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Motivation

* Couplings of Higgs field to quarks and leptons — Yukawa couplings - are a potential source of the fermion masses

* Interaction so far only observed for 3™ generation of fermions (top, bottom and tau) and evidence found for
coupling with muons

* Yukawa couplings don’t explain the large disparities between the fermion masses
* There is no guarantee all Higgs fermion couplings behave in a similar way

e Of utmost importance to measure all Higgs couplings to fermions!

* Probability of Higgs boson decays to charm quarks of 3.9% in Standard Model

 Standard Model Higgs Yukawa coupling to charm quarks is rather small C
(Ve = V2 me(u=mpy)/v = 0.2 x y},) H

« Susceptible to significant modifications in some new physics scenarios™
(e.g. two Higgs doublet models)
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* One of largest contributions to I'y (by SM expectations) yet to be established
experimentally
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https://arxiv.org/abs/1602.08011
https://arxiv.org/abs/1508.01501v2
https://arxiv.org/abs/1804.02400v3

VH (H 9 CE) Sea rChES Note: iy (H = cg) = o(VH)XBR(H = ¢€)opserved

G(VH)XBR(H 9 CCT)SM

* Built around the use of c-jet tagging algorithms
 Targeting VH production (V=W, 2)

1/(,v)
v/(l,v)
* W/Z boson decays into leptons allow for a convenient trigger strategy

* Suppression of multi-jet backgrounds

* Enhanced Signal over Background ratio w.r.t to inclusive Higgs production <

 ATLAS Early Run 2 with integrated luminosity of L = 36.1 fb™1(PRL 120 (2018) 211802)

» Z(=I)H(=>cc) production targeted
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* Observed (expected) upper limit uzp (H = cc) at95% C.L. of 110 (150*8°_,,) x SM A@ Y

* ATLAS Full Run 2 analysis (arXiv:2201.11428v1)

v

Direct constraint on the Higgs—charm coupling

* Integrated luminosity of L = 139 fb™! e arks it (e ATLAS Getactor ||
* Z(=> wW)H(=> cg), W(=> IV)H(=> cg), Z(-> IH(=> c€) productions targeted i —
» Combination of VH (H - ¢€) and VH (H - bb) analyses for improved constraints on Submitted to EPIC

coupling modifiers

Equivalent CMS studies: CMS Run 2 with L =35.9 fb~* (JHEP 2003 (2020) 131), CMS Full Run 2 with L = 138 fb™! (CMS-PAS-HIG-21-008)



https://arxiv.org/pdf/1802.04329.pdf
https://arxiv.org/abs/2201.11428
https://arxiv.org/pdf/1912.01662.pdf
https://cds.cern.ch/record/2802742

Flavour Tagging Design

Dedicated working point and optimised for the analysis built from two components
* DL1 (deep neural network) algorithm: c-tagger

* MV2c10 (boosted decision tree): b-tagger, for b-jets vetoes, using the 70% b-jet
efficiency working point

* ‘c-tagged’ jet must pass both conditions, i.e, have a c-tag with a b-veto
» Additional jets to the two forming the Higgs candidate have a b-tag veto

« Signal regions orthogonal to VH (H = bb) analysis (allowing for combination)

Efficiencies

« Signal more sensitive to rejection of light jets than b-jets

Jet Flavour Efficiency (Rejection)
c-jets 27% (-)
b-jets 8% (13)
Light flavour jets 1.6% (63)

Data c-tagging efficiency + total uncertainty

* Efficiency in data measured relative to simulation as a “scale factor” with
a typical precision of 5 - 10% and generally consistent with unity
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c-tag + b-tag veto

DL1 c-tagger
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. Analysis Strategy

0 lepton (OL) channel 1 lepton (1L) channel

* Large missing transverse energy * Large missing transverse energy

* One electron or muon

Event Categorisation Higgs candidate selection

» p¥ is pr of associated vector boson produced * Higgs candidate: two
highest pr jets

Channel  Tag categories nlets pr pr

* c-tag with b-veto on two
0 lepton Hi ndidate j

2 and 3 jets pr > 150 GeV BES (2 ate Jets
1lepton * b-veto on additional jets
1 and 2 c-tags
75 < p¥ < 150 GeV * AR(cc) selection optimised

2 lepton 2 and 3+ jets

p¥ > 150 Gev for VH(ccC) sensitivity
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2 lepton (2L) channel
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2 lepton
event

/ Z(u)H(cc) candidate
event

Muon

Calorimeter cluster

mmmmmmm Hadronic
Calorimeter cluster

EXPERIMENT

2016-07-16 06:20:19 CEST

Two muons with a di-lepton invariant mass of 92 GeV. The reconstructed Z boson has a transverse momentum of 150 GeV. The Higgs boson candidate
is reconstructed from two charm-tagged R=0.4 jets. The leading and sub-leading jets have transverse momenta of 123 GeV and 71 GeV respectively.
The Higgs boson candidate has a reconstructed invariant mass of 123 GeV.



