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Introduction and Outline

e Measurement of Hbb (& Hcc) couplings ¢
is a long-standing challenge

e Associated Higgs boson production with

W or Z vector boson

— Calculated at NNLO (QCD) + NLO (EW)
— Clean signature to reject background

g(/)

— But 20x smaller cross sect. than gluon fusion

e Multivariate event selection and background rejection

e Overview of VH(bb) measurement strategy

e Results for VH(bb) production, and combination with Run-1 data
e Results for benchmark VZ(bb) production
e Search for related ZH(cc) production in 13 TeV data
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Measurement Strategy for VH(bb)
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e Capture WH and ZH through 0-, 1-, and 2- charged lepton channels
— Each channel divided into 2- and 3-jet categories to improve sensitivity
— Focus on boosted V production: p; > 150 GeV (75 GeV for 2-lepton)

e Tag b-jets to reconstruct Higgs boson candidate

— Multivariate method based on impact parameter, vertexing, decay length

— Dedicated b-jet energy corrections for energy losses from muons and
neutrinos (plus kinematic fit in 2-lepton)

e Fits to data to determine Higgs vs. non-resonant background

— Discriminating variable is output of kinematic Boosted Decision Tree
— Floating normalizations in signal/control region channels and categories
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Event Selection & Background Rejection

e Basic event requirements: Event kinematic variables used in BDT training
— 2 b-tagged jets with p; > 20 GeV Vgriable O—Ieptpn 1-lepton  2-lepton
) p = EmlSS >< ><
(lead jet p; > 45 GeV) ETEFniSS o 9 9
— Split into 2- and 3-jet samples ph X x x
. b2
— E,Mss > 150 (0-lep), 30 GeV (1-ele) PT x X x
Mpb X X X
— p;’ ranges vary by channel AR(by, b) % y y
e p;Y>150 GeV for 0,1-lep |An(by, ba)| X
e 75>p.¥>150 GeV or > 150 Gev ~ A¢(V,0D) X X X
for 2-lep |An(V, bb)| X
° . o meﬁ‘ ><
e Boosted Decision Tree trained  min[A¢(Z,b)] x
in each signal region my X
MMyy X
— Use event-level BDT variables, Mtop X
including m,,, in TMVA IAY (V,bb)| X
Only in 3-jet events
P’ X X X
Mbb; X X X
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Strategies for Estimating Background

e Background fractions differ between signal regions

— Fit templates from simulation to find floating normalization factors,
especially for W/Z+heavy flavor and tt backgrounds

2-jet 3-jet Control regions

Z+HF, | ff, Z+HF

Combine for Z+HF norm.

O-lepton

2-lepton it ey pair

: 1

1-lepton [t_t, W+HF} [ tt } - WHHF :f::gzs
: a2l
| |

Separate to fit all normalization factors
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Example: Z+Heavy Flavor Backgrounds
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Post-fit results with
all normalization
factors applied

W + HF 2-jet
W + HF 3-jet
Z + HF 2-jet
Z 4+ HF 3-jet

Enough data to
constrain Z+HF &
W+HF separately in
2- & 3-jet events

Process

Normalization
1.22+0.14
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1.30 +0.10
1.22 +0.09

Top is constrained
in 0- & 1-lep
combined, plus
separate 2-lep 2-
and 3-jet categories




VH Measurement Results @ 13 TeV

e Overall fitted signal strength 1 = 1.207%2% (stat.) " 3% (syst.)

