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e
The Top Quark

e Heaviest particle in SM
My, ™~ 173 GeV

e Strong coupling to Higgs boson
Y, ~1

Various interests!

Events/(10 GeV/c?)

~

e Discovered in 1995 by CDF and DO at Tevatron

e Decay within 10725 s before hadronization as “bare—quark”
Play special role in electroweak symmetry breaking

™~

PRL 74 2626-2631(1995)
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Reconstructed Mass (GeV/c))

Production

test QCD, test EW, BSM, A,

tt+X

p

Properties
Mass, Width, Spin, Charge
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e

Top quark production

o At Tevatron; 85% of tt pairs are produced via quark annihilation
e 70000 tt pairs produced at Tevatron

o At LHGC; 90% of tt pairs are produced via gluon fusion
e 6M tt pairs and 3M tt pairs produced in Run1 and Run2

4 t g t
Pair production via
QCD

q i q

q toq , ¥ f
EW single top W
production L b

) B b i A

W
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e

Top Quark Signature

e Top quark decays to W + b ("100%)

vV, q

I, @
w+ y q

by

e High p; lepton

e Jets

e b—jets

e |arge missing ET
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e The event signature is characterized //
,

Top Pair Decay Channels

electron+jets
muon-+jets
tautjets

ko)

IS

'e | \g, | tautjets
3 K $Q\o ' muon-+jets
‘o bl electron+jets
NP TMES ud cs

EM calo.

Muon det.
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Top quark pair cross—section Oy;

» Good test of pQCD theory
- Unique sensitivity to new physics

e HQL 2016, K.Kawade
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Vs=1.96TeV
Total cross—section o
at Tevatron

e JTevatron combination: crmmeponis  BEM  rmcom  asw

CDF dilepton == 7.09+0.83 8.8fb™

CDF SVX lepton+jets i 7.32+0.71 46 fb™

® O-tf — 760 i 041 pb COFalljots ~ bp—t—d——i  7.21%1.28 " om
PRD 89, 072001 (2014) I

D@ dilepton
D@ lepton+jets

D@ combined

Tevatron Run lI

0.49 + 0.67
0.38 £ 0.41
0.36 + 0.61
0.50+1.18
7.63+0.50
0.31+0.39
7.36+0.85 5.4 fb"

7.90+0.74 5.3 b’

7.56+0.59
0.20+ 0.56

e Recent DO measurement

m, = 172.5 GeV

1y

7.60=0.41

DO Note 6453—-CONF (2015)

. . = L
e Combine various channels 8 R
©

Q+jets & di—lepton
e BDT base analysis

o = 7.73+0.13 (stat.) 4+ 0.55 (syst.) pb

,. _ y = +3.3
° HOL 2016, K.Kawade my = 169.5757 (tot.) GeV

2-11111

o

N

L —e— Measured d(pp— ti+X)
— —— Measured clependence ofc R

e NNLO+NN$
1 1 1 I 1 1 1

|
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Vs=13 TeV

o,; in dilepton ey @

e Event selections
e 2 opposite sign (OS) leptons, ey
e 2 or more jets (W/O b—tag)
* m,, > 20 GeV (DY&HF veto)

e Use cut & count method
e Systematic

e trigger/selection 2.6%

e tt modeling 2.7%

e luminosity 2.7%
o JES 2.2

e 0i=793 + 8 =+ 38 = 21 pb
(stat) (syst) (lumi)

tt
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43 pb~'; CMS (PRL 116, 052002 (2016)) \

2.2 fo™'; CMS-PAS-TOP-16-005
CMS

" 22" (13 TeV)
= - Data

gl 0000 Preliminary [ ] it

bt B Non W/Z

© VV + Vv

b [ Y

g 5000 m 2y et
pd

0
014
E -
S oel . ‘
06 0 1 2 3 >4
Number of jets
Number of
Source et U events
Drell-Yan 244+944

Non-W/Z leptons 109 + 50 + 33
Single top quark 463 £ 6 £ 145
\AY% 15+2+5

o NNLO+NNLL 832:%% (scale)t?é% (PDF/as)pb v 3141410

Total background 642 £ 52 4= 149
tt dilepton signal 10199 + 14 + 462

Data 10368 /




\Vs=13 TeV

ATLAS (ATLAS-CONF-2016-005)

o,; in dilepton ey @

: § ool ATLAS Prelminary  ® Dameois

¢ Eve nt SeleCtlon G g0 15 =13 TeV, 3.2f0" L Wt oheg+PY - 3
16000 Em Z+jets E

14000i E I\D/Iiigg%)%pton j

° 2 OS |ept0ns, eu ‘2°°°?i|:': R A

e 1 or 2 b—tagged jets o T gy
e Background :E ! .
e Wt single top = same final state

e Fake lepton estimated in MC with N,
data—driven correction

MC/Data

e T T T TATLAS 'Preliminary
[s=13Tev, 32"

Signal Backgrounds

L] Data 2015

F - ] tt Powheg+PY
5000~ Wt

E = Z+jets

Events / 20 GeV

1 Diboson -
mm Mis-ID lepton i

q

— Powheg+PY -
- aMC@NLO+HW++ -
- Powheg+HW++ —

(j,

Wt single top W+jets T e
40 60 80 100 120 140 1&%()”180[(_}%[\)/?
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\Vs=13 TeV gy