~ Signal and Control Regions (SR & CR)

0 lepton SR

m,, [GeV]

Main backgrounds

1 lepton SR

Main backgrounds
Top

mg; [GeV]

2 lepton SR
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Main backgrounds

Subdominant backgrounds
\V\W and VZ production

Subdominant backgrounds
\V\W/VZ production; Top processes

Subdominant backgrounds
\V\W and VZ production; Multi-jet

Control Regions

* High AR CR — Constrain modelling of \W/Z+jets: Events with AR;; > SR cuts and AR;;j< 2.5

* Top CRs - Constrain modelling of top processes: inverted b-tag veto in 1 c-tag, 3 jets events in OL/1L; eJ—ruTr events w/ 1 c-tagin 2L
* O-tag CR — Constrain normalisations of \W/Z+jets light flavour component: in 1/2L events
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Fit Strategy

~ _ - — 1 g2
LW, 0,7= 1] [PO’SS(N/' | 1 si(0) + i bi(e))]x [Tl-=¢"%"2x ][ |Gauss(Bi|viBi, Vi Bi)
B |V 2 .t
I € bins 0eb I € bins
Poissonian likelihood Constraints on NPs Constraints on MC statistics

 Simultaneous binned likelihood fit to m.. distributions of the analysis categories (16 SRs and 28 CRs)

* Measuring simultaneously following signal strengths:

*HyvH (H - co)
* Uyw (w—cq) — Validation of 1 c-tag category —> 3 Parameters of Interest (POls)

*Uyz (z—ce — Validation of 2 c-tag category

* Nuisance Parameters (NPs)
* Full set of detector systematics: flavour tagging, jets, leptons, MET, luminosity, pile-up

* Full set of modelling uncertainties: Uncertainties on cross-section and acceptance, flavour or process composition,
inter-category relative normalisation and m,. shape

e Statistical uncertainties from simulation samples size

* Normalisations of main backgrounds obtained from data: Z+jets, W+jets, top processes (with/without b-quark in 0 and
1 lepton channels and separate parameter in 2 lepton)
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Fit Results

Post-fit Background Subtracted Mass Distributions for sum of all SRs
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Observed signal strengths
*VHH=>cC):u=-9+15
e VZ(Z->cc):u=1.16+ 0.50—-0.46

Significance  Expected Observed
VZ (Z = ct) 2.20 2.60
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Breakdown of uncertainties

VH (H = cq)
* Statistical and systematic uncertainties of the same magnitude
* Main systematic uncertainties

* Background modelling: V+jets and top processes

* Statistical uncertainty from limited size of MC samples

. Tagging (in-)efficiency of the Higgs
candidate jets as event weights

* Corrections of TT yields to match Direct Tagging (DT)
* AR dependent correction applied for V+jets
* Small remaining DT/TT non-closure:

* Additional norm-only systematic uncertainty

* Use of truth-tagging represents nevertheless 10%
improvement on limit w.r.t direct tagging

VW (W - cq) and VZ (Z - cc)
* Sensitivity limited by systematic uncertainties

* Similar hierarchy of contributions to VH (H = cc)

Source of uncertainty HVH(c) HVW(cq) HVZ(cd)
Total 15.3 0.24 0.48
Statistical 10.0 0.11 0.32
Systematic 11.5 0.21 0.36
Statistical uncertainties
Signal normalisation 7.8 0.05 0.23
Other normalisations 5.1 0.09 0.22
Theoretical and modelling uncertainties
VH(— c?) 2.1 < 0.01 0.01
Z +jets 7.0 0.05 0.17
Top quark 3.9 0.13 0.09
W+ jets 3.0 0.05 0.11
Diboson } 1.0 0.09 0.12
VH(— bb) 0.8 < 0.01 0.01
Multi-jet 1.0 0.03 0.02
| Simulation samples size 4.2 0.09 0.13
Experimental uncertainties
Jets 2.8 0.06 0.13
Leptons 0.5 0.01 0.01
ET™S 0.2 0.01 0.01
Pile-up and luminosity 0.3 0.01 0.01
c-jets 1.6 0.05 0.16
Flavour tagein b-jets 1.1 0.01 0.03
EEIng light-jets 0.4 0.01 0.06
T-jets 0.3 0.01 0.04
Truth-flavour tagein AR correction 33 0.03 0.10
geing Residual non-closure 1.7 0.03 0.10
10
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R u n 2 Li m it a n d KC | nte rp retati O n Note: Limits for individual channels result from fit decorrelated in

respective way

K2
(1-BRycc)+BRycc*K?

 Parametrisation of u(x.): u =

* Other coupling modifiers set to 1, no BSM contributions to Higgs width, only modifications to decay considered

95% CL limit on pyy (1 - ce) Profile likelihood scans on K
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Combination with VH (H = bb)

* VH (H = bb) and VH (H = ct) searches with similar analysis features

* Orthogonal signal regions between the two make combination possible

* Possibility to measure the ratio of coupling modifiers k. /x}, with no assumptions on the Higgs width

* Common experimental systematic uncertainties correlated between the two analyses

* Exceptions for flavour tagging and background modelling uncertainties (different implementations or parametrisations)

Profile likelihood scans on k. and ky,

S L B B B RN RS IS R
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Observed best fit value (kp, k) = (-1.02, 0)

Small likelihood asymmetry from b-quark
loop contributions to gg = ZH production

¢ Phys. Rev. D 98 (2018) 054517 (from lattice QCD)

Profile likelihood scans on k./kp, with Kk}, free to float
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K. /Kp| < 4.5 at 95% CL

- In(L

* If one assumes the same
Higgs coupling strength to
bottom and charm quarks

* KpYp = Kc)Yc
= K:/Kp

= my(my)/mc(my)
= 4.578 + 0.008 °
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g

|k./xp| ratio constraints Higgs boson’s coupling to charm quarks to be
weaker than its coupling to bottom quarks


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.054517

Prospects for the HL-LHC

* Extrapolation of Run 2 analyses to HL-LHC scenario: 1/s = 14 TeV, 3000 fb!

