p e oy e e e y e APy ey My [GeV]
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
b-jet efficiency
FTAG-2023-01 b-jet trigger Public results CERN-CMS-DP-2023-050
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults
https://cds.cern.ch/record/2868787?ln=en

l Conclusion N
® Probing Ayypy is one of the main goals we have for the coming g . -
years ;:3) 100 bb vy Combined
| | | -
® Full Run 2 analyses shown an impressive result for =t Il :
observed(expected) constraints in terms of the coupling modifier 7 h ==
k3 (only): Ea”yl LHCTI/Z:ID%Z,L‘LHC ;322?:?)(;).
* ATLAS: [—0.6,6.6] ([—2.1,7.8]) Nature 607 (2052) 60 e

. CMS: [—1.24,6.49] ([—1.23,7.2])

—_
N
T

IIIIIIIII!IIIIIIIIIIIIIIlIIIIlIIIII IIIIIIII
li ATLAS Preliminary

;; Vs =14 TeV, 3000 fb~!

0! HH - bbyy + bbt* T~ + bbbb

—_
—_

® Important trigger and b-jet ID improvements have already been

Significance [0]
=

. . 95 : Projection from Run 2 data E
introduced for HH searches in Run-3 sF-  Asimov data () E
= . =—+— No syst. unc.
E : —o— Baseline s
® Run-3 serves as a crucial proving ground for innovative concepts °F e, e
] v e \ ey -
that will be implemented in the HL-LHC phase. o -
BN R g s A -
2 f E
1E | -
OEI L1l I L1l I L1l I L1l I L1l I Ll 1] I L1l I L1l I L1l I L1l IE
2 -1 0 1 2 3 4 5 6 7 8

HDBS Public Results Ka
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https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

Thank you!
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— — B — Observed |
HH — bbbb e - Erpeia |
8 Vs =13TeV, 126 fb Expected
Combined ggF and VBF Regions — 420

Expected 20 constraints:
Kxn €[-5.4,11.4]

HigheSt BR (z 34‘%), bUt a|SO |arge baCkground Q 6-_ Observed 20 constraints: -
: - : : 5 & K €[-3.5,11.3] i
* 4 central jets fulfilling b-jet tagging (DL1r) Y L0 Bestfitio = 6.2 ]
* b-jets used in trigger as well (MV2c10) - Ky € [—3.5,11.3] ]
 To separate VBF production - 2 forward jets TN ]
"*.f: I 1 - o _I 111 1 \I\I\Tﬂ | | =3 I’I 1 1 111 1 |
Background estimation - 90% of the background events I U WSS T I ~ OIS U -
come from multi-jet processes % (kav=1.0, ky=1.0)
35_| LI I L L | LI | LI | L | L LI | T 1T I_
C — Observed ]
o ATLAS o =
Phys. Rev. D 108 052003 - Vs=13TeV, 126 fb-! Expected
— Combined ggF and VBF Regions +2G .
e L L L L L B L B AL L LA B B L B B 25— Expected 2 raint -
F — == Observed +20 1 F — - Expected +26 3 C xpected 20 constraints: N
205_ Z:serve:jcr _é 205_ Exzecie:jc _é T 20 Kev €[0.1, 2'1]. ] .
1B e - 15 3 = ““L Observed 20 constraints:
c '/ ~~~~~~ *  SM Prediction 3 B —_ - — *  SM Prediction 3 % C Koy G[-0.0, 2.1] a
10:— \\ \\\\ *  BestFit = 10:— E (\I| 15 - Best fit Koy = 1.0 ]
SE 1 E - ]
N4 0;_ \\\\ * \\‘ —i X oi— \ _i 10:_ _:
N : : - ‘ : 13 Koy € [0.0,2.1] E
10 3 10 = X 7 ]
t ATLAS 3 c ATLAS 3 - N /7 ]
“15;_ V/S=13TeV, 126 fo-' _; —15;_ V/5=13TeV, 126 fo-! _; ol [ |N P M I B
) :IClorrllbipeziigf_;F‘anld\{BITRIegEonIsI T _20:I(')Iorrllbi?(-)cfglgFlanlcl\{BlTRlegionlsI T -1.0 -0.5 0.0 0.5 1.0 15 2.0 25 3.0
20 -1 0 K;V 2 3 4 -1 0 K12V 2 3 4 K2V (K}\=1 _0’ KV=1 0)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052003

0.2

0.15

0.1

Fraction of events / 20 GeV

0.05
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Figure 2: Examples of one loop Ay i i-dependent diagrams for the Higgs boson self-energy (a) and the single-Higgs
production in the ggF (b), VBF (c), VH (d), and #zH (¢) modes. The self-coupling vertex is indicated by the filled
circle.
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B 11 - bbbb HH - bbyy

Highest BR (= 34%), but also large background Tiny BR (= 0.3%), with very good purity
Observed (expected) upper limit on Observed (expected) upper limit on
* UyH-: 5.4 (81) * UyH-: 4.0 (50)
K, € [-3.5,11.3]([-5.4,11.4]) . Kk, € [-1.4,6.9]([-2.8,7.8])
Ky € [0.0,2.1]([-0.1,2.1]) « Ky € [—0.5,2.7]([-1.1,3.3])
155_ '/ ~~~~~~~~~~~ * SM Predic;ion —é 152_ e el - * SM Predic_tion _é
105_ \\S\\\* Best Fit _E 105_ \ N _E
SE S K E . 5F \ N E
< oF N * N = * OE \ \ E
3 b L " E i3 N ' E
1:: ATLAS : ::: ATLAS E
s 8 e L
Phys. Rev. D 108, 052003 arXiv:2310.12301
More details in Qiuping’s Talk [link]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052003
https://arxiv.org/abs/2310.12301
https://indico.ihep.ac.cn/event/20622/contributions/144533/
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« Combination of H and HH productions using the full Run 2 data (126~139 [fb™1]) of pp collisions at /s = 13 TeV
with the ATLAS detector. [CONF. Notes]

