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CC

Higgs coupling to charm quarks 3% WW

21%
Y44
: : : 3%
* Probe of Higgs coupling to 2" generation of quarks /Z;
* One of the largest contributions to Higgs width that og
we have no evidence for 9%
bb
 Small charm Yukawa coupling = susceptible to 57% Other
significant modifications in various new physics T 1%
scenarios mu §g|25 GeV

Goal: Use the ATLAS Full Run 2 dataset (13 TeV) to achieve best
limit on VH(cc) process to date

» Second ATLAS H—2cc search, extending the previous iteration by
including the Full Run 2 dataset, and all three lepton channels
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http://cdsweb.cern.ch/record/2771724
https://arxiv.org/pdf/1802.04329.pdf

Analysis strategy

* Search in VH production

* Categorisation into channels by the decay of the
vector boson

* Event categorisation in each channel:

| c-tag 2 c-tag
75 <p'< 150 GeV (*) 2jet 3(+)jet 2jet 3(+) jet
s rs0Ger 2 [ 2 3

—> pTV — transverse momentum of the vector boson
(*) only in 2 lepton channel

* Cut-based analysis: m_ of two leading ptjets
as a discriminant

* Simultaneous binned likelihood fit to the signal
strength of VH(cc),VZ(cc) and VW(cq)
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c-tagger 4 2D Flavour tagger

Flavour tagging

* Goal: ldentification of c-jets and orthogonality to the
VH(bb) analysis

* c-tagging + b-veto working point (WP):

b-tagger @ 70%

* dedicated c-tagger for the VH(cc) analysis 2GS AR I LIS A

[ T T | T T T T | T T T

0 4E ATLAS Preliminary
A 1
E Vs= 13 TeV, 80.5-139 fb

0.35 VH, H— cT 27% c-tagging efficiency working point

* b-veto using the b-tagging strategy of the VH(bb) analysis
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* Dedicated optimisation and calibration of WP:

* c-jets (27%), b-jets (8.3%), light-jets (1.7%)

* Define signal regions to require | or 2 c-tags
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Data c-tagging efficiency * total uncertainty
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Signal regions

Discriminant: m_ of the two leading ptjets
Signal: VH(cc), VZ(cc), VW (cq)

Major backgrounds: W+jets, Z+jets, —> Constrained in dedicated control regions

Subdominant backgrounds: VH(bb), VV background
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2 lepton

C ATLAS Preliminary
E {s=13TeV, 139 10"

= 2lepton, 2 jets, 2 c-tags
C SR, p; =150 GeV

—e— Data

—— Signal + Background

I VZ(— cT) (u=1.16)

I VW(- cq) (u=0.83)
VV Bkg

B Z+hf
o Z+mf
Z+If

tt + others
I VH(— bb)
Uncertainty
= SM VH(— ¢cC) x 300

e,
—+—

———

60 80 100
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Mass distributions

I c-tag 2 c-tag 1+2 c-tag
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* m distributions with backgrounds subtracted = good data/simulation agreement

* Diboson cross-checks measurements:
*  VW(cq) significance of 3.80 (4.60 expected)
*  VZ(cc) significance of 2.60 (2.20 expected)
-> First measurements of VZ(cc) and VW/(cq) using c-tagging!
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Signal strengths and limits

Best fit signal strength for VH(cc) 95% CL limits on Hyy(cq)
L L B L L LA B L I I I L B L B
ATLAS Preliminary VH,H - cc Vs=13 TeV, 139 fb’ ATLAS Preliminary [+t

—Total — Stat. (Tot.) ( Stat., Syst.) (5=13 TeV, 139 fo Eliéf;:ected
VH, H - ct —— Observed
oL = -8 fﬁg ( ﬂg ) ﬂ: ) Olepton | | ‘1 ----------------------------------------------
Exp.= 40 x SM '
Obs.= 35 x SM
L] ——e—— 16 5 (55, %) lepton
Obs.= 50 x SM
2 18
2L H—e— -4 t22 (t18’ J—r}; ) E;:':tgl SM
Obs.= 49 x SM

Gorb e 9 () Combinaton ‘

1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 Obs=26XSM I 1 1 1 | 1 I: 1 I 1 1 1 | 1 1 1 I 1 1 Il I 1 1 1
60 40 20 0 20 40 60 80 100 120 0 20 40 60 80 100
HVH’ H s et 95% C.L. limit on .