* qq > VH (gg > ZH) signal scaled by 1.10 (1.18), tt and gg - ZZ scaled by 1.16, qq > VV and V+jets by 1.10
* Flavour tagging (except light-jets in VH (H = ¢¢)), theory and background uncertainties scaled by 1/2

0 lepton
Exp.=8.1x SM

1 lepton
Exp.=11.2 x SM

2 lepton
Exp.=10.5 x SM

Combination
Exp.= 6.4 x SM

Expected py g limit of 6 x SM @ 95% CL

95% CL Limit on Uy gycc

ATLAS Preliminary [z 1o

Projection from Run 2 data 92
+ 20
Vs=14 TeV, 3000 b
VH, H - c& ----Expected

1 11 IEI I T T T N T S T
0 5 10 15 20

95% C.L. limit on MVH( B
CC

)

Profile likelihood scans on K,

—_ - 37 T I T T T I T T T I T T B
[

o T ATLAS Preliminary 7
> 2 51 Projection from Run 2 data /]
2 T s = 14 TeV, 3000 fo" .

' B VH(— cg) ]
2 -
B — Combined (exp.) ]
1.5 — 0 lepton (exp.) ]
~H 1 lepton (exp.) -
i — 2 lepton (exp.) ]
1 .
0.5 =
07 | T N
-4 -2 0 2

Expected constraint of |k.| < 3.0 at 95% CL

* Leading uncertainties on results from Z+jets modelling and flavour tagging



Prospects for the HL-LHC: VH, H = cc/bb combination

Profile likelihood scans on k. and Kk, Profile likelihood scans on k./k3, kp, free to float
M(_) _I T T T I T T T T I T T T T I T T T T T T T T T T T T T T T T T T T I_ A(>é 3'_' I LB LB I LB I LB I T 1T 17T I T 1T 11 T 1T 11 T 1T 11 I_I
10 ATLAS Preliminar B E - -
- LIRS y ] = n ATLAS Preliminary ]
8 Projection from Run idata — Fo 2-5__ Projection from Run 2 data ]
[ Vs=14TeV, 3000 b ] 9 n Vs = 14 TeV, 3000 fb’ ]
6| VH(— bb.cc) — o VH(—> bb,cg) —
45 - - .
- . 1.5 .
2 - - .
oF- E F E
_2:_ - - Expected 68% CL E - — Expected -
C — Expected 95% CL 7 0.5 ]
_4__ + SM ] B \ / ]
_I 1 1 1 1 1 11 I 11 1 1 I 1 11 1 I 1 1 11 I 11 1 1 I 1 11 1 1 1 1 I_ OI_I I 11 1 1 I 11 1 1 I 1 1 Iml 1 1 I 11 1 1 I 11 1 1 I I_I
2 -15 -1 -05 2 4 3 -2 -1 0 1 2 3 4
Kb Kc/Kb

* Expected constraint of |k./Kk;| £ 2.7 at 95% CL

* Run 2 analyses extrapolated to HL-LHC are not sensitive enough to test SM predictions

- Plenty of room to improve!
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. Summary

95% CL limit™ on Uy gec Likelihood scan on k. Likelihood scan on k. /ky,
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{s=13 TeV, 139 fb”! CJ=20 2 A9r , T Comb. (exp.) 1 S 4 (s=13Tev, 139 b Observed E
VWMHow T Expected :C', A {s=13TeV, 139 b — 0O-lepton (obs.) £ b VH H o B oyl =k, v
, — CC — < = = | N3 r s — cC _— =
. Observed g VH, H— ct 1-lepton (obs.) % 3_5: c Yo b Yy ]
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Exp.= 40 x SM H r E i i
Obs.=35 x SM r [ ]
3 . [ H i
1 lept F 2.5 f H
epton Forvel N S e 3 [ ' .
Exp.= 60 x SM ‘ 25 Ttke N\ / - [ b .
Obs.= 50 x SM 2 H i
: d P2d e SN WY A e ] L 1
2 lepton : [ 95% CL W b ] 150 H -
Exp.=51x SM H 1.5F J L 5 ; ]
Obs.= 49 x SM E F
B ettt 1i 1 1? |
Combination : r r
Exp.=31x SM : [ r 1
Obe.— 26 x S ‘ P | | | 0.5¢ ] 0-5:
0 20 40 60 80 100 I T A AR T T o S Y e S g ML I
" 0 -30 -20 -10 0 10 20 30 -8 -6 -4 -2 0 2 4
95% CL limit on u Ke
VH(c) Ko K

* Observed uyycc limit of 26 X SM
* Observed constraint of |k.| £ 8.5 at 95% CL

 Observed constraint of |k /x| < 4.5 at 95% CL € Higgs boson coupling to charm quarks weaker than coupling
to bottom quarks

* Observed significances of 3.8c0 and 2.60 for VW (W - cs/cd) and VZ (Z = cc) production, respectively

* SM sensitivity out of reach with HL-LHC extrapolation of current VH (H = c€) and VH (H = bb) analyses
- innovation needed!

+ Limits for individual channels from fit with VH(cc) POI decorrelated in channels



Backup



ATLAS

EXPERIMENT

2018-05-16 23:55:11 CEST

Candidate event for the process ZH = vvcc (Run 350440, Event 1105654304). The missing transverse energy is identified by a white dashed line and it has a magnitude of 155 GeV. The Higgs
boson candidate is reconstructed from two charm-tagged R=0.4 jets (blue cones), which have associated energy deposits in both the electromagnetic (green) and hadronic (yellow)
calorimeters. The leading and sub-leading jets have transverse momenta of 176 GeV and 22 GeV respectively. The Higgs boson candidate has a reconstructed invariant mass of 125 GeV.
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ATLAS

EXPERIMENT

2017-07-18 06:31:13 CEST

Candidate event for the process WH = evcc (Run 329964, Event 500775771). An electron can be seen as a blue track with large associated energy deposits in the electromagnetic
calorimeter (green). The missing transverse energy is identified by a white dashed line and it has a magnitude of 116 GeV; the transverse momentum of the electron-ETmiss system is 151
GeV. The reconstructed transverse mass of the W boson is 72 GeV. The Higgs boson candidate is reconstructed from two charm-tagged R=0.4 jets (blue cones), which have associated energy
deposits in both the electromagnetic (green) and hadronic (yellow) calorimeters. The leading and sub-leading jets have transverse momenta of 111 GeV and 81 GeV respectively. The Higgs
boson candidate has a reconstructed invariant mass of 124 GeV.
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EXPERIMENT

2016-07-16 06:20:19 CEST

Candidate event for the process ZH - ppcc (Run 309892, Event 4866214607). Two muons, which have a di-lepton invariant mass of 92 GeV, are shown as red tracks producing hits (green) in
the endcap muon chambers. The reconstructed Z boson has a transverse momentum of 150 GeV. The Higgs boson candidate is reconstructed from two charm-tagged R=0.4 jets (blue cones),
which have associated energy deposits in both the electromagnetic (green) and hadronic (yellow) calorimeters. The leading and sub-leading jets have transverse momenta of 123 GeV and 71
GeV respectively. The Higgs boson candidate has a reconstructed invariant mass of 123 GeV.
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~ Calibration of c-tagging algorithm

c-tagging efficiency SF

 c-tagging efficiencies in simulation are corrected to reflect the c-tagging efficiency in data

* Scale factors (SF) derived from dedicated data-driven study for each flavour, with typical precision of 5-10%

1.4

1.2

0.4

ATLIAS I I I ]
Vs= 13 TeV, 80.5 b’ 1
VH, H— ¢ 27% c-tagging efficiency working point -
DL1, c-tag + MV2 b-tag veto ]
c-jets ]

—+¢—— Scale factor (data-based, total unc.) i

Scale factor (smoothed, extrapolated) i
[ Uncertainty (data-based, smoothed) ]
PRI

P R R
200 250
jet P, [GeV]

PR RS BT
50 100 150

Measured with sample of
semi-leptonic tt events

c-tagging efficiency SF

e
1 4l ATLAS

1.2~ DL1, c-tag + MV2 b-tag veto
0.8 |

0.6—

0.4 P

- Vs=13TeV, 139 fb
- VH, H— cc 27% c-tagging efficiency working point

b-jets

B ———— Scale factor (data-based, total unc.) a
N Scale factor (smoothed, extrapolated) i
- B Uncertainty (data-based, smoothed) B

v by b b b b by
50 100 150 200 250 300 350
jetpT[GeV]
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di-leptonic tt events
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c-tagging efficiency SF
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Event Selection

Common Selections

Central jets
Signal jet pr
c-jets

b-jets

Jets

p¥ regions

AR(jet 1, jet 2)

>2

> 1 signal jet with pr > 45 GeV

1 or 2 c-tagged signal jets

No b-tagged non-signal jets

2,3 (0- and 1-lepton), 2, > 3 (2-lepton)

75-150 GeV (2-lepton)
> 150 GeV

75 < py <150 GeV: AR < 2.3
150 < pY <250 GeV: AR < 1.6
pY >250GeV: AR < 1.2

0 Lepton
Trigger Eiss
Leptons 0 loose leptons
Emss > 150 GeV
Py > 30 GeV
Hy > 120 GeV (2 jets), > 150 GeV (3 jets)

min [AG(ET™, jet)]

> 20° (2 jets), > 30° (3 jets)

|A¢(E%‘iss,H )| > 120°
|A¢(jetl, jet2)| < 140°
|AG(EF™, p™)| < 90°

1 Lepton

e sub-channel: single electron

Trigger 4 sub-channel: EJsS
Leptons 1 tight lepton and no additional loose leptons
E%lviss > 30 GeV (e sub-channel)
my < 120 GeV
2 Lepton
Trigger single lepton
Leptons 2 loose leptons
P Same flavour, opposite-charge for uu
my; 81 < my; < 101 GeV

* AR(cc) selection re-optimised for VH(cc) sensitivity

* O-lepton: multi-jet and

rejection

* 1 lepton: reduction of multi-jet contamination

* tighter lepton selection

w

*mr cut

Jet energy corrections

» Muon-in-jet correction applied in 5 0:025

all channels (for jets w/ muons
found within a pr-dependent
cone around the jet axis)

0.02

Events / 5 GeV

0.015
* Improved m(cc) resolution: ~5%
* Smaller improvement w.r.t VH (H 0.01
- bb) due to less semi-leptonic
0.005
decays
OO

Antonio Jacques Costa | University of Birmingham

ATLAS Simulation
{s =13 TeV, 139 fb™
qq — ZH — licc

2 leptons, 2 jets, 2 c-tags

pi > 150 GeV

o0 Standard Calibration (std.)

4 Muon-in-jet Correction

o[GeV] (o -
std.

— 127 0%
— — 121 5%

o)/o

std.

R
20 40 o

200
M, [GeV]
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- 0 Lepton Channel Signal Regions

x10°
Event Selection g °Camas | w777
© 16 (s=13Tev, 139 0" -z o) (eide)
. . / ~ F 0lepton, 2 jets, 1 c-ta VW(-> cq) (1=0.83) ]
 Missing transverse energy ET"%* > 150 GeV 2 M gy W E
o 12 v =
* No leptons with pr > 7 GeV and satisfying loose criteria 10k v 3
I Z+hf -
: : E
* Angular cuts built with EF*%% and hadronic related . )
variables for multi-jet suppression 4 e g

 Additional cuts for non-collisional background rejection

—— SM VH(— ct) x 300

5 127 T T T \ \ \ !

115 —

Four Signal Regions f- iy | S N S U P PR

60 80 100 120 140 160 180 200

m,, [GeV]

— i _ 1 > [ I L B LI I T3

1 c-tag, 2 jets 1 c-tag, 3 jets $ oof ATLAS N
=] F {s=13TeV, 139" I VZ(— cF) (u=1.16) |

. . > 350; 0 lepton, 2 jets, 2 c-tags W’(B‘;SDQ) (1=0.83) é

2 c-tags, 2 jets 2 c-tags, 3 jets T L sApl=t50Gev top(othen 3
o 300 top(b) 3

C B W+hf —

250 war 3

E B Z+hf 3

Z+mf —

Z+If _ E

H B VH(— bb) J
Main backgrounds =

Subdominant backgrounds § SETT T T
g % 1 m = _._++,,+..+_¥_-$-:tj:$f
andVZproduction g0.5;\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ -

60 80 100 120 140 160 180 200
m, [GeV]
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1 Lepton Channel Sighal Regions

Event Selection

* One or muon with py >
satisfying tight ( ) criteria

(25) GeV and

* No additional leptons with py > 7 GeV and satisfying
loose criteria

e m¥ <120 GeV
« EJUSS > 30 (electron sub-channel only)

Four Signal Regions
1 c-tag, 2 jets 1 c-tag, 3 jets

2 c-tags, 2 jets 2 c-tags, 3 jets

Main backgrounds

Subdominant backgrounds
and VZ production
— modelled with data-driven templates

Events / 10 GeV

Data/Pred.

Events / 10 GeV

Data/Pred.

450
400
350
300
250
200
150
100

50

0.5

Antonio Jacques Costa | University of Birmingham

15F

ATLAS

Vs=13TeV, 139 b

1 lepton, 2 jets, 1 c-tag
SR, p: > 150 GeV

—eo— Data

—— Signal + Background
I VZ(— cF) (u=1.16)
VW(— cq) (1=0.83)

top(other)
top(b)

multi-jet + other

B W+hf

W+mf

W+If
I VH(— bb)
Uncertainty
—— SM VH(— ¢c©)

T

x 300

H\l\H‘\H‘H\‘\H‘H\‘H\‘\H‘\H‘\Hll

60 80 100 120

140 160 180 200
m. [GeV]

=T T

FE ATLAS

F {s=13TeV, 139 fb

E 1 lepton, 2 jets, 2 c-tags

T
»
b

)
v
&
S
]
o
<

L e
—eo— Data

—— Signal + Background
I VZ(— cF) (u=1.16)
VW(— cq) (1=0.83)

top(other)
top(b)

multi-jet + other

B W+hf

W+mf

W+If
B VH(— bb)
Uncertainty
—— SM VH(— ¢c©)

T

x 300

LAl \\H“\H‘HH‘HH‘HH‘HH‘\\H‘HH‘HH}

100 120 140 160 180 200

m. [GeV]
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2 Lepton Channel Signal Regions

Event Selection EOCC atias TR e
. . . ) . © 18001 {s=13 TeV, 139 o =m(:c;))(r:=1£;)
* Two electrons or muons with py > 7 GeV and satisfying loose criteria 21600 FPIN IS S e
£ 1400 ! -z
* One of the leptons must also have pr > 27 GeV e

Uncertainty
—— SM VH(— c%) x 300

* Consistency with Z boson mass: 81 < my;; < 101 GeV

1lll11lll11lllllllllllllllllllllllllllll

Eight Signal Regions

75 < p% < 150 GeV — low p# p% > 150 GeV - high p#

Data/Pred.

60 80 100 120 140 160 180 200
m. [GeV]

1 c-tag, 2 jets 1 c-tag, =3 jets 1 c-tag, 2 jets 1 c-tag, =3 jets

I e B L e e e e e e A
—e— Data

ATLAS —— Signal + Background

Vs =13TeV, 139 fb" B VZ(— cT) (1=1.16)

2 lepton, 2 jets, 2 c-tags - W’;;q) (1=0.83)

SR, p¥ = 150 GeV B Z+hf

. Z+mf

2 c-tags, 2 jets 2 c-tags, =3 jets 2 c-tags, 2 jets 2 c-tags, =3 jets

Events /15 GeV

Z+If

tt + others
Il VH(— bb)
Uncertainty
\\\\\\\\\ —— SM VH(— ct) x 300

Main backgrounds

-

subdominant backgrounds A S SN
\V\WW and VZ production AR s v T AR 1
60 80 100 120 140 160 180

in low p# regions m, [GeV]
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Control Regions

Top CRs fo e SRR
* Constraining modelling of ;ZZZS: _:: :
* 0and 1 lepton channels: inverted b-tag veto in 3 ;

1 c-tag, 3 jets events, > 1 b-tag in these events 1222: :
« 2 lepton channel: etp events with 1 c-tag g N ;

60 80 100 120 140 160 180 200

m,, [GeV]
32200 T T T T T
i 2000 1108 o o St acgrouna
ngh AR CRS %1800; zlepton,zv:“ietsﬁc-rag w;‘q)““"'“) —
5 1600; ARCR, p! = 150 GeV -27"/’9 é
* Constraining modelling of W/Z+jets 1400 o
1200 E Uné:rtaiv)ny -
. 1000/ —— SM VH(— c%) x 300 =
* Events with ARJ-J- > SR cuts and ARjj< 2.5 s00- 3
600 —
* 0, 1 and 2 lepton channels = =
B 1-2:‘\H:w“‘w“‘w“‘w”‘:
[ . PP e et
5 ootk ™ ST
© 0.8~ Lo b v b e b by

e 100 150 200 250 300
mg, [GeV]

0 c-tag CRs — Constraining normalisations of \W/Z+jets light flavour component

* 1 and 2 lepton channels: events where both of the two main jets fail the c-tag
requirement and additional jets are b-vetoed



- Signal and Background Modelling

* Signal and background processes modelled using simulation
(except multi-jet —templates from enriched control region)

* Same samples used for the VH (H = bb) analysis
* MC statistical uncertainties mitigated through truth tagging

* Apply tagging (in-)efficiency of the Higgs candidate jets
as event weights

* Theory uncertainties for VH (H = cC) cross-section and
branching fraction

Process

ME generator

ME PDF

PS and
hadronisation

Tune

Cross-section
order

qq > VH
(H — cé/bb)

g8 - ZH
(H — cé/bb)

tt
t /s-channel
single top

W ¢-channel
single top

V +jets
qq > VV
gg—>VV

Powsnec Box v2
+ GoSam
+ MINLO

Pownec Box v2

PowneG Box v2

PowneG Box v2

PowneG Box v2

SHERPA2.2.1
SHERPA2.2.1
SHERPA2.2.2

NNPDF3.0nLO

NNPDF3.0nLO

NNPDF3.0nLO

NNPDF3.0nLO

NNPDF3.0nLO

NNPDF3.0nNLO
NNPDF3.0nNLO
NNPDF3.0nNLO

PytHia 8.212

PytHiA 8.212

PyTH1A 8.230

PytHia 8.230

PyTHia 8.230

SHERPA 2.2.1
SHERPA 2.2.1
SHERPA 2.2.2

AZNLO

AZNLO

Al4

Al4

Al4

Default
Default
Default

NNLO(QCD)
+NLO(EW)

NLO+NLL

NNLO
+NNLL

NLO

Approx.
NNLO
NNLO
NLO

NLO

* Modelling systematic uncertainties - assessed using alternative generators and scale variations in nominal generators

* Normalisation uncertainties: relative difference on total yield predictions

* Applied to subdominant processes (diboson, VH): phase space acceptance

* Acceptance ratios: relative differences in predictions for p¥ and nlet categories

* Flavour composition ratios: different flavour/processes predictions per categories

* Channel extrapolations: different predictions per channel

* SR/CR extrapolation: different predictions per region

* m.. shape uncertainties: account for differences in binned m. distribution prediction



Parametrisation of k.

K

o =
H [(1_BRHCC)+BRHCC*Kg]

35

MVH(ca)

30

25

20 ATLAS

K
—— MVH(CE)( c)

15

li =1/ BM _ ~34,
im__, MVH(cE)(Kc) He oz = 34.6

10

III|IIII|IIII|IIII|IIII|IIII|IIIlI|

] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
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Summary of k; vs. k. constraints (

!O 40 B I I I | I I I | I I I | I I I | I I I | I I I | ]
. ATLASPreliminary  ---0Obs. 68% CL xSM ]
30— Vs=13TeV, 139 fb™ — Obs. 95% CL +Best-fit _]
- — H—ZZ"—>4l+H—yy p!! shape -
N VH,H—bb/ct ]
20~ -
10~ -
o0 -
~10}~ -
_20 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | B
4 -2 0 2 4 6 8
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Parametrisations of k parameters (

Table 6: Parametrisations of Higgs boson production cross sections o7, partial decay widths '/, and the total width

T'm, normalised to their SM values, as functions of the coupling-strength modifiers «. The effect of invisible and b I nViSible d ecays : d ecayS Wh IC h a re Id e ntlfl ed th rO U gh a E’]mlss Slgn at U re

undetected decays is not considered in the expression for I'y. For effective « parameters associated with loop

processes, the resolved scaling in terms of the modifications of the Higgs boson couplings to the fundamental SM | N th e ana |ys es. I n th e S M , th e b ranc h | 1] g fr‘a Ct | on Of | nv | Sl b | e d ecays |S

particles is given. The coefficients are derived following the methodology in Ref. [37, 41].

Production Main Effective

predicted to be 0.1%, exclusively from the process. The BSM

crosssection " inteference _modifier contribution to this branching fraction is denoted as B;.
l
o (ggF) v t—b 2 1.040 &2 +0.002 &2 — 0.038 k;kp — 0.005 k¢ ke
o (VBF) - - - 0.733 k%, +0.267 k2
o(aalag — ZH) - - -G 2 * Undetected decays: decays to which none of the analyses included in
2.456 k7 +0.456 k; — 1.903 kzk; . . . .. . .
o~ ZH) 2 Kz D 0003 kK, this combination are sensitive, such as decays to light quarks which
"EVY:; - - T have not yet been resolved, or undetected BSM particles without a
o (1t - - - Ky .
o (W) - W S 2909 +23104, - 4220 kikw sizable EF"*% in the final state. For the former, the SM contribution of
7l it A Ao these undetected decays is already included in '™, and tst
o (bBH) ) ) e ys is already included in , and amounts to
Partial decay width 11%, mainly driven by the decays to gluon pairs. The BSM contribution
bb _ _ _ 2 . . .
;WW ] ] - to the undetected branching fraction is denoted as B,,. Note that
res v b G LI 00126 012k, deviations of the partial width of the input measurements of this
re - - - Kz . . . . . .
rzz ) ) e analysis are separately included by scaling their partial width by k;.
e - - - RED
1.589 K%V + 0.0721(,2 —0.674 kwk;
s v =W K +0.009 ky Kk +0.008 kw Kp,
—0.002 ;x5 — 0.002 k; K+
rzr N t-W K%Zy) 1.118 K%V —0.125 kw k¢ + 0.004 K? +0.003 kw kp
me - - - K? (= Ki)
THH _ _ _ K}ZI
Total width (B;, = B,. = 0)
0.581 &2 +0.215 &3, +0.082 k2
- o ) +0.063 2 +0.026 k% +0.029 «2
" - 000232 +0.0015K2,
+0.0004 K_% +0.00022 K‘ZI

Antonio Jacques Costa | University of Birmingham
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https://cds.cern.ch/record/2789544

Reduced coupling-strength modifiers ( )

LI II T T T T T 17T II T T T L
- ATLAS Preliminary

s =13TeV, 36.1- 139 fo" )
my =125.09 GeV, IyHI < 2.5, Poy = 19% ',0"

SM Higgs boson

L1 IIIIII}‘ |

; = m,(m,) used for quarks ;
; H o ! : ! E
- e ]
S tf R
107 1 10 10°

Particle mass [GeV]

Reduced coupling-strength modifiers kemg/v for fermions
(F=t,b,t,u) and V[k,]m\/Vv for weak gauge bosons (V=W,Z) as a
function of their masses mg and m,, respectively, and the
vacuum expectation value of the Higgs field v=246 GeV. The
SM prediction for both cases is also shown (dashed line). The
black error bars represent 68% CL intervals for the measured
parameters.

The coupling modifiers are measured assuming no BSM
contributions to the Higgs boson decays, and the SM structure
of loop processes such as ggF, H—>yy and H-> Zy. The lower
panel shows the ratios of the values to their SM predictions.
The level of compatibility between the combined
measurement and the SM prediction, estimated using the
procedure outlined in the text with six degrees of freedom,
corresponds to a p-value of pg,=19%.


https://cds.cern.ch/record/2789544

Parametrisations of k parameters (

Table 6: Parametrisations of Higgs boson production cross sections o7, partial decay widths '/, and the total width

T'm, normalised to their SM values, as functions of the coupling-strength modifiers «. The effect of invisible and b I nViSible d ecays : d ecayS Wh IC h a re Id e ntlfl ed th rO U gh a E’]mlss Slgn at U re

undetected decays is not considered in the expression for I'y. For effective « parameters associated with loop

processes, the resolved scaling in terms of the modifications of the Higgs boson couplings to the fundamental SM | N th e ana |ys es. I n th e S M , th e b ranc h | 1] g fr‘a Ct | on Of | nv | Sl b | e d ecays |S

particles is given. The coefficients are derived following the methodology in Ref. [37, 41].

Production Main Effective

predicted to be 0.1%, exclusively from the process. The BSM

crosssection " inteference _modifier contribution to this branching fraction is denoted as B;.
l
o (ggF) v t—b 2 1.040 &2 +0.002 &2 — 0.038 k;kp — 0.005 k¢ ke
o (VBF) - - - 0.733 k%, +0.267 k2
o(aalag — ZH) - - -G 2 * Undetected decays: decays to which none of the analyses included in
2.456 k7 +0.456 k; — 1.903 kzk; . . . .. . .
o~ ZH) 2 Kz D 0003 kK, this combination are sensitive, such as decays to light quarks which
"EVY:; - - T have not yet been resolved, or undetected BSM particles without a
o (1t - - - Ky .
o (W) - W S 2909 +23104, - 4220 kikw sizable EF"*% in the final state. For the former, the SM contribution of
7l it A Ao these undetected decays is already included in '™, and tst
o (bBH) ) ) e ys is already included in , and amounts to
Partial decay width 11%, mainly driven by the decays to gluon pairs. The BSM contribution
bb _ _ _ 2 . . .
;WW ] ] - to the undetected branching fraction is denoted as B,,. Note that
res v b G LI 00126 012k, deviations of the partial width of the input measurements of this
re - - - Kz . . . . . .
rzz ) ) e analysis are separately included by scaling their partial width by k;.
e - - - RED
1.589 K%V + 0.0721(,2 —0.674 kwk;
s v =W K +0.009 ky Kk +0.008 kw Kp,
—0.002 ;x5 — 0.002 k; K+
rzr N t-W K%Zy) 1.118 K%V —0.125 kw k¢ + 0.004 K? +0.003 kw kp
me - - - K? (= Ki)
THH _ _ _ K}ZI
Total width (B;, = B,. = 0)
0.581 &2 +0.215 &3, +0.082 k2
- o ) +0.063 2 +0.026 k% +0.029 «2
" - 000232 +0.0015K2,
+0.0004 K_% +0.00022 K‘ZI
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Combined measurements of Higgs boson production and decay: k parameters (

ATLAS Preliminary

—— 68% CL
{s=13TeV, 36.1-139fb™
m,, =125.09 GeV, ly | <2.5 95% CL
- -
' - .
- - -
' -~ -~
i .
' - -
i - -
i : 9 : ®
I B,=B,=0
- Py, =33%
| | |
0 1 1

Best-fit values and uncertainties for Higgs boson
coupling modifiers per particle type with effective
photon, Zy and gluon couplings and either B; =B, =0
(left), or B, and B, included as free parameters with
the conditions kyz < 1 imposed and the measurement
of the Higgs boson decay rate into invisible final states
included in the combination (right). For the B, and

B, results, the bar with the left-facing arrow indicates
an upper limit at 95% CL.

The SM corresponds to B;=B,=0 and all kK parameters
set to unity. All parameters except k; and B; are
assumed to be positive. In the former case, the level of
compatibility between the combined measurement
and the SM prediction, estimated using the procedure
outlined in the text with nine degrees of freedom,
corresponds to a p-value of psy = 33%. In the latter
scenario, psy in not provided due to the bounds on

K\le.
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Combined measurements of Higgs boson production and decay: k parameters (

Table 8: Fit results for Higgs boson coupling modifiers per particle type with effective photon, Zy and gluon couplings
and either (a) B;. = By, = 0, or (b) B;, and B, included as free parameters, with the conditions xw z < 1 imposed
and the measurement of the Higgs boson decay rate into invisible final states included in the combination. The SM
corresponds to Bj = B, = 0 and all x parameters set to unity. All x parameters except for «; are assumed to be
positive.

Parameter (a) Bj =B, =0 (b)Bj free,B, > 0,«kw,z <1

Kz 0.99 +0.06 0.96 * 04

Kw 1.06 + 0.06 1.00 * 999

Kb 0.87 +0.11 0.81 +0.08

K 0.92+0.10 0.90 +0.10

e L07+9% 103t 9E

K+ 0.92 + 0.07 0.88 + 0.06

Ky 1.04 + 0.06 1.00 + 0.05

K2y 13718 133003

Kg 0.92 * 997 0.89 * 907

B; - < 0.09 at 95% CL

< 0.16 at 95% CL

Antonio Jacques Costa | University of Birmingham
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. Comparison to previous ATLAS iteration

Flavour Tagging
Efficiencies
FTAG Calibrations

Lepton Channels

Jet Categories
p¥ Regimes

SRs

CRs

Main bkgs treatment
VH(bb) Treatment

VH(bb) Fraction in 2 c-tag

Truth Tagging

36.1fb™!
(PRL 120 (2018) 211802)

MV2c100 (b vs c) + MV2cl100 (c vs |) (c-tag)

(Working point optimisation)

c-jets (41%), b-jets (25%), light-jets (5%)
36 fbt

2 lepton

2+ jets
75 < p¥. < 150 GeV
p¥ > 150 GeV

1 and 2 c-tags

Floating Z+jets norms in each category

SM background
SR overlap

6%

AR(jetq,jety)

Full Run 2 - 139 fb?

DL1 (c-tag) + MV2c10 (b-veto)
(Working point optimisation)

c-jets (27%), b-jets (8%), light-jets (1.6%)

140 fb™1, 80 fb~* for c-jets
Calibrations derived by analysis team

0, 1 and 2 lepton

2 and 3(+) jets

75 < p¥ < 150 GeV (only in 2L)

pY > 150 GeV

1 and 2 c-tags

Top emu (2L), Top (OL/1L), High dR, O c-tag

Common floating normalisations

SM background
Orthogonality in SRs

0.7%

Min AR(tagged jet, closest jet))

* Fitto 36.1 fb~! dataset with signal regions
from 36.1 fb~1 analysis

* Reminder: 2 lepton only
* 36% improvement in the expected limit

* Mostly due to better flavour tagging
performance

* + New 2 |lepton channel SRs and CRs

* 43% improvement in the expected limit
w.r.t previous iteration

* Mainly better FTAG performance
» Addition of diboson POls (-7%)
* Splitin nlet categories (+6%)

* Use of AR CR, O-ctag CR, top emu
CR (+10%)

* + Full Run 2 data and O lepton and 1 lepton
channels

* Factor 5 improvement in the expected
limit w.r.t previous iteration


https://arxiv.org/pdf/1802.04329.pdf

