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We need to produce some H to detect

Interactions of constituents of the colliding protons, the so called
partons (quarks, gluons)

proton 1 proton 2

P, ... momentum proton 1

Pe; ... momentum proton 2 Prarton: ... momentum parton 2

interaction vertex

Higgs boson production modes

C =kc Csm N(pp - H = ab) ~

dxidx; Y fe)f(x)6(i +j — H)x BRH — a+ b)

Y

Nature volume 607, pages 60—68 (2022)

Higgs boson decay channels
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We measure a combination
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First Higgs measurement at 13.6 TeV
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Trigger efficiency > 99.4%.

Di-photon fiducial region : |
105 GeV <m,, < 160 GeV

Di-photon trigger with E_T > 25, 35 GeV with medium selection criteria.

The NN based PV reconstruction efficiency is 71.4%

n| < 2.37, modulo 1.37 < || < 1.52
for isolated photons.

This fiducial region is 50% of the total phase space.

gra(pp — H — yy) = 76"1% fb = 76 + 11(stat) *2 (syst) fb

67.5 + 3.4 fb. SM prediction
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H properties from H — yy : STXS
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The strategy of this analysis is to divide the Higgs productions measurements
into different categories, emulating different physics process.
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H properties from H — yy : STXS

H — yy production x-section is measured in 48 different STXS regions. arXiv 2207.00348

[
| |
7 < 200GeV
PT < ¢ qq' — Htv pp — H/vD
I
[ I ]
= 0jets = 1ljets > 2jets

tH
[pp — tH + X |

* Cross sections per production mode in
different regions of phase space

v'Reduce dependency on theory

< 1jet > 2jets
. i . V' Allow MVA analysis
m;; < 350 GeV mj; > 350 GeV v Exploit sensitivity of each channel specific
. ' . region of phase space (designed for
Y < 200GeV p > 200 GeV combination)
— Y'Inclusive in decays (for now)
¥ Binning defined to allow better estimate
_ of theoretical uncertainties, and easier
merging when insufficient experimental
sensitivity

v Largely model-independent approach to
test for BSM deviations in kinematic

distributions
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Impact on SMEFT parameters

ATLAS Simulation Vs=13Tev 139b™ H— yy, m_ =125.09 GeV, A =1 TeV
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Contribution of STXS regions to categories
ATLAS Simulation 139 fb™ H—yy, Vs=13 TeV
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BDT based region assignment

LAS [ ] Targeted STXS region
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Obtained results : diphoton mass
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Obtained results : signal strengths
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Obtained results : SMEFT & k parameters
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H width from off shell HZZ .« o

Higgs width can be measured by taking the ratio of off-shell to on-shell production x-section
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HtoZZ to 2]l +2 nu

ATLAS

® Data

£ 10°
C
G>J p 777) systematic uncertainties 3
ITRp Vs =13 TeV, 139.0 fb Clg—2z -
ggF Signal Region Jwz E
4 o (H )2z ]
10 B W =
[ Z+ets -
1 03 [ Other Backgrounds ~ —g
[ ag— (H =) ZZ+2j 3
1 02 —— gg—H"—-2ZZ -
—— qq— H*—> 2742 E
10 =
1 '] 3
= —— E
10 .
E. [ e e e e e e o e — —
o F ' ' 3
X e Data/Exp. =
E 1.5 g | :
_,(E 1 g TTES ‘—::l:=l=: _—_I_____ _____ @ ool %
8 0-5:_——1+ggFI/Exp.——1+ W I/ Expr == -~ =
O: — 1+9gF S/Exp. — 1+ EW S/Exp. A ) 3
0 500 1000 1500 2000 2500 3000
mZZ [GeV]
ﬂ T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T
c  10°e ATLAS e Dat -
S p ] Systematic uncertainties 3
T s =13TeV, 139.0 f&5 ) aq—22 2
Mixed Signal Region CJwz E
4 o (H )2z ]
10 B W =
[ Z+ets -
10° C g~ H—)zze2) o
[ Other Backgrounds 3
.1 02 — gg— H*— 77 =
o1 . — qq— H*— ZZ+2j =
10E =
S s ; =
1 E:P,—'l !
1L
107 & é
. = e e e e
[oX F m
x r e Data/Exp. -
. 1 5 E [ J E
E 1 ;""" """" '_t.::::::::. _______________________ E
8 0.5 __ 14ggF 1/Exp. —- 1+EW 1/Exp. * E
O: —1+IggFS/Elxp.—1l+EWS/IExp. ) ) ) =
0O 200 400 600 800 1000 1200 1400 1600

m#4 [GeV]

