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Testing the couplings of the Higgs boson to fermions
H — fermions represent ~ 70% of the Higgs decays.

Decays of a 125 GeV Standard-Model Higgs boson
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Outline:

@ coupling to third generation fermions:
o ttH, H— bb, H — 77

@ going beyond, simplified template cross section
e reinterpretation of VH,H — bb and H — 77

@ searches for couplings with second generation fermions
e H—c¢, H— pup

@ searches for lepton-flavour-violating decays
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Couplings to third generation fermions

@ Measurements of the Higgs coupling to fermions can provide stringent
tests of the validity of the SM.

@ only coupling to third generation fermions can be currently measured
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ttH production
my = 125 GeV = Higgs to top coupling studied in the associated production

e
0°F B
F pp= H(N3LOQCD + NLO EW) Vs=13 TeV4

THC HIGGS X5 WG 2016

pp + qqH (NNLO QCD + NLO EW)

Pp 2 WH (NNLO QGD + NLO EW)
pp - ZH (NNLO QCD + NLO EW)

E_pp= ttH (NLO QCD + NLO EW)

[ PP~ bbH (NNLO QGD in 5FS, NLO QCD
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Most favorable production mode for direct measurement of top Yukawa
coupling

o Complexity: ttH two orders of magnitude smaller than total Higgs
cross section

o Advantage: distinctive top signature, access to many Higgs decays
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Observation of ttH with up to 80 fb~*

Combination of:

e H — bb with 36 fb~! ATLAS
e H multilepton (WW*,

L B s e e LB B

Vs=13TeV, 36.1 - 79.8 fb"!

- Total Stat. [ Syst. — sSM

Total Stat. Syst.

T, ZZ*) with 36 'Fb_l iH (bb) ,_§|=q 079+ 9% (=02 1053)

e H — ~+ with 80 bt iH (multepton) FESS==H 15608 (253, £5%)

o H— ZZ* — 4l with H ) —==— 1894 0% (0,2 02)
80 fb_l [ 4 R P — <1.77 a1 68% CL

Combined H==H 182+ 0% (018, + 0% )
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Combination with ttH searches at 7 TeV and 8 TeV: 6.30 (5.1 expected)
— direct observation of Yukawa coupling between Higgs and top

» arXiv:1806.00425
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https://arxiv.org/abs/1806.00425

ttH in multilepton final states with 36 fb™*

e H— Ww+
e H— 17
e H— ZZ*

Events split in seven channels according
to the number of selected light leptons

and 7p,4 candidates.

ATLAS Vs=13TeV, 36.11b"

—Tot. - Stat. Tot. (Stat., Syst.)

2608 + 1gg bl 17730 (08,00

; 16 4 2Thag | Pt -eeorid 0.6 % (8, )
£ 47| kel -0.5 :1,3 (T)jg: tgig)
g 34+ 1Tha [ — 1.6 75 (13, 133)
E 2¢SS + 1Thag voeeed 357 (13, 92)
a fon 18353 (%58, 09

2088 *H 1.5 07 (104, 08)

1 2 3 4 combined 2] 1.6 ﬁf 05, T03)

Number of light leptons. -2 0 2 4 6 8 10 12

SS— same sign, OS— opposite sign

Significance: 4.10 (expected 2.80)
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https://arxiv.org/abs/1712.08891

ttH, H — v~ with 139 fb~ %, New!

@ One of the first publications with full Run Il dataset!
Only 80 fb™! result included in combination

T T T T T T T T T
095 ATLAS Preliminary 3 Rork Bk ooion
gt (5=13TeV, 139" o oo

85 1iad region {75 Non-iH Higgs

mﬁ'égg

TET0 8 05 064 0.95 0,08 097 085 095

BDT trained using the E’T”iss, photons, leptons
and jets kinematic variables and the jets b-tag
status.

Fraction of Events

Two regions with dedicated BDT

o il wond

@ "Lep" region with at least a W decaying 0 0102 03 04 05 06 07 08 05 1

. BDT Output
leptonically et
18: ¢ Data ATLAS Preliminary
e "Had" region for hadronic top decays O e e

Total Background m, = 125.09 GeV.
E —— signal + Background  Had 1 category

Events are further categorised according to
the BDT score

Events/ 1.375 GeV

o N s O ® O N

Ll
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http://inspirehep.net/record/1726181

ttH H — bb with 36 fb!

g t q ¢ 7 b t
b
___IZ__<b ~H<b
b b
|9 TOTTTTTEEEEO———————— ¢ q 9 [
Signal Main background

@ one or both top decaying semi-leptonically
@ multivariate techniques

Events categorisation:

ATLAS Vs=13TeV, 36.1 fb"
e RS

@ number of leptons (one or two) - m, = 125 GeV

tot (stat syst)

@ number of jets (3 to 6 ) o com | ey 028 TRCEECH
") b f b_' t t4 ki int Single Lepton 0.95 1065 (+031 4057
number of b-jets at 4 working points ool Lepton - r-Tieti el
Dedicated "boosted" category for high energy Combined e 088 S5 0%
events E R R R R

1.40 observed (1.60 expected) et = oMol
dominated by systematic uncertainties (theoretical knowledge of one of the main
background, tt+ > 1b)
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https://arxiv.org/abs/1712.08895

VH. H — bb with 80 fb!

