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Introduction to Top Quark Physics

Wikipedia
« Top quark is the heaviest elementary ) @ | € D |- ©
gluon higgs

particle in the SM (m~173 GeV) -
 Only quark decays before hadronization - @ Sg - @ fphﬁn
« Large Yukawa coupling with Higgs

boson. Important for understanding Higgs - © |~ & |- @
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mechanism
» Large cross section at LHC. Could be @ (@ | @
used to study SM with high precision resene ) _esone J _este J (=5
(cross section, mass measurements efc.) S
 Search for physics beyond SM g Vacuum
« Top quark mass: cosmological ¥ 8 stability
. " N
application §
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Top Quark Production and Decays at LHC

: ttbar o at Tevatron @1.96 TeV: ~7 pb
- ttbar production (strong) @ p

~10% t
g t o t g
‘ ~90%
o @13TeV:~830pb A7 P f 7
~73% ~24% ~3%
q b w
q t g > ¢
w w+ j
b t - > - — H
I b d b g J g >
t-channel s-channel tW-channel !
. , F
o @13 TeV: ~300 pb o @13 TeV:~0.5pb :;bgg ;
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Top Quark Production and Decays at LHC

ttbar decay

* Decay (EW)

"alljets” 46%

t+jets 15%

. ) u+jets 15%
Complicated decay final

states. Almost use all parts of
the ATLAS detector

o e+jets 15%

"dileptons” "lepton+jets™

b-jet tagging: B hadron with
pt=50 GeV will travel 3 mm in the
transverse direction
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e ATLAS LHC Run 2: 139 fb-1 data
e ~115M ttbar events



Selected Topics in Top and ttH Physics

ttbar cross section

Single-top quark cross section
Observation of tZg

Top quark mass measurement
ttbar spin correlation

Four top quarks search

N o o &~ b =

ttH measurement
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Cross Sections
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Inclusive ttbar Cross Section

 Measure ttbar cross section at
different center of mass
energies (5.02 TeV, 7 TeV, 8
TeV and 13 TeV)

« Good agreement with
NNLO+NNLL calculations

Inclusive tt cross section [pb]

State-of-the-art calculation:

NNLO+NNLL from Top++ v2.0

otw(/ TeV) = 177.3 +3.7 -3.2 pb

otf (8 TeV) = 252.9 +15.3 -16.3 pb

otf (13 TeV) = 831.8+45.5-49.9 pb (5.7%)

10/26/19

—k
o
w

—_i
o
\V)

10

I I 1 I I I I I I I I I I I I I I I I I

-
E?XS%?E&%?ET&%%%%?Z\’/(( =32°4%  ATLAS+CMS Preliminary
LHCIop WG

ATLASep 7 TeV (L = 4§fb
CMSeu 7TeV (L= 5fb)
ATLASe 8 TeV (L=20.2fp b)
CMS eusTeV(L 19.7fb")
LHC combined eu 8 TeV (L =5.3
ATLAS ep 13 TeV (L =32 fo b
CMSep 13 TeV (L = 22fb)
CMS eu 13TeV (L=3561fb b

~—

-20.3 fb™) LHCtop WG

Sept 2018 |

ATLAS ee/pp* 13 TeV (L = 85 pb, )
ATLAS I+Jets 13TeV (L =85 pb
CMS l+jets 13 TeV (L=2.2 fb’
CMS all-jets* 13 TeV (L = 2.53 fb™)

* Preliminary

OobOr<l<E<4oEHOEO

900

800;
September 2018

== NNLO+NNLL (pp)
== NNLO+NNLL (pp)

700

L1 11111

] IIIIIII

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13
NNPDF3.0, M, = 172.5 GeV, ocS(MZ) =0.118 £ 0.001
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Inclusive ttbar Cross Section