%) L L L e
£ 10°t ATLAS °_Dau E
°>3 = ; 77 systematic uncertainties 3
(1 105— {s=13TeV, 139.0 fb Cwz ]
EE EW Signal Region [Jag—2zz EE
4 [ qg—> (H—) ZZ+2j B
10" g B2z 5
- B tt-ww -
1 O3 = [_] Other Backgrounds =
E [ Z+ets E
102 —— gg—H"—-2ZZ —=
— qq— H > 7742 E
10 E
1 =
107'E -
G = — E
il Data / E. -
Ll>j 15 i e Data/Exp i
- . L) 1
© 1;:::::::::Z:—"-,___u___ E
S 0.5F . 14ggF 1/BXp =2 W BW T/Exp. T E
0: — 1+9ggF S/Exp. — 1+ EW S/Exp. ) ) ) L]

0O 200 400 600 800 1000 1200 1400 1600

m#* [GeV]

2
PT

i 2|+ G2+ + (B | -

.

- € | pmiss
+ ET

Reducible bkg’s (ttbar, s-top, qq to WW)
are killed by 76 < m;; < 106 GeV.

Scale uncertainty associated with qq — ZZ is
one of the largest sources of uncertainty, can
be upto 40%c.
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H width from off shell HZZ .« o
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¥ 18 H* — ZZ — 4l+llvv — - Exp-Stat. only B \(é/ 20_ATLAS — - Obs-Stat. only ]
1613 TeV, 139fb1 —EXPSVS = N 18F —— Obs-Sys E
Obs-Stat. only: 1. 1109 Exp-Stat. only: 1. 0 . ' - On + Off-shell combined — - Exp-Stat. only -
14 Obs-sys: 11707 Exp-Sys: 1.0700 - 16_13TeV 139fb1 —EXPSVS ]
_: — Obs-Stat. only: 1. 1 Exp-Stat. only: 1.0" E

12 _ -0.9
] 14_ ExpSys10_. ]
10 = 12 E
8 - :
] 10 -
6 ] 7]
1 Ny /. 3 8 E
2NN o —: . N /. E
OIII IIII|IIII|IIII|IIII|IIII: 4 ---_:
O 05 1 156 2 25 3 35 4 5 B
MOff'She" \.-.-- ""-_--“---_""T; [ -|-:-|"|"|"|"|"|"|-|"|--|-.|"|"|-.|-:-|"|"|-E
E _IIII|IIII|IIIIIIIIIIIIIIII|IIII|IIII|IIII_ O 0.5 1 1.5 2 2-5 3 3-5 4

r H* = Z2Z — Adl+livy — Obs. -2Ink=5.99
- 13 TeV, 139 fb” + Qo BestFl ggF 9) 9)
M oti—shell = Ko off—shell XV off—shell
EW _ .4

Hoti—shell — &V off—shell

Combination of 41 and 21+2mu channels are presented.
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Test of CP invariance from H - ZZ* — 4 lep

my [GeV] ATLAS
A

LSMEFT = LSM+Z 0(6) 1607

Operator Structure Coupling 130- Inclusive SR
Warsaw Basis
Opyw @ OW. wr i VBF-depleted \S/gF1 )
Opws @ TIOWL B cpo Region '
Ows O B, BH” Cup
Higgs Basis 1154
O3 hZ,,, ZHY Crz
OLzi hZuv“iW Czy
Onai hA o A*Y Cyy 105 0. 1jets)or | 52 jets and Jet>
m;< 120 GeV m; 2120 GeV ~ Selection
fgﬁ%iﬂ g)l:'-l?ldidzi;l-ioglezz;(;?el Regions used for direct BSM coupling measurement

arXiv 2304.09612

= =

¢ Matrix element based optimal observables are used to constrain CP-odd couplings in SMEFT