Large BR (~ 58%) but large multi-jet background = study H — bb decay in
associated production VH, H — bb

Three selection channels

*‘ Ba(; ! !
B VH, H > bb (u=1.16)
I Diboson

d

T
10°E aTLas
[ (s=13Tev, 798107
[ 1lepton, 2 jets, 2 b-tags
L pY =150 Gev B Single top
Multijet
. Wjets
W Z+jets
Uncertainty
+--+ Pre-fit background
— VH,H > bb x20

@ 0 leptons: ZH — vwvbb
@ 1 lepton: WH — ¢uvbb N
@ 2 leptons: ZH — ¢¢bb o

Events /0.13

ol bl il el

BDT trained in all signal regions and used as

final discriminant

I.SE‘ T T T T T T
1 e *A%
05 bttt ‘

Lt
-1 08 06 04 02 0 02 04 06 08 1
BDT,, output
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https://arxiv.org/abs/1808.08238

H — bb in vector boson fusion production with 31 fb!
Complementary to VH production

T T ™
E| —e— Data 3
— Signal+Background Fit |
----- Non-resonant Background ]

50F - Z(-> bb) + jets 3
3 E ., 5 17y
g S e Ho B = 801 ]
S 40 e 3
% 30F * A ]
& | ATLAS ]
@ 20f {s=13 TeV, 30.6 fbo"

E photon channel, SR |
10F .
Qbbb I L L

Three channels considered:

Data-Bkg
Lo
TEET
1 11

@ all hadronic channels:

60 80 100 120 140 160 180 200 220 240
e two central jets m,, [GeV]

e four central jets e e

ATLAS V5=13 Tev.

. —Total ~— Stat.
@ a photon associated channel o s, o)

w20 (419 +08

Photon | 306" H—e—1 25720 (113 19%)

Upper limit on 0 x BR = 4.8 times the SM
expectation for inclusive production (2.5F59 ™ e G
expected) and 5.9 for VBF (3.07573 expected) < —— o ch

e

» arXiv:1807.08639 oA U“ i1

VBF  VBFH- na VBF H-. bb
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https://arxiv.org/abs/1807.08639

VH H — bb combination

T S
ATLAS H- bb Vs=7TeV,8TeV, and 13 TeV ATLAS VH Vs=13 TeV, 79.8 fb”'
Total Stat 4.71",20.31b", and 24.5-79.8 fo! Total Stat
—To — Stat. - —Stat.
Tot. (Stat. Syst.) o a Tot. (Stat.,Syst.)
VBF4ggF | pt—e——— 168 15 (100,708 )| MO ZZ ——a— 4 0.94 3 (1126 w032,
tH| g 1.00 058 (w028 048yl py gyl by 1.03 280 (b -0
VH ko4 0.98 0% (014,%048)| H- 1B Hed 117 02 (048,705
+0.20 +0.12  +0.16
Comb. ko 101 33 (%912.%15)|  Comb. e 113 9% (N1 )
PPN S AT R R R ERFE R T | | | | | |
7 0 05 1 15 2 25 3 35 4 45 5
— T Mum
H — bb observation VH observation
_ Omeasured
Oexpected (SM)
> arXiv:1808.08238
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https://arxiv.org/abs/1808.08238

H — 77 with 36 fb!
e BR ~ 6%
@ only currently accessible leptonic decay mode
All combinations of leptonic and hadronic tau decays considered

> Fr T T
® L ]
& [ ATLAS -+ Data2015+2016 ]
s 190 Vs=13TeV, 36,167 mmpii# ]
2 = , 36. 7t
=~ [ AllSRs B Other backgrounds |
% r [ Misidentified 7 |
77 Uncentai
¢ 100~ noerainty — RSaaaRas Baasnasassss
> r 1 ATLAS Vs=13TeV, 36.1fb ™"
B S g —total —stat. —SM exp. total (stat., syst.)
= L ] 077+
5 50 = T 249 5% (57 000)
o
S | TiepThag - = 313 N3 (e 1)
2 E
o o 3 | ee—ere R (20
b E
5 | 3 combinati 377 M98 (080 w087,
L L L L s aad 095 1074
e 150 200 A AT T
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miC [GeV] s e PP

Combination of results at /s = 13 TeV with results at 7 and 8 TeV:
6.40 observed (5.40 expected)
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https://arxiv.org/abs/1811.08856