. ATLAS-CONF-2019-041

g 220 reliminary _® Da22015+ts T —
ATLAS: use eu channel to reduce systematics I i
Counting events in 1 b-jet region and 2 b-jet region ok = & 3
simultaneously i3 e
Dominate systematics: lumi. (1.9%): bkg (tW) XS (0.5%); o T
etc. 20 | ‘ ) 3
6,-=826.4+3.6 (stat)x11.5 (syst)+15.7 (lumi)=1.9 (beam) pb R N IR
Total uncertainty: 2.4% = i e
%140?\5;](/;::221)/ 35.9ib(’1;(t;3TeV) NNLO+NNLL: otf (13 TeV) = 831.8+4§.5 -49..9 pb (5.7%); how about N{.’)LO?
S Jewnat e CMS: measure ttbar cross section with [+t channel (hadronic 7)
B et oo Fit to mT(lepton, pTmiss) in signal and background-like regions
Bt ott = 781 £ 7 (stat) * 62 (syst) = 20 (lumi) pb Uncertainty: ~8%
Muncertainty /
o Test epton universaliy
E‘“*“**‘“ﬁ*‘ Rz, jo = 0.973 %+ 0.009 (stat) + 0.066 (syst)
M, p™) [GeV]
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ttbar Differential Cross Section

JHEP 02 (2019) 149 ATLAS-CONF-2019-041
CMS 35.9 b (13 TeV) S T
= e s © ATLAS Preliminary
8 10 Dilepton, parton level = (:5 102 Vs=13TeV, 36.1 fo! —
= e e E = - ® Data 2015-16 :
o B § P total uncertainty .
_~ 1F T 3 S - — Powheg+PY8 -
'8 -8‘ "~ 4 Data ] -8 B ---- Powheg+PY8 RadDn+
[ — POWHEGV2+ PYTHIAS = i L, 3 E&Vgg?\ﬁ_%ﬁasgdug
107 E 4 NNLO+og,, (LUXQED17) m = 173.3 GeV E = 107¢ .
=+ NNLO+ag, (LUXQED17) m, = 1725 GeV T 3 e E—— . Powheg
- @ NNLO+ad, (NNPDF3.1) m = 173.3 GeV . B ] .
1072 = ¢ NNLO+NNLL' (NNPDF3.1)m = 173.3 GeV — - - predlcts
= & NNLO+NNLL' (NNPDF3.1) m = 172.5 GeV 3 5 i
C | aN’LO (NNPDF3.0) m = 172.5 GeV ’ harder top pT
-3 | 4+ aNNLO (CT14NNLO) m = 172.5 GeV _ 4 i — — : : :
- 107", 72 il | A i R 107 I s===2 distribution
g % 14 Stat(_BSyst ........................................................................................ — E :
|0 C Stat E ‘ ]
N | © B s ——
B : | + ? T : x 3 Y et _—
1k , — I D) e e =
L N I (VST T i C
| 1 | ? | ? E L ]
Cl , Roln ‘ ‘ ‘ ‘ ‘ 7
' ' 0 50 100 150 200 250 300

0 700 200 300 400 _ 500

p;— [GeV] Dilepton p:‘u [GeV]

 Differential cross section measurements could be used  NNLO calculations are
to test the QCD calculations in different phase space closer to data
« Use unfolding to correct acceptance and detect effects measurements
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Single-top Quark Cross Section

JHEP 05 (2019) 088

 ATLAS and CMS Run1
single-top combination

« Cross section and CKM
matrix element V,,
measurement

| fiv V| =
1.02 £ 0.04 (meas.) £+ 0.02 (theo.)
~3.7%

« With full Run2 data, measure
single-top differential cross
section and measure top
properties in this channel

10/26/19

— LHCtopWG

B November 2018

—_
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N

Inclusive cross-section [pb]
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~ Single top-quark production

~ ATLAS+CMS Preliminary

t-channel

s-channel

ATLAS t-channel

PRD90 (2014) 112006, EPJC 77(2017) 531,
JHEP04 (2017)086

CMS t-channel
JHEP 12(2012)035, JHEP 06(2014) 090,
PLB 772(2017)752

ATLAS tW
PLB 716(2012) 142, JHEPO1 (2016)064,
JHEPO1 (2018)063

CMS twW
PRL110(2013)022003, PRL 112(2014) 231802,
JHEP10(2018)117

LHC combination, tW

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756(2016)228

CMS s-channel

JHEP09 (2016)027 95% CL

X 7+8 TeV combined fit 95% CL

[]

NNLO rpLs 736(2014)58
scale uncertainty

NLO + NNLL pross 2011)091503,
PRD82 (2010)054018, PRD 81(2010) 054028
tW: tf contribution removed

scale @ PDF @ ¢, uncertainty

NLO npps205(2010) 10, CPC191(2015)74
h=p=m,

CT10nlo, MSTW2008nio, NNPDF2.3nlo

tw: p: veto for ff removal=60GeV and u= 65GeV

scale uncertainty

scale ® PDF @ oy uncertainty

Mygp= 172.5GeV

——@—+—
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Rare Processes

Haifeng Li (Shandong University)
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« Observation of tZq
production process

« Signal cross section
is consistent with SM
prediction

98 + 12 (stat.) £ 8 (syst.) b

SM cross-section: 102 +5 -2 fb.

