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) Introduction

S
® The strength of the interaction, or ‘coupling’, between the Higgs boson and a given particle
® defined by the particle’s mass and type
® The experimental determination of the couplings of the Higgs boson to fermions
® provides important and independent tests of the standard model
® provides stringent constraints on theories beyond the standard model
® Interactions with three third-generation matter particles (bottom (b) and top(t) quarks, and tau
leptons (7)) measured in Run-2 " precision era”!
® [ndications of interactions with second-generation particle (muons(x) and charm quark (c)) are
emerging!
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Higgs boson production modes

Higgs boson decay branching fraction

Khuram Tarig (IHEP) DIS2023 1



ATLAS

EXPERIMENT

Run: 338349
Event: 616525246
2017-10-16 20:24:46 CEST

VH (Z-pp, H-bb): two b-quarks tend to



) H—bb boosted all hadronic

EXPERTMENT

Measuring H—bb decay inclusively ( = all production modes, mostly

dominated by ggF). x10°
. o [ ATLAS 4 Dam ]
® Main Backgrounds: O gofls=13Tev. 136 " -:"pus) 3
® Multijet: 200 times of the signal = pSeReesee E
®  Z+jets, WHjets, top: 20 times of signal ‘g 40k Cw i
> £ o ]
® Higgs candidate is a large-R jet u ok E;:mé( ]
. . . . £ «+++ Signal + Background
® Higgs boson signal strength inclusive measurement: s0f 3
py = 0.8+3.2 ]
® 95% CL limit on the Higgs boson production cross section w/o e
assumptions on pT(H) spectrum: oy (pT(H)>450GeV)<115 fb S Mulet + o
3 4 k|
= 5
2 [ ATLAS 1 z
T 80 (5= 13 TeV, 136 fb" 7 g
© —d [=]
——— 95% C.L. Upper Limit ] Multiet, Top, W& Z + 1o
801 e it 7@ Differential measurement is also done in 2 20 * \ + ]
s 1 pT(H) sl 1JT4_;LHM H}ﬂ !
[=]
e ® Higgs boson production cross section for -200 ” H T T * * + tH
20 . 7 pT(H) > 1 TeV: 80100 120140 160 T80 200
J v
J 2.343.9(stat.)£1.3(syst.) £0.5(theory) fb ot mass [GeV]
0 . doi.org/10.1103/PhysRevD.105.092003
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VH(bb): the golden channel for H—bb and VH studies

® Three channels:
® 3 lepton channels x 2, 3(+) jets x pT(V) bin x SR/CRs = 42

regions
a | Bt .
* VH(bb) MVA w : '
R
Multivariate analysis to discriminate between signal and background q ( (
® Separate trainings for 2jet and 3jet and for pT(V) <150 GeV and b
pT(V)>150 GeV in 2-lep (inclusive in SR+CR) O-lepton 1-lept 2-lepton channel
® Good compatibility: Between production modes (71%), With the SM
prediction (89%)
e Cross checks: VH(bb) di-jet mass analysis and VZ(bb) MVA STXS measurement:
b 10.25 L0.19 ® STXS framework to maximize the sensitivity of the
wyy = 1175553 = 117 £0.16(stat.) Ty 5 (syst.) cross section measurement while minimizing the
theory dependency
= 0937019 = 0,937 507 (stat.) T (syst.) )
—0.06 0.12 ® Stage 1.2 merged down to 5 STXS bins
T Famss P E——
Obs. (Exp.) Significance: .8 F fs-13Tev, 130" @ Observed —Tol.unc. —Stat.unc. |
WH: 4.0 (4.1) ¢ B doF Wrds T T Qe Eacied. T E
ZH: 5.3 (5'.1)0 R E agf. o e -V B ) -s F vew ; vez 3
ATLAS VH,H>bB fs=13 TeV, 139 fb" =l 263 o, 2-48g8 (] B-only uncertainty Q 10° H -
ol —Stat 3 301 oyt mass anaiysis x E : E
—Total —Stat 1] s 2 E ' =
Tot. (Stat, Syst.) -g 25 onesty gge S8 ° Of E ]
- kRN e T —F
3 = F : 1
- M 108 53 (517.9%) g s T T T T
° T £ £5
: Sy 1 ;
Como e 102 9 (BE. ) 2 ‘ ¥ 0 Ao P 0o, Az,
L I ‘< < < G
T R R T - £ 40760 80 100120140160 180200 T 20, GV T TT0g,, T g, %V

