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Direct constraint on the Higgs charm coupling

from a search for Higgs boson decays into charm

quarks with the ATLAS detector
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1 Introduction

s ¯ ¯ , , 12U g v AtlAs 1
¯ Cms 2 ¯ lhC 3 , ¯ ¯ ¯

s ¯ m (sm) h ¯ 457 . t ¯ ¯ ¯ h ¯ ¯
¯ ¯ ¯ ¯ AtlAs 8510 ¯ Cms 11513

¯ , ¯ Cms ¯ h ¯ ¯ ¯ 14 ,
AtlAs 2 ¯ - ¯ ¯ 1U . D AtlAs

¯ Cms ¯ h ¯ ¯ 5 ¯ , ¯ 16, 17 ,
¯ ¯ ¯5 ¯ 18, 19 , ¯ ¯ 2052U , ¯ ¯ ¯

h t 26, 27 , ¯ ¯ ¯ ¯ h ¯ ¯
- ¯ ¯ ¯ ¯ - ¯ ¯ . t ¯ , ¯

¯ ¯ ¯ ¯ ¯ ¯ h ¯
¯ ¯ ¯G .

i¯ sm ¯ ¯ ¯ ¯ 2.89% 28 , 20 ¯
¯ ¯ ¯ h ¯ 5 ¯ , ¯ . p ¯

s ¯ m ¯ ¯ ¯ ¯ ¯ ¯ h ¯ ,
¯ ¯ ¯ ¯ ¯ ¯ ¯ 2953U . D ¯ ¯ ¯5 ¯ ( )

¯ ¯ - ¯ ¯ ¯ ¯ ¯
¯ ¯ ¯ h ¯ ¯ ¯ ¯. t AtlAs C ¯

¯ ( ) ( ¯) ¯¯ , = , , ¯ 36.1 1 ¯
= 13 t v 16 , ¯ ¯ ( ) 110 (1U0) sm ¯,

9U% ¯ ¯ (Cl). t Cms C ¯ ¯ 35.9 1

¯ 13 t v 17 [ ¯ ¯ ¯¯ ¯ ¯
¯ , ¯ 0-, 1- ¯ 2- ¯ ¯¯ , ¯ ¯, ¯ ¯

¯ ¯ , . t ¯ ¯ ( ) 70
(37) sm ¯, 9U% Cl.

t ¯ ¯ ( ¯), = , ¯ 139 1 ¯
¯ - - ¯ 13 t v AtlAs 201U 2018. e ¯

¯ 0-, 1- ¯ 2- ¯ ¯¯ ¯ ¯ ¯ ¯ , t,
¯ ¯ ¯ .

h ¯ ¯ ¯ t. o¯ ¯ ¯
¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ . t ¯

, - ¯ . A ¯ , - ¯ ¯
, ¯ ¯ ¯ ¯ ¯ AtlAs ( ¯)

¯ 36 . e ¯ ¯ - t - .

i¯ ¯ ¯ ¯ ý ¯ ¯ , , ¯ ¯
¯ ¯ ¯¯ - , ¯ ¯

¯ ¯ ¯ ¯ . t ¯ ¯
¯ ¯ ¯ ¯ ¯ ¯ ,

( ) ¯ ( ¯), ¯- . t ¯ ¯
37, 38 ¯ , ¯ ¯ h ¯ ¯

.
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t ¯ ¯ AtlAs , ¯ ¯ 36 ¯ ¯
¯ ¯ ¯ , ¯ ¯ / .

2 ATLAS detector

t AtlAs ¯ 39 lhC 5
¯ ¯ ¯ 4 ¯ ¯ .1 i ¯ ¯ ¯¯ ¯

(iD) ¯ ¯ ¯ ¯ ¯ ¯ 2t ¯ ,
¯ ¯ ¯ , ¯ ¯ . t ¯¯ ¯

¯ | | < 2.5. i ¯ ¯ , ¯ , ¯ ¯ ¯ ¯
¯ . l / - ¯ (lA ) ¯ ¯ (em) ¯

¯ ¯ . A / ¯ - ¯ ¯
¯ (| | < 1.7). t ¯ ¯ ¯ ¯ ¯ lA

em ¯ ¯ ¯ ¯ | | = 4.9. t ¯ ¯
¯ ¯ ¯ ¯ - ¯

. t ¯ ¯ ¯ 2.0 ¯ 6.0 t . t
¯ ¯ ¯ ¯ ¯ ¯ .

A - ¯ . t - ¯ ¯ ¯
¯ ¯ ¯ 100 h 40 . t

- ¯ 1 h ¯ ¯ ¯ ¯
- ¯ ¯ ¯ . A¯ ¯ 41 ¯ ¯ ¯ ¯ ¯
¯ , ¯ ¯ , ¯ ¯ ¯ ¯

¯ .

3 Dataset and simulated event samples

t ¯ AtlAs ¯ r ¯ 2 lhC,
201U 2018 ¯ - - ¯ 13 t v. D ¯ ¯ ¯
¯ ¯ ¯ 42 , ¯ 0- ¯ 1- ¯ ¯¯ , ¯ ¯ - ¯ 43,

44 , ¯ 1- ¯ 2- ¯ ¯¯ . e ¯ ¯
¯ ¯ ¯ ¯ ¯ 4U . t ¯ ¯ ¯ ¯

139.0 ± 2.4 1 46 .

t m ¯ C (mC) ¯ ¯ ¯ ¯
AtlAs ( ¯) ¯ 36 , ¯ ¯ t 1. s ¯
¯ ¯ h ¯ , , 125 g v, ¯ ¯ ¯

, ¯ ¯ ¯ 2.89% ¯ U8.2%, , ¯ ¯ ¯
( ,̄ ¯ - , + ¯ ¯). t ¯ ¯

¯ .

