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During my Pn.D.

» Involved into two related topics:

» |dentification of the b-jets and Search for the H = bb decay in VH production mode

» B-tagging calibration with 2015-16 data JHEP 08 (2018) 89

» The paper combines the results of Tag-and-Probe method ( by our team, USTC-Sorbonne ) and PDF method (
by UCL team)

» My qualification task ( QT ), one of the internal note editors

» VHbb analysis with 2015-16 data JHEP 12 (2017) 024

» a.k.a Evidence paper, mainly contributed to the statistical study and sample production
» Presented the results at La Thuile 2018

» VHbb analysis with 2015-17 data Phys. Lett. B 786 (2018) 59

» a.k.a Observation paper, mainly contributed to the statistical study by providing the guidance to the younger
students and contributed to European Update of Particle Physics Strategy ( HL-LHC extrapolation for VHbb )

» VHbb differential XS measurement JHEP 05 (2019) 141

» Dominant contribution including truth categorization, evaluation of the systematics etc.

» One of the internal note editors and Presented the analysis at the paper approval meeting ( PAM )
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B-tagging calioration

» |dentification of the jets originated from b quarks
by exploiting long lifetime of b-hadrons

» MV2 tagger: Boosted Decisions Tree (BDT), combining
the output of basic algorithms

» Calibrations of the MV2 tagger
» PDF method ( conventional )
» Tag-and-Probe method ( my QT )
» Dileptonic (exu¥) ttbar events: rich b-jets, high S/B

» Exactly 2 jets for the Tag-and-Probe:

» Tag jets: pass 85% tagging WP of MV2c10

» Probe jet: the other jet in the pair High purity
» The efficiency is measured with probe jets
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B-tagging calibration: Results

> The MVA apprOaCh intrOduced, a BDT %%%? PUBLISHED FOR SISSA BY %) SPRINGER
trained to suppress background ” Eorveses: Jlp #5201

. . . ACCEPTED: August 6, 2018

» The theory systematics significantly PuBLISHED: August 16, 2018

reduced by the cut on BDT score
» Efficiencies are measured vs jet pr

» Data over MC efficiency scale factors ( SF )
are derived, to correct ATLAS simulations

» Results:

Measurements of b-jet tagging efficiency with the
ATLAS detector using tt events at /s = 13 TeV

» Systematic uncertainties are dominant; Efficiencies Scale factors
~NO0 : _ ' > [T A RAanan : o 13— R s
they are ~2% for medium-pT jets from g o __ el .
H — bb = r (s =13 TeV, 36.1 b %31-2:_ —
so8r . _ 1.1 -
» SFs consistent with unity within E oLy - L _
uncertainties ° |
0-4__ T&P Method N 0'92_ T&P Method _Z
» The precise calibration supports us for I e
more accurate physics results i i a0 85 a0 0700 140 800 556”300
Jet P, [GeV] Jet P, [GeV]




Search for the H = bb decay in VH

» H — bb decay:
» Highest branching ratio: Br=58%

» Tests Higgs Yukawa coupling to fermions
» Br(H— bb) constrains invisible Higgs decays

Decay
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» Associated VH production:

associated prod. with W/Z
q W,z

" H
» One of the four main Higgs production

modes at LHC
(at 13 TeV: Otot ~ 56 pb, ovH ~ 2.2 pb )

» Leptonic signature
» Better triggering
» Better MJ suppression
» Most sensitive mode for H = bb at the LHC



Analysis Strategy

» H (— bb) recoiling against VV (—leptons)

H — bb

» 2 high-pt b-jets, not from pile-up, b-tagged

» Kinematic properties consistent with VH production, e.g. mpp~125 GeV

V — leptons

» 1 or 2 isolated charged leptons (W—lv, Z—Il) and/or large MET! ( Z—=vv, W—|v)
» Also useful for triggering purposes
» /—|l: same flavour, mj~mz