&/
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Test of CP invariance from H - ZZ* — 4 lep
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The expected & observed event yields

§2] T T T L T o oo o
T 200 1§ 10F ATLAS é
= — ATLAS = LU = . —e— Data ggF =
5 190 ggF VBF+VH 3 10° g Ho2Z'—al VBF+VH EItiH,H =
= 160 H-ZzZ*—4l Wi mzz - ot o '5=13TeV. 1391 mzz B Zjet, i WZ -
O -~ {s=13TeV, 139 fb™ T - = Pre-fit ttV,VVVv Uncertainty =
g— 140:— B Zjet it WZ  ttV,VVV = 10° =
O | N Y Vi VISP E
S 1205 - 7 =
100 E 10 asscs L T ' =
80 = 1
60 = 107
40 = 10‘;
7 O
20 R R i
0 = g | R S T “W/WW//// S
< CR C/US/l/e Slqlqdep /GISF SR 7 Br SRQ Br SHS Br SR4 0 > ' Inoy .' 7y ' Vor ' 7 : 7 : 7
o) 891, CR Usiyg Sk LR tog SRy SR> SR3 SRy
f) /‘egion
Rel. composition of the predicted event yields The number of observed events and expected

contributions in each event category.

A The dominant background is non-resonant ZZ* production ~30% :
MC based estimation + data-driven normalization.

A Z+jets, t-tbar, WZ are reducible backgrounds : estimated in data-driven way.

[ The tri-boson big (WWZ, WZZ and ZZ7Z) and ttX are estimated from simulation.
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The expected & observed event yield
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CL contours
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Extracted effective couplings

Expected: Stat+Sys
A TL AS Expected: Stat+Sys A TLAS —— Observed: Stat+Sys - this result
H N ZZ* N 4| —— Observed: Stat+Sys H N ZZ* N 4| A— Observed: STXS
Cm] Observed: Stat-Only 3 1 _
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Parameter value

0 05 1 15 2

Parameter value

Warsaw basis couplings and d are in blue.
Higgs basis couplings are in red.

Cyyy is from prod + decay fit.
C,, is from production only fit.
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Search for HH production 1in 4b final state

Sanmay Ganguly (ICEPP)

HPNP-2023

ATLAS

EXPERIMENT

Run: 362619
Event: 524614423
2018-10-03 08:06:34 CEST




Search for HH production 1in 4b final state

q
g H
/{/f /{A . s ’ H
A TR ' % arXiv 2301.03212
g 0909090909299 ~ H
q
VBF Selection
(1) (6)
Pass trigger class (>pj)T < 65 GeV Yes\
(7. VBF) (8. VBF) (9. VBF) 3
Yes Yes Xwt > 1.5 > Xun< 1.6 > muH > 400 GeV VBF SR
Yes Yes Yes
(5) No
(2) VBF Jets
> 4 central jets |An;l| > 3,
m;j > 1 TeV
No
Yesl YesT
(7. g8F) (8. ggF) (9.88F) >
/ |AT]HH| < 15 > XWt > 15 > XHH < 16 ggF SR
(3) (4) Yes Yes Yes
>4 b-tagged | =6centralor No
central jets Yes forward jets

ggF Selection
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Definition of the analysis region
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The mass planes of the reconstructed Higgs boson candidates.
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Search for HH production 1in 4b final state
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Search for HH production in 4b final state
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Double & Single Higgs combination