10/26/19

Events /0.13

Data / Pred.

Observation of tZg

PRL 122, 132003 (2019)

CMS 774" (13 TeV)
T T T T | T T T T T T T T | T T T T ]
é Data [ tZq
T Wz I tiZ iy
L[] Nonprompte/ u -ZZ 4
[ tEX /X Xy "
100~ ] Multiboson 23 Total unc.
2-3 jets, 1 b-tagged :
15E |:|Stat unc. [ Total unc.
R i"}{r{"}++{,§
0.5 —;
ot , , 3
-1 -0.5 0 0.5 1
BDT output

Boosted Decision Trees
Haifeng Li (Shandong University)

Events /0.2

Data / Pred.

ATLAS-CONF-2019-043

B - e Data
140 ATLAS Prellml_r:ary 7Zq
s=13TeV, 139 fb ) tt+HW
120 Z+jets
: VV+LF
SR2jtb 139 fb-1 VV+HF
Post-Fit mm tZ+HWZ
100 . ttWHtH

80

k;;é
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2 Uncertainty
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Search for Four Top Quark Final States

Same-sign dilepton and multilepton channels: SS/ML
« Four quark production is a rare process at

. ion i 12 fb from NLO = 1¢?

Cross s_ectlon is about 2 BOT Gosl

calculation + 2 { Data Nonprompt lep. #EEE Charge misid.

. . ., e o w it mem t0H —
« Complicated final states ¢ W v,§ 10 W 0V W Rare ==
- (tZ v
o 10'
000 X0 ————

3

r
|
|
|

-

1

3

00000 < 00000 < 00000 ————

-3
g o]

- D 2 Bkg: ttW, ttZ, etc.

arXiv: 1611.05032 I S ISR P O I
SOYYY LA T T T
T FrzEPEperggoc-yozacot
Oowwwwwwwwwg T oo
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Search for Four Top Quark Final States

« Same-sign dilepton and multilepton channels: SS/ML

« Single-lepton and opposite-sign dilepton: 1L/OS ATLAS e 137ev 364 10"
tttt (SM)
Phys. Rev. D 99, 052009 (2019) g0 05 ditep.
E 255 ATLAS ' ' ' ' ' —— 'If:;alt(a/ 13' ] = 36 fb-1
e [ Vs=13TeV,36.11b" SRSTOPOTE =
g E SS dilepton / trilepton 36 fb_1 — I(;J;arge mis-1D E
. 20— VLQ/4top Signal Regions e — SS dilep. / trilep.
- . v 3
/, Dibosons =
15% R =
il ‘ ‘ e ety g2 Expected + 1o
“ / gl T e titf Cl (40 fb) ] Combined --- Expected = 20
‘ /‘// / ....... . / Total bkg unc. _: J— Observed
: 1 paagaxnl// /[ /) mnnapunn, = | ;.... Explected (u=l1)
g = 0 4 6 8 10
S —+— E 95% CL limiton u = o™/ oM,
8 , ]

s/?’bel S/:"?be/ 5’931,2/ Lsﬁabel S'!?71731 sR?bS/ 8‘9363/ LSRGbS/

« SS/ML: 3.0 (0.80)
« 1L/0OS: 1.0 (0.60)
« Combined: 2.8 (1.00). Obs. (exp.)
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Top Quark Properties

Haifeng Li (Shandong University)
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Top Quark Mass — Direct Measurement

* Direct measurement: reconstruct top decay products.