» Channels denoted by the number of reconstructed charged leptons (e or )

O-lepton 1-lepton

7 1. Transverse missing energy



Event Categorisation

» Event categories with different S/B to increase sensitivity:
split with ptv¥ and Njet in each lepton channel

. . C . e L L I I I I I I

> Main discriminant variables: mpb, p71¥, and ARpb S ATLAS | =\2I_—I|:+Vbb(u=1.20) -

. . L . 0 ~ \s=13TeV, 36.1 fb JIboson B

(Combined into a Boosted Decision Tree with other var.) E [ olepton djets, 2btags o Sinie ton -

. . . 0 10* [ PV 2 150 GeV mm W+(bb,bc,cc,bl) |

» Separate training for lepton/pTV/Njet regions - Wecl -

: : : . ] B B Z+(bb,bc,cc,bl) _

» Combined Likelihood built across channels and multiple S -z -
10°E " A Uncertainty

analysis regions

----- Pre-fit background
= SM VH — Vbb x 50

Categories 102 o _
| 75 GeV < pr < 150 GeV | pt > 150 GeV | ESSSSS—— it -
Channel Bi/CR 2 jets 3 jets 2 jets | 3 jets
0-lepton SR . - BDT [[ BDT]| 1:'1.150_—' e
1-lepton SR - - BDT | BDT B et eyt ]
2-lepton SR BDT BDT BDT | BDT §0.5E—...|...l...|...|...|...|...|...|...|...5
lopton | W + HF CR - - Vield | Yield 1 -08 06-04-02 0 02 04 B([)).$ oc.)ﬁtpu:
2-lepton en CR mMph, mpb Yield mup =




Fvidence of H=bb

» Express measurement in terms of signal strength

]
L

PUBLISHED FOR SISSA BY ) SPRINGER

RECEIVED: August 11, 2017

O X BR ACCEPTED: October 31, 2017

M _ PUBLISHED: December 6, 2017
o xBR
( ) M data 2015-2016: 36 fb-"
i b ith the ATLA
» Results (36.1 fb-1): dEv;de:ce for the H — bb decay with the S
_ etector
» Evidence of H—bb at 3.5 0 (3.0 o exp.)
— 042 A~Anp T e
" M= 1.20~ -0.36 A7lLAS | VH, lI—I(bb)l (s=7 TeV, 8 TeV, and 13 TeV
» Dominant uncertainties : signal modeling, CTotal —sta, -7 20s and s
MC statistics, b-tagging (Tot.) (Stat., Syst.)
WH|  He 121 %53 (%39 0% )
» Run1+Run2 (36.1 fb-1) Combination:
7H : +0.35  (+0.27 +0.23
. — : F=e=4 0.69 -0.33 (—0.26 » —0.21 )
» Evidence of H—bb at 3.6 0 (4.0 o exp.) '
» Combined M = 0.90 +0-28 56 Comb. Fe'd 0.90 028 (+0.18 +021
—0.26 (—018 —019)
Lo b by loovv o Lvv v v b v v v v vy g Iy vy

-1 0 1 2 3 4 5 6 7 8
Best fit u>° for m =125 GeV



VHbb Analysis (79.8 tb-1)

Physics Letters B 786 (2018) 59-86

» Main updates from “evidence”:
» More data: 79.8 fb-1 vs. 36.1 fb-
» More MC statistics ( filters )
» Better evaluation of systematic

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

data 2015-2017: 79.8 fb-"

uncertainties Observation [of H — bb decays and V H production with the ATLAS N
detector )

» Total error reduced by 34%
» Results (79.8 fb-1): e
ATLAS VH, H—bb Vs=7TeV,8TeV, and 13 TeV

> Significance: 4.90 (43 O eXp.) Total Stat 4.7 b 20.3fb" and 79.8 fb'!
—Tota — Stat.

» U =1.16 +0-27 o5 Tot. ( Stat., Syst.)