arXiv 2211.01216

ATLAS — Observed Gl ATLAS —— Observed limit (95% CL)
VS=13TeV, 126—139 fb~! .. (Expeftgcr'] "mc;ihesis) VS=13TeV, 126—139 fb~! . Expected limit (95% CL)
oort . ver(HH) =32.7 fb :HH =2 hYpo =y (HH) =32.7°23 b (UnH = 0 hypothesis)
xpected limit £10 ggF + VBF 72 = Expected limit 10
1 Expected limit +20 [ Expected limit +20
E== Theory prediction
Obs. Exp. Obs. Exp
bbyy| \ 42 57 bbyy 130 180
bbT* T | \ 4.7 3.9 bBT+ T 140 110
bbbb} \ 5.4 8.1 bbbb 160 240
ned ¢ o4 290 | B T _
someines | |‘§| I N T TN T I T N TN TN M T N A TN T T TN AN N NN N Combined 73 85
0 ° 10 1o 20 e %0 20 500 500 1000 2000
95% CL upper limit on HH signal strength
PP 9 9t HHH Oggr + var(HH) [fo]
Observed and expected 95% CL upper limits Observed and expected 95% CL upper limits
on the signal strength. The SM prediction is on HH x-section. The SM prediction is
with Higgs mass m_H = 125.09 GeV. with Higgs mass m_H = 125.09 GeV.
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Double & Smgle Higgs combination
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V H to cc : Charm Yukawa probe
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Extraction of 3 POI

> [T | I T 1 T 1 | 1T 1 | I T 1 | 1T 1 | I T 1 | T 1 | [ > 300—| | T T 1 T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | —]
o 3500 - ATLA —e— Data E o ~ ATLA —e Data ]
= - {s=13TeV, 139 fb™ I VH(— cc) (u=-9) ] = L {s=13TeV, 139 fb™ I VH(— cc) (u=-9) N
= 3000 I_ 0+1+2 leptons B VZ(— cc) (u=1.16) _I = 250 :_ 0+1+2 leptons B VZ(— cc) (u=1.16) _:
2 - 1c-tag, All SR 0 VW(— cq) (u=0.83) - 2 - 2c-tag, All SR 0 VW(— cq) (u=0.83) -
§ - B-only uncertainty (é 200— B-only uncertainty —
g 25001 — SM VH(— cB) x 26 1 8 ] — SM VH(— ¢E) x 26 -
(/)] - - )] - _
D 2000F e & 150F -
g - - g - .
o 1500 = S 100 -
T B - [= N ]
0 - . 2 N 3
i 1ooo:— ~ W 50 .
500 —] -
C . 0 -
; : ~501— =
—500 | 1 1 1 [ 11 1 | 11 1 | 1 1 1 | 11 1 | 1 1 1 | 11 1 | I__ _ | | 1 1 1 | 11 1 | 11 1 | 1 1 1 | 11 1 | 11 1 | 1 1 1 | | |
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
m,; [GeV] m,, [GeV]

The 3 POI fit after background subtraction combining the three channels

Establishing the consistency of nuisance parameter pull across different
regions and understanding the correlation across regions is a key part of this

search strategy in order to reliably extract the POI from likelihood fit.
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Where do we stand compared to CMS

Eur. Phys. J. C (2022) 82:717

ATLAS = 1o

(s=13 TeV, 139 fo™' L =2
s Expected

VH, H — cC —— Observed

Combined
Expected 7.60

138 fb

13 TeV

CMS

B 68% expected
----- 95% expected

—e— Observed ~ ----- Medlan expected

arXiv : 2205.05550

0 lepton Observed 14.4 }
Ob.z 35 x S Mergec-jet
______________________________________ Expected 8.75
Observed 16.9
1 lepton u —
Exp.= 60 x SM Resolved-jet
Obs.=50 x SM Expected 19.0
___________________________________________ Observed 13.9
2 lepton oL
Exp.=51x SM Expected 12.6
Obs.= 49 x SM Observed 18.3 | | N
Combination Il)l(_pected 115
Exp.=31x SM Observed 19.1 | | ]
Obs= 26 * SM 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 2L
0 20 40 60 80 100 ovsemved 204 | |1 Lo
950/ CL I|m|t on 0 5 10 15 20 25 . 3.0 35 40
° Mv|-|(c5) 95% CL limit on MVH(H .
(13 TeV)
o N
_5 R CMS DeepAK15
ATLAS bound : || < 8.5 S | Simulation - PartcleNet
g 1 §_ anti-k, R =1.5 jets
CMS bound:1.1< |x.|<S5.5 S [ p,>300GeV, <24
(@]
_F:” i
o 107 .
© F e
o0 S
Probable reasons for CMS got better limit : L e
102
They merged the boosted channel :
They don’t anti-tag the b-jet : A H—cG vs. H—bb
higher statistical significance. 10°F — H—=cCvs. V+els
3 E_ 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
Have a dedicated GNN based Xcc tagger : == = 55 53 1
Signal efficiency
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/
https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3

