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Charming Higgs bosons
Direct constraint on the Higgs-charm coupling with the ATLAS detector
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Fundamental constants of nature

Standard Model and General Relativity = dynamical theories
— Rely on free parameters measured experimentally!

. Stamenkovic, Seminar@UZH, 11.05.21



Fundamental constants of nature

Random values? Underlying theory?

Increasingly clear that these free parameters have a good value
* Are the values randomly chosen?
e |s there an underlying unified theory to explain them?

— Need to measure each parameters in many ways!
. Stamenkovic, Seminar@UZH, 11.05.21



Fundamental constants of nature

Depends on
Higgs mechanism

Most of the free parameters related to Higgs mechanism
— Studied in details experimentally

. Stamenkovic, Seminar@UZH, 11.05.21



Fermions mass pattern

3 generations of fermions only distinguishable through their mass
* Theory: Higgs boson coupling proportional to mass of fermions

Do all particles get their mass from Higgs mechanism?

. Stamenkovic, Seminar@UZH, 11.10.21



Fermions mass pattern

Experimental observations of Higgs boson coupling to 3rd generation
Evidences of Higgs coupling to muons
— Compatible with the SM predictions

Currently no experimental proof that Higgs boson couples to other particles
. Stamenkovic, Seminar@UZH, 11.10.21



Fermions mass pattern

Higgs decay to charm quarks: H—cc
* Probes Higgs coupling to 2nd generations of quarks
* Next heaviest fermion: BR(H—cc) = 3%
* Challenge: identification of c-quarks in the detector!
* Enhanced coupling to c-quarks — sign of new physics

. Stamenkovic, Seminar@UZH, 11.10.21



How to measure H—cc

Large Hadron Collider

7

profon

. Stamenkovic, Seminar@UZH, 11.10.21




How to measure H—cc

Large Hadron Collider ‘—((’W

NL S
Electron e- @AT LAS
EXPERIMENT
Z boson Higgs boson
" "9
Anti c-quark

Positron e

Production mode: Higgs associated with Z or W boson decay to leptons
* Trade-off: smaller production cross-section but cleaner signature to trigger

Quark hadronise when produced @ Measure decay products of hadrons

. Stamenkovic, Seminar@UZH, 11.10.21



How to measure H—cc

CERN

Large Hadron Collider \

NS

Electron e @A‘I‘ L AS

boson Higgs boson

Positron et

Trigger on charged leptons: O, 1 and 2 leptons
e Z(vw) and W(Izv) and Z(I*]})

Reconstructed 2 or more jets from the Higgs boson decay
. Stamenkovic, Seminar@UZH, 11.10.21
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ATLAS

EXPERIMENT

Run: 364214
Event: 117339266

2018-10-23 01:54:02 CEST During one of my ID shift



Charm tagging

b-jet
i/

-jet light-jet
c-hadron ghthadron

c-quark light-quark (uds)

Displaced
secondary
vertex

{

b-hadron

b-quark

Charm tagging: identification of the flavour of the hadron inside the jet
* Exploit lifetime and mass properties of heavy hadrons
e Lifetime and mass of c-hadrons in between b-hadron and light hadrons measured in detector
* Use Machine Learning to distinguish signal = c-jets from background = b-jets and light-jets

. Stamenkovic, Seminar@UZH, 11.10.21
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Charm tagging

Working point optimisation Calibrations
3 LL T
- D 1 4= ATLAS Preliminary _
> : y
2 - \s=13TeV, 80.5fb i
-f—,’ - VH, H— cC 27% c-tagging efficiency working point -
£ 1.27 DL1, + MV2¢10 b-tag veto B
2 - C-jets -
g | T TR ———— -
5
7 0.8 2
i R ¢ Scale factor (data-based, total unc.) |
R S - 0.6~ Scale factor (smoothed, extrapolated) ]
- I Uncertainty (data-based, smoothed) —
ogqL e
p(c) 50 100 150 200 250
DLl tag = > C jet p_[GeV]
fp(0) + (1 = f)p(l) T
Charm-tagging performance: challenging but promising!
b-tagger  ctagger + b-tag veto

b-jets

lightjets 0,2% lightjets 1,6%
. Stamenkovic, Seminar@UZH, 11.10.21 | |




Flavour tagging categorisation
Signal: VH(cc)

> v c
y A H
Olepton < . a

—_— Signal

efficiency

"

Flavour tagging categorisation
* 2 ctag: high sensitivity and lower background contamination
* 1 ctag: recover part of the sensitivity lost in 2 ctag due to ctagging performance

. Stamenkovic, Seminar@UZH, 11.10.21
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Validation processes

VW(cl) and VZ(cc)

C

~~  Sa

light jets

Validation: measure 2 processes of the SM
* VW(cl): mostly sensitive in 1 ctag
*VZ(cc): mostly sensitive in 2 ctag

. Stamenkovic, Seminar@UZH, 11.10.21
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Analysis strategy: how do | reconstruct my Higgs®?

VHcc categorisation:
¢ 2 ctag + b-veto
e 1 c-tag + b-veto

Categorisation of events with 2 jets

VHbb categorisation:
e 2 b-tag

jet2 jett

Orthogonality with VHbb:
e Always < 2 b-tagged jets

Ic!b Ic!b

Combination with VH(bb) possible!