+0.38 +0.24 +0.29

» Combination with Run-1 Analysis: WH H-o—+ 1.08 o5 (Zo235 027 )
» Significance: 4.90 (5.1 o exp.)

+0.28 0.21
ZH o4 0.92 "5, (550 017 )

pwa = 1.0875:23(stat.) 1052 (syst.)

UZH = O.92f8:§(1)(3tat- tg:ig(SySt-) Comb. F-=H 0.98 022 (#1014 4017
+0 14( tat )+0 17( t ) . -0.21 -0.14 » -0.16

= 0.987914 (stat.) 917 (syst. IR N L e b L e

FVH 0.14 01617 0 05 1 15 2 25 3 35 4 45 5

bb
uVH
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Observation of H=bb and VH production

Physics Letters B 786 (2018) 59-86

» Main updates from “evidence”:
» More data: 79.8 fb-1 vs. 36.1 fb-1
» More MC statistics ( filters )

> Better evaluation of systematic 20150017796 10

uncertainties Observation |of H — bb decays and V H production with the ATLAS N
» Total error reduced by 34% detector —

Contents lists available at ScienceDirect
PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

» Combination with other production modes or decay modes:

| |
I I I I | I I I I | I I I I_l I I I I | I I I I | I I I I | I I I I ATLAS VH @:13 TeV, 79-8 fb'1
ATLAS H—bb \s=7 TeV, 8 TeV, and 13 TeV
Total Stat 4.7 b7, 20.3 fb!, and 24.5-79.8 fb™ — Total — Stat. (Tot.) (Stat. Syst.)
—Tota — Stat. ot. at., Syst.
VBF+ogF | & 4 168 e ot e . Ho 27 a4 0.94 "3 (1125 4032 .
o ® - - -1.12 (—1.00 » —0.51 ) >Wl.th VBF(+ggF), ttH ] ' ' >Wlth H _’y}/, H _’ZZ

> EXp. significance = 5.50
»QObs. significance = 5.40

> . Ifi =
Hoyy| 1,03 080 (1053 4028 ) EXp. S|.gn|.f|_cance 4.80
»QObs. significance = 5.30

+0.56 0.28 +0.48
tH|  p——e——i 1.00 "5, (T027 » 046 )

+0.22  [+0.14 +0.17 _ +0.16  +0.
VH e 098 "5 (lo14> 016 ) H — bB observed H— bb He—H 117 tgﬁ; (616 + 010 ) VH observed
Comb.| bpa At fgﬁé’l (i8:11§|, 018 ) Comb. o 143 02 (015 w0ie
OIIII1IIII2IIII3IIII4IIII5IIII6IIII7 II||| |||||||| |||||||||||||||||||||||||||||||||||
w O 05 1 15 2 25 3 35 4 45 5
H—bb !”'“
VH
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More detalled measurement

» Measurement of XS as the function of ptV
» Regions sensitive to new physics ( higher ptV) isolated

< 0 4r . . N
WH, 150 < pl¥ < 250 GeV 4 dimension-6 operators %y [ATLASSmulation .
O 0. 0 40 w 3.5 --- Ty =0.004 ]
YUw, Up, Ugw, @and Uyp = - Cyg = 0.024 -
WH, py > 250 GeV F e ’ % 3 — Ty~ Ty=0.008 .
' . - ~ - ——Cy=0.5 :
ZH,75 < pZ < 150 GeV coefficients recast into 2250 5 .
— _ In2 CHW = _ m2 CHB X E : 5
Chw == 22 » CHB = — ) 2 ¢ 2f ‘i :
Z .9 _~ _miyycw =~ _ miycp - T
ZH, 150 < p% < 250 GeV Gy =0 g =T 18— B :
e o =R T -
the sum &, + & is alread i: T *
€ Sum ¢y + Cp IS already - WH-bb ! ZH-(ll,vv)bb -
Z . 0.5 W ! >
ZH, py > 250 GeV strongly constrained "Socpuw  Pr2s, . "S02, s "S0cp2  Pos, a
T"?SOGGV ey 7 OGGI/ TVQSOGGV el
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Vlore detalled measurement

