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Top production in hadron colliders

* The only quark heavier than EW scale: m; =~ 173 GeV

e pair production:
g t 9vsooo—— ¢

thru strong interaction W
] o { ovwoos—f

<
t pp @ LHC: mostly from gg — tt

pp @ Tevatron: 7.2 pb ~820pb @ 13TeV
> 40 millions of top pairs already produced

mostly gq — tt cf. Belle > 772 millions of Y(4s)

Qv

* single-top production: weak processes
— Quite large cross sections at the LHC
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Inclusive cross section behaviour
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* Rapid rise: reflecting the gluon density

 5TeV data from CMS from 2015 data (reference pp run for heavy ions)

New result not included here: ATLAS 8TeV I+jets (+13pb)



Top decay and recons’rrucﬁo

~ Run: 271516
-~ & Event: 7786087
— | d 2015-07-13 09:38:38 CEST

e t->b+W ~100%
— Helicity transferred to W

— short lifetime (I' ~ 1.3 GeV)

The only quark that decays ATLAS
before hadronisation EXPERIMENT

— pure b-quark:

best source for b-calibration i.e.
b-tag & b-jet energy

* Top pair reconstruction .

— single lepton: “¢ + jets”
— dilepton (2¢)

* one or two neutrinos in final state solution
by mass constraints: mp, = my, ,mp,, = m;

ttjets 15%

15%

— all-hadronic (all jets)
"dileptons"



from http://project-gfitter.web.cern.ch/project-gfitter/Standard Model/

Why do we measure top? '

by n L NN N R T ]
[} - 68% and 95% CL contours i) mworld comb. + 1o -
g 80.5 — I fit w/o M, and m, measurements :: - 21':01.77;';:\? < - —
. Eg E fif w/o M,,, m and M, measurements :: —o=076 @u_?gbn-eev .
PY LHC IS a top fa CtO ry 80.45 :_ [ direct M, and m, measurements _:
— Precision measurement of mass 80.4 )
— Cou pllngs 80.35 :—mfgigfﬁuﬂc@v —;
* Precise measurements: >r E
gateway to new physics B g | | [fierl. )
. . . 140 150 160 170 180 190
— Remember LEP/SLC Higgs mass “prediction” m, [GeV]
« Today’s signal is tomorrow’s background *TR ;
S —A.(Xhadz. B}
— Precise understanding of cross section behavior I W oo
44 1 % ee incl. low Q° data -
— Studying rare processes (e.g. ttZ for ttH) e N )
* It cannot be measured elsewhere for next 10+ years! 2- -
1 . =]
0 | Excluded ':;'\_ / Preliminary |
30 100 300
my, [GeV]
arXiv:1012.2367
precision measurement should come from the LHC (LEP-SLD EW WGs)
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TOP MASS



Top mass measurements: methods

“Direct mass”

* Measuring the 4-momentum

of decay product

Normalised events / 5 GeV

Ratio

M;;p My,
I.\, | \
b ) ]et b
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“Pole mass”

* Through cross section or
cross section shapes

— propagator appears in cross

section calculations
JHEP 08(2016)029

19.7 1o (8 TeV
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Inclusive tt cross section
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Best measurements are
from “mature” 8TeV data,
(being) published in 2016-17

“Direct mass” measurements

 World combination (2014)

ATLAS+CMS Preliminary LHCIOpWG  m,, summary, Vs=7-8TeV May 2017
173.34 + 0.76 GeV (0.44%) | == ot Cono. ar 2014, 7
total uncertainty total stat
My, = 173.34 £ 0.76 (0.36 + 0.7) GeV M, + total (stat + syst) S Rel
ATLAS, l+jets (%) 172.31+ 1.55 (0.75 = 1.35) 7TeV [1]
ATLAS, dilepton (*) 173.09 + 1.63 (0.64 * 1.50) 7TeV [2]
CMS, l+jets 173.49 + 1.06 (0.43 £ 0.97) 7TeV [3]
CMS, dilepton 172.50 + 1.52 (0.43 * 1.46) 7 TeV [4]
CMS, all jets 173.49 +1.41 (0.69 = 1.23) 7 TeV [5]
LHC comb. (Sep 2013) 173.29 + 0.95 (0.35 + 0.88) 7 TeV [6]
World comb. (Mar 2014) 173.34 £ 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS best results: ATLAS, l+jets 17233 + 127 (0.75 + 1.02) 77V [l
. . ATLAS, dilepton 173.79 + 1.41 (0.54 + 1.30 7TeV [8]
Jets d nd d I |ept0n ATLAS, all ths 1751+ 1.8 (1 i +1.2) ! 7TeV [9]
Com bination: 040% ATLAS,si.ngIe top 172.2+2.1 (0.7 £ 2.0) 8 TeV [10]
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [11]
> { ATLAS, all jets 173.72 £ 1.15 (0.55 £ 1.01) 8 TeV [12]
ATLAS comb. (une 2016 172.84 £0.70 (0.34 + 0.61)  7:87Tev [11]
CMS best results CMS, l+jets e 172.35 + 0.51 (0.16 + 0.48) s Tev [13]
. . CMS, dilepton 172.82 £ 1.23 (0.19 £ 1.22) 8 TeV [13]
|+J etsl d ” JetS > CMS, all jets 172.32 + 0.64 (0.25 *+ 0.59) 8 TeV [13]
a nd d | |ept0n CMS, single top 172.95 +1.22 (0.77 £ 0.95) 8 TeV [14]
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 + 0.47) 7+8 TeV [13]
[1] ATLAS-CONF-2013-046 [6] ATLAS-CONF-2013-102 [11] Phys.Leit B761 (2016) 350
(*) Superseded by results {3 j;téswzc (2';:;01103077 {g Z:f“P?:;‘:i 3257(2015) 330 ::3 ;Inx;: ;xggo‘;??zum 6) 072004
shown below the line iningpiot-osp b v ooy o
] | L1 1 | 1 L1 1 1 L1 1 1 | L1
165 7 170 175 180 185
Miop [GeV]