1 AtlAs - ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ (ip) ¯ ¯
¯ - ¯ . t - ¯ ip ¯ lhC ¯ , ¯ - ¯

. C ¯ ¯ ( , ) ¯ ¯ ¯ , ¯ ¯ ¯ - .
t ¯ ¯ ¯ = ln tan( /2). A¯ ¯ ¯ ¯

( )2 + ( )2.
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t 1: s ¯ ¯ ¯ ¯ ¯ ¯ mC ¯ ¯ ¯ . t ¯
me ¯ ps ¯ ¯ ¯ ¯ , . t - ¯

- ¯ ¯ ¯ ¯ ¯ qCD, ¯ , ((n)n)lo ¯
((n)n)ll ¯ ¯ ((¯ - -)¯ - -) ¯ ¯ ((¯ - -)¯ - -) ¯ , .

p me ¯ me pDF
ps ¯

t ¯
C - ¯

¯ ¯

( ¯/ ¯)

p B 2 U6, U7
nnpDF3.0¯ U8 p 8.212 U9 Aznlo 60

nnlo(qCD)
+nlo(ew) 6156U+ G s 66

+m nLo 67, 68

p B 2 nnpDF3.0¯ p 8.212 Aznlo nlo+nll 69, 70
( ¯/ ¯)

¯ p B 2 71 nnpDF3.0¯ p 8.230 A14 72
nnlo
+nnll 73579

/ - ¯¯
p B 2 80 nnpDF3.0¯ p 8.230 A14 nlo 81, 82

¯

- ¯¯
p B 2 83 nnpDF3.0¯ p 8.230 A14

A .
¯ nnlo 84, 8U

+ s 2.2.1 U35UU nnpDF3.0¯¯ U8 s 2.2.1 D nnlo 86

s 2.2.1 nnpDF3.0¯¯ s 2.2.1 D nlo

s 2.2.2 nnpDF3.0¯¯ s 2.2.2 D nlo

t ¯ - ¯ ¯ ¯ 0- ¯ 2- ¯ ¯¯ ¯
¯ ¯ s ¯ 4. i¯ 1- ¯ ¯¯ , ¯ - ¯ .

A ¯ ¯ ¯ - ¯
¯ ¯ . s ¯ ¯ ¯ ¯

¯ ¯ ¯ ¯ ¯ ¯ ¯ , ¯ ¯
s ¯ U.

A mC ¯ AtlAs ¯ ¯ 47 ¯
G ¯ 4 48 ¯ ¯ . t ;
¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ( - ) ¯

- ¯ ¯ ¯ ¯ ¯ p 8.186 49 ¯
nnpDF2.3 ¯ ¯ ¯ ¯ (pDF) U0 ¯ A3 ¯ (A3
¯ ) U1 . t ¯ ¯ ¯

¯ ¯ ¯ ¯ ¯ ¯ . t E G ¯ 1.6.0 U2
¯ ¯ ¯ , ¯ s U35UU .

4 Object and event selection

4.1 Object selection

i¯ ¯ ¯ ¯ iD. t
¯ ¯ 87 .

e ¯ ¯ ¯ iD ¯ ¯ em 88 .
e ¯ t > 7 g v ¯ | | < 2.47. t ¯ ¯
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¯, ¯ ¯ ¯ ¯ ¯ ¯
¯ ¯ ¯ , ¯ ¯ iD

¯ ¯ t- ¯ ¯ . i¯ 1- ¯ ¯¯ , ¯ ¯ ¯
¯ ¯ ¯ ¯ ¯ ¯ . t ¯ , ¯ ,

¯ ¯ - ¯.

m ¯ ¯ ¯ ¯ ¯ , | | < 2.7 89 . t
t > 7 g v, ¯ ¯ ¯ ¯ iD ¯

t- ¯ ¯ . A ¯ , ¯ 1- ¯ ¯¯ ¯ ¯ ¯
¯ ¯ ¯ ¯ ¯ ¯ . t ¯ , ¯ ,
¯ ¯ ¯ - ¯, ¯ | | < 2.5.

h ¯ ¯ - ¯ 90, 91 , ¯ ¯ 91 ,
t > 20 g v ¯ | | < 2.5, ¯ ¯ ¯ ¯ 1.37 < | | < 1.52 ¯

¯ ¯ ¯ ¯ . r ¯ - ¯ ¯
¯ ¯ ¯, ¯ ¯ ¯ ¯ ¯ ¯
- ¯ ¯ ¯ - ¯ .

j ¯ ¯ ¯ 92594 ¯
¯ - 9U, 96 = 0.4. t

¯ ¯ ¯ . j 2.5 < | | < 4.5 ¯
t > 30 g v. j ¯ t > 20 g v ¯ | | < 2.5. A ¯ ,
¯ t < 120 g v ¯ ¯ ¯ ¯
- ¯ 97 . t ¯ G ¯ ¯ ¯, ¯
¯ ¯ ¯ , ¯ ¯ ¯ ¯ ¯ - t- ¯ ¯ ¯

, - ¯ ¯ - ¯ , ¯
¯ r . 36 . A¯ - ¯ ¯

¯ ¯ , ¯ , ¯ ¯ - ¯ ¯ .

C ¯ ¯ ¯ ¯ - - ¯ ¯ ¯ ¯ ¯
¯ , mv2 ¯ Dl1 98 . j - ¯ mv2 ¯ ¯ ,

¯ - 70% ¯ ¯ ¯ ¯ . A - ¯ ¯ ¯
Dl1 ¯ ¯ , DL1c, ¯ , ¯ ¯ ¯ -
mv2 . t ¯ ¯ ¯ ¯ 27% - ¯ ¯ ¯ ,
¯ - ¯ - ¯ ¯ 8% ¯ 1.6%, . t ¯ ¯ ¯

¯ ¯ ¯ ¯ ¯ + ¯ ¯
U%510%, ¯ ¯ - ¯ 985100 . j ¯

¯ ¯ ¯ ¯ mC ¯ G ¯ G , -, -,
- , ¯ , ¯ ¯ ¯ - ¯, - ¯, - ¯ t > 5 g v

¯ ¯ = 0.3 ¯ . j ¯ -, - -
. D ¯, + ¯ - ¯ ¯ =

h ¯ ¯ ¯ ¯ .