I

My, [GeV]

VH
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EXPERTMENT

Boosted VH(bb): pushing to high pT

Push towards higher pT(V) — focus on pT(V) > 250 GeV:
Final discriminant: large-R jet mass m;

Search for deviations from the SM (EFT approach):
— some operators are pT dependent

Binned profile likelihood fit in m; in 14 regions:
— simultaneously extracting VH(—bb) and VZ(—bb) signal strengths

T T T T

3 ATLAS - Data F Atias’ ! ! ! ! ™3
g s =13Tev, 13916" I VH, Hoobb (1,,=0.72) [ V5=13Tev, 139" =

T 1000~ 5,75 ,eplu‘m 1 Diboson (1,,=0.91) P 05; 2: 3 I VH, Hoobb (1, =0.72) E
5 i 4142 leptons [ Diboson (1,,=0.91)

H > 1large-R jets, 2 b-tags wt = 1 large-R jets, 2 b-tags [ B-only uncertainty

& 800 pY =250 GeV |

[ Uncertainty Weighted by S/8

— VH, Hobb x 2

6
5
4 b2 250Gy
3
2

Events / 10 GeV (Weighted, B-subtracted)

B E
& Il 1 Il Ml L Il Il n
3, 60 80 100 120 140 160 180 200
e 60 80 \OU 120 140 160 180 200

m, (Gev] m, [GeV]
[ ity = 0725030 = 0.7 (stat) 030 syst) oy = 21(2.7) obs. (cap) |
| i, = 0.9150:3) = 0.1 +£0.15(stat.) 0 2 (syst.) oty = 5.4(5.7) obs. (exp.) |

doi.org/10.1016/j.physletb.2021.136204

2-my

AR(br,ba)
vy

AR(by,ba) <1, plf 2 250GeV

Large-Rjets: at least one large-Rjet, pT>250 GeV,

In| <2.0

Track-jets: at least two track-jets, pT>10GeV,
|m| <2.5, matched to the leading large-Rjet

2 125-ATLAS Boosted VH, H - BB,V - leptons |
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STXS measurement in 2 pT(V) analysis

bins:[250,400], [400,00]
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EXPERTMENT

>\/‘\/N»H lhv
i b v

I

[75,150] GeV  [150, 250] GeV  [250, 400] GeV

0-Lepton

[400, ) GeV

® Taken together: more complete picture of the VH process

® Orthogonality through pT(V) cut at 400 GeV

® Higgs candidate:

® Resolved regime — two small radius jets
® Boosted — leading large-R jet (R=1.0)

® More granular STXS measurement

® Stronger SMEFT constraints for scale-dependent modifications

Results well-understood: compatible with individual analyses
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Ratio to SM

Chw

VH(bb) resolved /boosted combination

ATLAS-CONF-2021-051
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VBF

EXPERTMENT q

’

q

Higgs Boson decaying to b-quark pairs in the vector
boson fusion (VBF) production mode !
Add extra photon to VBF production
Heavily reduce QCD multi-jet contribution

® All-hadronic final state:
® Signature: 2 b-jets, 2 VBF jets
® Backgrounds: Non-resonant (NR) bbjj, Zjj
® VBEF topology allows for discrimination against QCD
background
doi.org/10.1140/epjc/s10052-021-09192-8