Going beyond, Simplified Template Cross Sections

Proposed at Les Houches 2015

Measure production modes cross-sections (ggF, VBF, VH, ttH) in
exclusive regions defined in fiducial selection — reduced model dependency

and maximised sensitivity to BSM effects

A

ZH
75<pTV<150

ZH
150<pTV=<250

WH WH fix;r:/ltu

prediction

WH

a150<pTV<250

truth p.¥

Goals
@ probe Higgs properties in more detail

truth p,¥

@ reduced extrapolation from analysis selection phase space to

measurement phase space

@ easier to compare with future updated calculations
@ easy combination of different decay channels— increase sensitivity
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https://arxiv.org/abs/1605.04692
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VH, H — bb in STXS framework with 80 fb™*

Possibility to go beyond the signal strength measurement — STXS

) E e —y T T T T T
£  Eamas VH, H_.bb, V - leptons cross-sections: 3 s % ™ TT™]
- [ \5=13TeV,79.8 b @ Observed =Tot. unc. —Stat. unc. | I [ATLAS | & VH H- BB H ]
-8 e STneo. une. o F i (=13 TeV, 79.8 fby B
o 10°5 ; E 0 25 H |
E : 3 = H ]
X = - ' = E =5 [—observed| ]
=2 F V=Y v=z 7 9 Eeemd| i I\ ]
Qe : I E £ : E
x E ; 3 F H E
5 E - ] 15F 3
10 : —= £ ]
; = — = 9
3 1 : ]
ST T T - T E 05 =-mmmmor e S e e
2 T F L |
gl 1 - e N ]
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750, Xy s, 750, N

o 2y P <z, o250

<2 G 715 <2 Ge
T2, " Gev 0Gey 720Gy, OOV

Lepr = Lovi+ Y a0

Beyond the Standard Model (BSM) effects parameterised with an effective
lagrangian. STXS measurements set limits on the lagrangian parameters
In H — 77 a three-dimensional fit was performed in the STXS framework
(VBF cross section in one region and ggF cross sections in two exclusive

regions of phase space
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Couplings to second generation fermions

@ couplings to second generation fermions expected to be much smaller
w.r.t third generation fermions

@ some BSM scenarios predict deviations of 2nd generation couplings as
the Yukawa coupling is so small

First Second Third
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H — c& with 36 fb*

Challenging measurement at hadron colliders
e small branching fraction (~ 3%)
e large backgrounds — study the associated production ZH — I/~ c¢c
@ challenging c-tagging

% T T T S ‘\
+ Data
o ATLAS - Prefit
. = Vs = 13 TeV, 36.1 fo" — Fit Result
ATLAS Simulation E 2 cags, 75sp§<150 GeV Eédeﬁs
_ T efficiency 41% 5
ls=13 TeV, it ficiency 30% % -§ZW

¢ efficiency 20%

[ ZH(bb)
o 41% efficiency WP — ZH(ct) (100xSM)

Light-jet rejection

3 4567810 20 30
b-jet rejection m[GeV]

Data/Bkgd.

I I | | I I |
60 80 100 120 140 160 180 200

Observed upper limit on o(pp — ZH) x B(H — ¢¢€) is 2.7 pb
(expected SM value: 26 fb)


https://arxiv.org/abs/1802.04329

H — ppe with 80 fb !

e BR(H — pup)~ 2.2 x 107* = rare decay but clear signature

@ Only way to directly measure couplings between a Higgs boson and
second generation fermions at LHC

AASLAARAR RARAS)
F ATLAS Preliminary

50— VBF tight Vs=13TeV, 79.8fb"
¥2/ndof = 31.2/48 H- uy analysis

Entries / GeV

Events split with MVA discriminant to target
VBF and ggF production 0
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—e— Data
Background
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Data - fit
o (data)
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m,, [GeV]

Observed upper limit on o x BR = 2.1 times the SM prediction.
Dominated by statistical uncertainty
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https://cds.cern.ch/record/2628763

Higgs lepton-flavour-violating decays with 36 fb™*, new!

T

LFV

LFV

SM

LFV

Serch for H — et and H — ur

No significant excesses over the SM predictions

observed (expected) 95% CL upper limits on the
branching ratios

o H— er 0.47% (0.347513%)
o H — pur 0.28% (0.37731%%)
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Conclusions
Many important results reached:
@ observation of H — bb
@ observation of VH production
@ observation of ttH production
@ observation of H — 77
First results within the simplified template cross section framework
e VH with H — bb
o VBF and ggF with H — 77

L e L e T
ATLAS
Preliminary

ey
@
S

All results seem to agree to SM predictions
Many of the analysis presented are statisti-
cally limited

— stay tuned for the full Run Il results
(140 fb~1)!
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