t mC , - ¯ ¯ ¯
¯, + - . i¯ , ¯

- , ¯ = ¯ ¯ ¯ t ¯ | |, ¯ ¯
¯ ¯ - . t - ¯

¯ ¯ mC ¯ G ¯ G . i¯ + , ; ¯ 20%
¯ ¯ ¯ , ¯ ¯ ¯

U



¯ ¯ = ¯ . F ¯ ,
¯ ¯ ¯- ¯ -= ¯ , ¯ ¯ ¯

¯, + ¯ - ¯ ¯ ¯
¯ ¯ ¯ ( ¯ ¯ s ¯ 4.2) ¯ ¯ ¯ - ¯ .
t ¯ ¯ ¯ ¯ 0.9 ¯ 1.0U.

t ¯ ¯ ¯ , miss

T
¯ ¯ ¯

¯ ¯ , ¯ , ¯ ¯ - ¯ , , ¯ G ¯
¯ ¯ ¯ 101 . t ¯

miss

T

miss
T

. t - ¯ ¯ ¯ , miss

T
, ¯

¯ iD ¯ ¯ ¯ r . 102 ,
¯ ¯ miss

T
.

4.2 Event selection and categorisation

e ¯ ¯ 0-, 1- ¯ 2- ¯ ¯¯ ¯ ¯ ¯ ¯ ¯
¯ ¯. e ¯ ¯ , ¯ 2-

3- ¯ ¯ ¯ . e ¯ ¯ ¯ 0-
¯ 1- ¯ ¯¯ ¯ ¯ . i¯ 2- ¯ ¯¯ , ¯ ¯

¯ ¯ 3- .

s ¯ ¯ - - ¯ ¯ ¯ ¯ ¯, t , ¯
¯ t > 75 g v 103 . t t ¯ : 75 g v < t < 150 g v

( ¯ ¯ 2- ¯ ¯¯ ) ¯ t > 150 g v. t t ¯ t ¯ 0- ¯ ¯¯ ,
¯ miss

T
¯ ¯ T ¯ 1- ¯ ¯¯ , ¯ ¯

¯ ¯ ¯ ¯ 2- ¯ ¯¯ .

t ¯ ¯ ¯ ¯ ¯ ¯ ¯ , , ¯
t, . A ¯ ¯ t > 45 g v. s

¯ ¯ ¯ - , ¯ ¯
, 1- - ¯ 2- - , . F , ¯ ¯ ¯ ¯- ¯

- . t ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯
- . C ¯ ¯ ¯ ¯, ¯ ¯ ¯

¯ AtlAs ( ¯) ¯ 36 . e ¯ ¯ ¯ ¯ ¯
¯ ¯ ( ¯) ¯ , ¯ ¯

s ¯ 7. i¯ , 16 ¯ ¯ ¯ , ¯ ¯ ¯ ¯ ¯¯ ,

t ( ¯ 2- ¯ ¯¯ ), ¯ - - ¯ ¯ - - - -
.

t ¯ ¯ ¯ ¯ ¯ ¯¯ , ¯ ¯
< 2.3 ¯ ¯ 75 < t < 150 g v, < 1.6 ¯ ¯ 150 < t < 250 g v ¯

< 1.2 ¯ ¯ t > 250 g v. t ¯ , t ¯ ,
80% ¯ ¯ ¯ . F ¯ ¯, ¯ ¯ ¯ ¯

¯ ¯ ¯ ¯ ¯ ¯ ¯, 2.U. t ¯ ¯ ,
- ¯ ¯ , ¯ ¯ ¯ + ¯

¯ ¯ ¯ .
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i¯ ¯ - ¯ ¯ , ¯ ¯ ¯ ¯ ¯ ¯
¯ ¯ . t ¯ ¯ , ¯ ¯ ¯ ¯ ¯ - ¯ ,

¯ ¯ ¯ ¯¯ . i¯ 0- ¯ 1- ¯ ¯¯ , ¯ , ¯
¯ ¯ ¯ ¯ - ¯ ¯ ¯- ¯ - , ¯ ¯
¯ ¯ ¯ ¯ ¯¯ . i¯ 2- ¯ ¯¯ ¯ ¯

¯ ¯ ; ¯ = ( ) ¯ . o¯
¯ ¯ ¯ ¯ - - ¯ t ¯ ¯ ¯, ¯ ¯

2- ¯ ¯ ¯ , ¯ ¯ ¯ ¯ - .

F ¯ , ¯ 1- ¯ 2- ¯ ¯¯ , ¯ ¯ ¯ ¯ - ¯ ¯
¯ ¯- ¯ - ¯ ¯ ¯ ¯ + - ¯ . o¯
¯ ¯ ¯ ¯ - - ¯ t ¯ ¯ ¯,

0- - ¯ ¯ .

A 44 ¯ ¯ ¯ : 16 ¯ ¯ , 16 - ¯ ¯ , 6 ¯
¯ ¯ 6 0- - ¯ ¯ . t ¯ - ¯ ¯ ¯¯

, ¯ ¯ t 2.

0-lepton channel D ¯ t ¯ ¯ 70 g v ¯ 201U
110 g v ¯ 2018 42 . e ¯ ¯ ¯ ¯ ¯ ¯ ¯ , ¯

t > 150 g v. A 1U0 g v t 7U%590% ¯ , ¯ ¯ ¯
, ¯ ¯ 200 g v. A ¯ ¯ ¯
¯ , T, 120 (1U0) g v ¯ 2- (3- ) ¯ ¯

¯ ¯ ¯ ¯ . t ¯ ¯- ¯ ¯ , miss
T

30 g v. b ¯ - ¯ t
¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ( ¯

t 2) ¯ , miss

T
¯ miss

T
.