® Extra EM object help to explore low pT phase space

doi.org/10.1007/JHEP03(2021)268

T T T T T
§ ATLA‘S T Dat T T . . . ATLAS Vs=13 TeV, 126 - 132 fb'
2 «Data
& 200 Vs=13TeV, 126" - z_,p5 3 § 5 ATLAS « Data = — Total — Stat. Tou (St Syst)
5 VERHZ B0 mggFiitavh Sm £, s-13Tev 132! BEAKSTY = B
z 19 WVBF HobB (1, . =095%3) 3 VBF H(— bb)+y 7/ Bkg. Uncertainty Bhoton e 4 13 10 (10 403
2 + 7/ Background uncertainty S 3 Weighted by Higgs Boson S/B E 3 4o (Lo o3

;10 E @

3 g r b
£ 5 2 4038 4032 4020
§ 5 + + E S All Had. b 0.95%36( 2032 10.17)
% 0 //////////;{///T//*«, %

3 5 4036 4030 4018
@ _gE Weighted by Higgs Boson In(1+s/b) I Comb. e 0997534 ( “030 ‘0.16)
= °

| | | | |
£ g0 700 120 140 160 180 200 < I 3 3 4
& m,, [GeV] g 2 L L - - JoSM
b s 50 100 150 200 250 Hyar=Ovgr b5’ OVBF HobB
HVBF,H—bb = ™, [GeV] The combined measured signal strength:
0.95t%3322(stat.)t%zl%(syst.) significance: 1y = 1.3 & 1.0 observed significance of corresponding to a significance of 2.90
2.60 (2.80 expected) 1.30, Expected 1.0 o (2.90 expected)
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EXPERTMENT

Higgs-Top coupling (ttH)

9 TOOOOO00000————— ¢

9.902000000000)———— §

¢ The .strongest coupling: top-quark Yukawa ® Analysis done in both resolved and boosted
coupling (yt) regime

® top quark couples directly to the Higgs boson at e Separate between single-lepton and di-lepton
tree level: direct measurement of y; regions

® Event selection targets tt events decaying to final e Dominant background is tt+>1b

states containing one or two leptons

*: nommalised to total Bkg. *: normalised to total Bkg.
T T T

Events.

Post-Fit

*: normalised to total Bkg.
T T T

1 T 2 T 2 U
ATLAS ¢ Data [WtiH §'wooo~ ATLAS # Data & 1000 ATLAS @ Data WtH ]
Vs =13TeV, 1397b" fiH* [lti+=1b w Vs =13TeV, 139" i & Vs=13TeV, 139" --fiH* [tf+>1b
Dilepton W|H  Diextc Single lopton W+ +210 Single lepton WH 2t
@t +V [ + ight ac0o] S [+ V Ot +light 300[- SPhocmes @+v i +lght ]
Post-Fit [JOther 7 Uncertainty PostFit [COther 7 Uncertainty

[IOther 77 Uncertainty

L

27
.

Data/ Pred.

500 600
Higgs boson candidate p, [GeV]

Data/ Pred.
Data/ Pred.

400 500 %6 a0 400 40 500 550 6
Higgs boson candidate p_[GeV] Higgs boson candidate p, [GeV]

doi.org/10.1007/ JHEP06(2022)097
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£ Higgs-Top coupling (ttH): Results

® Best-fit inclusive signal strength:
n=0.35=+ 0.20(stat.)f%g%(syst,) = 0.35t%.'3;3