— Observed excess 3.50 significance (3.00 expected)

llllll [rrrrJrrTrrTTrrr T T T T T T T T T T T T T T T T T LA L L L I I
ATLAS VH, H(bb)  {s=13 TeV, 36.1 fb" ATLAS VH, H(bb)  {s=13 TeV, 36.1 b’
—Total Stat. (Tot.) ( Stat., Syst.) — Total Stat.
. .\ (Tot.) ( Stat., Syst.
oL | e 045 9 (937,0%) o e
WH e 1.35 *08%  ("03s. 0 )
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oL e 1.90 fg..;/;; (:())..2; ’ fg:jg ) ZH ke 1.12 10.45 (joss g to.so )
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Best fit p>° for m =125 GeV Best fit u®® for m, =125 GeV

e Measurements of WH and ZH rates consistent with SM
— o(WH) x B(H — bb) = 1.087227 pb
_  0(ZH) x B(H — bb) = 0577235 pb
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Cross-Check Measurement with mbb

e Alternative fit to m,, with tighter selection, more regions
e Irreducible VZ(bb) background kinematically similar to VH

Without event weighting With S/B event weighting
> Frprrrjrrryrrryrrryrrr|rroprrr 11+ "_\ _I | 17T | T TT | T T | 17T | T TT | 17T | T TT | T T | I_
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o B {s=13TeV K 36.1fb" = Dibo—s>on . ) (?) ~ {s=13TeV, 36.1 b [ V!-I — Vbb (“=1'30)_
Ay i ) tt 7 . i  Diboson ]
> 1 lepton, 2 jets, 2 b-tags s Single top . a 10 — 0+1+2 leptons Uncertainty -
€t 80 p¥ > 200 Gev Multijet ] ~ | 2+3 jets, 2 b-tags i
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— Uncertaint — ~ B ]
60 L | EeNEEE 0 e Pre-fit bacl¥ground i o - i
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L ] < B 1
40— — -09)’ . i i
L 1 3 2 .
- - Q) - ]
- )= O - —
=  OFtseSE NN ——
- 1.5 -~
o N
% 1 GC) —2 1 | 11 1 | L 11 | L 11 | 11 1 | L 11 | 11 1 | L 11 | L 11 | —
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40 60 80 100 120 140 160 180 200 LUl
m,, [GeV] m,, [GeV]
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VZ Result from Diboson Analysis

e Train a separate BDT,, adapted for softer m,,, p; spectra
— In this fit, Higgs VH production is treated as a background!
— Result is a VZ(bb) measurement with 5.80 significance
— This is a very good validation of the Higgs boson analysis

Lr) T T T T I T T T T T T T T I T T T T T T T T I T T T r14  [rrrrrrr7yrrrrrryrrrrTrrrrrT1or T T | L | LI | ||||||||
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- = w 3
2 gL Vs=13Tev,36.1fo" == Vh 4 —Total = Stat.
o = tt =
kT 106—5 0+1+2 leptons . ain&[e ttop E— (Tot.) ( Stat., Syst.)
= 2+3 jets, 2 b-tags +(bb, = +0.60 (4024 +0.55
10° -W:gb’bc’cc’bn = Wz 1.02 -0.57 Co.24 ) jo.52 )
Wi 3 :
10 mm Z+(bb,bc,cc,bl) ]
B Z+cl 3
10° Z+l = +0.29 4016 +0.24
= 2z HeH 113 5% (o167 020 )
10 I
10 = ;
3 Comb. Lod 4012 +0.22 >
1 ? 5 (Z041 > 2019 )
1 1 | I I I | i IIIIIIII | | I I | | IIIIIIIIIIIIIIII | | I I |
— 10f ! ! ! — —1 0 1 2 3 4 5 6 7 8
i%, 5E — Best fit ]JE)/;
n=::’ i R T R RN B
-2.5 -2 -1.5 —1 -0.5 0 0.5
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Combined ATLAS VH(bb) Results

L UUHSUE (), = /101123245, (B8 T8 1°94)
> <(2F, -2 ('2)UH(,82) =, -4 60@'A282) , BUSA2 ("G C(*
> 1"#D")20'D(28B26*("'=) 'EF%)F2'GH1J KLIMJ 2N$2F,2@0