1-lepton channel e ¯ ¯ ¯ ¯ ¯, ¯ . i
¯ ¯ ¯ ( ¯), t > 27 (25) g v ¯ | | < 2.47 (2.5). i¯ ¯

- ¯¯ , t ¯ 0- ¯ ¯¯ . t ¯ ¯ t
¯ ¯ ¯ ¯ , ; ¯ t ¯ ¯

¯ ¯ - ¯ ¯ ¯ . i¯ ¯ - ¯¯ , ¯ - ¯
¯ 24 g v ¯ 201U ¯ 26 g v

¯ 2016 ¯ 2018 43 . i¯ ¯ - ¯¯ , ¯ ¯ ¯
¯ ¯ ¯ t . t ¯ ¯

t > 30 g v. t ¯ ¯ ¯,2
T
, ¯

120 g v. t ¯ - ¯ ¯ 1- ¯ ¯¯ ¯ ¯
¯ ¯ ¯ ¯

T
¯, ;

¯ ¯ ¯ - ¯ ¯ . t -
T

¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ , ¯
¯ . t - ¯ ¯ ¯

. m - ¯ ¯ ¯ r . 9 .

2-lepton channel t 2- ¯ ¯¯ ¯ ¯ -= ¯ . A
¯ ¯ t > 27 g v ¯ ¯ ¯ ¯ ¯ - ¯ ¯.
i¯ ¯ , . t ¯ ¯ ¯

2
T

= 2 t t (1 cos( )), miss

T
¯ ¯

T
.
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¯ - ¯¯ ¯ ¯. t ¯ ¯
¯ , , ¯ ¯ ¯, 81 < < 101 g v.

F ¯ ¯ ¯, + , + ¯ ¯ ¯ ¯ ¯
¯ 0- ¯ ¯¯ . i¯ 1- ¯ ¯¯ , ¯ ¯ + ¯ ¯

. F 0- ¯ 1- ¯ ¯¯ , ¯ ¯ ¯ ¯
¯ ¯ ¯. i¯ 2- ¯ ¯¯ ¯ ¯ + ¯ ¯ . t

¯ ( ¯) ¯ , ¯ ¯ , 152%, ¯
¯ - - ¯ ¯ ¯ 100 g v < < 150 g v (157) × 10 4 ¯ 1- -
¯ ¯ ¯ (0.658) × 10 3 ¯ 2- - ¯ ¯ .

t 2: s ¯ ¯ ¯ ¯ ¯ 0-, 1- ¯ 2- ¯ ¯¯ . j 1 ¯ 2
¯ ¯ 15 2 .

C ¯ ¯

C ¯ 2
s ¯ t 1 ¯ t > 45 g v
- o¯ - ¯
- n - ¯ ¯- ¯

j 2, 3 (0- ¯ 1- ¯)[ 2, 3 (2- ¯)

t ¯
7U51U0 g v (2- ¯)
> 150 g v

(jet1, jet2)

75 < t < 150 g v: 2.3

150 < t < 250 g v: 1.6

t > 250 g v: 1.2

0- ¯ ¯¯

t t
l ¯ n ¯

t > 150 g v
miss
T

> 30 g v
T > 120 g v (2 ), > 150 g v (3 )

min | ( miss
T

, jet) | > 20 (2 ), > 30 (3 )
| ( miss

T
, ) | > 120

| (jet1, jet2) | < 140

| ( miss
T

,
miss
T

) | < 90

1- ¯ ¯¯

t
- ¯¯ : ¯ ¯
- ¯¯ : t

l ¯ o¯ ¯ ¯ ¯ ¯ ¯

t > 30 g v ( - ¯¯ )

T
< 120 g v

2- ¯ ¯¯

t s ¯ ¯

l ¯
e ¯
s = ,
81 < < 101 g v

8



5 Systematic uncertainties

t ¯ ¯ ; ¯ ¯ ¯ ¯ :
¯ ; ¯ ¯ ¯ ¯ ¯

. t ¯ ¯ ¯ ¯ ¯ r . 36 .

5.1 Experimental uncertainties

t ¯ ¯ ¯ ¯ ¯ ¯ ¯ - ¯
¯ , ¯ ¯ ¯ ¯ . C ¯ - ¯ - ¯
¯ ; ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯

- , - ¯ -= 985100 . t ¯ ¯ ¯ ¯
¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯
¯ ; ¯ ¯ ¯ . t ¯ ¯ ¯ ¯ ¯ mC

-= ¯ , ¯ s ¯ 4, . A¯ ¯ ¯ ¯ ¯ + ,
¯ ¯ ¯ - ¯ -

¯ , ¯ mC ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯
¯ ¯ ¯ -= ¯ .

t ¯ ¯ ¯ ¯ ¯ ¯ ¯
¯ 92 . u¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯

¯ ¯ ¯ ; ¯ ¯ ¯ . A¯ ¯ ¯ ¯ ¯
¯ - ¯ - ¯ .

u¯ ¯ ¯ ¯ ¯, ¯ ¯, ¯ ¯ ¯ ¯ ¯ ¯ ,
¯ ¯ ¯ ¯ ¯ ¯ ¯, ¯ ¯ ¯ ¯
¯ ¯ ¯ 88, 89 . t ¯ ¯ , ¯ ¯
¯ ¯ ¯ ¯ , ¯ t ¯ ¯
r . 36 . t t ¯ ¯ ¯ ¯ t , t ¯
¯ ¯ ¯ ¯ t , ¯ ¯
¯ ¯ ¯ 101 . A¯ ¯ ¯ ¯ t ¯ ¯ .

t ¯ ¯ ¯ ¯ 201U52018 ¯ ¯ 1.7% 46 , ¯ ¯
luCiD-2 104 ¯ ¯ . t ¯ ¯ ¯

¯ - ¯ ¯ ¯ 1.03 ¯ , ¯ ¯ ¯
¯ ¯ ¯ (±3%).

