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Outline

« Search for SM H—bb (Dominant Decay Channel)
— VBF H—bb analysis
- VH(—bb)
- ttH(bb)

« BSM search with H->bb final state




Higgs Decay

« H—bb is the Dominant Decay mode of Higgs Boson(58%)

ZZ,YY: high mass
resolution channels N

mass and precise w2y
differential 0.23%  0.15%

measurements ~0.008% (e,4)

WW: High BR, but low

mass resolution 1.1% (e.) bb, TT: high BR, but

low S/B, important to
directly probe

Higgs boson

coupling to fermions

Mz very small BR, but
access to coupling to
2nd generation
fermions




Search for SM VBF H(bb)+y

« Motivation: Search H—bb decay mode

— largest branching ratio (~58%)
Higgs decays at m«=125GeV

proton - (anti)proton cross sactions

my =/ (ps + p5)?

Need to reconstruct an individual quark
Need to identify the flavor of the quark
SM background is 10 orders of
magnitude higher

em’s’

c=10"
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H—bb observation in ICHEP2018

ATLAS presented H—bb observation in ICHEP2018 (5.40)

China Science Daily reported this news in its front page
- NJU,USTC,SDU and SJTC made key contribution to VH(bb) analysis
— IHEP made key contribution to VBF H(bb) analysis

CMS confirmed H—bb observation in Vitnam2018 (5.60)
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H — bb combination
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ATLAS Preliminary 5=7TeV,8TeV, and 13 TeV
478" 203", and 24.5-798
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Significance:
5.40 observed
(5.50 expected)
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VH(bb) analysis

’

® VH production most sensitive mode for H = bb at the LHC
® 3 channels (0-, |-, 2 charged leptons from V=W/Z boson)

® Select 2 b-tagged jets and pt(V) > 75 or 150 GeV

e Main discriminant variables m(bb), pr(V) and AR(bb)
(combined into a Boosted Decision Tree)

O-lepton

m(bb)

c = 1900 Non-resonant
O 8 [ ATLAS Preliminary o VH Vb (u=1.16) backgrounds:
I = L 5=13TeV, 708 b - glboson
o g U ke e
— 2 ook - _, single top
1 = ---+ Pre-fit background =
— ) — SMVH ~ Vbhoe¥ (NLO, PowHeg)
WHjets
Ltjets
(NLO for up to 2
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extra jets, Sherpa 2.2.1)

Overall strategy:
normalization from
data, shapes from MC
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VH(bb) result

Fit result with 79.8 fb-! of Run-2 data

Sign

0.27
[t = Omeas/0sm = 1. 16+0 25
ificance: 4.90 (4.30 expected)

Combination with Run-|:

7

= 0.98 + 0.14(stat.) 917 (syst.)
Significance: 4.90 (5.10 expected)
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ATLAS-CONF-2018-036

With VH(bb) mcludmg also 7 and 8 TeV

Significance: 4.8 ¢ obs (4.9 exp)

All channels combined
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VH(bb) major systematics

« Systematics uncertainty is comparable to statistics uncertainty
« Major systematics :
- W+jet py(W) modelling
- my, shape in Z+jets
- my, shape in diboson S I

— | ATLAS Prehmmar \s—7TeV 8TeV and 13 TeV
Slgnal acceptance y 4.7 b 20.3 b and 79.8 fb™’
— Total Stat.

VH, H(bb)  (Tot.){ ( Stat., Syst. ;I

+0.38 +0.24 +0.29
1.08 (—0.23 » -0.27
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o [pb]

o [pb]

- W+jet pr+(W) modelling
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VH(bb) major issue

« Large QCD scale uncertainty in W+bjets BG modelling

p,>25GeV [n|<2.5

] ' I U 3
. T —— NLOInc -
C W bb — NLOExc ]|
B — LO _
R e e TETEU

[Anger, FFC, Ita, Sotnikov arXiv:1712.05721]
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containing a central photon

VBF H(bb) analysis

« IHEP team propose Search for H->bb in VBF events

« Advantages of requiring a photon

— extra handle for trigger

— suppresses QCD background
— Sensitive to WWH VBF production

— not sensitive to ZZH VBF

q

VBF H(bb)

VBF H(bb) +y
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MVA Input variable: photon centralit

Use 11 variable used in BDT analysis

centrality(y) = )’yyj—l )_llfz 'W//////////////////‘/

No color connection between VBF jets and b jets in signal

LI | LI I LI I T I L

; :"'I"'l'."l".'l"' ]
O 0.18:—ATLAS Simulation .VBF H(125) + y
% 0.16:—\(§=13 TeV viots =
S o.14F VBF H-bb, photon channel ““"™ E
-  k .
~ 0.12 =

0.1
0.08
0.06
0.04
0.02

llll

i, 07 s i S | P |
1

% 02 04 06 08 1 12 14 16 1.8 2
w = Centrality 11



Event display for VBF H(bb)

Photon

ATLAS

EXPERIMENT

Run Number: 302956, Event Number: 1228205769

Date: 2016-06-29 09:08:58 CEST

VBF jets

b-jets
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VBF H(bb) background fit

« Simultaneous m(bb) Fit to all 9 regions

arXiv:1807.08639

— Signal shape is modelled by crystal ball function
— Background shape is modelling by polynomial function

VBF H(bb)
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Events / 2 GeV

3
200?10 T I T T T T I T T T I T T T T I T T T l—_
180:— ATLAS E
- \s=13TeV, 24.5 b’
1601_ VBF Hbb, four-central channel
140 =
- - no p cut
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100 =
80 =
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40 =
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VBF H(bb) result and major issue
« ~20 significance using VBF H(bb)

— Statistics uncertainty dominated

Inclusive VBF H(bb) is limited by

— Jet Trigger p_T threshold too high
— Need very high p;(bb) cut to reduce trigger bias

XXXXXXX

Photon

All Had.

Comb.

— Z+jets modelling unc. in high p(bb) is Iarge

arXiv:1807.08639

ATLAS \s=13 TeV
— Total - Stat.
: (Tot.) (Stat., Syst.)
wow e 2318 (10
! - +2.2 1.9 +1.1
2aom ' * =27 -2.0 (T1.9 -+0.6)
: 3 406
e 2.5 +:g (ﬂ.s 04)
L : - PR T W AT SO T N
-2 0 2 4 6 8 10

SM
lJ'H GH—>o bB/GH—> bb
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ttH(bb)

Phys. Rev. D 97 (2018) 072016

Single Lepton Channel
* 1 light lepton (e,p)

* At least 4 jets

» At least 2 b-tagged jets

~Dilepton Channel
» 2 opposite charge light leptons (e,p)

* At least 3 jets
* At least 2 b-tagged jets

-« Z mass veto

15




ttH(bb)

Phys. Rev. D 97 (2018) 072016

Single lepton Channel T 4 - -
tt + light | |tt + >1c tt + >1b
—2—3 >4 —p i+ ght [ U
ATLA imulation Preliminan 1 + ight D" o2 »1b - -
‘ il Bi.v [Onond b-tags .tt +V D Non-tt
4";?"" N "';b’"’ N > Y Dilepton Channel
4| = g —— 33—
\\ y Q/ ATLAS  Simulation Preliminary [t + wght [Jii+ 21¢ Wi+ z1b'tags
CR ;;p::nrev Wi+v  [INond
Y @ e Y
‘ 26j.2b I 264,3b 26j,24b SR | ) CR > > 4L >
~ N\ AN ¢ DZa | B Yy
= (pleo & Tl | <
jets * jets* -

Signal Region (SR) : Enriched in signal.
Control Region (CR) : Use to constraint backgrounds.
tt +>1 bjet, tt +>1 cjet, and tt + light jets are the dominant backgrounds
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ttH(bb)

SHERPA4F
PowHEG+PYTHIA 8

Fraction of events

« 1.4ag significance using ttH(bb)
« Systematics uncertainty dominated

107"

Major systematics:

- ttbar+bb background modelling systematics
— The dlscrepancy between Sherpa 4 flavor scheme and Powheg

- ATLAS Slmulatlon

---6--- POWHEG+PYTHIA 8
—&— SHERPA4F

T IIIIIIII

} 1 lllllll

L lllllll

Dilepton
(two-u combined fit)

Single Lepton
(two-u combined fit)

Combined

Phys. Rev. D 97 (2018) 072016

ATLAS \s=13TeV, 36.1 fb™
T LA DL B BN B B
ot m,, = 125 GeV
stat.
tot (stat syst)
+1.02 , +0.54 +0.87
—_ _0'24 —1.05(—0.52 —0.91)

+0.65 , +0.31 +0.57
—-o-— 0.95 —0.62(—0.31 —0.54)

+0.64 , +0.29 +0.57
[ e | 0.84 -0.61 (—0.29 —0.54)

—1 0 1 2 3 4 5 6
Best fit p = o™/o
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H->bb Combination
ATLAS Hbb (Run1+Run2): 5.4 o (5.5 0 exp.)

CMS Hbb (Run1+Run2). 5.6 o (5.5 0 exp.)

491" (7 TeV) + 198 b (8 TeV) + 35.9-77.2 b (13 TeV)

T T T T I T T T T I T T T T | T T T T I T T T T I T T T T I T T T T
ATLAS Pre"minary \s=7TeV,8TeV,and 13 TeV e Observed
4.7 b 20.3fb", and 24.5-79.8 fb™ CM S — 1o (stat @ syst)
—Total Stat. ~  _ o Preliminary e 210 (s
( -I;c:te ) ( 81'[:-: Sg’:; ) b B ' +20 (stat @ syst)
+1. +1. +0. " ggF+bbH
VBF+ggF K ® - 1.68 ", (Ji00: 051 ) 7
u.bb
' VBF
+0.56 [+0.28 +0.48
tH e 1.00 o5 (L0271 045 ) B :
”san _*:_
+0.22 ;4014 +0.17 -
VH Fed 0.98 557 (Zo145 016 ) ubo -
WH i
Comb. e 1.01 020 (#9012 +018 s e
1 1 1 1 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 E — . — n
0 1 2 3 4 5 6 7 _ i 1 0.20 /+0.14|+0.14"
m Gombined = 1= 10415714 (Zo1ab 013
H v b by v v b v v b v v by v b v Ly gy
—bb 4 0 1 2 3 4 5 86 7
Hob
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H->bb measurement in the future

e Current LHC precision is about 20%
e HL-LHC can measure H->bb to 10% level.
— H->cc and H->gg are not likely be observed in LHC

« CEPC can improve H->bb measurement by two order of magnitude.
— 0.3% level for H->bb, 3% for H->cc, 1% for H->gqg.

Precision | CEPC HL-LHC 3 [ oot cmoon
O14000f —s+BFit 56ab’, 240 GeV -
H->bb 0.3% ~10% f L H—bb Z-vv, H-qg
~~12000 [ H-¢t ]
H->cc ~3% NA % © - Hog :
I Background )
7110000 .
H->gg ~1% NA W _ |
8000} :
1 Precision of Higgs coupling measurement (7-parameter Fit) : """" |
a  LHC 300/3000 fb-" 1 6000} .
m CEPC 240 GeV at5 ab™" wilwo HL-LHC [
= 4 n-1 40001 .
o 10 i
L] [
F 2000 .
5 i , LY
&‘]O'2 ’ Al.":'.ll-._, il L Sl Srural el ST nr DN
) 100 105 110 115 120 125 130 135 140
Mg, [GeV]
1073

Kb K¢|Ke Kg Kw K¢ Kz Ky 19



Outline

« Search for SM H—bb (Dominant Decay Channel)
— VBF H—bb analysis
- VH(—bb)
- ttH(bb)

« BSM search with H->bb final state
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Introduction search for X-> H(bb)y

« Motivation

« According to Liantao yesterday, V+H search is very promising

« Search for anomalous magnetic moments of H (or W/2)

— Several models predict a new massive scalar decaying into Hy
« Event selection :

— boosted jet (b tagging) -- from H, W or Z decay

— high pT y (pT>250GeV) g q

ZIWIH

p—>\¢ P
\Y 21




Key issue in VH InTeV scale

e Two b jets from boosted Higgs decay merge into one

e Difficult to reconstruct Higgs boson in jet final state

e Two new analysis technique used in this analysis
— B tagging on track jets

— Jet substructure

%

A
o= «©

proton proton

22



Jet Substruture

Jet substructure crucial tool for:
e Inclusive search for and measurement of

H-bb in boosted regime.
m * Searches for heavy (>1 TeV) resonances
i decaying to SM-bosons, or top-quarks.
’ * Precision measurements of SM in

extreme phase-spaces.

two-prong

: structure (D,)

23




Jet mass

) 2

Y 4 jet mass: mealo — Z £ | Zﬁz

tef i€]

Reconstructed boosted H, Z and W boson

£ " 'arXivi1805.01908° @
o 016 ATLAS Simulation E
5 0.14 Vs =13 TeV -
N _ ]
g 0.12 my=1TeV -
= Zy ]
S 0.1 E

0.08 —

III|III|III|III|III|III|III|III|III
3

') el ki e Rl AN L1 T e P T oy, o
0 20 40 60 80 100 120 140
Jet mass [GeV]



B tagging on track jet

e B tagging based on track jet

Track jets overlapping for Higgs with
very high momentum

R=0.2 Track Jets

Relative selection efficiency

Beamline

Primary Vertex

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Significant efficiency loss for
resonance with higher mass

arXiv:1805.01908

T I T T T T ] T T T T

I L
ATLAS Simulation
{s =13 TeV

S
G—>X—Hy Spin(X)=1 BTAG Category

IlII|IIII|I|II|II|I|IIII|I|IIIIIII
IIII|IIIIIIIIIIIIII|IIII|IIII|IIII

1 1.5 1 1 1 1 2 1 1 1 1 2.5 1 1 1 1
m, [TeV]

_L_
w
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Limit setting of X-> Hy search

e Use analytic function to fit fast falling background from

— yjets, Zy, SM VBF Hy

e The first X-> Hy limits (from 1TeV to 3TeV)

arXiv:1805.01908
. IHEP/TDLI pIayed a Ieadlng role in this analysis
é 102_ T T .| Data T T T —, ; 103 ETTT ] TT IIII[III]IIIII lllllll IIIIII IIE
= - Background Fit + 1¢ 3 - ATLAS — Observed ]
I — me1TeV(0B=1351) 1 o | - Expected Median
E H m=2TeV(cB=20fb) 1 = 1025_\s=13 TeV, 36.1 fb” Expected 16—
c 102_ f:: : —E _g - gq — X — Hy, Spin(X)=1 Expected +2 ¢ 3
o * 1 € [ ]
1 s = 105 ;
- N R e U =
— o) s Ty AP _
101 ATLAS | ° L _
= (s =13TeV, 36.1 b E S -
= gq — X — Hy, Spin(X)=1, BTAG category = C ]
g e e i ]I .
C — -
= N 112741618 2 22242628 3
1 1.5 2 25 3
m, [TeV
m,, [TeV] x[TeV]
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X-> Hy search

e Hy mass spectrum can also be used for Higgs coupling study
— strongly interacting light Higgs (SILH) model as an example

3: :IIII 1 T 1 1 T 1 LI I L L L L L B llll:
s L Hy (SM) )
S F — ¢, =0.1
B8 E e gHB=01 E
10 [ L — .
10—23_ ........ . _E
107 _|_‘_\_I__E
0*E o e e L

100 200 300 400 500 600 700 800
m. [GeV] 27




X-> VH search

e No new physics yet

3 CF amae
0] ATLAS ¢ Data
S 10° Vs=13TeV 36.1fb" [ | HVT Model BW' (2 TeV) x 50
AN o 2-tag WH [ ] Multijet
% 10° [ ] Other Backgrounds
Q>) ...... Pre-ﬁt
o 10 27/, Uncertainty
10
1 :L“ <
107" I
1072
N N =| L
AT ORI I SV 5 5.
E 0.; Oy ' g r{ T | Giaanans ERLE LI T E o~ 74 ///»(///,«W
g 4000 2000 3000 4000
= m,, [GeV]

Events/GeV

data / bkg

- T 1 T
ATLAS
{s=13 TeV, 36.1 fb™
2lep., = 1 large-R jets
10 2 b-tags, 0 add. b-tags
75 GeV <m < 145 GeV

10°
10?

¢ data

I 1.5TeVHVTx 10
tt, single top

I W+(bb,bc,cc)

I Z+(bb,bc,cc)

B Z+(bl,cl), Z+1

¥ other

| uncertainty

0.55 N - R
300 400 1000

2000 3000

my, [GeV]
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Prospect of future X->H+y search

e Development in advanced double b jet tagger

> Boost to the Higgs jet center of mass frame (COM)

» Use Higgs jet constitutes to cluster 2 EECambridge subjets

> Use angular seperation in COM for track-to-subjet association
> Boost back to the lab frame to apply for b-tagging

R=0.2 Track Jets COM

Beamline

Primary Vertex .



Prospect of future X->H+y search

Expect significant improvement in full run-2 dataset
In double b tagging efficiency

>, 1 _2 I T I T T T T I T T T T I T T T T I T T T T | T T T T
g _ ATLAS Simulation 76 GeV < m_, < 146 GeV
[ i Preliminary =
m »a"a"'a '-l" e R0 e e A A A AL
(®)) -
=S 0.8 o =
2 - o 1
3 0.6 = o —o— R=0.2 Track Jet (3) =
M T B —&— VR Track Jet (3) i
@ i i —— ExKt Subjet 1
'.g‘ 0.4+ e —s— CoM Subjet —
) E OOO g
Q B O ]
'g 0-2 ;_ OOOOO _—'
O - OOO _
- - ©9000000000000000004
O L 1 l 1 1 1 1 l 1 1 1 1 l L 1 1 1 l 1 1 1 L l 1 1 1 L

500 1000 1500 2000 2500 3000
Higgs Jet P, [GeV]



Summary

 First observation of H->bb decay mode by ATLAS and CMS
— Chinese group made key contribution

« Some major theory systematics need more study in next steps
— Modelling of W+Db jets, Z+jets in high pT region
- tt+bb backgroud

« Boosted Higgs reconstruction technique in BSM search
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Trigger

 divided into 3 channels based on triggers:

— VBF inclusive

« Two central : 4 central jets with 2 bjet(2b+2))

« Four central: 2 central + 1 forward trigger jet (1fj+2b)
— VBF+photon

« Photon: photon + 2bjet+2 forward jets (y+2b+2f))

L1: 1 forward jet : :
L1 trigger: 4 central Jet L5 _ontral jets L1: 1 EM object
b
VBF b VBE
> 7 R
b /11\ vBr :
b
Four central Two central Photon channel

Channel (2b+2j) Channel (1fj+2b) y+2b+2f]



Event Selection

b
VBF VBF b
> 7 > z
b VBF
Four céntval

ql
TWo Rentral Photon channel
Channel (1fj+2b) Channel (2b+2j) y+2b+2f;]
. [Twocentral  Fourcentral  Photon |
2 b-jet p_>95GeV p_>55GeV p >40GeV
pT>7OGeV
2 VBF jets p_>60GeV, 3.2< In|<4.4 p_>55 GeV, In|<4.4 p >40GeV
p_>20GeV, |In|<4.4 Veto event with jet p_ In|< 4.4
>60GeV, 3.2<|n|<4.4
Photon E >30GeV
Event pT(bb)>1GOGeV pT(bb)>1506eV pT(bb)>806eV
topology M(jj) >800GeV

Inclusive analysis veto data events in photon channel
orthogonality between different channels 3



Boost decision tree analysis

« More than 10 variable used in BDT analysis

R N R L
§ 009 ATLAS [ VBF H(125) 3
2 008 \5=13TeV, 245" [ZDataSidebands
z
~

500 1000 1500 2000 2500 3000 3500

w=m [GeV]

 VBFH(bb)Inclusive VBF H(bb)+Photon |
g/q seperation Ntrk(j1),Ntrk(j2) Ntrk(j1),Ntrk(j2)

minAR(J1),minAR(J2)
VBF jets p.(1J), M(J1),AM (1)) p (1), M(1J), An(1)

Max(n(J1), n(J2))
Color connection p balance p balance

n"T(Higgs centrality) PHoton Centrality
Angular cos 6(bb,jj) AR(b1,y),AR(b2,y),Ad(bb,jj),cos 6



MVA Input variable: photon centralit

YirtYip
Yy —
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BDT response

« Divide into 9 categories based on BDT weight
Expected Higgs and Z events in 100GeV<m(bb)<140GeV
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1
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w = BDT response

Photon channel

Channel two-central four-central photon
Region SR1 SRII SR 1 SRII | SRII | SRIV SRI | SRII | SRII
Higgs
VBF 101.2+2.0 22.2+0.9 51.6+1.1 28.4+0.9 43.1+1.0 41.9+1.1 | 6.2+0.1 |5.5+0.1 2.3+0.1
ggF 23.8+2.6 75.7+6.1 11.3+£2.2 13.2+1.5 43.4+3.8 127.0+6.5 | 0.5+£0.2 | 0.3+0.1  0.8+0.3
VH 0.2+0.2 6.0+1.2 1.2+0.9 0.7+0.3 3.9+0.8 28.9+2.6 <0.1 <0.1 <0.1
ttH 2.0+0.2 14.6+0.7 0.3+0.1 1.0+0.1 5.7+0.3 20.2+0.5 <0.1 <0.1  0.4+0.1
Z +jets (Zy) || 183.1+£50.6 |515.1+73.4 | 76.42+14.8 | 119.4+21.9 385.4+48.5 1224.6+97.9 | 24+0.1 16.9+0.1 13.0+0.1

o]



VH(bb) o1 om0 o or

L L L | L L
l l I I I

« Major systematics : wieswt| P j
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i L 7
2-lepton 1t m, shape 5 /%‘.—

: 7 3
c-jet tagging efficiency 1 .——%—. .
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b-jet tagging efficiency 0 —_—
Z
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