K >
ATLAS (ATLAS-CONF-2016-005) Q :i T

ner-p»

o,; in dilepton ey @

Event counts N, N>

fitting Single top [160 = 120 22470
€ ,; combined probability to select Dibosons ) 4xla 10
. Z(— 1T > ep)+jets 37+ 16 2+1
and tag a b—jet from the top decay  \igenificalepions 165265 116255
Probability to b—tag only one of two b—jets _ Total background 1390 + 140 343 + 89
bkg
N1 = Loy €ept 2ep(1 — Cpep)|+ N | € .(ep selection eff.), C,(tagging

correlation), AP<€ from MC
N,,N, from measurement
O, and € are free p.

2 bkg
N2 LO_I? €ep CbEb + N2

Probability to b—tag both b—jets

- Advantage; suppress some systematic
(ex: b—tag efficiency)

0. = 803=%7 (stat)*£27 (syst)*=45 (lumi) £12(beam) pb
JENLO_FNNLL = 832f%% (Scale)t?é% (PDF /as) pb
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Vs=13 TeV

Summary of Ot @ LHG13TeV

CMS

Compact Vo Boacd

L T T T T T
o) | I
- Tevatron comblned 1 96 TeV L 8 8 fb -
& Z ATLAS ey 7 Te (L < 46 b )( ) ATLAS+CMS Pre||m|nary May 2016 ATLAS+CMS Preliminary LHCIOPWG o _summary, {s=13TeV  May2016
cC e CMSeu7TeV(L=5fb") . NNLO+NNLL PRAL 110 (2013) 252004
S 108k " ATLAS ey 8 TeV (L =20.3 fb) LHCtopWG Mop =172 GoV, ,(W,) 0:110:0.001 o SSE[ o
8 - L4 S_’\'Ag eu BbTe\(; (L _8119 Z/f(t')_ ) 5 3 20 3 ) : scale ® PDF@us uncertainty ””-!( ) =(eyst) =(um)
- v combined eu 8 Te = i
@ ~ m ATLASen13TeV(L=321b") . ATLAS, dilepton ey * —e—H 803+7=27=45pb
»n e CMSen13TeV (L=43pb’,50ns) 7 e
(2} I~ v CMSeul3TeV(L=22f" 25 ns) 7 ATLAS. dileoton 86/
g ~ A ATLASee/un13TeV (L= 85 pb o) T T T T T q = ATMS’GSNPEg sois ] 749+ 57 =+ 79 = 74 pb
st O ATLAS l+jets 13 TeV (L = 85 pb Y =~ r ] L, 65 pb"
(&] I~ o CMSl+jets 13 TeV (L=42pb Y > i L I ATLAS, lots *
=~ B | 14 ———fui———| +13=103=
= g 900- ] ATLAS-CONF-2015-049 817213=103= 88 pb
) 1 02 | ] L,.=85pb"
> = - ] 3 CMS, dilepton ew H—e—H 746 + 58 = 53 = 36 pb
'(7) — 800— 4 7 PRL 116 {2016) 052002
S - : : _l L=43 pb”, 50 ns
T) B L — gxiﬁiizgl?:ﬂ(:él * —o—§ 793+ 8+38=21pb
= B 700-— 4 1 L =2-21n'-‘ 25;\5
- =—— NNLO+NNLL (pp) : 1 gxi'ﬂiﬁ%w f——+4+— 836+27+84=100pb
——— NNLO+NNLL (pp) L L 1 L . L, =42 pb’
1 3 E [TeV] NNPDF3.0 JHEP 04 (2015) 040
1 O - Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 — I I
= =] MMHT14 epJ c75 (2015) 5
- ‘ | NNPDFSI.O, My = 172.5IGeV, as(MZ) = (I).1 18 + 0.001 | ] * Preliminary CT14 pRD 85 (2016) 033005
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Efféct of LHC beam i ABM1i2
2 4 6 8 10 12 14 o ke k) tigma ]
c e e b e Ly
Vs [TeV] 400 600 800 1000 1200

ay [pb]

Good agreement with theoretical prediction!

e Precision beyond theoretical prediction
= Differential cross—section

HQL 2016, K.Kawade
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A,

Latest summary of oy;
at / s=7 and 8 TeV

ATLAS+CMS Preliminary LHCtopWG O summary, Vs=7TeV May 2016
NNLO+NNLL PRL 110 (2013) 252004

"""" Mg = 172.5 GeV, (M) = 0.118=0.001
scale uncertainty total stat

scale @ PDF @ o uncertainty

Oy x(stat) =(syst) =(lumi)