Extraction of k3, & k. from pIT{ (yy + 4.1)
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40 *I# . [ +'¢Y s Y ]
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< 4
3 0.5+ _
arXiv 2207.08615 & —
pH [GeV]
The combined measurement of H pT from H — ZZ * — 41 and H — yy is made.
Measured inclusive x-section : 35. ng'g pb, predicted 55.6 =2 .8 pb.
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https://arxiv.org/pdf/2207.08615.pdf

Extraction of K, & «,, from pry

MQ 1O—|_ [ [ [ | [ [ [ [ [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ _I— kﬁ) 1O—|_ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ _I—
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Sanmay Ganguly (ICEPP) HPNP-2023 40


https://arxiv.org/pdf/2207.08615.pdf

Outline

M Introduction

MH — yy STXS measurement

M H width from off-shell ZZ*
MHiggs CP from H —» ZZ * — 4l
™ Search for HH in 4b final state
M Charm Yukawa in VH mode

PSummary

Sanmay Ganguly (ICEPP) HPNP-2023

41



Take away

Nature volume 607, pages 52-59 (2022)

L AL B A
ATLAS ~t Tota
Vs=13TeV, 36.1 - 139 fb™ a . . . . .
m,, = 125.09 GeV - o M Higgs precision measurement is must in
Py = 72% | Toal St Syst order to understand dynamics of SM and
9gF+bbH vy - 1.04 010 (2008 » oos ) .
QaF bl 22 ] nos oN (b oo probe beyond standard model physics.
aoF oo W | 114 g (S 0
ggF+bbH 77 =t 0.90 9% (ole. 105 11 ot
A ves B (0B iw M The Run-3 and I.{L-LHC W.lll give us
VBF 77 |E+ 136 0% (5% . 10%) golden opportunity to do Higgs physics
VBF 2z T 133 ok (i oo ) and it’s worth exploiting it
VBF W o 113 08 (F3E, R P g 1t
VBF 77 = 1.00 9% (To1s . 1o
VBF+ggF+bbH bb e 0.98 0% (8%, 3% . .
VBF+VH up = 231 1% (%, 1%%) M There are still plenty of room to innovate
WH yy —— 153 7% (6% . oo ) new techniques : a few % improvement of
Hyy e 022 Ton (o Tors) H width measurement has large
VH 2Z —se— 150 “0os (Zos . Tows)
WH Wi e m— 226 ‘1% (M, te) implications on physics understanding.
ZH ww = = 286 iz (1% ‘0w )
VH 7 o 100 gg (0% Zoz ) i
WH bb = 106 102 (0% om M The up-to-date Higgs Mass, CP
ZH bb = 100 Zozs (ot o) measurements & width are presented.
ttH yy "‘I" 090 o3 (o305 Toos )
ttH+tH ZZ ——— 1.68 1% (1%, T0%)
st WW e 164 TDE (0%, 0
o e I M The SMEFT & kappa framework fits are
+ H— : -0.75 -061 » -0.44 .
ttH+tH bb = | 035 0% (o 0z yet to show any hints of BSM models.
YR T TR AN NN NN TR AN SR TN TR AN RN NN T AN SN MO TR AN SHN SN TR AN SR MO SR S S T
-4 -2 0 2 4 6 8 10 12
T | T T T | T T T | T | T | T T T | T T T | T T T | T T T | T T T | T T T |
tH yy 126 35 (T35, Tos)

D R T THANK YOU!!

o X B normalized to SM

Sanmay Ganguly (ICEPP) HPNP-2023 42


https://www.nature.com/

Take away

Backup

Sanmay Ganguly (ICEPP)

HPNP-2023

43



EFT couplings

Wilson coefficient Operator definition Example diagram
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