PUBLISHED FOR SISSA BY 4) SPRINGER

RECEIVED: March 13, 2019
REVISED: May 7, 2019
ACCEPTED: May 13, 2019
PUBLISHED: May 23, 2019

» Measurement of XS as the function of ptV

» Regions sensitive to new physics (higher ptY) isolated
» Results:

» Good agreement between data and SM prediction

Measurement of VH, H — bb production as a
function of the vector-boson transverse momentum in

13 TeV pp collisions with the ATLAS detector

[J— -— —
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>

summary

During my Ph.D., | made the contributions to the b-tagging calibration and VHbb analysis for the
ATLAS experiments.

The discovery of the VH and H—=bb obtained through a tight cooperation of the physicists all over
the world.

Chinese teams made indispensable contributions:

> Nanjing University, Shandong University, SUTU/TDLI, Sun Yat-Sen University, Academia Sinica,
USTC, IHEP etc.

VHbb development after my graduation:

» The analysis is updated with more statistics. ( Full Run2 data)

» The measurement is performed in new approach. ( Boosted )

» More detailed measurements. ( Higher ptVbin )

» More advanced tagging algorithm. ( X—bb NN tagger developed for boosted )

Grateful to have this chance to communicate with you
on this interesting scientific topic!
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Data and simulated event samples

» data: 36 fb-1 collected in 2015 and 2016

» simulated samples of ttbar
and main backgrounds

(single-top, Z+jets, dibosons)

> Nominal MC samples used to measure

central values

Events having tag jets

diboson
singletop
Z+jets
~90% tt
fake leptons

291 = 9
0331 = 39
570 = 44

66807 = 157

803 = 29

total MC
data

73853 = 170
72792

> Alternative samples used to
evaluate modelling systematics
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Process Matrix element PDF Set, Tune Hadronisation/ Order in
generator Fragmentation pQCD of
Inclusive o
Nominal Generators
tt POWHEG-BOX CT10, PYTHIA 6.428 NNLO-+NNLL
V2 PERUGIA2012
Single top PowHEG-BoXx CT10, PyTHIA 6.428 NNLO [84]
(Wt) vl PERUGIA2012
Z + jets MG5 AMCGNLONNPDF23LO [86], PyTHiA 8.186 NNLO [85]
2.2.2 [85] A14 [87]
Diboson SHERPA 2.1.1 CT10 SHERPA 2.1.1 NLO

Hard
Scatter
Generation

aMC@NLO+Herwig++

Fragmentati
on
Hadronizati
on

Powheg+Pythiab

PDF
central
value

aMC@NLO+Herwig++ with CT10 PDFs
aMC@NLO+Herwig++ with PDF4LHC15
100 PDFs

Additional
Radiation

radlo: hdamp = 2 X miep, scale=0.5
radlo: hdamp = 1 X miop, scale=2.0

single top

(W)

Hard
Scatter
Generation

aMC@NLO-+Herwig++

Fragmentati
on
Hadronizati
on

Powheg+Pythia6

Additional
Radiation

radlo: hdamp = 2 X miep, scale=0.5
radlo: hdamp = 1 X miop, scale=2.0

ttbar
diagram
overlap

Powheg+Pythiab Diagram Removal
Scheme (nominal)
Powheg+Pythia6 Diagram Subtract
Scheme

Har Scatter
Generation

Powheg+Pythia8



MV2c10 Tagging Efficiency Measurement

» Contaminations subtracted relying
on the simulation

non-ttbar

non-b jet » Poor modelling:  ctt Mo
tt MC HOR—
b-iet € non—b : c :
E » Large b-jet purity is crucial for the
€ data measurement precision
1.Subtract non-ttbar events )
pass  arpass
8Unc:orr L Ndata Nnon—tt
data ~ - -
Naata = Nuon—ti encorr — (1 — fit MC) x gt MO
- Edata = tt MC
2.Subtract non-b jets b
Uncorr __ tt MC
Edata b X Edata T
(1 B gt MC) w ett MC

non—>b )

17



Purity BD [: iIncrease the b-jet purity

> Larger b-jet purity could be obtained with a

larger fraction of events with 2-jet pair as (b,b)

flavours

> An event-level “Purity BDT” Is trained to
discriminate (b,b) pair in tt from other 2-jet
combinations in tt and single top events, and
used to suppress the latter

> / variables used as inputs for the training

N LW
o) o
- o
- -
o o

.
o
~
%2)
e
-
o
>
LL

20000

15000

10000

5000

Data/Pred.

« Data
Ctt
[ ] Diboson
[ Single top
[ Misid. leptons

B Z+jets

—
ATLAS

/s=13 TeV, 36.1 fb”
eu2jets, > 1 tagged

Variable

Meaning

10

lc

I

p'lj
E}E}ISS
nkjets

minR (lp,])

T

pr of the leading-prjet

pr of the subleading-prjet

pr of the leading-prlepton
Missing transverse momentum
Number of forward jets

Minimal AR separation between the leading lepton to all jets

Minimum of the two averages of invariant masses of a jet and a lepton for the two combinations,
symbolically, min((mgjo +mi11)/2, (migj1 +my150)/2)
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Optimisation of the Purity BDT requirement

» Cut on the purity BDT can increase the b-jet purity (reducing syst. uncertainties) at the cost of

Fraction of b-jets

O O
o» o —

N
N

0.2

ATLAS Simulation

T&P Method
— Powheg+Pythia6

aMC@NLO+Herwig++

Powheg+Herwig++
SRR Powheg+Pythia6, RadHi
—imeme Powheg+Pythia6, RadLo

50 100
Jet o [GeV]

150 200 250 300

Cut Purity
BDT

> Chosen cut minimises total (stat+syst) uncertainty

Fraction of b-jets

smaller number of probes (increasing stat. uncertainties)

O
o -

O
o))

0.4

0.2

ATLAS Simulation

D'¢" 5 - 0.02

bbh

T&P Method,
— Powheg+Pythia6

aMC@NLO+Herwig++

Powheg+Herwig++
SRR Powheg+Pythia6, RadHi
—imeme Powheg+Pythia6, RadLo

50 100 150 200 250 300
Jet o [GeV]

> Optimisation favours cut that improves the b-jet purity quite significantly for low-prt and high-pr

jets

19



Specific selection vs lepton channel

» Additional selection criteria to suppress processes hard to model and estimate: QCD multi-jet
> Take the O-lepton as an example

C) 1400 | I L | | | L | | I L | |
O [ ATLAS «Data
o _ {s=13TeV, 36.1 fb” Eﬂ_léltuet
Variable Selection o L R e o reesen
% - T ) I Single top
MET >150 GeV > 1000|— Multijet: I W-+(bb,bc, cc,bl)
L - Yield = 9.7+0.4% I Z+(bb,bc,cc,bl)
Hr = 5 priets >120 GeV for 2-jet events sooﬂ‘vield (A9>30°) = 0.18+0.01% — SMVH-Vbb x 40
T=2PT : =y
>150 GeV for 3-jet events . : 4+ " S
- E 4 —
- - - : + +
Ap(Ermss, i woff| +
- : 4 4
665 i R
o A
B ——— .
L -

200
. . > 20° for 2-|et events
min[Ac(Ermss jet)] > 30° for 3—}et events

e 3

> Ht cut to avoid trigger turn-on mis-modelling
» Angular cuts to reject QCD multi-jet

Data/Pred
|
f
t
; { ;

o 50 100 150
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The FIit Model

» Combined Likelihood fit is built across channels and multiple analysis regions
Categories
Channel SR /CR 75GeV < pr < 150GeV | pt > 150 GeV
2 jets 3 jets 2 jets | 3 jets
0-lepton SR — — BDT | BDT
I-lepton SR — — BDT | BDT
2-lepton SR BDT BDT BDT | BDT
l-lepton | W 4+ HF CR | — — Yield | Yield
2-lepton e CR m mpp Yield | my

» Each bin contributes with a Poisson term

1€bins
Parameter of interest Nuisance parameters (NPs) O:
» Uncertainties from performance:
= o -BR > Lepton / Jet / MET / b-tagging
oSM * BRSM » Parametrized shapes and relative

normalisations across regions
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Cross-checks: results with 36 fb-

[

17 T T 11 III|III|III|III|III|III|III|I

X ' e Data s 12F atLa -
S’ 10° ATLAS -V§1Vbb (u=1.11) _g 12: \({TLAS 1 _.-_\[;I?It: Vbb (;.1:1.30):
@ . 7L (s=13TeV,36.1 b - W SN b mm Diboson :
§ 10 ) S 10 0+1+2 leptons ) Uncertainty ~
48 0+1-I:2 leptons 1 ?ni::ﬁil% ttop % - 2+3./ets, 2 b-tags ] | )
5 2+3 jets, 2 b-tags = W (blb,bc,cc,bl) 8 gl Weighted by S/B Dijet mass analysis N
10 m Wcl = - i i
W+l = 8 B |
4 Z+(bb,bc,cc,bl — — ]
0 et £ 6 :
10° Z+Il _ =) - 2
10° E ; : .
3 o 2 ]
10 G :
’ O e i SN . 9
coo b b by ? : O_ \\\\\ T Ty
- 10— e T [2) i ‘
"UCE) _i qc) —2 | L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 |
= E z 40 60 80 100 120 140 160 180 200
= T 05
log, (S/B) m, , [GeV]
: » Si
> Signal strength Signal strength
_ +0.12 +0.22 —1.307928(stat.) T0-37 (syst.
» Expected significance: 5.30 » Expected significance: 2.80
» Observed significance: 5.80 » Observed significance: 3.50
~— / — N— ~ 7
VZ,Z — bb VH,H — bb

Dijet mass
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W-+iets p\T’

Z+jets m. shape
Diboson m,, shape

VH acceptance (PS/UE)
VH acceptance (QCD scales)
b-jet tagging efficiency 1
tt m,, shape

QCD scale for ggZH
2-lepton tt m,, shape
c-jet tagging efficiency 1
b-jet tagging efficiency 0
c-jet tagging efficiency 0
VH 2-to-3 jets acc. (QCD)
b-jet tagging efficiency 2

Single top acceptance (Wt—other)

ATLAS

|Impact of systematic uncertainties on UvH

—0.1 —-0.05

0

0.05

Al

0.1

%

Is=13TeV —@— Pull: (8- 0,)/A0

79.8 fb™ ///// +1c Postiit Impact on p

m,=125 GeV -1o Postfit Impact on p

[ 1| | [ [ ]| | [ 111 | [ 111 | [ 1] 1 | [ [ ]| | [ 111 | [ 1] 1 |
-15 -1 05 0 0.5 1 1.5 2

Source of uncertainty Oy
Total 0.259
Statistical 0.161
Systematic 0.203
Experimental uncertainties
Jets 0.035
Exuiss 0.014
Leptons 0.009
b-jets 0.061
b-tagging c-jets 0.042
light jets 0.009
extrapolation 0.008
Pile-up 0.007
Luminosity 0.023
Theoretical and modelling uncertainties
Signal 0.094
Floating normalisations 0.035
Z + jets 0.055
W 4 jets 0.060
tt 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005
MC statistical 0.070
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> Dominant effects:
» Sighal Modelling
» Background Modelling
> W+jet
» Single top Wit
> /+|ets
> tt

> b-tagging calibration
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