ATLAS, l+jets s 179+4+9+7pb L=07f0"
ATLAS, dilepton (*) o 173 =61} “Opb L=07f
ATLAS, all jets (") F u + 1167 =18 + 78 =6 pb L, =10
ATLAS combined e 177 =3} =7pb L,=07-101"
CMS, I+jets (*) —te—E& 164 +3 =12 =7 pb L,=08-1.1"
CMS, dilepton (%) —tet— 1704 =16 =8 pb L=1.110"
CMS, T +n (%) —— 149 =24 + 26 = 9pb Ly=1.1f0"
CMS, all jets (1) ~—————+——4 136 = 20 = 40 = 8 pb L=11M
CMS combined —ot— 166 = 2 =11 =8pb L,=0.8-1.1fb"
LHC combined (Sep 2012) - 173+ 2+ 8 +6pb L, =07-11f"
ATLAS, l+jets, b—Xnv —.— 165 =2 =17 =3 pb L, =47
ATLAS, dilepton ey, b-tag E=H 1829 +31+42=36pb L =46m
ATLAS, dilepton ey, N_ -ET* = 18122285, =33pb L =460
ATLAS, 1, +ets I + 1 194 = 18 + 46 pb L,=171
ATLAS, all jets I + 168 =122 = 7 pb L, =471’
ATLAS, 1+l —t—— 183 +9 +23 =3 pb L=46f"
CMS, l+jets ————1 1617 £ 6.0 = 12.0 = 3.6 pb L5010
CMS, dilepton en e 1736:21'53:38pb L =s0m
CMS, 7, + ——— 143 +14 +22=3pb =22
CMS, 1, +ets —t 152+ 1232+ 3pb L,,=391"
CMS, all jets —t——t— 139 =10=26 =3 pb L,=351"

(") Superseded by results shown below the line

NNPDF3.0 JHEP 04 (2015) 040

Effect of LHC beam
energy uncertainty: 3.2 pb
(not included in the figure)

MMHT14 EpJc7s (2015)5
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
[as(MZ) =0.11 a]

50 100 150 200

o, [pb]
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250 300 350

CMS

Compact Vo Boacd

ATLAS+CMS Preliminary LHCtOpWG a, - summary, Vs=8TeV

NNLO+NNLL PRL 110 (2013) 252004
total stal

" Mygp = 172.5 GeV, (M) = 0.118=0.001
9z =(stat) =(syst) =(lumi)

May 2016

scale uncertainty
scale ® PDF @ ag uncertainty

ATLAS, lepton+jets
PRD 91 (2015) 112013, L,,=20.3 "

CMS, lepton+jets

—#— 260=1°% =8pb

/ b 228.5+ 3.8+ 13.7 = 6.0 pb
arXivi1602.09024, L,,=19.6 b

CMS, lepton-+, ——fo—— 2573224 x7pb

PLB 739 (2014) 23, L, =19.6fb"

ATLAS, dilepton eu | 2424+17+55+75pb

EPJC74 (2014) 3109, L,,=2031b"
CMS, dilepton (ee, up, en) —lo—|
JHEP 02 (2014) 024, L,=5.3fb"

LHC combined eu (Sep 2014)
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,

239.0+x21+11.3+6.2pb

2415 +1.4 + 5.7 + 6.2 pb

Lix=5.3-20.3 10"

CMS, dilepton en [ 2449+14 (0 +64pb
arXivi1603.02308, L,=19.7 b o

CMS, all jets et

EPJC76 (2016) 128, L =184 fb" 2756 +61+378+7.2pb

int
NNPDF3.0 JHEP 04 (2015) 040

I I MMHT14 Py c75 (2015) 5
i CT14 PRD 93 (2016) 033006

Effect of LHC beam
energy uncertainty: 4.2 pb
(not included in the figure)

ABM?12 PRD 89 (2015) 054028
[us(Mz] = 0.113]

0, [pb]

Consistent to theoretical prediction!
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_ PRL 115, 112001 (2015)

First observation of top quark
production in the forward region

e Top quark production in the forward region
e Enhance of tt via qQ

e gluon PDF at high momentum ;:
e tt production ~ 75% _ =
single top: ~ 9% Inclusive measurement

e Event selection
e Muon; p;r > 25 GeV,20< n <45
e b—jet (agti—kT, R=0.5)
pr=950 100 GeV,22< n <42
e Isolation; AR(u,j) > 0.5
e p(u +j)> 20 GeV

Charge Asymmetry

o(top)|7 TeV] =239 4 53 (stat) 33 (syst) 4-24(theory) tb,
o(top)[8 TeV]| =289 443 (stat) +40 (syst) +29(theory) fb.

HQL 2016, K.Kawade L.
@ 0 standard model predictions!

200

100

LHCb e Data

I Wh+top

Bwy

20

45 70 95
P (u+b) [GeV]

<
e

e
)

=]

=
o
|

<
.
|

e Data
I Wh+top LHCb

B

20

1 1
45 70 95

p(w+h) [GeV]

in agreement with next—to—leading order




Vs=13 TeV

o / 07 measurement

ATLAS-CONF-2015-049 YQ E T

e Measure the ratio o/ 07pp Fw ¥ final state

0 5 66 GeV <my,<116 GeV

Ot

Rz =
0.5 (O-Z_)(ge -+ O-Z_)ﬂ,u)

e Sensitive to gluon and sea quark
PDF

e Advantage; cancelation of some
syst.
e Integrated luminosity

e | epton reconstruction efficiency

Rz = 0.445 £ 0.027 (stat) + 0.028 (syst)