* Best fit signal strength Py, = -9 £ |5 2 compatibility with SM: 83.9%
» Statistical and systematic uncertainties of similar size

* Leading systematics: V+jets/top modelling and flavour tagging
* ObservedVH(cc) limit of 26 x SM (31 x SM expected) = best limit on VH(cc) yet!
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K. interpretation

Signal strength parameterisation as a

. o . function of k.
* Possible to reparametrise signals strength in terms of k;

coupling modifiers

8 35F | .
. . o fe : = - -
* Considering modifications to decay only = b E
 Signal strength parameterised as: o5E =
K2 203_ ATLAS Preliminary _f
C L ]
p(ki) = _ _ - o (Ke) ]
B(H — cé)kz + (1 — B(H — c¢)) 150 “ E
= lim,,.u_(c)=1/ By - ~346 7
(other coupling modifiers set to ) 105 “ :
- , ]
. L TP 5F - Ko -
* Only sensitive to K. in this parametrisation if limit on - Mo ST B (k2 1) ]
y C P - H— cC
I"l'<35’ assuming SM HiggS Width OO — 5| — I‘||0I — I1|5I — I2|()I — I2|5I — I30
fice
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K. interpretation

Likelihood scan of k_

~, ST
i - . — Comb. (obs.) ;
o . . ~, 450 ATLAS Preliminary -+ Comb. (exp.) E
* Expected limit on k. at 95% CL in combined fit |« | < 12.4 < [ {s=13TeV, 139" (0 jepton (obs. ]
c c = pton (obs.)
i N 4_ VH, H—cc — 1-lepton (obs.) _
* Observed best fit k. =0 3.5 Il <8.5at95%GCL 5 jenton (obs,) ]
* First direct limit on k. @ 95%CL with |k < 8.5 3 1
R U -
. S— oF — R Y A
95% CL limit F 95% CL N\~ :
1.5F ]
Expected [-12.3, 12.4] b 9 p :
Observed [-8.5, 8.5] 05t E
OZ.I....I....IE... R
30 -20 -10 O 10 20 30
KC
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Summary of H>cc limits '

obs exp

2016: LHCb §II§
LHCb-CONF-2016-006 O 4
2018:ATLAS (36 /fb) oll2
PRL 120 (2018) 211802 11—
2019: CMS (36 /fb) ~ =
JHEP 2003 (2020) 131 9 ™~
2021:ATLAS (139 /fb) . | -
ATLAS-CONF-2021-021 o N | Kat

I 10 | 02 103 | 04

95% CLS I|m|t on UVH(CC)
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https://arxiv.org/pdf/1802.04329.pdf
https://arxiv.org/pdf/1912.01662.pdf
http://cdsweb.cern.ch/record/2771724
https://cds.cern.ch/record/2209531?ln=de

Conclusions

* Presented Full Run 2VH, H>cc search

* Compared to previous ZH(cc) 36 /fb analysis: including Full Run 2 dataset, all three lepton channels and
background modelling improvements, simultaneous 3 POI fit

* Diboson cross-checks:

. VW(Cq): 3.8 G obs (4.6 G eXP) | T T T | T T I. | .I T T | T T T | T T T I T T T % :l |A]7-L|Al§ |F)'leiir|r1ilr1iarlyl T T T |_.\_IDIatIaI T | T T ‘ |:
ATLAS PreIITlnary %ﬂz g 40001~ {5 _13Tev, 139 b B VH 8) (u=-9) |
° VZ(CC)Z 2.6 O obs (22 0} exp) ‘E=13Tevi139 - Expected = L 04142 leptons B VZ(~> cF) (u=1.16)
VH,H—ct — Observed S [ 1+2c-tags, All SR I VW(— cq) (1=0.83) |
0 lepton B [ § 3000~ XY B-only uncertainty —_
* Observed limit of 26 x SM on .- 40 S ‘ E: T SMVHE e X8 ]
S.= X E e i i
VH(CC) (fOI" 3 | x SM expected) 1 lepton """"""""""""""""""" £ 2000/ 7
550 e | ;
—> current best limit on VH(cc) veon | 3 1000~ .
Exp.= 51x SM : L i
o o o o Obs.= 49 x SM L i
* First direct limit on k. @ 95%CL R e o EEmmR :

. Combination :
WIth IKCI < 8.5 gﬁz:zgissl\:ﬂ | 1 1 1 | l‘ I; 1 | 1 1 1 | L 1 1 | 1 1 1 | L L 1 :I | [ | L1 1 | 111 | L1 1 | [ | 111 | L1 1 ‘ |:

0 20 40 60 80 100 60 80 100 120 140 160 180 200
95% C.L. limitonpu me; [GeV]
VH(cT)
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Thank you!