EPJC 79 (2019) 368 EPJC 79 (2019) 313
. CMS 35.9 fb™ (13 TeV)
1btag 1add.jet (e'u’) 35.9fb' (13 TeV) %18002_' L S s S IR
% 800—_CMS ¢ Data [ Signal [ ]Background 816005
(\5 600: N Syst+Am!"® [JMC stat ;1400;
2 T dilepton 51200]
2 - 11000
5 400~ 300!
- 600}
200 400F
200F
Q 15
S o l1.2— % 1 %
cDU D qpovesmessessecens NN NN ST = 05 o 1 4
008 . 1 e a 0.5=
20 40 60 80 100 120 140 160 100 200 3°°mm [Gef/?o
mm" [GeV] t
m=172.3420.73 GeV
m==172.33 + 0.14 (stat) +0.66-0.72 (syst) GeV After combined with l+jet, m,=172.26+0.61 GeV
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Top Quark Mass — Direct Measurement

* Direct measurement: reconstruct top decay products.
ATLAS-CONF-2019-046 ATLAS I|+jet with soft muon

> S LA I DL L L IR

$14000— ATLAS Preliminary ¢ Data ]

_ © - s=13TeV, 36.1 fb" [t (sMT from b/c) ]
b v £12000[~ OS selection Il £ (smT from W) ]
L%’ - Post-Fit |:|tt. (SMT fake) :

10000 B Single top .

B []Other backgrounds

72 Uncertainty

8000f
w- C
q i
q’ :
k> OF E
\ S 1.05F j—
\ “Soft” Muon Tagging o 1%//%z/@%x@#@«-ﬁ@-ﬁ/@w/@/ﬁf%ygﬁz/é;/;//éy/%ﬁ;
\ (SMT) 8 0.95F E

20 30 40 50 60 70 80
m, [GeV]

m=174.48+0.40(stat)£0.67(syst) GeV
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Top Quark Mass

Indirect measurement

ATLAS-CONF-2019-041

| LI | LI | LI
ATLAS Preliminary

s=13TeV, 36.1 fb”

} .
I T S ST +++++++t
- e CT14 NNLO+NNLL ]
— Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 —
_I 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |_

164 166 168 170 172 174 176 178 180 182

M [GeV]

mpoe =173.1+2.0 - 2.1 GeV

Top mass with boosted jets from

top hadronic decay

= 3500

G

© 3000
Al

/

Event

1500 |

1000

500

1.5

1

Data/MC

0.5

35.9 b (13 TeV)
| T T T T | T T T T

o 2500 F

2000 ;

R LR L 7
CMS

Preliminary

¢ Data
Bt
Single t
B W+Jets
Total unc.

ttbar I+jet§

Total unc. Stat. unc.
+ + ¢ [ ) [) [ ’ + +

------------------ ot

|400| |
m.. [GeV]

jet

mt=172.56 £ 2.47 GeV

100 200 300

500

CMS-TOP-19-005

sample

Using XCone jet algorithm (JHEP 11 (2015) 072)

Haifeng Li (Shandong University)
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Running TOp Mass CMS-TOP-19-007

* First measurement of running of top quark mass in the MSbar scheme

 Measure cross sections (predicted with certain top mass with MSbar
scheme in NLO) in different my, bins

CMS 35.9fb" (13 TeV) CMS 35.9 fo'! (13 TeV)
g 350 % N
= L = 1.05 ABMP16_5_nlo PDF set
g 300;_ __*_ + Data unfolded to parton level E*‘ : h = 476 GeV
= C _ —_ N TRET
_g 050 ? NLO predictions in MS scheme = 1— 0 ref
=~ C - : Mo=p o=m(m) E B
8 200F ABMP16_5_nlo PDF set -
: (m) = 162 GeV 095C -
C e m(m) = e B
150 - m:(m:) - 164 GeV -
T m(m) = 166 GeV 0_9:— [) NLO extraction from differential o, *
- B o Reference scale R
S0 . B One-loop RGE, n =5, a(m_) = 0.1191
—I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 0-85_ f Z
200 400 600 800 1 OOO 1 200 1 400 1 600 1 800 2000 C 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
M [GeV] 400 500 600 700 800 900 1000

u[GeV]