® observed (expected) significance of 1.0 (2.7) standard deviations

- - ATLAS is=13TeV, 139 fb", m, =125 GeV/
ATLAS s-13TeV, 139 16", m 125 GeV ATLAS  is=13TeV, 139 fb", m =125 GeV . T (RIS,
ibility: 8.5% SM compatibility: 45% Ble0120)GeV] - - Expected (u=1) |
SM compatibility: 8.5% . o p=osoron
- : o (Stat. Syst.
—Total Stat. Tot. (Stat. Syst) otal a ( yst) 5" < [120,200) [GeV] == Expected 2
0.86 1% (04 10%2) T — Observed
143 ;4022 n_,p"[0,120) [GeV] . -099 (047 087 - SM prediction
Ieisresoed| ke 030 8 (92 %) i P o o O e 00300 (GeV) I1 P
ity B [120,200) (GeV) -0.18 "1, (‘o ‘o7s)
+0.61 (+0.45 +0. +0.¢ + + »
l+jets boosted Lan 0.32 05 (032 0%) ity B [200,300) [GeV] 1.05 ‘350 (*0%8 *0%) P €[300,450) [GeV]
e 1300.450) (GeV] 019 078 (+058 045 o
Diepton Feut 0,60 108 (1940 1035 My PreS00450)(GeV] f’E( o g:;) o) < 450:) GeV]
| i B [450.2) (GeV] 010 450 (Cogy “i0s) clusive [ ‘{ i
1036 (1020 1030
Inclusive red 0.35 53 (‘020 ‘o28) Inclusive 035 038 (0% 038) o P
2 0 2 4 6 8 10 2 0 2 4 6 8 10 12 10 10 959 C‘LU o hm"’gm "1
n_ = oot _ oGt o GL upp -
il 'SM Mo 'SM

® Signal strength measurement also performed in Higgs pT bins in STXS framework
® First STXS measurement in the ttH(H—bb) channel and STXS measurement in the pT(H)>450 GeV bin
® Allows to probe higher Higgs pT => specially selected boosted Higgs bosons with pT above 300 GeV

® Measured 95% confidence level (CL) cross-section upper limits in each STXS bin
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. . . 4 POls: Cross-sections per production mode
Test of Yukawa coupling in SM: Measure cross section of H — 77

T T T T T T T T
ATLAS H- 1t Vs=13TeV, 139 b

® Target four main Higgs boson production modes
g g8 P —Total — Stat. Theo. Pey=88%ly,l<25
° i .
Three analysis channels: ThaqThad, TiepThad: TeTp Tol. (Stat, Syst)
. +1.28 +1.07  +0.70
® Dominant backgrounds tH 106 "os  (Coss oso

® 7 — 77: MC simulation, Dedicated/Embedded CRs

0.08 "8 (1050 1034
® Misidentified 7: Data-driven estimation %8

VH| w—e—n -048 -0.33

® Top: MC simulation, Dedicated CRs 1038 (4015 4031
ggF 2 e 0.96 -0.28 (‘15 ‘oz )
> 200 1, 2 L > !
o T > 200 frrr T T B mag nasas A Maase Rt 02 ots sars
gws »O‘E’L‘gnv 139f°" } g‘r:v"zwmy E ?.75 ,ﬁﬁnv.mm* ) ﬁr':svw-«v g O’Hﬁmv.mm' ) 3:‘:=-wmv VBF o 0.90 -0417 Q).wz L)wz )
5 150 F Al rwns P8 = hemosaxsw ] S Al Ty ieg SRS -9 S 5 6000 Al s, SRs - r099x s . . . . . ) .\
fes e §ooE = mmne] Jowor = e 0T 2w s BT
4000 (oxB)™** / (oxB)
3000 —_ "
o 10°EATLAS H = t cross-sections (|y,[ < 2.5)5
0 T Vs=13TeV, 139 6" o Observed —Tot. unc. — Stat. unc.
1000 @ P, =95% — Expected [ Theo. unc.
X 3
[ 8 3
éi- 5 OF 4 4 | At -
s s 3
S0BE et d 87 b 3
LR s T e T e b El
e (GeV] e (GeV] i (GeV] 3
- e R | =
. s
Total measured H — 77 cross section: s 2F M : 14
0.37 g i R
2,94 + 0.21 (stat)"('] 3 (syst) pb € ot .i. L .
. 2 o o
in agreement with the SM prediction of 3.17 4+ 0.09 pb "'.3'555} 15,129 [!20[2001][200 S0 (920 -1 [ zeo}[ o
doi.org/10.1007/JHEP08(2022)175 oon e 39 -» 2o e v aan