5.2 Signal and background modelling uncertainties

m ¯ ¯ ¯ ¯ ¯ . F ,
¯ ¯ ¯ : - ¯ ¯ ¯ ¯ ¯ , ¯

¯ ¯ ¯ ¯ = ¯ [ = - ¯
¯ ¯ , ¯ ¯ ¯ ¯ - ¯ ¯ ¯ [

¯ ¯ ¯ , ¯ ¯ ¯ ¯ ¯
¯ ¯ ¯ ¯ ¯ [ ¯

¯ ¯ , ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯. u¯

9



, ¯ ¯ ¯ ; ¯ ¯ ¯
¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ . t ¯

¯ ¯ ¯ ; ¯ ¯ ¯ ¯
¯ ¯ ; ¯ ¯ , ¯ ¯
¯ ¯-¯ , ¯ ¯ ¯ ¯ . b ¯ ¯
¯ ¯ ¯ ¯ ¯ ¯ t 3.

u¯ ¯ ¯ ( ¯) ¯ ¯ ¯ ¯ lhC
h w ¯ g 10U, 106 , ¯ ¯ ¯ ¯ ¯ - ¯ ¯ ¯ ¯

¯ ¯ ¯ ¯. i¯ ¯, ¯ ¯ ¯ ¯ ¯
¯ ¯ ( ¯) ¯ ¯ ¯ p +H 7 107 , ¯

¯ ¯ ¯ ¯ ¯ ¯ ( r) ¯ ¯ ( f) ¯ - ¯
¯ ¯ ¯ ¯ . C ¯ ¯ [ ¯ ,
¯ , ¯ . u¯ ¯ ¯ ¯ ¯ ¯ ¯
¯¯ , 4%56% ¯ - ¯ ¯ 31%53U% . s , ¯ ¯ ¯

3- 2- ¯ ¯ ¯ ¯¯ - ¯ ,
6%512%, ¯ ¯ ¯ , 19%5U6%. i¯ 2- ¯ ¯¯ ¯
¯ ¯ ¯ ¯ ; ¯ ¯ ¯ ¯ t ¯ , ¯ 2%
¯ ¯ U% . u¯ ¯ ¯ ¯

¯ ¯ , ¯ ¯ ¯ ¯ ¯ ¯¯ ,
¯ ¯ ¯ ¯ ¯ .

u¯ ¯ ¯ ¯ ¯ ( ¯) ¯ ( ¯) ¯ ¯
¯ AtlAs ¯ 36 . u¯ ¯ ¯ ¯ ¯ t ¯

¯ ¯ . s ¯ ¯ ¯ ¯ ¯
¯ ¯ ¯ ¯ ¯ ¯ ¯ .

Diboson u¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ mC
, ¯ ¯ s , ¯ ¯ ¯ p +p 8 ¯

¯ ¯ ¯ ¯ r ¯ f ¯ ¯ ¯ ¯ - ¯ . i¯ ¯
¯ ¯ ¯ , ¯ , ¯ ¯ ¯ ¯ 3-

2- ¯ ¯ ¯ ¯ ; ¯ t ¯ ¯ .

u¯ ¯ ¯ ¯ ¯ , ( ) ¯ ( ¯), ¯ ¯
¯ ¯ ¯ mC ¯ ¯ - ¯

¯ ¯¯ . t ¯ ¯ ¯ ¯ ¯ , ¯ 2- ¯ ¯¯ ,
¯ t ¯ . t ¯ ¯ ¯ ¯ ¯ ¯ ¯¯ .

+ jets production t ¯ ¯ ¯ ¯ + , + ¯
+ ¯ ¯ ¯ 1- ¯ ¯ 2- ¯ ¯¯ , , ¯ ¯ ¯

¯ ¯ ¯ 0- ¯ ¯¯ . i¯ ¯¯ , +

¯ ¯ ¯ = ¯ : + , + ¯
+ , , ¯ ¯ -= , -= ¯ -= , . t +

¯ ¯ + ¯ + ¯ ¯ , + ¯ ¯ + ,
+ ¯ + ¯ ¯ , ¯G ¯ ¯ -= ¯
- ¯, ¯ + ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯
¯ ¯ -= ¯. i¯ 0- ¯ ¯¯ ¯ ¯-¯ ¯ ¯ ¯ ¯ ¯

¯ - ¯ ¯ ¯ ¯ ¯ .
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t ¯ ¯ ¯ ¯ + ¯ +

¯ ¯ ¯ .

u¯ ¯ ¯ + ¯ ¯ ¯, ¯ , = - ¯ ¯
¯ ¯ m ¯ C ¯ - . t ¯ ¯ s

- ¯ ¯ ¯ + ¯ r ¯ f ¯ - ¯
¯ ¯ ¯ , ¯ ¯ ¯ m G 5_ mC nLo 108 ¯ ¯
qCD ¯ ¯ ¯ ¯ ¯, ¯ p 8.

t ¯ ¯ + ¯ + ¯ ¯ = ¯ .
t + ¯ + ¯ ¯ = ¯ ¯ ¯ ¯ 2- ¯ 3- ¯ ¯ . t + ,
+ ¯ + ¯ ¯ = ¯ ¯ ¯ ¯ t ¯ . t ¯ ¯ +

¯ ¯ ¯ 0- - ¯ ¯ , + ¯ + ¯ ¯
¯ ¯ ¯ ¯ ¯ - ¯ ¯ . u¯ ¯ ¯ ¯

¯ ; ¯ ¯ - - ¯ ¯ ¯¯ . u¯ ¯ ¯
¯ ¯ ¯ ¯ + , + ¯ + ¯ ¯ ¯ ¯

¯ ¯ ¯¯ , ¯ ¯ ¯ ¯ ¯ , ¯ ¯ ¯¯
; .

s ¯ ¯ ¯ ¯ ¯ ¯ ¯¯ , + ¯ + ,
¯ ¯ ¯ ¯ ¯ ¯ , ¯ -

¯ ¯ ¯ ¯ s ¯ r ¯ f ¯ , ¯ ¯ m -

G 5_ mC nLo+p 8. t ¯ ¯s ¯ m G 5_ mC nLo+p 8
¯ - . F , ¯ ¯ - ¯ ¯,

; ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯
. s ¯ , s ¯ -

¯ ¯ ¯ ¯ ; ¯ ¯ ¯ ¯ ¯ ¯
- ¯ ¯ ¯ .