@ HQL 2016, K.Kawade

ner-p»

ABM12LHC

Small tension with

(smaller gg density)

P data + total uncertainty

A

v
u
[
(N

S
ATLAS Preliminary
13 TeV, 78 - 85 pb™

data + stat. uncertainty

ABM12LHC
CT10nnlo
NNPDF3.0
MMHT14nnlo68CL

NLO QCD, inner uncert.: PDF only)
bl

TR R SR R A | L PRI I T
02 025 03 035 045 0.5

tot tot
o [ OF




Differential xsec do;/dX

- Differential distribution as a function of top quark kinematics

provide more precise SM test

v’ top—pair py = sensitive to I/FSR

v' top—pairy = sensitive to PDF

v’ top—pair mass = sensitive to new physics (large Q2)

v tt + jets = test higher order QCD effect, matching to
matrix—element generator and shower model

« Check various distributions thoroughly!

@ HQL 2016, K.Kawade
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\Vs=1.96TeV

do;/dX in Tevatron

e As a function of m(tt)
DO, PRD 90, 092006 (2014)

(@ DO ¥ =971
------ Alpgen
=.= MC@NLO

........... —— approx.NNLO [24]

1071

1072

e As a function of cos 8,
CDF, PRL 111,182002 (2013)

107

do /dm(tt) [pb/GeV]

240 500 1000
m(tt) [GeV]

CDF Run II [ £ =9.41b " it — fu+jets

e No evidence for new physics

¢ D evi atl ons In COS 9 t 020k == NLO SM [PRD 86, 031026 (2012)]
$ p O S S i b | e S O u rC e Of th e fo rwa rd_ & -I%- E;;cnd‘rc seric;s integral (data) {7

backward asymmetry .

0.00 : .
@ HQL 2016, K.Kawade 1.0 0.5 Cgéogt 0

(1/o)(do/dcosby)
= (=]
= &

—
A
= \
! Y
s
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Vs=13 TeV

tt + jets D

e Event selections

e Two OS leptons (ee, ey, pp)

e DY veto; My, > 40 GeV

e Zveto; 81 GeV <My <101 GeV

o At least two b—jets

e Categorize by additional jet p;

(25GeV, 40GeV, 60GeV, 80GeV)

e Backgrounds

o /—QQ + b—jets

e Fake lepton

e Wt and others

e Unfold to particle level “fiducial space”

e Correct detector resolution

e Advantage to large extrapolation to parton

level

@ HQL 2016, K.Kawade

Number of jets

Data/pred.

Number of events

Data/pred.

ATLAS—-CONF-2015-065

T T T T | T T T T | T T T T | T T T T | T
ATLAS Preliminary  ee-channel 3
§=13TeV,L=32f" ¢ Data }

I Z+jets

1 Diboson 3
[ MisID leptons A
o Stat. uncert J

10°

10°¢

10

10

10°}

1| 111 | 1 1 1 | 1 1 1 1l Il L | . L]
5|0 1E|)D 1%0 2E|)O 250
b-tagged jet P, [GeV]

I | | |
ATLAS Preliminary
\s=13TeV,L=321" § Do ]
F Add. jetp, > 25 GeV E Wi
I Z+jets

T T
eu-channel

[ Diboson E
[ MislID leptons
o< Stat.uncert

Number of additional jets

ner-p»
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Vs=13 TeV

tt + jets @

(ATLAS-CONF-2015-065)

ner-p»

different radiation scale

~

S s 92 R e

e Comparison with different - R N
\ \ 107" E 107 EEE E
radiation scale and model , i , e

5| eechamnel T _o| ee-channel
107°F — Powheg+Pythiat 3 107" & — Pownheg+Pythiat E
P h + P h ] 6 d ] E - Pcwheg:Pylh?aG (radHi) E E - Fowheg+PylhiaE (radHi) 3
® OW e g yt I a p re I CtS i ;_._ EZ‘:;“EQ Pythia6 radLo) ] . :_ - Ezr;heg+PylhlaG (radLo) _:
. : ST NN
slightly less jets than g 14 = - o =E

Q 1 PYpTp——— Q‘ 1.._.._........_.._.

' . . o8 e o8 e/
observed, but trend is within |oe  —7 70 o T TS
the Curre nt uncertainties Number of additional jets Number of additional jets

L pr > 25GeV pr >40GeV

s N

O'E- T UL bﬁ- L L A S B bﬁ- N T T T T 7] % L e AU R

% arstempend YL T Andspegen] S andspne ] gL [T i

e add.jetp, 225 GeV e ——S——  add jetp, 240GeV | e r add jetp, =60 GeV 7 ~b [ add_jel’p - 80Gey 3

e T -

107" 1071 —— 4 10 . 101k = ]

E— —] E E el 3 3

r C reetivomsy C ] i imsslenas: 3

102 o wieg Pythiat T 102 ei““SS&i'egwmae - 1072k Ehsg:w?wleg+Pylhia6 g cechamel o e _

E — - Pawheg+Herwig++ ; —-Powheg+Herwig+_+ ; E — - Powheg+Herwig++ 10 E :th$+mr\$g++ R ;

I aMCAINLO+HerW|g++ — aMCAINLO+HerW|g++ 7 I aMCAlNLO+HerW|g++ F e aMCAtNLO+Herwig++ =

[ ---.Powheg+Pythia8 L ---. Powheg+Pythia8 - | ---- Powheg+Pythia8 [ ---. Powheg+Pythia8 B

1073 = - Data 10_3 = —- Data . 10_3 - —m- Data 1073 | = Data ]

E— } | } B b S Y S E ey S

s 150 =en s 158 = i s 3= e | 3
 Jr=e=ne g = R S— z 1.
Q 08 2 o08E £ 038 § 0.