Any questions?

ATLAS

EXPERIMENT
Run: 303892
Event: 4866214607
2016-07-16 06:20:19 CEST



MC samples

Process ME generator ME PDF PS and- . Tune Cross-section
hadronisation order
PowHEG-Box v2
—VH NNL CD
19 H o ee/bp) +O0SAM NNPDF3.ONLO  Pyrmia 8212  AZNLO +NL8((§W) )
( ce + MINLO
gg = ZH o wHEG-Boxv2  NNPDF3.ONLO Pytaia 8212 AZNLO  NLO+NLL
(H — cc/bb)
tt PowHEG-Box v2 NNPDF3.0NLO PyTHiA 8.230 Al4 NNLO
+NNLL
t/s-channel PowreG-Box v2 ~ NNPDF3.0NLO  Pyrtaia 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.ONNLO  SHerra 2.2.1 Default NNLO
qq - VV SHERPA 2.2.1 NNPDF3.O0NNLO  SHEerra 2.2.1 Default NLO
gg - VV SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 Default NLO
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Event selection /
modelling
uncertainities

Maria Mironova

VH (- bb)

) W H (— bb) normalisation 27%
Common Selections ZH (— bb) normalisation 25%
Central jets >2 Diboson
Signal jet pr > 1 signal jet with py > 45 GeV V‘(}W/ ZZ|WZ acceptance 10/5/12%
c-jets 1 or 2 c-tagged signal jets pr acceptance 4%
. . . Nje acceptance 7-11%
b-jets No b-tagged non-signal jets
Jets 2,3 (0- and 1-lepton), 2, > 3 (2-lepton) Z+jets
Z+hf normalisation Floating
Vo 75-150 GeV (2-lepton) Z+mf normalisation Floating
Py regions > 150 GeV Z+If normalisation Floating
Z +bbto Z + cc ratio 20%
75 < py <150 GeV: AR < 2.3 Z + bl to Z + cl ratio 18%
AR(jet 1, jet2) 150 < p¥ <250 GeV: AR < 1.6 Z+beto Z + clratio 6%
V 5 250GeV: AR < 1.2 pr acceptance 1-8%
Pr cans Niet acceptance 10 - 37%
0 Lepton High AR CR to SR 12 - 37%
0- to 2-lepton ratio 4 - 5%
Trigger EF' W +jets
Leptons 0 loose leptons W +hf normalisation Floating
E{{"SS > 150 GeV W+mf normalisation Floating
p%liss > 30 GeV W+If normalisation Floating
. . W + bbto W + cc ratio 4-10 %
Hr . > 120 GeV (2 jets), > 150 GeV (3 jets) W + bl to W + cl ratio 31-32%
min [A¢(ET™, je)| > 20° (2 jets) , > 30° (3 jets) W + be to W + ¢l ratio 31-33%
|AG(EF™, H)| > 120° W = 7v(+c) to W + ¢l ratio 11%
|Ag(jetl, jet2)| < 140° W — tv(+b) to W + cl ratio 27%
miss . miss o W — tv(+l) to W + [ ratio 8%
|A¢(ET P )| <90 Nje acceptance 8- 14%
1 Lepton ngh AR CR to SR 15 -29%
W — 7v SR to high AR CRratio  5-18%
Trigger e sub-channel: single electron 0- to 1-lepton ratio 1-6%
4 sub-channel: E’}m - Top quark (0- and 1-lepton)
Leptons 1 tight lepton and no additional loose leptons top(b) normalisation Floating
E%‘jss > 30 GeV (e sub-channel) top(other) normalisation Floating
Nje acceptance 7-9%
e < 120 Gev 0- to 1-lepton ratio 4%
2 Lepton SR/top CR acceptance (17) 9%
SR/top CR acceptance (W) 16%
Trigger single lepton Wt / 11 ratio 10%
Leptons 2 loose leptons Top quark (2-lepton)
Same flavour, opposite-charge for pu Normalisation Floating
my 81 < my < 101 GeV Multi-jet (1-lepton)
Normalisation 20 - 100%
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Breakdown of uncertainties

Source of uncertainty HVH(cE) HVW(eq) HMVZ(ce)
Total 15.3 0.24 0.48
Statistical 10.0 0.11 0.32
Systematics 11.5 0.21 0.36
Statistical uncertainties

Data statistics only 7.8 0.05 0.23
Floating normalisations 5.1 0.09 0.22
Theoretical and modelling uncertainties

VH(— cC) 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 statistics 4.2 0.09 0.13

Experimental uncertainties

Jets 2.8 0.06 0.13
Leptons 0.5 0.01 0.01
Epss 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 33 0.03 0.10
Residual non-closure 1.7 0.03 0.10
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Signal regions

Discriminant: m_ of the two
leading ptjets

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

Major backgrounds:
WHjets, Z+jets,

—> Constrained in dedicated
control regions

Subdominant backgrounds:
VH(bb), VV background
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2 c-tag

| c-tag

Events / 10 GeV

Data/Pred.