Top-quark background t - ¯ ¯ ¯ ¯ - - ¯ . i¯
2- ¯ ¯¯ , ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯

¯ ¯ ¯ ¯ ¯ s ¯ 4.2. D ¯ , ¯
¯ ¯ ¯ .

i¯ 0- ¯ 1- ¯ ¯¯ , ¯ , ¯ ¯ ¯ - - ¯¯ ¯
¯ ¯ ¯ ¯ = ¯ : ( ) ¯ , ¯ ¯
¯ ¯ - [ ¯ ( ) ¯ . F ¯ ¯ , ¯

¯ ¯ ¯ ¯ ¯ - ¯
, ¯ ¯ ¯ . t ¯ ¯ ¯ ¯

= ¯ , ¯ ¯ ¯ ¯ ¯ ¯
¯ ¯ . t ¯ - ¯ - ¯¯ ¯ - - ¯ ¯ ¯

, ¯ ¯ ¯ - ¯¯ ¯ - ¯¯ ¯ - ¯ ¯ .

A ¯ ¯ ¯ ¯ ¯ ¯ ¯
¯ ¯ p +p 8 ¯ ¯ ¯ - mC ¯ , ¯ ¯
p +H 7 ¯ m G 5_ mC nLo+p 8 108 . i¯ ¯, ¯

¯ ¯ p +p 8 . u¯ ¯
¯ ; ¯ ¯ ¯ ¯ ¯ ¯ ¯¯ , ¯ ¯ - -

, ¯ ¯ ¯ ¯ ¯ ¯ ¯ . t ¯ ¯ ¯ - ¯ ¯
¯. t ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯
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- ¯ ¯ , ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯
¯ , ¯ ¯ ¯ mC ¯ ¯/ ¯ ¯

¯ ¯ ¯ ¯ ¯ ¯
109, 110 .

s ; ¯ ¯ mC ¯ ¯
¯ ¯ . s ¯ ¯ ¯ ¯ - ¯ , ( )
¯ ( ), ¯ ¯ ¯ .

Multi-jet u¯ ¯ ¯ - ¯ ¯ ¯ ¯ ¯
- ¯¯ . n ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ -
¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ + ¯ ¯ ¯

¯ 2U%. A ¯ , ¯ ¯ ¯ ¯
T
, ¯

¯ ¯ ¯ ¯ miss

T
, ( ,

miss

T
), ¯ ¯ ¯

¯ ¯ .
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t 3: s ¯ ¯ ¯ ¯ ¯ . t ¯
¯ ¯ ; ¯ ¯ . w ¯ ¯ ¯ ¯
¯ ¯ ¯ , ¯ . u¯ ¯ ¯ ¯ ¯

¯ , ¯ ¯ ¯ ¯ . Cr ¯ sr ¯ ¯ ¯ ¯ ¯ ¯.

( ¯)

( ¯) ¯ ¯ 27%
( ¯) ¯ ¯ 2U%

Diboson

/ / ¯ 10%/U%/12%

t ¯ 4%
jet ¯ 7%511%

+ jets

+ ¯ ¯ F ¯
+ ¯ ¯ F ¯
+ ¯ ¯ F ¯
+ + 20%
+ + 18%
+ + 6%

t ¯ 1%58%
jet ¯ 10%537%

h - Cr sr 12%537%
0- 2- ¯ 4%5U%

+ jets

+ ¯ ¯ F ¯
+ ¯ ¯ F ¯
+ ¯ ¯ F ¯
+ + 4%510%
+ + 31%532%
+ + 31%533%

(+ ) + 11%
(+ ) + 27%
(+ ) + 8%

jet ¯ 8%514%
h - Cr sr 1U%529%

sr - Cr U%518%
0- 1- ¯ 1%5 6%

Top quark (0- and 1-lepton)

t ( ) ¯ ¯ F ¯
t ( ) ¯ ¯ F ¯
jet ¯ 7%59%

0- 1- ¯ 4%
sr/ Cr ¯ ( )̄ 9%
sr/ Cr ¯ ( ) 16%

/ ¯ 10%

Top quark (2-lepton)

n ¯ F ¯

Multi-jet (1-lepton)

n ¯ 20%5100%

13



6 Statistical analysis and results

A ¯¯ - ¯ 44 ¯ ¯
¯ (poi), . t ¯ , ( ¯) , ( ) ¯

( ¯) , ¯ ¯ ¯ sm - ¯ ¯ ¯ ¯
( ¯), ( ) ¯ ( ¯) , ¯ ¯

¯ ¯ ¯ ¯ ¯ , ¯ ¯ ¯
¯ s ¯ U. u¯ ¯ ¯ ¯ g ¯ -¯ ¯ ¯
¯ ¯ ¯ ¯ ¯ + ¯ - ¯ ,

= ¯ . t ¯ ¯ ¯ ¯ ¯
¯ ¯ ¯ b ¯5b ¯ 111

mC ¯, ¯ ( ¯) ¯ . s ¯ ¯ = ¯
¯ ¯ ¯ ¯ ¯ ¯ ¯ G ¯

¯ ¯ r . 112 .

t ( ¯) ¯ , ( ) ¯ sm ¯ ¯ ¯
1- - (2- - ) ¯ ¯ , ¯ ¯ ¯ ¯ ¯ ¯ [ ,

¯ ¯ ¯ ¯ ¯ ¯ ( ¯).

t ¯ ¯ ¯ ¯ 2- ¯ ¯¯ ¯ 10520 g v ¯ ¯
¯ ¯ ¯. t ¯ ¯ 2- ¯ ¯ ¯ ¯
, ¯ ¯ 2- - ¯ ¯ ¯ 1- - ¯ ¯ . i¯ 2- ¯ ¯¯ ,

¯ ¯ t > 150g v ¯ ¯ ¯ ¯ 75g v < t < 150g v ¯ ¯ .
t ¯ ¯ ¯ ¯ ¯¯ ¯ ¯ ¯ ¯ ¯ ¯ :

• 16 ¯ U0 210 g v ¯ ¯ ¯ ¯ 0- ¯ 1- ¯ ¯ ¯ ,
¯ 2- ¯, 2- - , t > 150 g v ¯ ¯ .