T T | T T T I T T T I T T T I T T I
ATLAS VH, H(bb) Vs=7 TeV, 8 TeV, and 13 TeV ATLAS VH, H(bb) Vs=7 TeV, 8 TeV, and 13 TeV
[Ldt=4.7 6, 20.3 o, and 36.1 b [Ldt=4.7 6™, 20.3 b, and 36.1 b
—Total Stat. —Total Stat.
(Tot.) ( Stat., Syst.) (Tot.) ( Stat., Syst.)
7 TeV 1.50 1.22 +0.87 2L 0.52 0.40 +0.33
- -1.61 t1.46 C1.13 ’fo.gz ) b= 1.56 1L0.48 C0-39 ’t0-29 )

8 TeV +0.43 4033 +0.28 1L +0.46 (4030 +0.34
e 0.65 "), (Coa2, 024 ) ko= 1.27 T4 (Zo295 2030 )

13 TeV Hed  1.20 *0a2 (4024 4034 OL | ke 0.07 555 (%020 024 )
Comb. i 0.90 070 (%4s, 079 )| Comb. u[--l 0.90 050 (018 ‘070 )
PR IR NI S AR ST A ST S S NN ST W b by Lo b b b b Loy

-2 0 2 4 6 8 -1 0 1 2 3 4 5 6 7 8

Best fit u>° for m =125 GeV Best fit u>> for m =125 GeV

- 1Y ((,2), 5+, =R ) @UEE T 250" 6heN

PHQ'25(2)HR%) 4+ 184S0



"#$%&"&(")*'+' &-"#.],+*'0.%
| "#$%&'$(#$)*+&%,$%__ 10%&-. 1A4:7$TU$6.5$4.)9,O)$:&:L

Source of uncertainty

2 38-.40%*80* )$*8FBH $G: 9.8 stusica 03
O:$7*))*&+$;*+; 4$4'4)=$$09& ggs)t:rri?r?etzir?tal uncertainties -

Jets 0.03

| 7&O$@%4,$)O%O*)O*-)l E;‘“SS 0.03
2 A.BS$.C.80)$B*0:$; B, <iBMY%+)<$ |

b-jets 0.09 —
%&'$’*+,$FGG$C%,9) b-tagging F—jﬁ;[s: t (())(())j
ight jets :
| F%-H+4:9&'$&:47%,*1%0*:&)
2 @:804:,$:338%-H+4:98)$B%,,$ Lumnesiy  om
*7/4C$B*O,$74$I%O%$*&$@ K) ;hgenoarletlcal and modelling uncertoallilges
! F%++*&+$_JJ*-*_&-L1 Floating normalisations 0.07 =
Z + jets 0.07
2 ?0M:00%3%-:44.-0%:&$3%-0:4)<$ } *Jes 007 1
[%4%7.0.4*].'$* &SI Single top quark 008 _
=4:)/.-0)$J:4$*7/4:C.7.&0)V — o0z
MC statistical 0.13 ¥«

OP$Q*.,).&$R>%&0%$@49IS TE




"#$%& () $*+%6/$)01%2)3

e New inclusive approach to constrain Hcc coupling
— Focus on 2-lepton channel for simpler background composition

e Dedicated multivariate discriminants similar to b-tagger:
— Separate c-jets from light-jets and c-jets from b-jets
— Challenges of short t_, low track multiplicity in c-hadron decays
— Both 1 c-tag and 2 c-tag events are used to keep efficiency high
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Results for ZH(cc) and ZZ/ZW

Cut-based event selection with fit to m_

e Target cC resonances

— Requirement on AR varies
from 2.2 at low p;to 1.3 at
high p;% (>200 GeV)

— p;£ ranges 75-150, >150 GeV

e Simultaneous fit of signal
and Z+jets background

— Flavor tagging uncertainty is
dominant limitation on uncert.
e A 405
Validation: 17y = 0.6
(1.40 observed, 2.20 expected)

—
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0.8
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Observed upper limit of 2.7 pb on o(ZH) x B(H — cc)
(SM predicts 26 fb at 13 TeV)
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