Renormalization Group Equation

10/26/19 Haifeng Li (Shandong University) 20



arXiv: 1903.07570

Spin Correlation

w 108 7\ LI ‘ TTTT ‘ LI ‘ TTTT TTTT ‘ TTTT ‘ TTTT ‘ TTTT LI 1T \7

— TTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT .g [~ 1
O e £ - Inclusive ATLAS .
S 16 ATLAS Inclusive h D>_s 1.06— ;]
S [ Vs=13Tev,36.11b" ] * - \s =13 TeV, 36.1 fb 1
k1.4 = @ 1.o4+ ]
[EM =125 008 f = n ]
. - N i
12 [~ 1o} . #i ]
“ | | 1 = B L *
TS o R UG ./ e
R i T 2 a4 4
0-85_'_,—|_ — Powheg (SM spin) o 0 98: L [P)atah ovthiag e T

i —— Powheg (No spin) 70 —— Powheg+Pythia ]

0.6~ ¢ Data N r PP8 scale up/down N
L eeFitresult 0.96] — NLO QCD+EW (“n/||=='“t) S
0401020304 050607 08 09 1 i NLO QCD+EW scale up/down -
0.94f === MCFM -

Parton level A¢(I*,I)/x [rad/n] [ —— NNLO N

0.92 \\\\\\ N\\N\L\o\ \s\c\a\l\e\l{p\/\d\o\v\v\rl‘ L1l ‘ L1l ‘ L 11 ‘ L1l ‘ L1 \7

0O 010203040506 070809 1

NNLO-QCD closer to data

CMS is using Bernreuther&Si
consistent with SM prediction

10/26/19

Parton level A¢(I*,I')/n [rad/n]

30 deviation from ATLAS measurement

NLO-QCD+EW agrees with data with large uncertainties

method and observation is

Haifeng Li (Shandong University)

basis: n 0"

{k,r,n} anti-top
1 do 1 ; ; o~
E dcos 91 = E (1 + Bl cos 91) ’ ok, X
1 dor 1 = beam
_ — i i r
odcost, 2 (1 + B; cos 92) ! k " top
1 do 1

. ; 1
= : . 1—Cjicosficosf,)In| ——
O dcosbicosf, 2 ( 7 2) |cos 6 cos 6}

CMS is using the method from:
W. Bernreuther, D. Heisler, and
Z.-G. Si, JHEP 12 (2015) 026

CMS 35.9fb" (13 TeV)
e o7F, T T
@ 8 L ¢ Unfolded data ----NLO, SM
© 8 | — POWHEGV2 + PYTHIA8 -- NLO, uncorrelated |
—lo gl MG5_aMC@NLO + PYTHIA8 [FxFx] ]
I KX
I T
0.4F===== .
_ 105F - Stat Stat @ Syst |
g % 1 lrazazazasass S—
|£ D ------------ : L-..;-JPJFJPJFJ
0.95 - .
1 05 0 0.5 1
COos@
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Top Width

 Measurement of the top quark width in the dilepton channel

« Top width is obtained by profile likelihood template fit for m;, ATLAS-CONF-2019-038
g © ATLAS Simulation Prefiminary _
A I ocey —1ancer - = S anee | ;
=~ ‘ — eV —4.00GevV ] < °E  Dilepton channe =
% 300005_ oK 1 39 fb'1 o0e we E 73— I\/D§|=p:3 Tth, 135|9 fo! 1 39 fb'1 —i
i 250001~ = 3= E
3 E AN -
] ] 4 E
2 E 3E- =
- = 2F ]
] : ., .
= E 0 =
o 11 F -
1.05 | E
o | , , g M, = 1.94+0.52-0.49 GeV
' 50 100 150
m,, [GeV] NNLO I, = 1.322 GeV, uncertainty < 1%

10/26/19 Haifeng Li (Shandong University)
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ttbar Charge Asymmetry