• 9 (10) ¯ U0 185 (200) g v ¯ 2- ¯, 2- - , t > 150 g v, 2- (3- ) ¯
¯.

• 13 ¯ 80 340 g v ¯ - ¯ ¯ , ¯
2- ¯, 2- - , t > 150 g v - ¯ , 9 ¯ 80 3U0 g v .

• A ¯ ¯ U0 210 g v ¯ 0- - ¯ ¯ ¯ 2- ¯ ¯
¯ .

s - ¯ , ¯ ¯ ¯ ¯ ¯
, ¯ ¯ F 1 0-, 1-, ¯ 2- ¯ ¯¯ . p - ¯

¯ ¯ ¯ ¯ ¯ ¯ ¯ A ¯ . t 4 -= ¯
¯ ¯ ¯ ¯ . t ¯ ¯

:

( ¯) ] 9 ± 10 ( .) ± 12 ( .)

( ) ] 0.83 ± 0.11 ( .) ± 0.21 ( .)

( ¯) ] 1.16 ± 0.32 ( .) ± 0.36 ( .).
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t 4: v -= ¯ ¯ ¯ ¯ ¯ . t
¯ ¯ ¯ ¯ ¯ ¯ ¯ . u¯ , ¯ ¯

t ¯ ¯ - - ¯ ¯ .

b ¯ t j v

t ( ) 0.91 ± 0.06

t ( ) 0.94 ± 0.08

¯ (2- ¯)
t > 150 g v

2 0.76 ± 0.22

3 0.96 ± 0.13

75 < t < 150 g v
2 1.08 ± 0.08

3 1.06 ± 0.07

+ 1.16 ± 0.35

+ 1.28 ± 0.14

+
2 1.02 ± 0.04

3 0.97 ± 0.05

+ t > 150 g v 1.19 ± 0.22

75 < t < 150 g v 1.25 ± 0.25

+ t > 150 g v 1.10 ± 0.15

75 < t < 150 g v 1.11 ± 0.15

+
t > 150 g v

2 1.07 ± 0.03

3 1.08 ± 0.05

75 < t < 150 g v
2 1.12 ± 0.04

3 1.07 ± 0.06

¯ ¯ ¯ 2- ¯ ¯¯ 201U52016 , ¯ ¯ 36 1.
u ¯ ¯ ¯ ¯ 36% ¯ ¯ ¯ ,

¯ = - ¯ ¯ . A ¯ ¯ ¯
2- ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ , 43% ¯ ¯

¯ . A ¯ r ¯-2 , ¯ 0- ¯ 1- ¯ ¯¯ ,
¯ ¯ , AtlAs .

t ¯ ¯ ¯ - , ¯¯ ¯ ¯ ,
¯ ¯, ¯ ¯ ¯ ¯ , ¯ ¯ F 3.

t - ( ¯) ¯ ¯ ¯ ¯ 37, 38 ,
¯ ( ¯) ¯ ¯ ¯ ¯ h 5 ¯ , ,

¯ ¯ ¯ ; h ¯ . i¯ ¯ ; ¯
¯ , ¯ ¯ ¯ sm ¯ ¯ ¯ sm ¯ ,

( ¯) ¯ ¯

( ¯) ( ) =
2

1 + SM
¯
( 2 1)

,

SM
¯

¯ ¯ ¯ ¯ ¯ sm.

C ¯ ¯ ¯ ¯ - ¯ ¯ 9U% Cl
¯¯ ¯ ¯ ¯ F 4. t ¯ ¯ ¯

16
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 SM×Exp.= 40 
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1 lepton
 SM×Exp.= 60 
 SM×Obs.= 50 

2 lepton
 SM×Exp.= 51 
 SM×Obs.= 49 

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

F 2: t ¯ 9U% Cl ¯ - ¯ ¯ ¯ ¯ ¯
sm ¯ ¯ ¯ ¯¯ ¯ ¯ . t ¯ - ¯¯ ¯ ¯
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F 3: t - ¯ ¯ ¯ ¯ ¯ , ¯ ¯
( ¯), ( ) ¯ ( ¯) , ¯ ( ) ¯ - ¯ ( ) - . t

¯ , ¯ ¯ ( ¯) = 9, ¯
¯ ¯ 9U% Cl ¯ ( ¯) ( ( ¯) = 26). t

¯ ¯ ¯ ¯ .
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t U: b ¯ ¯ ¯ ¯ ¯ ¯ ( ¯) , ( ) ¯ ( ¯) . t
¯ ¯ ¯ ; ¯ ; ¯ . i¯

¯ ¯ ¯ ; ¯ , ¯ ¯.

s ¯ ¯ ( ¯) ( ) ( ¯)

t 15.3 0.24 0.48

s 10.0 0.11 0.32

s 11.5 0.21 0.36

s ¯ ¯

s ¯ ¯ ¯ 7.8 0.05 0.23

o ¯ ¯ 5.1 0.09 0.22

t ¯ ¯ ¯ ¯

( ¯) 2.1 < 0.01 0.01

+ 7.0 0.05 0.17

t 3.9 0.13 0.09

+ 3.0 0.05 0.11

D ¯ 1.0 0.09 0.12

( ¯) 0.8 < 0.01 0.01

m - 1.0 0.03 0.02

s ¯ 4.2 0.09 0.13

e ¯ ¯ ¯

j 2.8 0.06 0.13

l ¯ 0.5 0.01 0.01

t 0.2 0.01 0.01

p - ¯ ¯ 0.3 0.01 0.01

F ¯

- 1.6 0.05 0.16

- 1.1 0.01 0.03

- 0.4 0.01 0.06

- 0.3 0.01 0.04

t -= ¯
¯ 3.3 0.03 0.10

r ¯ ¯- 1.7 0.03 0.10
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L
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95% CL

Comb. (obs.)
Comb. (exp.)
0-lepton (obs.)
1-lepton (obs.)
2-lepton (obs.)