0.6 0.6 ‘ ‘ ‘ 0.6 . . . . 0 . . : .
0 1 2 3 4 0 1 2 3 0 1 2 3 0 i % 3

Number of additional jets

pr > 25GeV

Number of additional jets

pr > 40GeV

Number of additional jets

pr > 60GeV

Number of additional jets

pr >80GeV
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Vs=13 TeV ™~

CMS-PAS-TOP-16-008 ;
CMS /!

do/dX in lepton + jets (D

e Event selection
e 1 lepton, p; > 30 GeV & | < 2.1

e 4 or more jets, pr > 25 GeV & |n|< 2.4
at least 1 b—tagged

e Top quark reconstruction

e Best jets permutation chosen from likelihood M,
< taking into account the My and

e Neutrino momentum by constrain m, and m,,
e Backgrounds subtraction from MC

e Unfold to parton and particle level

@ HQL 2016, K.Kawade
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\Vs=13 TeV

CMS-PAS-TOP-16-008

do/dX in lepton + jets @

e Generally,

MC models describe data

well

e Slight model difference
in top pair p; distribution

Powheg looks better?

— Still large error to
conclude

HQL 2016, K.Kawade

Parton level

231" (13 TeV)

_
o

[pb GeV|

do
dp, ({)[Pb]

-
2
r

CMS

——

231" (13 TeV)
—+— data

— s¥st® stat

[ stat.

——— MG5_aMG@NLO P8 [FxFx]
MG5_aMC@NLO P8 [MLM]

— - Powheg P8

— - Powheg H++

---- MG5_aMC@NLO P8
MG5_aMC@NLO H++

data

theory

oo

o

2.3fo (13 Tev)
—+— data

1 sys ®stat

[ stat.,

—— MG5_aMC@NLO P8 [FxFx]
MG5_aMC@NLO P8 [MLM]

— - Powheg P8

— - Powheg H++

---- MG5_aMC@NLO P8
MG5_aMC@NLO H++

L : —+— data . [
g I+jets parton —*— gﬁ@sm % 10 - (P:rg'irsninaw
C — Va5 amcaniops[Fxrg| @ C
L Y= MG5_aMC@NLO P8 [MLM] e b T
Ee= == — - Powheg P8 = Fo— ==
- == — - Powheg H++ —~ F -
r ---- MG5_aMC@NLO P8 o= =
L MG5_aMC@NLO H++ OlaGot b
E © E
= e =
3 10° g
_. PR L 1 P 1 1 7. PR B
3 D14 F
5 s e Q|12 b ===
_ £° 1=
= 0.8 &
0 100 400 500 600 700 _ 800 100 200
p.(1) [GeV]
23" (13 TeV)
E —+— data Vil T cms
F = Sy O stat > 1o L Preliminary
B —— MG5 aMC@NLO P8 [FxFx]| © E
E ™ MG5_aMC@NLO P8 [MLM] a2 C
= == — - Powheg P8 — M g
r o — - Powheg H++ T 4L
---- MG5_aMC@NLO P8 o = E FrEery
3 MG5_aMC@NLO H++ T o E =
L 107
E. | 1 1072 E_ 1
1000 1200 1400 1600 1800 2000 0 100
M(tf) [GeV]




Vs=13 TeV

do;/dX in lepton + jets

e Generally,

MC models describe data

well

e Slight model difference

in top pair p; distribution

source particle [%] parton [%]
statistical uncertainty 1-5 1-5
b tagging 2-3 2-3
jet energy scale 5-7 6-8
jet energy resolution <1 <1
lepton selection 3 3
EisS (non jet) <1 <1
pileup <1 <1
background 1-3 1-3
PDF <1 <1
fact./ren. scale <1 <1
NLO generator 1-6 1-10
parton shower scale 1-5 2-9
POWHEG + PYTHIAS vs. HERWIG++ <3 1-12

HQL 2016, K.Kawade

[pb GeV

do
_dp,(1)[pb]
< <

~ = Q9
w

theory
data _

[N S

o

Particle level

2.3t (13 TeV)