« Use I+jets channel LHC A top
e More top events in anti-top AC’ _ N(A|y > O) o N(A|y| > O)
forward region than N(Aly| > 0)+ N(Aly| < 0)
anti-top
ATLAS-CONF-2019-026 n . 007 | | | | _
3 < 0.06%—- NNLOQCD +NLOEW ~ ATLAS Preliminary-
< 0.014;—- NNLOQCD + NLOEW ~ATLAS Preliminaryé 0.05 B Powheg+Pythias (s =13 TeV, 139 fo' 3
0_012:_- Powheg+Pythia8 Vs=13TeV, 139 fb™ - 0_045_ $  Data (stattotal _§
0.0 {_ ¢ Data (stat.fotal) _f 0_03§_ _%
0.008F : 0.02F E
ome* L r— ! —L—
- . o —————— ——
00091 - _0.01E E
0.002 E ~0.02F =
o Inclusive - ~0.03" <500 I [500,750] I[750,1000] I[1000,1500]I > 1500 -
40 m, [GeV]
First evidence at LHC Consistent with SM prediction at NNLO QCD + NLO QED

10/26/19 Haifeng Li (Shandong University) 23
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Top Quarks + Higgs (ttH)

Haifeng Li (Shandong University)
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ttH

Higgs boson production at LHC Higgs boson dacay

g ::]> o o ~49 pb
Decay mode Branching fraction [%]
g H — bb 575 £1.9
q q H— WW 21.6 £09
E ; o: ~3.8 pb H - gg 8.56 + 0.86
H—- 171 6.30 +0.36
! ! H - cc 2.90 +0.35
H— 77 267 £0.11
q wz . H > yy 0.228 +0.011
: o(WH/ZH): H = Zy 0.155 + 0.014
: " ~1.4-0.9 pb H — up 0.022 +0.001

r->--4 o: ~0.5 pb :> Measure top-Higgs Yukawa coupling directly

9 OO ——>—— 3

10/26/19 Haifeng Li (Shandong University)



ttH: Channels

1. ttH, H->yy

3. ttH, H->mulitlepton (WW ZZ (llvv, llqq), 1)

10/26/19 Haifeng Li (Shandong University)

2. ttH, H->ZZ->4|

4. ttH, H->bb

26



 Use BDT to define
several categories

« Cuton BDT to select
SR sample

« Fit to myy to extract
signal strength

%}
§ ATLAS Preliminary ¢ g:t:(a "

- -1 [ ] p=1.
w Vs=13 TeV, 139 fb [ Non-tiH Higgs

I Cont. Bkg.

Had categories Lep categories

i

2 :
& ool + —1iH (u=1.4) _
& - t — ——
‘EE 0 T L] *
[a]
Had 4 Had 3 Had 2 Had 1 Lep 3 Lep2 Lep 1
10/26/19

ttH, H->yy

ATLAS-CONF-2019-004

CMS-PAS-HIG-18-018

CMS Preiiminary 35.9 + 41.5 o' (13 TeV)

T { ELALASLAL A L LANL LL NLL L  L H

Sum of Weights / 1.375 GeV

1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

¢ Data ATLAS Preliminary
-------------- Continuum Background Vs =13 TeV, 139 fo’
- -=-- Total Background m, = 125.09 GeV
—— Signal + Background All categories
In(1+S/B) weighted sum
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ttH, H->mulitlepton

ATLAS-CONF-2019-045 CMS-PAS-HIG-18-019
ATLAS Preliminary _ -1
—— .\(.g,_. 13Tev .7?'.9. fb CMS Preliminary 415" (13 TeV)
tot. . +0.46 [ +0.36 +0.29
stat. w=0.38 (J:[Oo;[7) (+SOJ.[435J[) Combined W=0.75 -0.43 [ ‘034 (stat.) 027 (Syst_)}

2SS F o 4 =Y. -0.54 -0.43 1+ 27,

_ 0 93 +0.58 +0.48 Q= 1.40 :'-11..12:

3/ @4 H="u. 052  -0.44 2lss
+0.62
— 0-52 +0.93 +0.88 w= 087 0.

47 | @ | H 072  -0.68 olss + 1Th0 55

. . +1.03

1+ 2T5q | H—@ — n=0.30 ig.gg) J—rg.g ;: 12'13 .11
+ 21,

2SS + 1Ty | F—O—A n=049 ‘05 o7 1=000 "2

3l
1.10 1.04

3¢ + 17,449 1 e I w=043 “jgs o079 uw=0.29 +0°:§

"""""""""""" _ ] 3l+ 1t
combined @4 n=0.58 tg_gg ig_;g "= -0.?96 +1.96 -
N R S A e A
+3.81
bestflt _GtTH/GtTHform_125GeV lJV:O.99-1.69 NN AR A AN AR A paoa v v by
H= sm 10T My = 2 1 0 1 2 3 4 5