Events / 10 GeV

Data/Pred.

18
16

14

0O =
0w i

0 lepton

L S B B B |

9

i —e— Data
ATLAS Pre"mmary —— Signal + Background
Vs =13 TeV, 139 fo”

B VZ(—> cB) (n=1.16)
0 lepton, 2 jets, 1 c-tag - wl(;k ca) (1=0.83)
g

SR, p) 2 150 GeV top(other)

top(b)
B W+hf
o W+mf

W+if
B Z+hf
W Z+mf

Zelf
I VH(- bb)
[ Uncertainty
== SM VH(— cC) x 300

!TT‘III'IIII!I\L_‘

co b b bven b B B b e 4

b b b b e e e

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

LI S I

= P —e— Data

FE ATLAS Preliminary —_ signal + Background

(s =13TeV, 139 fo" I VZ(-> cT) (u=1.16)

0 lepton, 2 jets, 2 c-tags [ VW(- cq) (1=0.83)

v VV Bkg
SR, P,z 150 GeV top(other)
top(b)
. W+hf
o W+mf
W+iIf
B Z+hf
N Z+mf
Zelf
I VH(— bb)
[ Uncertainty
= SM VH(-> cC) x 300

||||l|ll“l”|ll|||

'|"'|"'|"'|"'|"'|" ™
Eoe —y -+ . _+_ e E
ot = E
:—‘I...IH.IH.IH.IH.I...M.‘H’-:
60 80 100 120 140 160 180 200

me, [GeV]

Events / 10 GeV

Data/Pred.

Events / 10 GeV

Data/Pred.

| lepton

ATLAS Preliminary
(s=13TeV, 139 10"

1 lepton, 2 jets, 1 c-tag
SR, p) = 150 GeV

—— Signal + Background
B VZ(— cC) (u=1.16)
I VW(- cq) (1=0.83)
top(other)
top(b)
multi-jet + other
B Wahf
o Wamf
Wslf
Il VH(— bb)
[C1] Uncertainty
= SM VH(- ¢C) x 300

llI|III|III|IIl\JHlllllllllllllllllllll

h AT

BRI Y

—.— —— +
— e et 5
P N I NI N ETE S SRS B R
60 80 100 120 140 160 180 200
mg, [GeV]
_IIHIMHM”IIHIHDVtI'HI'HI‘
- P —e— Data
E ATLAS Preliminary " signal + Background
= (s=13TeV, 139 fo" B VZ(-> cT) (1=1.16)
C i ” I VW(- cq) (1=0.83)
= 1Iept¢:n,2 jets, 2 c-tags top(other)
- SR, P,z 150 GeV top(b)
F multi-jet + other
E B W+hf
C o Wamf
E W+If
E I VH(-> bb)

[ Uncertainty
= SM VH(- cC) x 300

HIllIllllIIIJ|1III|IHI|JI1IIIIII]IIII|HII|

e

e e T
—— o 'A_L+ J;_+_'_T_/+

|

—

vl b b b b b by

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

> ]
[0} P —e— Data

o] ATLAS Preliminary — Signal + Background
© 1800~ {s =13 TeV, 139 fb”" I VZ(— cT) (u=1.16)

21600 v WV Bkg
g SR, P2 150 GeV B Z+hf
S o Z+mf
i) 1400 Z+If
ti + others
B VH(-> bb)

Data/Pred.

Events / 15 GeV

Data/Pred.