E ; : —¢— data
E gr'u‘e”irsnfnarylﬂets particle 4 S0 stat
7 stat.
E —— MG5_aMC@NLO P8 [FxFx]
F = MG5_aMC@NLO P8 [MLM]
E 5‘5___= — - Powheg P8
M~ — — - Powheg H++
- =_ ---- MG5_aMC@NLO P8
E = MG5_aMC@NLO H++
E =
1 1 1 L 1
e L leb ettt btk
0 100 200 300 400 600 700 800
p,(t) [GeV]
23" (13 Tev)
- : : —e— data
[ grﬂi?ﬁnarylﬂets particle —*— % qtat
E 7 stat.
F —— MG5_aMC@NLO P8 [FxFx]
F MG5_aMC@NLO P8 [MLM
g — - Powleg P (uLnl
= sws — - Powheg H++
E e ---- MG5_aMC@NLO P8
F MG5_aMC@NLO H++
L Sesmegpenete
? L 1 1
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Vs=13 TeV

do/dX in dilepton D

e Differential cross—section as a
function of kinematics of top quark
and top—pair and jet multiplicity

e Broadly in agreement with the
predictions

e Uncertainty is dominated by signal
modeling
e NLO generator, PS

@ HQL 2016, K.Kawade

Top-quark pairs / 50 GeV

CMS-PAS-TOP-16-011
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Uncertainty
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Vs=13 TeV ™~

CMS-PAS-TOP-16-011 CMS
do/dX in dilepton @

e Observe discrepancies in large jet activity
MC harder than data = need further tune

e Top p; and rapidity better described at NLO+NNLL

221" (13 TeV) CMS Preliminary 227" (13 TeV)

CMS Preliminary 221" (13 TeV) CMS Preliminary
E E I I | I | 3 |‘_—| 1 0'1 E T T T | L [ T T T [ T | T [ iE b >:—‘ 0.4 frooT I TTT I T I TTTT [ T T I TTTT I TTTT I TTTT I TTTT I TTTT]
.8 22 Dilepton p'> 30 GeV, ™| < 2.4 ] > t Dilepton e Data ] TOlo 0.35F Dilepton B
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- ATLAS arxiv:1511.04716 CMS. ! fh\ A
CMS arXiv:1505.04480 N I
_ % {
S
do;/dX results at 8 TeV
e Higher order theories show P — e
. % 0'0085— ATLAS+CMS Preliminary LHCtOpWG /5= 8 TeV, Nov 2015
nicely agreement for the top  Soort |« spsiamer
Tooor || SkeEr
pT B 0005; E";"*' —NN‘L&)(MSlTWZOOBPDF)
© . — ! arXiv:1511.00549
e not so well described by SRR S et

| == DiffTop approx. NNLO (CT10 PDF)
JHEP 01 (2015) 082

Powheg+Pythia 0.003
= same trend seen in new 13  °**

TeV CMS results
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- ATLAS arXiv:1511.04716 | (CNAS

CMS arXiv:1605.00116

npr-p»

do,:/dX in “boosted” regime

. 19.7 o™ (8 TeV
partially merged, g 2T 0 B TEY)
Dat
un-merged ® boosted W CMS t Cowheo-pyrins
Moo o
R +Herwig

Stat. uncertainty E
_____ Stat. @ syst. uncertainties _|

< 200 GeV ql 200 - 350 GeV

* Decay objects merged in higher p;, or m

e Events are selected using Fat jet topology I
. . . = 40 500 600 700 800 Tjgoqu‘g)riopﬂ((é)e\“lf)ﬂo
e Clustered within large cone radius 2 !
(R:1 0 for ATLAS’ 08 for CMS) % %L“ Fu:phagsé?a:a:»fpvmmCT10+h oo
e Large uncertainty on fat jet energy § | m ¢ romsrmem
scale
e Good agreement with MC@NLO+HW
e Higher xsec in PWG+PY at higher top p- I S ——

300 400 500 600 700 800 800 1000 1100 1200
Top quark P, [GeV]
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Single top production

- Direct measurement of |V,,|
- Sensitive to BSM (ex W)

- Large background in many searches of Higgs or
SUSY

e HQL 2016, K.Kawade
8 il




Vs=1.96 TeV

Observation of s—ch
single top production

e Combination of the CDF and
DO measurements

e 0_.=1.29%02_,,, [pb]
= Significance of 6.3 0

e Common event selection
* High p; lepton
o MET
e Jets with one or two b—jets

@ HQL 2016, K.Kawade

PRL 112, 231803 (2014) e

W+

<l

Measurement

CDF [+jets
CDF £ +jets
CDF combined

DO [+jets

Tevatron combined

Cross section [pb]

——
————
—e—
——

e—

Theory (NLO+NNLL) ,
1.05 + 0.06 pb [PRD 81, 054028, 2010] }

My, = 172.5 GeV

o 1 2

Cross section [pb]

1.41%0%7
112705
136703
1.10%3

+0.26
1.2977,
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- PLB, 756, 228—246(2016) @

npr-p»

Evidence for s—ch single top quark

e Event selections E AT o é??f:::::

Signal region - Wt

e Muon or Electron
e exactly 2 b—jets
e E;miss > 50 GeV
e m{(W) > 30 GeV

0
mr (W) = szT(f)EgliSS (1= cos A¢ (¢ EN)) ; iéa{wwwy%}ww%ww/f%/w

e Using discriminant based on the © oo w0 ot o oiw -
matrix element method E e amas ]
° 0, = 48 + (08 +16 i3 pb i mo__.,':ftb.'(g cmw Sonatregon _
(stat) (syst) : =

significance 3.2 0!

e HQL 2016, K.Kawade 00002 00018 0058  0.102 0.187 1
K P(SIX)




arXiv:1603.02555

CMS,/ !

Search for s—ch single top quark
e Event categorized by N—jets and

M b—tag

e Simultaneous fit for BDT based o0
MVA discriminant o

e Constrains W+jets and tt BKG

500 F

Events / 0.1

200

100F

71 e Data

- [Js channel
1 [t channel
1 [0twW

4 @tt

1 WZ+jets

1 @W+jets

1 WDiboson
1 [JMultijet

J [1Syst. unc.

BDT Discriminant

600

0s = 13.4 £ 7.3 (stat + syst) pb, «

200

7TeV muon channel © 2000 prrrr e Muon, 19.7 fb” (8 TeV), 2-jets 2-tags
§-18°°§— CMS
= 1600
0. = 7.1+ 8.1 (stat + syst)pb, &uw:
S ( y ) p / “ 1200
. 1000
8TeV combined a0

it

BDT Discriminant

@ HQL 2016, KKawade  oigmific

1 N Rate syst.

.8-07-06-0504-030201 0 0102

ance 25 o 835 03 025 0.2 -0.15 -0.1 -0.05 0 0.05

e Data

[]s channel
Wit channel
tw

[t
BZ+jets
EW+jets
BlDiboson
[JMultijet
[F]Syst. unc.
NRate syst.

/




Vs=13 TeV

t—ch single top Q)

e Event selections

e 2 jets with 1 b—jet
e E;mss > 30 GeV
m(W) > 50 GeV

Signal region W+jets control region
° ———T T = —
= ATLAS Preliminary 15=13 TeV, 3.2 fb”! [) ATLAS Preliminary 15=13 TeV, 3.2 fb" 1
oS SR u* # Daia ] O 8000 w.jets CR p* ¢ Data ]
@ — i | ® [ —A
2 = Wioe. = 6000 5 Wi -
[ [ Z+jets,diboson 8] [ Z+jets,diboson |
AT B Muliijet o 5 B Multijet ]
/4. Post-fit uncertainty Lﬁ 4000 7/ Stat. + Multijet unc. =
2000 .

Data / Pred.

002 04 06 08 1
NN output

@ HQL 2016, K.Kawade

Data / Pred.
o —_
o O
I

Data / Pred.

400 600
m(jb) [GeV]

Events / 30 GeV

e Checked backgrounds in
e 1 muon each CR region

o tt; 3 jets with 2 b—jets

e W+tjets; Only pass weaken
b—tag requirement

1000+ ttCR p* ¢ Daia _

ATLAS-CONF-2015-079

ner-p»

n—bjets

njets

SR

tt control region

—————————————
L ATLAS Preliminary \1s=13 TeV, 3.2 fb" |

' M 0.0q

I 1t With

[ W+jets

] Z+jets,diboson
Il Multijet J
7/, Stat. + Multijet unc. _|

500

0 200 400 600
m(jb) [GeV]

J




Vs=13 TeV

ATLAS-CONF-2015-079 k =§ . )

ner-p»

t—ch single top @

Variable Corr. loss

- m(€vb 31.8 %

» MVA with Neural Network (£vo) ‘
m(jb) 29.0 %

S — e _ my (W) 23.1 %
ST TR - & it B (0] 15.8 %
S T 12} IO m(Ch) 8.5 %
g 0.2 — Multjet 3 0.2f _T;U_ ; cosOW, Jevp r 1. 6.6 %
s °F 5 —|'::||_ AR(Lvb, j) 7.4 %
o X . L [ ] ' 8
- & ="T00 200 300 400 500 Y655 "854 08 08 1 (W) 6.8 %
m(ivb) [GeV] NN output Apt(Lvb, j) 5.5 %

AR, ) 2.1 %

otq = 130.3 £ 5.8(stat) + 16.5(syst) + 7.7(lumi) [pb]

0gqg = 90.2 £ 5.3(stat) + 18.4(syst) + 5.3(lumi) [pb] _.
Direct measurement of V,,

t OtqNLO = 136.0’:45}:‘6L [pb] (assuming Vtb>>Vts,Vtd, left chiral coupling)

ogqNL0 = 81.01575 [pb] |vath| =0.98+0.08
@ HQL 2016, K.Kawade J




Vs=13 TeV ™

CMS-PAS-TOP-16-003 CMS
t—ch single top @
A
s Event categorized by N—jets and M b—tag % « OR

e Simultaneous fit of NN based MVA output | 2j2b | 3j2b
e To constrains tt backgrounds

23" (13 TeV) 231" (13 TeV) >
(\! T ‘ T 1T ‘ T I LI ‘ T ‘ T 1T I L ‘ \IDIa.t‘af T I T 1] c\! _\ T ‘ T ‘ L I LI | T ‘ T T | T I;bla.{é T I L I_ .
L . . & - [ H H —
2 ssook CMS Preliminary mt-channel © 2500~ CMS Preliminary mt-channel ] njets
0 - 2j1tregion u* mtt, tw 0 T 2j1tregion u [mit, tW- ] SR
< C mW/Z+jets ] T B mW/ Z+jets ]
o r . (JQCD (DD) O 20001 [JQCD (DD) —
Lﬁ 2000F &g Post-fit unc. Lﬁ 3 N \ g Post-fit unc. |
15000 15008
1000 1000}
500 500F
1 -08-06-04-02 0 02 04 06 08 1 1 -0.8-06-04-02 0 02 04 06 08 1
MVA output MVA output

Orchp = 1415 £ 6.7 (stat.) = 9.4 (exp.) 157 (theo.) £ 3.8 (lumi.) pb = 141.5 335 pb,
@ Orchi = 81.0 £ 6.2 (stat.) £ 8.1 (exp.) ﬂg:g (theo.) & 2.2 (lumi.) pb = 81.0 ﬂg% pb.
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Vs=13 TeV ™

CMS-PAS-TOP-16-004 CMS
Diff tial t—ch single t
I eren Ia c Slng e op 12CMSPreliminary 2.3t (13 TeV)
E% " ’ Dlatg@NLO(dFS) '
] ~ £ — ]
e As a function of the pt. and |yt| g % T I R
[ E H + Pythia ]
. " . . Q gl aMC@NLO (5FS) 1
e No significant deviation form N RS ey
g _g 6 é i a+M|-(|3@N$O (4FS) 1
% E erwi ?
. . . . . 5 3
theoretical predictions within the ° _
. . . 3p T ]
experimental uncertainties 2 .
1 :
% 100 200 300
o5 CMS Prefiminary 2.3fb1(13TeV) ) . pr (t+f) (GeV)
> 24 2jetsibtag  eData Analysis detail ., CMS Prefiminary 2311 (13 TeV)
221 m(W)>50GeV & BDT> 0.6 t-channel . o 14f ' ‘ W ' ]
2 2 Bow < v Event categorized by £ 11 e o wurs)
c 16 EWiz+jets . = 1 + Pythia8 1
L% 13 |:|Multijfet 3 N_JetS and M b—tag Z ook —F’Og%g(gFS) ]
= ¢ Total syst. | o) . a+ yihia 3
10 - v BDT based MVA % 0% SPyian
68 3 ) L o 07 aMC@NLO (4FS) ]
4 ] discriminant e e W * Herwig
0 . . M E
S 12 + i v/ Data/MC checked in 0.4 :
Foj| S ] . . . 03F e 4
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0 100 200 300 0.1
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Signal enriched region; slightly harder? /




JHEP 01, 064, 2016

Wt single top production

e Events containing two leptons and
one central b—jet are selected

e Event categorized by N jets and M b-
tag

e to fit & to validate BKG

e Events are classified base on BDT

T T T T T T
ATLAS ¢ Data
700 =8 TeV, 203 fb" Wi
600 4 1 Jet‘l -tag mt
Il Others 3
500 'Y ' 7z Uncertainty 3

Events / 0.05

Result : ;;j//,/w/,/m A
23.0 + 1.3 (stat.)™35 (syst.) + 1.1 (lumi.) pb,

Fiducial cross—section
0.85 + 0.01 (stat.) "9 (syst.) + 0.03 (lumi.) pb .

@ HQL2016, KKawade  Consistent to theoretical prediction! Y




e

Summary

e Many top quark production measurements in Tevatron and LHC

e With different energy (/ s =1.96, 7, 8, 13 TeV)
e With different initial state (pp, pp)

o |[atest top production results agree with SM predictions

e Top quark pair production cross—section
Good agreement in various energies and regions
Very precise measurement

e Differential top quark pair production cross—section
MC models reproduce shape well
Potential further tuning

e Single top production cross—section

Good agreement with theoretical predictions

@ HQL 2016, K.Kawade




Thanks !
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Top quark pair cross—section oy;

1 1
Opp—tt — Z /[; fz(ﬂfl) dﬂ?’l/(; fj(iUQ) day % 6z'j—>tf (Ofs):

1.J=9,9,q

2 /01 day fi(xy, )

1
S [, deafi(s, pr)
Y >
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4 N

top cross—sections

CMS energy| Rqq | Rgg | oz "NEOTNNLL [h] sucna(I;e PDF unc.
7 15 | 85 172 3% 3%
LHC 38 12 | 88 245.8 3% 2.5%
14 10 | 90 953.6 3% 2%
Tevatron 1.96 90 | 10 7.165 2% 2%

I-channel tW s-channel
o, @ LHC13TeV 217 pb 72 pb 10 pb

6 HQL 2016, K.Kawade
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4 ™
Matrix Element Method

 The ME method directly uses theoretical calculations to
compute a per-event signal probabllity

* The method was introduced to Top quark measurement
in Tevatron (~90’s )

1 do;  his probabilities are estimated

P(;Tf\processi) — ~  for each process
o; dx

phase space parton level cy

do ' o dos /
— = Z/dy fri(a. Q2) foi(g2. Q%) = W;(2,9) Oparton(y)
dx , dy
J PDF Transfer function
configuration 9 )4
doys ;= (2m) [ M[2dD

4/ (qr - g2)2 — mim3
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