. Stamenkovic, Seminar@UZH, 11.10.21
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Problem due to flavour tagging perfomance

Background Simulated events NOT used at the end
V+cc ~60%
V+cl ~46%

ow tagging efficiency on c-jets and b-jets / light-jets sizeable mistag rate
* Problem arising in simulation: most of the simulated events are NOT used
* Most problematic for background process already removed in event selection

—Consequence: larger systematic uncertainty due to size of simulated sample (= MC statistics error)

. Stamenkovic, Seminar@UZH, 11.10.21 17



Solution: truth tagging method

ttbar example

Truth tagging weights

Simulation preliminary

(5= 13 TeV, ti-sample, L= 139 fb’ Direct tagging
Truth tagging

Leading jet c-tagged: c-jet

2c—tag
TT elght — 61 X 62,

Events / 5 GeV

III|III|III|III|III|III|III|III|III|[II

TT 328 — ¢ x (1 —€3) + (1 —€1) X €. 2

weight

T T T T T T T T T T T T T Y T Y T Y T T T T T —

Solution: truth tagging method
* Re-weight each event by probability to be in 2
ctag, 1 ctag, O ctag
* Calculate ctagging efficiency per-jets on

0.4

O
W

Relative uncertainty
o O o
— N %))

| IS_III [RRRRRARRR AR IIIIJr

N
| X
o
3
®
-
\ c
-
o
D
Illlllllll EERRRNNRRANRRRERN

o .

. = 1.5 ................................................................................................................................ i

* Per jets: account for pT and eta dependence = | ‘l |

[ [ ] [ ] : 1|_|| |I|| IiII|||| ||| ||| ‘ “ ................... —E

o Effectively use the whole simulated sample in @OS | | ' ‘ [}
T ikl I

1 1 1 i i | L L L L | i " i i 1 i i i i | 1 1 1 1 .

the signal region
* Apply to all samples except signal

oo . Leading jet p_ [GeV]
— Preserve MC statistics available! !

. Stamenkovic, Seminar@UZH, 11.10.21 18




Discriminant: m(cc)

Events / 10 GeV

Main backgrounds:

Z+jets, W+jets and I ctag

Data/Pred.

Subdominant backgrounds:

VH(bb),

Events / 10 GeV

Signal:
VH(cc), VZ(cc),

Data/Pred.

. Stamenkovic, Seminar@UZH, 11.10.21
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Main backgrounds

O-lepton

18—lll|lllllllll|lll

- ATLAS Preliminary
16— (s =13 TeV, 139 fb"
:_ 0 lepton, 2 jets, 1 c-tag
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Uncertainty

—e— Data
—— Signal + Background
B VZ(— cC) (u=1.16)
I VW(— cq) (1=0.83)
VV Bkg
top(other)
top(b)
I W+hf
o W+mf
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B Z+hf
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I VH(— bb)

—— SM VH(— c€) x 300
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Events / 10 GeV
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Events / 10 GeV

Data/Pred.

2 jet pTV > 150 GeV

1-lepton

20
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- ATLAS Preliminary
— Vs =13 TeV, 139 fb™'

— 1 lepton, 2 jets, 1 c-tag
= SR, p! = 150 GeV
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—eo— Data
—— Signal + Background
I VZ(— ct) (1=1.16)
I VW(- cq) (u=0.83)
top(other)
top(b)
multi-jet + other
I W+hf
I Wamf
W+If
Il VH(— bb)
Uncertainty
= SM VH(— cC) x 300
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TLAS Preliminary
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250

1
P TTTIT

—e— Data
—— Signal + Background
N VZ(— cc) (u=1.16)
I VW(— cq) (1=0.83)
top(other)
top(b)
v multi-jet + other
B W+hf
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Il VH(— bb)
Uncertainty
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GeV

Events / 1
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3
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TLAS Preliminary
=13 TeV, 139 fb™

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

—e— Data

—— Signal + Background

B VZ(— ct) (1=1.16)

I VW(= cq) (1=0.83)
VV Bkg

B Z+hf
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Z+If
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Event categorisation: SR

Channel ctag Jets pTV = Total: 16 SRs
oo R B B B B B B
O-lepton ~ | Simulation Boepton
5 |
2 and 3 jets pTV > 150 GeV | VH,H—cc, 139" [ll1-tepton
] _|ep|-on - B 2-iepton
0.05 i
1 and 2 ctag |
pTV > 150 GeV
2-lepton 2 and 3+ jets
75 < pTV < 150 GeV °

Event categorisation:
* Flavour tagging: 1 and 2 ctag (similar sensitivity)
o Jet multiplicity: 2 and 3(+) jets (+3% total sensitivity stat-only w.r.t merged)
* TV category: pTV > 150 GeV
o 2-lepton only: 75 < pTV < 150 GeV (+5% total sensitivity stat-only)

Highest sensitivity ranking: O-lepton, 2-lepton, 1-lepton (same outcome with full syst)
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Control regions

Top CR High AR CR

O ctag CR

T T - > T -
o 4500 o —o— Data — () ~ . —o— Data . c T - —— — T
O - ATLAS Preliminary — Signal + Background & 70~ ATLAS Preliminary — Signal + Background | 2 [ ATLAS Preliminary =€;th =‘ZI;mff z;’;f 7]
o — _ -1 - _ 7 o - _ -1 - _ — (@] — i + +m + —
~ 4000— Is =13 TeVi 1391b = 356(__))002)(?;_161:%) —] Y - s =13 TeVz 139 fo = x‘z,\;(__lccz))(tﬁ;:;) : S | Vs=13 TeV‘; 139 fo” multi-jet + other | top(b) top(other) —
; — 1 lepton, 3 jets, 1 c-tag top(other) - = ; 60— 2 lepton, 2 jets, 2 c-tags — - — o __ 1lepton, p_ > 150 GeV VV Bkg M VZ(— ct) I VW(- cq)
*qc: 35001 top CR, pZ > 150 GeV top(b) — % ~ ARCR, 75GeV < p¥ < 150 GeV i Z+mf . e —— ;
> — I Wamf _ S 50 — Z+If — 5 = I I | I -
LU il W+If T L — tt + others ] X — ! : ' ' =
3000 mm VI-T(—> bb) = - — v;(—> bb) . s E | i i -
— Uncertainty _ 4 - Uncertainty — m B | .
2500 — SMVH(— cB) x300 Or — SMVH(— cB) x300 0.5— —
— 7 B N . - _
2000 E_ _E 30 :_ —: B :
1500 — - ] .
- ] ] a 'OoF : : : : : E
500 — | = 10 —] % 1—e——e . E\*\ \\i s .-~ \\% \\‘* - ]
- - N 0o 0.95;— N U.ncertainty : : : : -
n g — T, — 7 - 0.9 E | | | l | ! : I |
- 1 1 —_T_l I I I I I I I I I | | I I I I I I I I | I I I | - 1 5 I I I I I I | | I I I | I I I I | | I - E:) ! % 6 ! % g E:) ! g:) E:) ! 8:) % : 6
© L E = O] D —] I I I I I
© 1.06E _&__L S 3] = {|_+_ . g | % S| 8! G ! T8
— — C NS - < < = < < , L
o 1 T*'“ i **“ 1§ N AN o 1E _*"“ N| I S 5 S S 5 ! 5§
So0ar TH +t |*)§% s L 4 —T—IM I R A D R
COU 09 E ol oo v b b v b by | 3 (DTS O 5 — | | | | [ - : : : : 2 ctag :
60 80 100 120 140 160 180 200 100 150 200 250 300