2 lepton

2 lepton, 2 jets, 1 c-tag I VW(-> cq) (1=0.83)

[ Uncertainty
= SM VH(— cC) x 300

12 |H RRRRRE
B +4 4 <+t
1 —— + ﬁ*_*_—?ﬁ T RO AW
8:3_.|..‘|..‘|.‘.|.‘.|H.|‘..\...\.
60 80 100 120 140 160 180 200
m,. [GeV]
g0 T T T T T T T
= He —e— Data
F ATLAS Preliminary —_ Signal + Background
70F- s =13 TeV, 139 10" B VZ(—> cT) (u=1.16)
E 2lepton, 2 jets, 2 c-tags -z:’lv;;q) (1=0.83)
60— sn,p:zwaeev B Z+hf
F o Z+mf
E Z+lf
50— tt + others
E I VH(-> bb)
s [C] Uncertainty

—— SM VH(—> ct) x 300

{BETTT T T T T T T
1i+ I " I- N\ E
[N =P B BN B P VL B [
60 80 100 120 140 160 180

me. [GeV]
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V+jets background

V+jets (split as W and Z+jets) split into flavours:
e V+hf: V+cc,V+bb

e V+mf: V+bc,V+bl, V+cl High AR, control region

[ ] [ £ P —e— Data [) e —o— Data
+ I O gt ATLAS Preliminary —_ Signal + Background ] & 1400— ATLAS Preliminary — Signal + Background |
< C {s=13TeV, 139" B VZ(—> cF) (u=1.16) S Vs =13 TeV, 139 b B VZ(— cT) (u=1.16)
Ny P g I VW(— cq) (1=0.83) Ny 2 lepton. 2 jets, 1 c-ta I VW(> cq) (1=0.83)
. . . . . ‘e > 16 1 lepton, 2 jets, 1 c-tag top(other) ] P 1200 pton, 2 jets, g . Z:hf
o All V+]etS normalisations floatlng in fit S 4o ARCRPY 2150 GeV topib) ERE- ARCR, p. > 150 GeV o zumt
> multi-jet + other ] > +
w -t @ 1000 tf + others ]
12 o Wemf —] Il VH(— bb)
W+If - Uncertainty

I VH(- bb) _‘ —— SM VH(— c€) x 300
Uncertainty 7
= SM VH(— cC) x 300

* V+hf and V+mf floating normalisations determined °
with the help of a high AR__ control region .

‘\\\‘\\I‘\\\‘\\Illlllll\‘\l

* One AR_. CR for each corresponding SR: :
* LowpTV:23<AR. <25 osE T R

5 5 l2grT
- e &M T e =
30955 = % T_E < 09;_*_‘ e 1T 1_E
. . 'Es'b_95wll||\\|||I|\\|I||\\\||| ‘cE0:85‘|....\‘...|.H.|..H\..‘
d Medlum PTV |6 < ARcc< 25 e 100 150 200 250 300 e 100 150 200 250 300
m,, [GeV] me [GeV]

* High pTV: 1.2 <AR_ <25

* V+| floating normalisations determined in 0 c-tag
CR and | and 2 lepton
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Top background

* Top background: ttbar and single top TopCR in 0 and | lepton
* Define top control region in 0 and | e

L B | > LI e LI B B |

F Tt r LI L L
[0) — P —e— Data — @ 4500 . —e— Data —
10} 1600: ATLAS Preliminary —_ Signal + Background 0] B ATLAS Preliminary — Signal + Background 1

I h I b ° ° b h 3 rd =) E {s=13TeV, 139fb" B VZ(~> c3) (u=1.16) 3 2 4000F- Y5 =13TeV, 139 1o B VZ(—> cE) (1=1.16)
e pto n C a n n e y I nve rtl ng -veto O n t e T 14001 0 lepton, 3 jets, 1 c-tag N VW(- cq) (u=0.83) i ~ E 1lepton, 3 jets, 1 c-tag I VW(- cq) (1=0.83) 3
b2 - v top(other) - ©n C v top(other) I
S 1 200 top CR, p_ > 150 GeV top(b) i c 3500 top CR, p, 2 150 GeV top(b) —
o b C o Wamf 2 ° = o Wamf 3
] et w C Walf . @ 3000 Walf 3
1000— W Z+hf — = M VH(—> bb) 3
C W Zemf n F ) [ Uncertainty 7
Z41f ] 2500 — SMVH(— c) x300

* Combine ttbar and Wt into floating " S 1

= SM VH(- cC) x 300

. . . 600; 1500F
normalisations split by flavour: w00; 1000
200F 5002

* Top(bqg): ttbar+Wt with dijet flavour bc, bl, bt

5 12gTTT L B DR B RN N 1.1j
e i 4 Br1os5E
. . S 0858 to0 120 140 te0 180 200 & 09 ]
» Top(lq): ttbar+Wt with dijet flavour cl, | . (GeV] S
- resonant

* Top CR in 2 lepton = minor background, single-bin CR, with
normalisation only
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