Channel Integrated Luminosity [fb™1] Reference
HH - bbyy (ggF, VBF) 139 [1]
HH - bbtt (ggF, VBF) 139 2]
HH — bbbb (ggF, VBF) 126 3]
H — yy (all production modes) 139 [4]
H —» ZZ* - 4/ (all production modes) 139 [5]
H - t*1~ (all production modes) 139 [6]
H - WW* - evuv (ggF, VBF) 139 [/]
H - bb (VH) 139 [8]
H - bb (VBF) 126 9]
H - bb (ttH) 139 [10]
- For H - bb (VBF) and HH — bbbb, which use b-jet triggers, there exists an in the online primary

vertex reconstruction at the beginning of 2016 data taking. The 2015 dataset is excluded due to the

* The between/within HH and H analyses is or has a minor impact on the statistical results.
» Uncertainties across channels are when relevant.


https://arxiv.org/abs/2112.11876
https://cds.cern.ch/record/2777236
https://cds.cern.ch/record/2780536
https://cds.cern.ch/record/2764716
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
https://cds.cern.ch/record/2765537
https://cds.cern.ch/record/2752167
https://cds.cern.ch/record/2782535
https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8
https://arxiv.org/abs/2111.06712
https://cds.cern.ch/record/2816332
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HH combination results: Limit on cross-
section

® Upper limit on pyy = oyy /o5y at 95% CL assuming no HH production, improvement from 6.7 to
24.

® The HH cross-section results include both ggF and VBF production modes.

A L L B B AL B I
L —e— Observed
ATLAS Internal —— Observed limit ATLAS Prellmlnary1 ______ Cvpoctad
/S<13TeV 126—139 -1 Expected limit i F 13 TeV, 27.5-36.1fb B Expected + o
sciere oot = Expected limit 10 Ogqr (PP — HH) = 33.4 b Expected +20
Oggr + ver = 32. [ Expected limit +20
Obs Exp Obs. Exp. Exp. stat. |
HH—s bbbb 129 207 185
bbyy | 42 5.7 i
e HH— bbt't 126 146 119
bbt+t~ | 47 3.9
' HH— bbyy 204 263 251
bbbb |- 5.4 8.1
Combined 6.7 104 9.2
Combined- 24 2.9 ...
Ll [ T T TN T N Y N S N [N T TS T NN N M T T [N S S N 0 10 20 30 40 50 60 70 80
0 5 10 15 20 25 30 SM

95% CL upper limiton o__- (pp — HH) normalized to ¢
95% CL upper limit on signal strength ° PP goF ‘PP ) 99F

2022 2018
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https://cds.cern.ch/record/2638212

623 H+HH combination Results: measurement of

o scenarios considered:

» k; only: Fit with k; floating and all other coupling modifiers fixed to unity.

* k; generic: Fit with all coupling modifiers floating except for k,y fixed to unity (no available

parameterization of single-Higgs NLO EW correction as

coupling modifiers at unity («, k¢, Kp, K¢, Ky, Kop = 1).

< 1 0 I I 1 1 T .I . T I T I I I 1 T Ll I I T 1 I < 1 0
c [ ATLAS Preliminary H s onl i c
~ | vS=13TeV, 126139 fb- HH*K oﬁly ] ~
| L A - I
8|~ Observed — HH+Hr only ] 8
L HH + H 1, only: HH + H k), generic i
6 95%: K) € [-0.4,6.3] ] 6
o HH + H k), generic: R
- 95%: K € [-1.3,6.1] .
4=\ N\ 95% — 4
2+ — 2
L NN\ S 68%__]
[ - L 1 1 L | 1 L 1 L i
0= 0 5 10 15 0
Ka

« Dominant contribution from the HH channel.

a function of k,y)

Expected result derived from the Asimov dataset generated under the SM assumption with all

|
- ATLAS Preliminary
Vs=13TeV, 126—139 fb"
Expected SM

HH + H k) only:
95%: K) € [-1.9,7.5]
HH + H k) generic:
95%: Ky € [-2.1,7.6]

I T

T l T T T

U I 1 | I 1 I U

— H k) only
= HH k), only

= HH + H k) only

HH + H k), generic

95%

I 1 1 1 I 1 Il L I Il Il 1

1 I 1 Il Il

« The constraints on k, is still substantial even in the generic scenario.

FCPPL 2023 - Yulei Zhang

27



11/6/23

Summary of k; measurements

Channel Obs. 95% CL Exp. 95% CL Obs. value *1¢
HH Combination —0.6 < k) < 6.6 —21<K <738 i = 3.11570
Single-H Combination —4.0 <k; <103 —52<kK; <115 K = 2.57%8
H+HH Combination —0.4 < K3 < 6.3 —1.9<K; <76 K, = 3.0115
H+HH Combination (2019) —2.3 < K; <10.3 —5.1 <K <11.2 Ky = 4.6%332
H+HH Combination, «; floating —04 <Kk, <63 —1.9 <Ky <7.6 Ky = 3.013
H+HH Combination, k;, ky, kp, k; floating -14<K;<6.1 —22<K3 <77 Ky = 2.3%%1
H+HH Combination (2019), k., ky, kp, k; floating  —3.7 < k3 < 11.5 —6.2 <Ky <116 Ky = 5.5133

 Single Higgs processes allow the constrain of k; with fewer model-dependent assumptions by

allowing other coupling modifiers to be free parameters.
* Improvement of around 50% over the 2019 combination [1].


https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub

