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Introduction

 Previously known: quarks, leptons, and vector bosons

« SM Higgs Mechanism solves two separate problems.
— Electroweak symmetry breaking
— Fermion masses
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History of Higgs discovery (2)

As a layman, we have it,

but as a scientist,

we have to find out what sort
of Higgs boson it is.

- b
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Standard Model Lagrangian

Describes everything
experimentally confirmed
before 2012

Higgs sector

Yukawa coupling with new scalar _ _ ) \
(completely new interaction type) Higgs potential (u° ¢" + A ¢7)
ttH, H—bb and H- 7t are important ! (to be explored by High Lumi-LHC)

Gauge boson interaction with new scalar
(new for scalar, but known for fermions)



Higgs Production

[LHC Higgs X-sec WG] Production modes Higgs bosons
IIIIIIIIIIIJlllllllllllllllllllllllllllllllllfllg produced in Run 2
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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
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ATLAS experiment

Designed & Built with cutting edge/innovative technologies by HEP physicists

Numbers of
1.2 x 106 190,000 electronic channels

Muon Detectors Electromagnetic Calorimeters 3,600

Solenoid Forward Calorimeters

End Cap Toroid

- — R

= .

Inner Detector Shielding

Barrel Torold Hadronic Calorimeters

o 5 145 x 106 10,000

46 m long, Overall weight: 7000 Tons —>

~3000 scientists from 174
Institutions and 38 Countries
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ATLAS Detector phase 0 upgrade
from run % to run ﬂ

r R =1082mm

Existing B-layer

Beam pipe




b quark jets in ATLAS

 Light jet rejection power increases by a factor of 10 in run 2
Two ways to Identify b jets

— Impact parameters
— secondary vertex from B decay

—3% tracks b jet

5

L O U U —
5 ! AlTLAS Simulation Prellmlna'ry
------ b hadron 8 104§ ' o
e — MV1 Run-t
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The history of H—bb search

« Started in LEP, developed in Tevatron, then LHC.

History on H=>bb sensitivity
o 5 — A )
e} 45 | (only direct searches with VH production) .V
g ' Evidence|paper
c 4 F ATLAS 2 8 £ JHEP 1P (2017) 024
S 35} 2l pLB 780 (2018) 501
>
-—
—_ 3 o e e e e e e -
= LEP Tevatron D3 Run-1 paper
% 23511 ‘.‘PRL 109, 071804 (2012) ® £ e aicoisios
S 2 L my <114 GeV T @) % PRD 89 (2014) 012D03
2 @ 95% CL -
% 1k !: | - 7TeV first paper
Q@ 5L e ° §ApLB 718 (2012) 369-300
g - ' B PLB710 (2012) 284-306
L | 1 | L | 1 | L | 1 | 1 | 1 | 1 |
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Search for SM VBF H(bb)+y

« Motivation: Search H—bb decay mode
largest branching ratio (~58%), not confirmed yet
« VHbb ATLAS (3.50), CMS (3 80)

Higgs decays at m«=125GeV § ‘ : | prton- amiokon cross ssctons
ww 99 kA
21% % 5%
‘ 3%
V -
. . 3%
\\\-_OHIGI‘
- . . . p 1%
e
b

my = /(s + p)?

Need fo reconstruct an individual quark
Need to identify the flavor of the quark
SM background is 10 orders of
magnitude higher
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H—bb observation in ICHEP2018

ATLAS collaboration presented H—bb observation result
in ICHEP2018 at July 9th

China Science Daily reported this in its front page
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IHEP contribution to H->bb observation

« Three channel contributed to H->bb observation
- VBF+ggF,

« IHEP ATLAS team led the VBF+ggF analysis

VBF+ggF

ttH

VH

Comb.

VH , ttH,

ATLAS Prellmmary

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

— Total Stat.
- ° -
—¢ —
o4
Lo
L | |

\s_7TeV 8TeV and 13 TeV
4.7 b 20.3fb", and 24.5-79.8 b

(Tot.) ( Stat., Syst. )

1.68 +1.16

-1.12

100 23

098 0%

+1.01  +0.57
(—1.00 » —0.51 )

+0.28 +0.48
(—0.27 » —0.46 )

+0.14 +0.17
(—0.14 » -0.16 )

+0.12 +0.16
(—0.12 » -0.15 )

17



 Introduction to Higgs physics
 Introduction to ATLAS experiment

« Search for H—bb mode (Dominant Decay Channel)
- VBF H—bb analysis
— VH(—bb)
— H—bb Comination

18



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

19



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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Analysis strategy

Trigger

Event pre-selection

Boosted decision tree

Divide into different categories based on BDT weight

Simultaneous M(bb) Fit on all categories



ATLAS trigger system

« Three level trigger system

— L1 trigger: Calo / Muon ( 75kHz) Calo, Muon,
. Specialize
-— L3/Event filter: PC based (NZOOHZ) 1 l;)etectors \ ‘
 Difficulty | o ——
— Hard to lower threshold for jets o st Pipelines
- Typical 4jet trigger (pT>80GeV) s LT — § <5 ':Hz
- Higgs need lower thresholds P Datain Rol | Readout
« Eg: pT>35GeV Soopcs | —_Buffers
<t>~40ms l ~3kHz
HLT << Event
Access to Builder
EF fullevent [ Full Event |
1800~PC5 _L Buffers |
— D ~300 MB/s || ~200 Hz

Storage &
offline
processing

22




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 2



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 —

centrality(y) = - }’2,'2 [W////(////////I/I/////////

No color connection between VBF jets and b jets in signal

5 oreamias Smumion |l ver riaey e
% 0_16:_\E=13 TeV +iets ]
2 0.1 4f_VBF H—bb, photon channel e
= 0.2 -

0.1
0.08
0.06
0.04
0.02

WI;W‘J.._I—-|IAI_JIIJ

% 02 04 06 08 1 12 1.4 1.6 18 2
w = Centrality




Analysis strategy

Trigger

Event pre-selection

Boosted decision tree

Divide into different categories based on BDT weight

Simultaneous M(bb) Fit on all categories



BDT response

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

0.12

-SRI

0.1;

2 0.2y L UL R BN AL B
ke 0 18: ATLAS mVBF H(1 25)

% 0.165 5=13TeV, 24.5 " f71Data Sidebands
= "L VBF H—sbb, two-central channel

€ o.14f

SRI

w =BDT. response

Two central

SRl

SRII

0.2

0.18f
016 5=13

0.14f
0.12f
0.1
0.08}
0.06}
0.04f
0.02}

(1/N) dN/dw

TeV, 24.5 fb!

- VBF H—bb, four-central channel

LML B N B IR I
[ VBF H(125)

Data Sidebands

SRI

—%.1-0.08—0.06—0.04—0.02 0 0.02 0.04 0.06 0.08 0.1

w = BDT response

SRIII

SRII

SRI

(1/N) dN/dw

0—1 ~08-06-04-02 0 02 04 06 08 1

AL R B B
ATLAS Simulation

Vs=13 TeV
VBF H—bb, photon channel

[ vBF H(125) + y

y+ets

Four central

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

Z



Simultaneous m(bb) Fit

« Simultaneous m(bb) Fit to all 9 regions
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Results of VBF H(bb)

e Observed significance: 1.90 (p= 3.0+-1.7)

— Analysis sensitivity dominated by the photon channel.

e Dominant uncertainty from data statistics

— Expect significant improvement with full run-2 data.

Photon

All Had.

Comb.

\s=13 TeV
— Total Stat.
(Tot.) (Stat., Syst.)
L 2.0 1.9 +0.6
30.6fb" | |q———i] 2.5 f1_g (-+1.8 jLo.3)
4 3.2 28 +1.5
2451 I ° 441 75 (158 Jo8)
——— 1.7 1.6 +0.6
| ! 3.0 j15 (+15 TO.S)
11 1 l 1 1 1 i 1 1 I 1 l 11 11 I 11 1 I 11 I 111 I 11
4 -2 0 2 4 6 8 10 12 14 16
_ SM
uVBF = OVgF Hos b5’ OVBF Hos b5

L DL DAL LA B
ATLAS Preliminary

IIIIIIIII

lllllllll

CERN-EP-2018-140
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ATLAS-CONF-2018-036

|-lepton O-lepton

2-lepton

VH, H = bb

m(bb)

lll'llll'llll'l

-

FT

Data/Pred.
(=)
[T

> 1200

8 : ATLAS Preliminary ; ezta » Vbb (u=1.16)
L - (5=13TeV, 708" =] ttgibcmn

=, 10001~ o/epton, 2 jets, 2 b-tags s Single top

g - Py = 150 GeV - W

@

mz
X9 Uncertainty
«+s+ Pre-fit background =
¥ —— SMVH - Vbb =5
fe .

s
- B
-~ FETE FETTY FETTE FEETY P PTET FTETT PEeT e Fees -

0 50 100 150 200 250 300 350 400 450 500

® VH production most sensitive mode for H = bb at the LHC
® 3 channels (0-, |-, 2 charged leptons fromV=W/Z boson)
® Select 2 b-tagged jets and pr(V) > 75 or 150 GeV

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

Non-resonant
backgrounds:

single top
(NLO, PowHeg)
WHjets
Ltijets

(NLO for up to 2
extra jets, Sherpa 2.2.1)

Overall strategy:
normalization from
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VH(—bb)

« Two methods: Boost decision base (nominal) and cut based
® Detailed validation of analysis:
. e ® FittodibosonVZ,Z = bb: yu = 1.2079-2% (9.60)
S = ATLAS Preliminary o VH s Vbb (1=1.16) ® m(bb) fitforVH,H = bb: 1 = 1.067035 (3.60) 1
; : G = 13 Tev’ 79.8 fb-1 - 3iboson : —_~ £T I T T 1T 17T T TT I T T | LI I 17T I 1T I T
c 0 lepton, 2 jets, 2 b-tags Sinale t fo) - ATLAS Preliminary —e- Data .
2 10°E b 150 Gev - q 3 18 foratev. 708 - VH — Vob (1=1.06)
= Pr Z 3 . » I »m Diboson ]
: Sy g 1§ 1O L, Sty
..... - L + 2] - -
—— o ——SMVH — Vbb x10 8 14:_ Weighted by Higgs S/B Dijet mass analysis B
10° EE—-e- = 2 120 E
e 1 3 - -
- - + E
. o 8 E
10 2 o E
T 4 -
o 2f -
81.5g_ll|IIlIIlIllllllllllllllllllllllllIIl% B 0;\
% 1 E _\\.\; = \\\: % —2;l I 11 I L1 | 11 | L1 1 | L1 1 I 111 | 1 1 1 | 1| I I_'
go,s__I|||||||||||||1|1||||||||||||||||||||||_‘— u>J 40 60 80 100120140160180200

-1 08 06-04 02 0 02 04 06 08 1
BDT,,, output m,, [GeV]
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VH(—bb) sensitivity

« Each channel contributes 20 ~3a0 significance
— Multi-variable (MVA) analysis is better than Cut based (CBA)

ATLAS Preliminary VH, H(bb) 1513 TeV, 79.8 fo""
— Total Stat. (Tot.) ( Stat., Syst.)
OL: CBA - 1.03 000 (%050 foaa )
OL: MVA e 104 ' (Y02 051 )
1L: CBA ——e——1  1.39 5 (%35, st )
1L: MVA ——to—mi 1.09 00 (Mo lo%)
2L:CBA| F—e-1—- 0.85 ‘7o) (‘o4i s 0% )
2L: MVA e 138 "0 (%05 To26 )
Comb:CBA| | - %—:—- """""""" 106 0o (93, 70)
Comb: MVA TR s T 1116 |;‘(’).::;. l .(.tf(’)';:;.’.tg:.f1 .). L
0 05 1 15 2 25 3 35 4 45 5
leb
VH 34



H—bb combination

° i I -
First observation of H->bb decay mode ATLAS-CONF-2018-036

e First observation

H — bb combination NEW
® Run-1+Run-2 (ATLAS Preiminary 4, f,%;g;;;;z,,g;ggg Significance:
° VH, H — bb —Total - —Stat (Tot.) (Stat., Syst.) 5.40‘ observed

VBF+goF| ke 1.68 N7 (Y50, 051 )
® VBF(+ggF),H — bb (5.50 expected)

] [ —-— 1.00 9% (95, )
e ttH,H — bb
VH|  hed 0.98 *Z (011, 010)
_______________________________________________________________________ Observation of
Comb. s 1.01 *020 (912 018 H — bb!!
0....1....5..x.é....4l'....tl-’....é....7
lAvH—-bt)
VH combination NEW
e Run-2
® VH,H—bb Significance: Observation of
® VHH—vyy 5.30 observed (4.80 expected) VH production!!
® VH,H — ZZ*

17  Giacinto Piacauadio - ICHEP 2018




N.Morange N.Wardle

31

[CMS-PAS-HIG-17-031]

Higgs production modes

0

9-11% precision on ggfF cross section

CMS Preliminary o Observed
359" (13 TeV) w110 (stat.@sys.)
w +10 (SYy8S.)
ggH
: \ Best fit  Uncertainty
- value  Stat. Syst.
: +014  +008  +0.12
—— 123 7513 Toos 010
: 011y (+007y (+009
- g (eXP)(ﬁ(,,,J (Zo.07) (Zoos)
.
.
Ll llllllil‘llll‘llllllllllllllllllllll
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Parameter value

by each experiment, compatible with SM

State-of-the-art theory prediction

(N3LO QCD+NLO EW [JHEP 1605 (2016) 058]),

which has ~5% uncertainty.

All main production modes, ggF, VBF, VH

and ttH have now been observed!!
Giacinto Piacquadio - ICHEP 2018
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VBF | 5.40 (460) | 6.50 (5.30)
*
VH 3.50 (4.20) | 5.30 (4.80)
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* including VH, H — bb (80 fb-')



Higgs result summary in ICHEP

Production Decays

(00]6]010.0.0]010)

vector boson fusion (VBF)
> _—~q
T Wz H FERE
Wz
q . -

associated prod. with tt

H
connacoomesi®T e 00O 0
t
g ‘- H

Thanks to the first 36-80 fb-! of Run-2 data:

® The bosonic decay channels entered a
precision era (~3x improvement
w.r.t. Run-1)

® Direct observation achieved for all main
production and decay modes!

® Direct confirmation of coupling to all
3rd generation fermions

(top-quark, bottom-quark, taus)

® Sensitivity to double Higgs production

approaching 10 x SM

Higgs physics an important indirect probe for
New Physics: so far no deviations from SM...

But still at the beginning of a long journey!
Only analyzed <3% of the final LHC
luminosity.
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Summary

 First observation of H->bb decay mode
— IHEP ATLAS group made major contribution
- lead ggF+VBF channel
 First observation of VH production mode
— Main Higgs production mode in CEPC
— Current precision of H->bb coupling about 20%
— CEPC can reach precision with 1%
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IHEP contribution to H->bb observation

e |HEP ATLAS team led the VBF+ggF analysis

1 1 I T I 1 1 | 1 I I T T I I |l 1 T 1 I T 1 1 1 ] |l 1 T I I I T T 1
ATLAS Pre”minary \s=7TeV,8TeV,and 13 TeV
470" 20.3 b and 24.5-79.8 fb™
— Total Stat.
(Tot.) ( Stat., Syst.)
+1.16 +1.01 +0.57
VBF+ggF - ° -4 1.68 "\, (5100 051 )
+0.56 [+0.28 +0.48
ttH - —i 1.00 ~0.54 (2027 » Z0.46 )
+0.22 +0.14 +0.17
VH & 2 098 "5 (014 016 )
+0.20 +0.12  +0.16
Comb. e 1.01 "% (o425 015 )
| | Lovou o | |
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Higgs production modes

0

9-11% precision on ggfF cross section

CMS Preliminary o Observed
359" (13 TeV) w110 (stat.@sys.)
w +10 (SYy8S.)
ggH
: \ Best fit  Uncertainty
- value  Stat. Syst.
: +014  +008  +0.12
—— 123 7513 Toos 010
: 011y (+007y (+009
- g (eXP)(ﬁ(,,,J (Zo.07) (Zoos)
.
.
Ll llllllil‘llll‘llllllllllllllllllllll
1 15 25 3 35 4

Parameter value

by each experiment, compatible with SM

State-of-the-art theory prediction

(N3LO QCD+NLO EW [JHEP 1605 (2016) 058]),

which has ~5% uncertainty.

All main production modes, ggF, VBF, VH

and ttH have now been observed!!
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obs (exp.) Run-1 (single exp)
VBF | 5.40 (460) | 6.50 (5.30)
*
VH 3.50 (4.20) | 5.30 (4.80)
ttH 4.40 (2.00) | 5.80 (5.30)

* including VH, H — bb (80 fb-')



H—bb observation in ICHEP2018

« ATLAS collaboration presented H—bb observation result
in ICHEP2018 at July 9th
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