9 POls crossponding to STXS measurements
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ATLAS

EXPERIMENT

Run: 281411
Event: 312608026
2015-10-11 18:40:58 CEST

th that ofns boson, and two forward jets (yellow cones)
"ol -



@ The elusive Higgs-boson decay to muon pairs

doi.org/10.1016/].physletb.2020.135980

3 70 ATias + Data E
38 E -¢-Data 3
«  B00E- Ys=13TeV, 139 10" - ;otal Fd:ﬂ |
% 5002 H = uy, In(1 + S/B) weighted - B:f’g"_;f, _;
i i . @ 400F- =
® H — pp provides an unique opportunity to study 2 a5 E
2 E E|
Higgs coupling to 2nd generation fermions 2 200 3
100E- =
® SM BR: (2.1740.04)x10~* E .
® Dominant background: Drell-Yan. Typical 2 2
S/B at 0.1% level = Z \
o i
® Split into 20 different regions for categorization 1O 5130155130135 40 45 150155760
. . [GeV]
® Exclusively selected in the order of ttH — VH — e
VBF — ggF N
ATLAS Vs=13TeV, 1391b" H -
Fe{Total Stat. ESyst | sm Total Stat. Syst
VH and ttH categories —e==—— 50 £35 ( £33, +1.1)
Data f:on.1!)at|ble with SM: 9gF 0-jet categories —@—] 04 £16 (£15, £03)
Obs. significance 2.00 (exp. 1.7 ¢), 1 1.2 + 0.6 . 2tz o1z, 08)
_ ggF 1-jet categories e 4 £12 (£1.2, +0.
BR (H—pu) < 4.7 x 10~* excluded at 95% CL :
ggF 2-jet categories |—#— 06 +12 (£12, £0.3)
VBF categories - 18 +1.0 ( £1.0, £0.2)
Combined JH 12406 (08, 152
Il PR PRRTERTIN B SR Er PRI B S R |
-0 -5 0 5 10 15 20
Signal strength
Khuram Tariq (IHEP) DIS2023 12


https://doi.org/10.1016/j.physletb.2020.135980

) Higgs-charm coupling

® VH(cc) analysis: 1)

® Direct probe of Higgs boson coupling to 2nd generation of quarks. v/(,v)
® 3 channels as in VH(bb) analysis: 0/1/2 lepton.

® Use mc. as discriminating variable

Flavour tagging: doi.org/10.1140/epjc/s10052-022-10588-3
® Efficiencies: c-jets (27%), b-jets (8%), T T T T T
light-jets (1.6%) = cet ATLAS e
X L e — V=13 TeV, 139 fb" [
® c-tag with b-tag veto on two leading jets ) - VH,Ho 68 L e
® 1 and 2 c-tag categories are considered Extrapolated track Olepton
for signal regions Oba 35 SM
> T T T T T T T T 1 lepton
8 ool ATLAS uat - § " arias <o R
e Vs=13Tev, 139" - VZ( €T) (1=1.16) ° Vs =13TeV, 139 1" M VH(-> ¢B) (u=-9)
3 0lepton, 2 jets, 2 ctags. s 2 =08 S 2500 64142 0ptons B VZ(5 o) (4=116) ] 2 lepton
g SR, p} 2150 GeV % 2c-tag, All SR 0 VW(- cq) (1=0.83) Exp.= 51x SM
& 8 200] N B-only uncertainty —| Obs.= 49 SM
g SMVHG ofy x28 Combination
g Exp.= 31x SM
: Oba.- 26 x SM . . .
&
I 0 20 40 60 80 100
Soousy H 95% CLlimitonp, .
50 = VH (H — ccc)

S —— o S —====9 Observed (expected) limit:26.0 x SM (31tli32 x SM)
grp oy ‘_+_‘+'Lr ' VW(cq) and VZ(cc) are simultaneously measured
L et et e
£ 05 R 6 80 100 120 140 160 180 200 as a cross-check
S 7760 80 100 120 140 160 180 200 m [GeV] VW (W — cs/cd):

Mo [GeV] Observed (expected) significance: 3.80 (4.60)
VZ (Z —cc):

Observed (expected) significance: 2.60 (2.20)
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Constraints on EFT coupling modifiers

EXPERTMENT

mgﬁg 3, 15M o 2
Definitions: & x BRIV — H — ¢€) = agy x BRIV = H — Oy x 5 wf = 2L {"ZM J
H