ATLAS

c cVH, H

-1 = 13 TeV, 139 fbs

| < 8.5 at 95% CLc|

F 4: e ¯ ¯ - ¯ ¯ . t
¯ - ¯¯ ¯ ¯ -poi , ¯ ¯¯ ( ¯)

¯ . t ¯ ¯ ¯ ¯ ¯ .

( ) ¯ ¯ | | < 8.5 (12.4) 9U% Cl.

7 Combination with ,
¯

A ¯ ¯ ¯ ¯ ¯ AtlAs , ¯ ¯ 36
¯ ¯ ¯ ¯ ¯ ¯

¯ . t ¯ , ( ¯) ¯ ( ¯) , ¯

¯ , ¯ ¯ ¯ , , ¯ ¯ ¯ ¯
¯ ¯ . t ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯
r . 29, 30 . e ¯ ¯ ¯ ¯ ¯ , ¯

s ¯ U.1, ¯ ¯ ¯ , ¯ = - ¯
¯ ¯ ; ¯ ¯ - ¯ - ¯ . b ¯

¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ .

t ¯ ¯

( ¯) ] 9 ± 10 ( .) ± 11 ( .)

( ¯) ] 1.06 ± 0.12 ( .) +0.15
0.13

( .)
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ATLAS
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c/cb bVH, H 

F U: t ¯ ( ¯) ¯ ( ¯) 68% ¯ 9U% Cl ¯ .

¯ ¯ 12%. t ¯ ¯ ¯ ¯ ¯ ¯
¯ ¯ . t ¯ - ¯ 68% ¯ 9U% Cl ¯

¯ ¯ F U.

A ¯ ¯ ¯ ¯ - ¯ ¯
- ¯ ¯ ¯, ¯ ¯ ¯ ¯ ¯ ¯ . t

, ¯ ¯ ¯ , ¯ ¯ ¯ .
t ¯ ¯ . t ¯ ¯ ¯ ¯ ¯
¯ ¯ ¯ ; ¯ .

t - ( ¯) ¯ ( ¯) ¯ ¯ ¯
¯ ¯ ¯ ¯ , ¯ ¯ sm ¯

¯ ¯ ¯ ¯ sm h ¯ . C ¯ ¯ ¯ ¯ ¯ -
. t ¯ ¯ ¯ ¯ ¯ F 6( ) ¯ 6( ), .

t ¯ ¯ ¯ ¯ ¯ ¯ ¯
¯ ¯ ( ) 117 , ¯ ¯ ¯ ¯

¯. F , 9U% Cl ¯ ;
h ¯ ¯ . t - ( , ) = ( 1.02, 0). t

; ¯ ¯ - ¯ ¯ ¯ - ¯ ( , ) = (+1.02, 0)

0.02. t ¯ ¯ ¯ ¯ h ¯ t 27,
118 .

t | / | ¯ ¯ ¯ 4.U 9U% Cl (U.1 ). t
¯ - ¯ - , / = 4.578 ± 0.008 119 , ¯ ¯ ¯

¯ h ¯ ¯ ¯ h ¯
9U% Cl. t ¯, ¯ / ,

, ¯ ¯ F 7.
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8 Conclusion

A h ¯ 5 ¯ ¯ ¯
139 1 ¯ = 13 t v AtlAs lhC. t

¯¯ , ¯, ¯ ¯ ¯. s ¯ ¯ ¯ ¯
¯ .

t ¯ ¯ ¯ ¯ , ¯ ¯ t ¯
¯, ¯ ¯ ¯ - . t ¯

¯ ¯ ¯ ¯ . t ¯
¯ ¯, ¯ ¯ ¯ sm ¯, ( )

¯ ¯ 2.6 (2.2) ¯ ¯ ( ¯) ¯ 3.8 (4.6) ¯ ¯
( ) .

t ¯ ¯ ( ) 26 (31+12
8
) sm - ¯

¯ ¯ ¯ h ¯, 125 g v, ¯ ¯ 5 ¯
, 9U% ¯ ¯ , ¯ ¯ . t

¯ ¯ ¯ ¯ AtlAs , ¯, ,
- ¯ , ¯ ¯ ¯ 0- ¯ 1- ¯ ¯¯ ¯ ¯ ¯ ¯ ¯ ¯ . t

¯ ¯ , ¯ ¯ ; ¯ h ¯ ¯ ¯
¯ sm , ¯ ¯ ( ) ¯ ¯ ¯

y ¯ ¯ | | < 8.5 (12.4), 9U% ¯ ¯ .

A ¯ ¯ AtlAs ¯ ¯ . i¯ ¯
¯ ¯ ¯ ¯ | / | < 4.5 9U% ¯ ¯ . t

¯ - ¯ - , / , ¯ ¯ ¯ ¯ h
¯ ¯ ¯ h ¯

9U% ¯ ¯ .
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Appendix

p - ¯ 34 44 ¯ ¯ ¯ ¯ ,

¯ ¯ ¯ F 8 14. t 0-, 1- ¯ 2- ¯ ¯ ¯ ¯ ¯ F 8, 9
¯ 10, , ¯ ¯ - ¯ ¯ ¯ ¯ F 11, 12 ¯ 13. t
0- ¯ 1- ¯ - ¯ ¯ ¯ ¯ F 14. F 1U, 16 ¯ 17 -

¯ ¯, ¯ ¯ ¯ ¯ ¯ , 0-, 1- ¯ 2- ¯ ¯¯ , .
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