. | | | | | | | | | | | | | | | | 1C'tag 2C'tag 1 C'tag
m,. [GeV] m,. [GeV] | 2 jets |‘ 3 jets

Constrain ttbar and W decays from ttbar Constrain Z+jets and W+ijets Constrain Z+light jets and W+ light jets

Additional CRs to fix the main background from data:
— Ensure that signal is properly estimated
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Signal and control regions

ARcc < ARcc selection ARcc selection < ARcc < 2.5

1 ctag 2 jet 2 ctag 2 jet 1 ctag 2 jet 2 ctag 2 jet
1 ctag 3 jet 2 ctag 3 jet 1 ctag 3 jet 1 ctag 3 jet 2 ctag 3 jet

O c-tag 2 jet 1 ctag 2 jet 2 ctag 2 jet 1 ctag 2 jet 2 ctag 2 jet
O ctag 3 jet 1 ctag 3 jet 2 ctag 3 jet 1 ctag 3 jet 1 ctag 3 et 2 ctag 3 jet

0 ctag 2 jet 1 ctag 2 jet 2 ctag 2 jet 1 ctag 2 jet 1 ctag 2 jet 2 ctag 2 jet

O ctag 3+ jet 1 ctag 3+ jet | 2 ctag 3+ jet 1 ctag 3+ jet 1 ctag 3+ jet | 2 ctag 3+ jet

oTV O ctag 2 jet 1 ctag 2 jet 2 ctag 2 jet 1 ctag 2 jet 1 ctag 2 jet 2 ctag 2 |et

> 150 GeV O ctag 3+ jet 1 ctag 3+ jet 2 ctag 3+ et 1 ctag 3+ jet 1 ctag 3+ jet 2 ctag 3+ jet

Fit model: 16 SRs +28 CRs

. Stamenkovic, Seminar@UZH, 11.10.21 22



Fit to extract signal strength 2-lepton example

O-lepton 1-lepton 2-lepton

||||||||||||||||||||||||||||

Events/10GeV |
Events/15GeV |

> T — 80F -~
) - P —o— Data - —o— Data - P —e— Data -
O 4000 ATLAS Preliminary __ Signal + Background - ATLAS Preliminary —_ Signal + Background — ATLAS Preliminary —_ Sianal + Backaround
o - (s =13 TeV, 139 fb™ B VZ(— ct) (u=1.16) 400 Vs =13 TeV, 139 fo”' B VZ(— ct) (u=1.16) 70E- {s =13 TeV, 139 fo”' B VZ(— cB) (u ) =
> 35 0lepton, 2 jets, 2 c-tags I VW(- cq) (1=0.83) C 1 lepton, 2 jets, 2 c-tags I VW(- cq) (1=0.83) C 2 lepton, 2 jets, 2 c-tags I VW(- eq) ( )
i) - v VV Bkg 350 - v top(other ) - v Bkg
S — SR, p. 2 150 GeV top(other ) - SR, [ 150 GeV top(b) 60— SR, [ 150 GeV B Z+hf -
> ‘ C multi-jet — I Z+mf ] b b
’ : a“’f 7 X BR°”°(H — cc)
tt + others .
I VH(— bb . H
Uncertainty . M H ( — —
— ‘/ CcC

oM x BRSM(H — cc)

DataPred.

Data/Pred.

'8 1.5F 1.5F" ' | | | N =
L'I_ 1 f 1 $§* + | _T_ : \E
© E + T E
-ES' : 05 = = ' 05 = b e b bty A
= 60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200 60 80 100 120 140 160 180

m,. [GeV] m,. [GeV] m,. [GeV]

Fit to the data to extract signal strength: quantify data agreement with SM expectation
o All systematics included: detector, flavour tagging, modelling
* Floating normalisations for main backgrounds: , L+iets and W+jets
* Perform fit with 3 parameters of interest (POls): MVZce, MVHcc

Goal of the analysis: measure the signal strength pyHcc
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Results



Measurements of VW/(cl) and VZ(cc)

| | | | | | | | | | I 1 | | | |||||||| | | | | | I | | | | | | | | |
ATLAS Preliminary s=13 TeV, 139 fo
. — Total — Stat. (Tot.) ( Stat., Syst.)
Standard Model expectation \
G 10.50 10.32 40.38
Vi, 2 >ce H-jo—H 116 g6 ( 0.32 :0.33)
VW, W +0.25 +0.11 +0.22
W He 0.83 4323 ( 011 =J—ro.2o)
| 1 | | | |||||||| | | L 1 1 | L1 11 | |||||||| | 1 1 1 |

Measurement of validation process:
* VW(cl) and VZ(cc) measurement in agreement with the SM
—Validation of the 1 ctag and 2 ctag categories
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1 c-tag

> N B B B I
3 4000F ATLAS Pr Prehmmary _._Data E
— 35002 s =13 TeV, 139 fb’' Bl VH(— cc) (u=-9) =
= - 0+1+2 leptons B VZ(— cc) (u=1.16) 7
2 30003_ 1 c-tag, All SR 0 VW(- cq) (1=0.83) 1
§ . N B-only uncertainty

g 2500 — SM VH(— ¢C) x 26 =
o :

% 2000[ =
&

£ 1500F =
S -

>

L

—
o
o
o

500

I I I | I 1 1 1 1 1 1 1 1 III|III|III|I—
60 80 100 120 140 160 180 200

m,. [GeV]

Diboson fit results: validation of the analysis

VZ(cc): 2.60 observed (2.2 expected)
VW(cl): 3.80 observed (4.6 expected)

Events after B-subtraction/ 10 GeV

300

250~

200}

150

100F

50F

Mass distributions

2 ctag

\
Q“Q‘
N\ [\ [\ -e uw

_I|III|III|III|III|III|III|II

N ATLAé PrehmmaryI _._Datal B -
- {s=13TeV, 139 fb™ B VH(— cc) (u=-9)

- 0+1+2 leptons B VZ(— cc) (u=1.16) _
- 2c-tag, All SR I VW(— cq) (u=0.83) -

N B-only uncertainty
— — SM VH(— cc) x 26

-

60 80 100 120 140 160 180 200

M(cc) distribution: 1 and 2 ctag with background subtracted

— First measurement of VZ(cc) and VW(cl) using ctagging!
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Results: limit and signal strength

VHcc 5|gna| strength Limits on VH(cc) signal strength
— L L L L L
ATLAS Prehmmary VH Hecc \F_13 TeV 139 fb1 ATLAS Preliminary [J=1o
_ _ s=13 TeV, 139 fb” —
Total Stat. (Tot.) ( Stat., Syst. ) VH. H > o8 :CE));Zeecr:‘t;Z
OL - e | — -8 2 (H5, %) 0 lepton
Exp.= 40 x SM
Obs.= 35 x SM
1L . +29 +19 +22
———— 16 % (58, %) ;X':':tg)"x S
Obs.= 50 x SM
oL ———— -4 (T, 7)) st SM
Obs.= 49 x SM
Comb| e 9 E () Combiaten
T B AT T B R B AR B Obs.=26xSM | I e
60 40 20 0 20 40 60 8% 100 120 0 20 40 60 80 100
Result fOI’ VH(CC)I VH, H — cT 95% C.L. limit on LN

* VH(cc) signal strength: -9 + 10 (stat) + 12 (syst)

e Similar size statistical and systematic uncertainties

* Dominant uncertainties: V+jets and top modelling
* Limit on signal strength: HH-¢< 26 X SM@95% confidence level (< 31x SM expected)
— Best limit on VH(cc) up to this day!
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x framework

gi —7 g; X Ky

Ol

SM

Opp—VH X BRp e = Opp—VH

X BR

2 92
sM Ry Re
H—cc KJ%—[
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x framework

14
gi — gi X R
0 _ SM
2 .2
C y  Opp—sVH X BRp e Ry R
VHce — g SM 2
Upp—)VH X BRH—)C(_Z HH
C

2 92
sM Ry Re
H—cc KJ%—[
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x framework

14
. gi —7 gi X Ky
v ] SM ST
14 _ Ve
Vv A% Opp—VH X BRE ce = 0pp vy X BRE S 2
H
\\f" 2 .2
\ C 10  Opp—sVH X BRH ¢ Ry hke
N VHece = " g\ SM 2
q Jpp—)VH X BRH—)CE R
c C 2

R
1 — BRH—)CE T /{gBRH—)cf’

MV Hee — \V/Iiizl,i#C

x framework: quantify possible deviations from the SM

e Effectively modifies the number of VH(cc) events
e For example k. = 0 means Higgs boson doesn’t couple to c-quarks
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kc Interpretations

I’g 35 __I T 1 T T 1 I — — I — — T T 1 T 1 |_ ,(\o T e T T
= = = ¥ : o — Comb. (obs.) ]
~> - - \204_5:_ ATLAS Preliminary - Comb. (exp) -
30— — = A (s=13TeV, 139 0" _ o.jepton (obs.) E
. . o ' VH, H—cc 1-lepton (obs.) ]
25 — — 35:_ |KC| < 8.5 at 95% CL — 2-lepton (obs.) _:
o0F- ATLAS Preliminary E b -
. - 250 e N S e -
15 :— _——— MVH(CC)(KC) _: : - *

: i (k)=1/ B ~3a6 - B NG
1 O :_ fo 7 MV"'(GE) ol H-ct . —: 1 5:_ ““i i'." _:
- ) . : & 5 ]
°F M obie = SMKC > ] I . . .
- T T+ Byl (ke 1) - 0.5F NA -
O DA R N T N N W N S N TN TN SR SR NN SR T N TN NN SR T S SR NN S S N - E ‘\\ '," E E
O 5 10 15 20 25 30 O_l I T T RN T S SRR N R R L cooe b by

-30 -20 -10 0) 10 20 30

' y
C

k. interpretation: quantify possible deviations from the SM

e Assume ki = 1 for other fermions and bosons and no BSM contributions to Higgs width

e Only sensitive to k. if g < 35 due to Higgs width in parametrisation
e Direct constraint: | k.| € 8.5 @ 95% CL (<12.4 @ 95%CL expected)

. Stamenkovic, Seminar@UZH, 11.10.21




Comparison with other VHcc results!?



SM@O5 CL Sensitivity timeline of VHcc
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LHCb-CONF-2016-006 arXiv:1802.04329 CMS-PAS-HIG-18-031 '
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Higgs to heavy flavours at LHCb D. Zuliani@H2020
Higgs mass b-jet and c-jet tagging

, [LHCb simulation
T

> | —
o 4.5 e % :
@) . LHCDb preliminary = b jet 2.2 <n(et) <4.2
- Q e S i
“ o \s=8TeV a) 5 08 , 20 < p_ (jet) < 100 GeV -
,\ 3 —4— data 80:: B C-Jet -
é: - .. W/Z+_H°x 50 o 0.6 —
S 2.5 — v - :
- 2 § 04 = — 10x better light-jet re;.
1.5 ,Q-')\ J ] than ATLAS and CMS
| é 0.2 = =i
0.5 £ i

30 100 120 140 160
m;, |Ge V]

0001 0002 0003 0004 _ 0005
light-parton mistag probability

Direct search for VHbb/ VHcc at LHCb with Run 1 data (2/fb)

* Challenging measurement: focus with event with at least one lepton reconstructed
 Current sensitivity: y? <7y%,,y° < 80y, ~6400x SM
 Flavour tagging performance:

* b-tagging similar to ATLAS and CMS and ctagging 10x better on light jet rejection
* Projection for HL-LHC with upgrades of LHCb detector: 4x SM
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Sensitivity timeline of VHcc

200 | | | | | | | | | | I | | | I | | | I |
180 + ZH— licc, 36 fb™', arXiv:1802.0432
160 Vs =13 TeV, VH— cC x ZH—> licc, 139 fb™!

III|III|III|III|III|III
l|lll|lll|lll|lll|llfp|lll

Expected limit at 95% CL

140 + VH— cc, 139 fb™
120 Optimistic scaling from 36 fb™
100
80 _—* -
60— =
: X -
40— =
20F- M
O - | | | | | | | | | | | | | | | | | | | | | -
40 60 80 100 120 140

Integrated luminosity [fb]
Improvements with respect to Z(ll)H(cc) 36/fb ATLAS result:
* Comparison 2-lepton only with 36/tb: +43% sensitivity in latest analysis
* Better performance of flavour tagger + full Run 2 updated calibrations
* Additional control regions to constrain main backgrounds
* OQutperforming optimistic scaling: assuming that both stat. and syst. scale with luminosity

. Stamenkovic, Seminar@UZH, 11.10.21



pp— VH(H- cC)

oL
Exp.=79xSM
Obs.=83xSM

¢ | B
Exp.=72xSM
Obs.=110xSM

2L
Exp.=57xSM
Obs.=93xSM

v . = Observed
Combination Median expected
Exp.=37xSM

Obs.=70xSM B 68% expected
95% expected

0 50 100 150 200
95% CL upper limiton u

VH(H—cT)

Comparison with CMS:
* CMS expected limit: 37xSM with 36/tb

. Stamenkovic, Seminar@UZH, 11.10.21

0 lepton

Exp.= 40 x SM
Obs.= 35 x SM

1 lepton

Exp.= 60 x SM
Obs.= 50 x SM

2 lepton

Exp.= 51 x SM
Obs.= 49 x SM

Combination
Exp.= 31 x SM
Obs.= 26 x SM

* ATLAS expected limit: 31x SM with 139/tb
* ATLAS expected limit only 20% better than CMS with 4x more data

Comparison ATLAS vs CMS

CMS 35.9fb" (13 TeV

ATLAS Internal
\s=13 TeV, 139.0 fb™
VH, H — ¢t

----- Expected (CLs)
— Observed (CLs)

--------------------------------------

.....................

20 40

Rk N WS G
60 80 100
95% C.L. limit on p
VH(cc)
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Comparison ATLAS vs CMS

Main Charm
Jifforences | ATLAS 139/tb CMS 36/tb taaging | \TLAS 139/f CMS 36/fb
Categorisation | 1 ctag, 2 ctag 2ctag 0 Clets | 27% ..................... 27%
e L il - i I b-jet 8% 5 17%
Discriminant m(cc) MVA light-ets 1.6% a°L
VH(bb)
Ceatment Orthogonal Overlap

Key differences between ATLAS and CMS:

* Flavour tagging categorisation: CMS uses 2 ctag only

* CMS sensitivity optimised using a machine learning approach

* VH(bb) treatment: ATLAS analysis orthogonal to VH(bb)

* Charm tagging: ATLAS performance 2x higher in background rejection
* Partly due to insertable b-layer in ATLAS tracker
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Comparison ATLAS vs CMS: breakdown of uncertainties

ATLAS | CMS

Total uncertainty +23.2 | +19.8

- Data stat - +17.1 | £17.2
Data stat-only o 6B E L L T
Floating norms. +7.7 +10.2

~ Modelling - +12.0 | +7.24

- Signal +3.33 | +3.75
Background +11.5 | £4.10
Simulation modelling — +4.65

/ stat - +3.75 1.2

Comparison of uncertainties for ATLAS and CMS at 36/fb
o Statistical sensitivity: similar results between ATLAS and CMS
* CMS: lower uncertainty on theoretical prediction and size of simulated sample
* Rely more on control regions for the backgrounds + larger size of simulated sample
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HL-LHC slide



Conclusion

New result from the ATLAS on Higgs coupling to c-quarks
* Limit on the signal strength: € 26 x SM at 95% confidence

level
e Direct constraint on x| € 8.5 @ 95% CL

* Excess of VZ(—cc) events observed: 2.60
* Excess of VW(—cq) events observed: 3.8c
— First measurement of VZ(—cc) and VW(—cq) using c-tagging!

Events after B-subtraction/ 10 GeV

Prospects for Higgs physics and ctagging at LHC:
* More and more physics analyses using c-tagging

e ATLAS, CMS and LHCb working towards measuring Higgs
coupling to charm

* Evidence at the end of HL-LHC using a combination?

Events after B-subtraction/ 10 GeV

. Stamenkovic, Seminar@UZH, 11.10.21
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Back up



Combination with VH(bb)?



Stand-alone analysis

2 .2
Ky K

KNV H (cc) =
K

2 .2
Ry, Ry

—_p

KV H (bb)
K

. Stamenkovic, Seminar@UZH, 11.10.21

Combination of VH(bb) and VH(cc):

* Allows better interpretation of Higgs boson properties with minimal assumptions
* Not sensitive to contributions of new physics particles to the Higgs boson decay width
* Direct probe of the Higgs coupling to charm and bottom quarks only

Combination of VH(bb) and VH(cc)

Combined measurement

HVH(cc) R
KV H (bb) aY

SO0 DN
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Comparison ZHcc and CMS



Comparison VHcc 139/tb vs ZHcc 36/tb

2015+2016 (36 /fb)

Full Run 2

El b c-tagging ctagging + b-tag veto
e . (MV2 based) (DL1 vs MV2 based)
Jets categories 2+jets 2 and 3+jets

pTV Low and high pTV Low and high pTV
SRs 1 ctag and 2 ctag 1 ctag and 2 ctag
CRs Top emu Top emu, High dR CR, O c-tag
VH(bb) SM bkg SM bkg
treatment SR Overlap Orthogonality in SR
VHgbb) fraction 6% 0.7%
in 2 c-tag
Truth tagging AR(jet1,jet2) Min AR(tagged jet, closest jet2)
FIAG 36/fb 140/fb, 80/fb for c-jets
calibrations
Modelling 36/fb 140/fb

. Stamenkovic, Seminar@UZH, 11.10.21
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MC/MC c-tagging SFs

Llllllllll

MC/MC c-tagging SFs

. Stamenkovic, Seminar@UZH, 11.10.21
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Background modelling

Process Nominal Alternative
: Powheg+Herwia7
VH(cc), VH(bb) Powheg+Pythia8 QCD I.IROC\::Ide::F sczi}zl\?ariations
vV Sherpa2.2.1 (qq) Powheg+Pythia8
Sherpa 2.2.2 (gg) QCD pr and pr scale variations
: : MadGraph5+Pythia8
Z+jets and Wiet herpa2.2.1
jets and Wiets Sherpa QCD pr and pr scale variations
MadGraph5+aMC@NLO+Pythia8
ttbar + single t + i
ar + single top Powheg+Pythia8 Powheg+Herwig7
_______________________________________________________________________________________________________________________________________ ISR / FSR
Single top only Diagram subtraction + removal

Difference between nominal and alternative MC generators taken as uncertainty:
* Normalisation uncertainties: relative difference on total yield predictions
* Applied to subdominant processes (i.e. Diboson, VH): phase space acceptance
* Acceptance ratios: relative differences in predictions for categories
*pTV and Njet
* Flavour composition ratios: different flavour / processes predictions per categories
* Channel extrapolations: different predictions per channel
* SR / CR extrapolation: different predictions per region
* M(cc) Shape uncertainties: account for differences in binned m(cc) distribution prediction

* In addition: theory uncertainties for cross-section and branching fraction for VH(cc)
. Stamenkovic, Seminar@UZH, 11.10.21




Signal region: example 2 jets, pTV > 150 GeV
1-lepton 2-lepton
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*qc'; - SR, pT = 150 GeV mp(otﬁe,, ] ?, C SR, p: = 150 GeV top(b) 7 g — SR, pZ = 150 GeV B Z+hf . rO C e SS q e e SC rl ptl 0 n
= C top(b) n > 14— multi-jet + other . > 1400 e Z+mf ]
w12 B W+hf ] '-“ - B Wahf = w - Z+if = : :
- o W+mf n = [ W+mf 7 C tt + others T
10 Wit — 12 - WHf 3 1200 I VH(— bb) . E E
B Z+hf ] 10 Il VH(— bb) = 1000 £ Uncertainty = ; ;
o Z+mf s Uncertainty ] —— SM VH(—> ct) x 300 ] -+ ( b b ) i + h i
3 : i N : L ,cc) Z Heavy flavours
I VH(— bb) ] — - ' :
C-tq g 6 T Uncertainty -] e I B e ST e T e e P T O L e e R P L OEEREP L O EEEER
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= = SR, p¥ > 150 GeV ton(other 3 £ 350E sR p! = 150 Gev top(b = - 2lepton, 2 jets, 2 c-tags - o (k=083 3 +
g - T Py = g et + oth = ~ SR, p” = 150 GeV M . .
> I top(b) — > C multi-jet + other ] _ y P = e B Z+hf —
2 ctag ° = = & so0f e = e = zim : Lblbe b W+mf Mixed flavours
C o Wa+mf ] C [ W+mf _ C Z+If .
250 Waif = 250 W4f - 50— it + others — (C C T, CT)
Z Z+hf . Il VH(— bb) 3 - Il VH(— bb) e [
2002 = Z:mf o Y Uncertainty = 40 E : Uncertainty E
Z+If _ ] = SM VH(— cC) x 300 . NN = SM VH(— cC) x 300 -
Il VH(— bb) . ] ]
150 | XXJ Uncertainty = ] 30 — W+(IIIIT) W+If nght ﬂqvours
—— SM VH(— ¢€) x 300 3 - ]
100 E E 20 =
- = 10 — .
—————— : : ] 21 b-jet
_o' 1 .5 - T | L | L | L | L | T T | T LT_I | I__ _o' 1 .5 E T | L | L | L | L | L | T | I__ : :
9_') E P —— 3 q,_J - —+—th . : T L I N B B I LB —] H H
S 1f Sl R S | L —— | | ] ttbar + Wt T
S E I 3 -.(E E )_E D— 1 @W \{ N A1 N R & \ O R L . . N\ ; ;
(DU O 5 1 | 111 I 111 I 111 I 111 I 1 11 I 111 I I | 8 0.5 1 | 111 I 111 I 111 I 111 I 111 I 111 I 111 a E + _"__f_ E : : °
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200 80-5 el S S S S S TR Y T S S S o O b-lei'

m,, [GeV] m,, [GeV] 60 80 100 120 140 160 180

Main backgrounds . (GeV
* O-lepton: Z+hf, Z+mf, , W+hf, W+mf, WHIf,
e 1-lepton: W+hf, W+mf, W+,
o 2-lepton: Z+hf, Z+mf,
Subdominant backgrounds: VH(bb), single top s+t, QCD multi-jets, diboson (non c-jets)
Signal: VH(cc), and VZ(cc)
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Background modelling

Floating normalisations:
* Heavy flavour: Zhf and Whf
* Mixed flavour: Zmf and Wmf
* Light flavour: ZIf and WiIf
*top(b) and top(other) (0- and 1-lepton)
e ttbar (2-lepton)
Acceptance, flavour and channel ratios:
e pTV (2-lepton): high pTV / low pTV
* Njet: 3 jets / 2 jets for V+jets and 2 jets / 3 jets for ttbar
* Flavour composition:
*bb / cc, bl / cl, be/ cl for W+jets and Z+jets
ebt /cl,ct/cl, |t /| for WHjets
* Wt / ttbar for top(b)
* SR / top CR, high AR CR / SR
* Channel: O-lepton / 1-lepton, O-lepton / 2-lepton
Shape uncertainties: on m(cc) for each bkg subcomponent
Data driven: QCD multi-jets in 1-lepton

. Stamenkovic, Seminar@UZH, 11.10.21

VH(— bb)
WH(— bb) normalisation
ZH(— bb) normalisation

27%
25%

Diboson

WW /ZZ|W Z acceptance 10/5/12%
py. acceptance 4%
Nj., acceptance 7-11%
Z+jets

Z+hf normalisation Floating
Z+mf normalisation Floating
Z+If normalisation Floating
Z + bbto Z + cc ratio 20%

Z + bl to Z + cl ratio 18%

Z + bc to Z + cl ratio 6%
p;f acceptance 1 — 8%
Nj. acceptance 10 - 37%
High AR CR to SR 12 — 37%
0- to 2-lepton ratio 4 — 5%
W+jets

W+hf normalisation Floating
W+mf normalisation Floating
W+If normalisation Floating
W + bb to W + cc ratio 4 —10 %
W + bl to W + ¢l ratio 31 -32 %
W + be to W + ¢l ratio 31 -33 %
W — tv(+c) to W + ¢l ratio 11%
W — tv(+b) to W + ¢l ratio 27%
W — tv(+l) to W + [ ratio 8%
Nj., acceptance 8 — 14%
High AR CR to SR 15 —29%
W — 7v SR to high AR CRratio  5-18%
0- to 1-lepton ratio 1-6%
Top quark (0- and 1-lepton)

top(b) normalisation Floating
top(other) normalisation Floating
Njet acceptance 7 —9%
0- to 1-lepton ratio 4%
SR/top CR acceptance (11) 9%
SR/top CR acceptance (Wr) 16
Wt/ ti ratio 10%
Top quark (2-lepton)

Normalisation Floating
Multi-jet (1-lepton)

Normalisation 20 - 100%
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c-tagging efficiency SF
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Charm tagging calibrations
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0.4
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0.3
0.25
0.2
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0.05

Data c-tagging efficiency = total uncertainty
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Charm tagging performance
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Background composition plots: postfit O-lepton

——
- ATLAS Preliminary

Vs =13 TeV, 139 fb”
0 lepton, p¥ = 150 GeV
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Background composition plots: postfit 1-lepton
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Postfit SR



Postfit distributions: O-lepton
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Postfit distributions: 1-lepton
2 jets 3 jets
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Postfit distributions: 2-lepton
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Event displays
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Event displays

EXPERIMENT
Run: 350440
Event: 1105654304
2018-05-16 23:55:11 CEST

ATLAS

EXPERIMENT
Run: 309892
Event: 4866214607
2016-07-16 06:20:19 CEST

EXPERIMENT

Run: 329964
Event: 5007
2017-07-18

75771
06:31:13 CEST
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Fit strategy

£(1,0.7) = [T Pois(Nilusi(@)+7ibu(@)x[] so=e "/ T] Gauss(Bifrif, v7i80

1Ebins 0co 1EDbins

POI Poissonian likelihood Constraints on MC statistics

Binned profile likelihood fit on m(cc) distribution simultaneously in all regions

3 parameters of interest (POls):
® MVH(cc) : signal strength of VH(cc) signal
® Mvz(cc) : signal strength of VZ(cc) diboson — validation of 2 ctag category
* Myw(cq) : signal strength of VW(cq) diboson — validation of 1 ctag category

Background: floating normalisations of main backgrounds
Nuisance parameters (NPs)
* Full set of detector systematics: trigger, jets, leptons, c/b-tagging, pile-up, luminosity

* Full set of modelling uncertainties
* MC stat. uncertainty
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Event selection / Uncertainties

Common Selections

VH (- bb)
W H(— bb) normalisation
ZH(— bb) normalisation

27%
25%

Central jets
Signal jet pr
c-jets

b-jets

Jets

p¥ regions

AR(jet 1, jet 2)

22
> | signal jet with pr > 45 GeV
| 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 >250 GeV: AR < 1.2

Diboson

WW /ZZ|W Z acceptance
py acceptance

Njet acceptance

10/5/12%
4%
7-11%

Z+jets

Z+hf normalisation
Z+mf normalisation
Z+If normalisation
Z + bbto Z + cc ratio
Z + bl to Z + ¢l ratio
Z + bc to Z + ¢l ratio
p¥ acceptance

Nje acceptance

High AR CR to SR

0- to 2-lepton ratio

Floating
Floating
Floating
20%
1 8%
6%

1 - 8%
10 - 37%
12 - 37%

4 - 5%

0 Lepton
Trigger Exiss
Leptons 0 loose leptons
Ex™ > 150 GeV
pTs > 30 GeV
Hy > 120 GeV (2 jets), > 150 GeV (3 jets)
min |A¢‘(E{1“SS, jet)| > 20° (2jets), > 30° (3 jets)
|AG(EF™, H)| > 120°
|Ad(jetl, jet2)] < 140°
|A¢(E¥1iss, _lpiSS)l < 90)°
| Lepton

e sub-channel: single electron

W +jets

W+hf normalisation

W+mf normalisation

W +If normalisation

W + bbto W + cc ratio

W + bl to W + ¢l ratio

W + be to W + ¢l ratio

W - tv(+c) to W + ¢l ratio
W — tv(+b) to W + ¢l ratio
W — tv(+!l) to W + [ ratio
Njer acceptance

High AR CR to SR

W — tv SR to high AR CR ratio
(- to 1-lepton ratio

Floating
Floating
Floating
4 -10 %
31-32%
31 -33%
11%
27%
8%
8 — 14%
15 —29%
5-18%
1 -6 %

neea p sub-channel: EF™S
Leptons | tight lepton and no additional loose leptons
Emiss > 30 GeV (e sub-channel)
v
mey < 120 GeV
2 Lepton
Trigger single lepton
Leptons 2 loose leptons

mi;

Same flavour, opposite-charge for ppu
81 < my < 101 GeV

Top quark (0- and 1-lepton)
top(b) normalisation
top(other) normalisation

Njer acceptance

0- to I-lepton ratio

SR/top CR acceptance (17)
SR/top CR acceptance (Wr)
Wt /tt ratio

Floating
Floating
7 - 9%
4%
9%
16%
10%
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Top quark (2-lepton)
Normalisation

Floating

Multi-jet (1-lepton)
Normalisation

20 - 100%
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Generators

Process ME generator ME PDF PS and. , Tune Cross-section
hadronisation order
PowHEG-Box v2
— VH NNL D
qq( H o oc/pp) +GOSAM NNPDF3.ONLO  Pyruia 8212  AZNLO +NL8 ((S\S/) )
cc + MINLO
88 = ZH - PowHEG-Box v2 ~ NNPDF3.0NLO PytHia 8.212  AZNLO NLO+NLL
(H — c¢c/bb)
tt PowHEG-Box v2 NNPDF3.0NLO PyTHIA 8.230 Al4 NNLO
+NNLL
!/s-channel Pownec-Box v2 ~ NNPDF3.O0NLO  Pytmia 8230 Al4 NLO
single top
Wt-channel PowHEG-Box v2 NNPDF3.0NLO PyTHIA 8.230 Al4 ApProx.
single top NNLO
V +jets SHERPA 2.2.1 NNPDF3.0NNLO  SHEerpa 2.2.1 Default NNLO
qgqg —» VV SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
gg ->VV SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 Default NLO
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Breakdown of uncertainties

Source of uncertainty UVH(cE) MVWieq) MVZ(ce)
. . Total ‘ 15.3 0.24 0.48
Breakdown of uncertainties ST

e Similar statistical and systematic uncertainties Saisical unceruinies
. . . . Data statistics only 7.8 0.05 0.23
* Dominant systematic uncertainties: Floating normalisations 5.0 009 022

o . o Theoretical and modelling uncertainties

* Background modelling: V+jets and ttbar S S EEETv——
* Simulation statistics: MC stat | Topquatt 29 013 009
\__W-ets _ 30 005 01l
Diboson 1.0 0.09 0.12
. . . VH(— bl—9) 0.8 < 0.01 0.01
Will improve with latest generators and more Multi-Je L0 003 002

_ Simulation statistics

simulated events!

Experimental uncertainties

Jets 2.8 0.06 0.13
Leptons 0.5 0.01 0.01
ERS 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 tagging b-jets 1.1 0.01 0.03
light-jets 0.4 0.01 0.06
T-jets 0.3 0.01 0.04
Truth-flavour tagging AR correction 3.3 0.03 0.10
Residual non-closure 1.7 0.03 0.10

. Stamenkovic, Seminar@UZH, 11.10.21 65



2 Higgs doublet model

0= 75 (o) ¢ = 7

. Stamenkovic, Seminar@UZH, 11.10.21

Theory motivation

H+
ho + ’ih3)
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Theory motivation

2 Higgs doublet model

1 L e
Gl (e

Physical bosons

h = sin (8 — a)hi + cos (8 — a)ha,
H = —cos (B8 — a)hi +sin (8 — a)hs
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Theory motivation

2 Higgs doublet model

2 i
o= lodn) ¢ =5 (k)

Physical bosons

h = sin (8 — a)hi + cos (8 — a)ha,
H = —cos (B8 — a)hi +sin (B — a)hs

Affects Yukawa coupling of 125 GeV Higgs boson
AV = y(iM sin (8 — a) + y;u cos (B — «)

A =yaM(sin (B — @) + £ cos (8 — )

Spontaneous flavour violation: arXiv:1908:11376
* FCNC avoided by keeping Yukawa matrices of second doublet diagonalisable with first doublet
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Theory motivation

2 Higgs doublet model

¢ = |
. \/Q(U"_hl)’ . \/—Q_(h2+ih3> 0.4

Physical bosons

h = sin (B8 — a)h1 + cos (B — a)ha, |
H = —cos (B — a)h1 + sin (8 — a)h: Ye 02

Affects Yukawa coupling of 125 GeV Higgs boson
)\ZM% = ygfuM sin (8 — ) + 1y, cos (B8 — a)

Nivas = Yaa (50(F — @) + £ os (5 — ) U'Ol—():l 0y 00 o oy
Spontaneous flavour violation: arXiv:1908:11376 cos(f3 — a)
* FCNC avoided by keeping Yukawa matrices of second doublet diagonalisable with first doublet
* Higgs boson coupling to charm quarks potentially enhanced by factor 3!

Alternative theories predict similar enhancements - up to b- and c-quark universality

. Stamenkovic, Seminar@UZH, 11.10.21


https://arxiv.org/abs/1908.11376

Theory enhanced H->cc couplings

2HDM : paper
TeV scale new physics lambda = 1.5 TeV: paper

Enhanced coupling 3-5x SM in ¢,s,d,u yukawa

. Stamenkovic, Seminar@UZH, 11.10.21
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