Obs. (exp.): 1.8 (3.10) Obs. (exp.): 3.2 (4 OB;;tfit u(ttH)
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ttH, H->bb

Main background: ttbar + heavy flavor production
Phys. Rev. D 97 (2018) 072016 CMS-PAS-HIG-18-030

35.9 fb' (2016) + 41.5 tb™ (2017) (13 TeV)

Evidence of ttH, H->bb from CMS

ATLAS Vs =13 TeV, 36.1 fb™ ottt
A I L U e e R S CMS Preliminary
— {ot. , tot stat syst
m, = 125 GeV ;
stat. . : +1.02 +0.54 +0.86
tot (stat syst) Fully-hadronic e -0.38 406 054 00t

i +1.02 , +0.54 +0.87 . ! 1041 +0.19 +0.36
Dilepton | | o 4 —0.24 105 (Zo52 -0.91) Single-lepton H 1:22 a7 018 032

(two-u combined fit)

: : +0.74 +0.39 +0.63
Dilepton - 1.04 571 “038 -0s9
Single Lepton — ew— 0.95 +0.65(+0.31 +o.57) |
(two-u combined fit) ~0.62%-031 -0.54 i 0.85 043 +022 +037
2016 HitH . -0.41 -0.22 -0.35
+0.64 , +0.29 +0.57 +0.44 1021 +0.39
Combined —o— 084 J55 (1020 054) 2017 - 1.49 %020 “020 033
A R BT B B I I I i . 2015 +0.
e - G Combined w115 050 0 -8.%2
Best fit u = o™/olH (|) — | 5I — 10
] ] il =06/c
Obs. (exp.): 1.4 (1.60) Obs. (exp.): 3.9 (3.50) Y
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ttH Combination

Phys. Lett. B 784 (2018) 173 Phys. Rev. Lett. 120 (2018) 231801

T T T T I T T T T I T T T T I T T T T I T T T T I T T
-1
ATLAS e Total Stat. [ Syst = swm 35 - .5'1 .fb (7 TeV) + 19 7 fb (8 .Te\./) |+|35|.9 f.b. (13 TeV)
Vs=13TeV, 36.1-79.8 1" - ! ! C mb N d ! r
Total  Stat. Syst. B CMS — Lo Iné ! i
tH (bb) ——— 0.79= 08 (= 03 ,=053) oL 7 SM expected k
- — 13 TeV i
{iH (multilepton) He—— 156 362 (= 0% = 32 [« 3.20 — 7+8 TeV ]
) ogh S /90 _]
ftH (r7) === 139= 0% (= 0% .= 057 ) A i
ftH (22) fe <1.77 at 68% CL i ]
_____________________________________________________________________________________ 20 .
Combined == 132+ 02 (£0.18,= 0% . i
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 _‘_“
- 0 1 2 3 4 5
. Oy Oy [
13 TeV data: I
o) 1: L T T ]
58 (0] (49 0) = 0.9F ATLAS _ i
l;Iz 0.82— B Theory (NLO QCD + NLO EW) E i
. Total é 5 | :
7TeV+8TeV +13 E I S N
TeV data: E obin i TN | -
6.30 (5_1 0) E 0 0.5 1 1.5 2 2.5 3 3.5
E utTH

About 1 o from NLO

- 520 (4.2 0)
prediction

16
s [TeV]
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Summary

« ATLAS and CMS experiments continue to produce large amount of top
quark physics results with LHC Run2 data

— Top cross sections and properties measurement with higher precision

— Keep looking for rare process in top physics (4-top etc.)

— Observation of ttH; observation of tZq; evidence of ttbar charge asymmetry
« With full Run2 data (115M ttbar), top physics will be very exciting

Top ttH talks in parallel session

* ttH multilepton at CMS, Chaochen Yuan « tgH at ATLAS, Boyang Li

 ttH multilepton at ATLAS, Xuan Yang « Four top search at ATLAS, Shuyang Hu
« Single top at ATLAS, Khuram Tariq

« Single top with V at CMS, Duncan Leggat

ATLAS Top Results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
CMS Top Results: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

10/26/19 Haifeng Li (Shandong University)
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