* Analysis sensitive to exclude some parts of k. parameter space (parametrisation below used)
K&

——————— (other coupling modifiers set to 1
[(1—BRHCC)+BRH¢*K§1( pine )

cu=

3POI combined fit provides observed constraint of |k,| < 8.5 at 95% CL € first direct constraint from H - cC decays

5 —~, 4507 T T T T T T T
3 s ey T & anas - Expected
8 356 T T T T T ~,4.50 «--Comb. (exp.) 7 =~ 45 (5-13Tev, 139 10" Observed E
H E < s=13TeV, 13910" g £ - Ry l= iyl
H E = £ lepton (obs.) 1 24 50 VH, H - bbic SARISA 3
a0 S 4 VHHs@ 1-lepton (obs.) z
E 3.5) Il <85at95%CL _pepion (obs.) 3 T g
250
E 3 ] o5t
200 ATLAS 5
F 250 3 o
15 o™ of 9
1057 0 ) =11 B =346 659 oL ; q 150
E 150 R B
s5E- I S 3 P 1 g
E Yo T B (2 1) E 1 3 68 \‘
E | , | | | E 05E- 58
0 5 10 15 20 25 30 0.5F 4
Il . NS L , . [ — .
i 030 20 40 0 102030 8 6 °

Parametrisation of j(kc) includes effects X
on the Higgs width
Constraint: |K:/Kp| < 4.5 at 95%

Likelihood scan on k¢ confidence level
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Constraint k, k. by combining
H—ZZ*—4l and H—~~ with VH(bb/cc)

and H—~~ analyses.

kp ke can be constrained by pT(H) measured from H—ZZ*—4|

r T
OFatLas

grH 22 H o,
VH(bB), VH(cT)
15 =13Tev, 13915
4]
2|
0)

T
68% CL
95% CL.

T
% Standard Model
] Obs. Combination
Bggy=0

(Lo daldpy (1o daldpy)se

arxiv:1606.09253

1.4}F — ko= =10
— k= -5

12} Ke.=0
—_— =5

1.0

0.8F

0 20 40 B0 80
pra [GeV]

100

3: T T T ku 1
10-ATLAS % Standard Model 68% CL |
H—2Z'H—>yy £ Obs.H -2z 95% CL
8f-Vs=13Tev, 139 1" V Obs.H = ry 3
Shape + normalisation @ Obs. Combination
6| 4
4 E £
2 3 L
0 E E
4 of
4 _ab
d -6
15
Kp

H—ZZ*—4l and H—~~ combination using

shape & normalisation

Kb

(BSM decays not allowed

doi.org/10.48550/arXiv.2207.08615

VH(bb/cc), H—ZZ*—4l, H—~~ combination

Best fit results, 95% CL:

H4l & H~~, shape & normalisation:
kp: [-1.09, -0.86] U [0.81, 1.09]
ke [-2.27, 2.27]

H4l & H~~ & VH(bb) & VH(cc)
BSM decays not allowed:
ke::[-2.47, 2.53]

BSM decays allowed:
ke :[-4.46, 4.81]
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&TLAS{ Conclusion

All analyses show an overall good agreement with the Standard Model predictions
Nature 607, 52-59 (2022)

T T

T
ATLAS Run 2

Z
¥ ko=x, -
. is a free parameter //' w

® Precision era: Moved from inclusive searches to
differential x-section measurements

SM prediction

T T

® Higgs coupling to fermions provides an important 10° . .1,
test for the SM.

PR
® The ATLAS analyses using full Run2 dataset all show .
Higgs coupling to fermions consistent with SM.

T

Force carriers Higgs boson
. L],
1 1

T T T

Ul vl cod ol b

® For analyses with adequate statistics and significance,
STXS measurement with multiple POls has been done
and result is reinterpreted in EFT framework.

08 b b ‘{‘ AT BRI B
107 1 10 10?
Particle mass [GeV]

More data => more measurements, more differential, more complex interpretations
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