World best result from CMS combination: 0.28% (0.48 GeV)




]]b

Direct mass through hadronic decay ﬁﬁ

hadronic channel: using R3/, =

Mjjb

mg

mjj

— reducing jet energy scale sensitivity

173.72 + 0.55 (stat.) +
— Jet energy scale (0.64 GeV)

— Hadronisation modelling (0.60 GeV)
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CMS Lepton+Jets 197fb (8 TeV)

Most precise measurements

1.5 e Data o Powheg Pylhla z2* |
B o MG+MS, Pythia Z2* < Powheg, Herwig 6 -
fro m CMS i O MG, Pythia P11 * MC@NLO, Herwig 6 |
4~ MG, Pythia P11noCR Sherpa

* Mass from kinematic fits:
controlling kinematic dependence on
the mass reconstruction - good resolution

* Jet energy scale factor (JSF)
was constrained by either

o b b b1
100 200 300 400

— simultaneous determination of JSF and m,,,

t,had
Pl [GeV]
— or external knowledge from W reconstruction and the data-
driven determination are given equal weight (hybrid method)
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Road to < 0.3 GeV precision

Best
record:
0.49 GeV

=

Analysis (syst. error)

15t source (error)

2" source (error)

3 source (error)

ATLAS dilepton (0.74)

Jet energy scale
(0.54)

b-jet energy scale
(0.30)

ISR and FSR
(0.23)

ATLAS all hadron (1.01)

Hadronisation
modelling (0.64)

Jet energy scale
(0.60)

b-jet energy scale
(0.34)

CMS lepton+jets (0.49)

b-jet energy scale
(0.32)

Matrix element
generator (0.12)

Jet energy
correction (0.12)

CMS dilepton (1.22)

Ug, UF
(0.75)

b-fragmentation
(0.69)

b-jet energy scale
(0.34)

CMS all hadron (0.59)

b-jet energy scale
(0.29)

Background
estimation (0.20)

In situ jet
energy scale (0.19)

experimental

(Experimental uncertainties) = (model uncertainties)

* Worthwhile trying other mass reconstruction methods than direct mass

 Need more control to event generators

— e.g. parton shower, hadronisation ...

model dependence




Could direct mass have some bias?

Net effect would be

(a factor) X Agcp
— decay particles are well defined Could be ~ GeV

Meson mass (e.g. ]/ mass) well defined

— radiation (e.g. ]/Y — uuy) well understood

For top, decay particles include partons
— jet energy leaking out of cones (FSR)
— Jet energy modified by colour reconnection

— Jet energy increased by
ISR and multi-parton interactions

QQQ
S S
& \ :’ t
7Q QY
* In principle the top Q QY ‘Q"
could be off-shell,

which may lead to distorted
resonance shape in mass
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“Alternative method’:

Mass reconstructed

from lepton
+ J /¢y from b-jet

Y

Using ] /Y momentum to represent b-jet

CMS Preliminary

May 2017

b hadron lifetime

@ 173.50 = 1.50 = 2.91 GeV
TOP-12-030 (2013)

Kinematic endpoints

—@~— 173.90 = 0.90 +1.70 GeV
EPJC 73 (2013) 2494 -2.10

b-jet energy peak
TOP-15-002 (2015)

— 172.29 = 1.17 = 2.66 GeV

Lepton+J/¥

——@—= 173.50 = 3.00 = 0.90 GeV
JHEP 12 (2016) 123

Lepton+SecVix ®

173.68 = 0.20 *1-58 GeV
PRD 93 (2016) 092006 = -0.97

Dilepton kinematics ° 17170 = 1.10 #2688 _ . Gev

TOP-16-002 (2016)

Single top enriched ®

172,60 = 0.77 *0-97 GeV
arXiv:1703.02530 (2017) -0.93

CMS tt+j shape, 8 TeV P 169.90 + 1.10 +4.38 GeV
TOP-13-006 (2016) -3.49

oftl) 7+8 TeV

173.80 *170 | o GeV
JHEP 08 (2016) 029 :

CMS 7+8 TeV (2015) ° 172.44 = 0.13 = 0.47 GeV
PRD 93 072004 (2016)

World combination
ATLAS, CDF, CMS, D0 S
arXivi1403.4427 (2014)

173.34 = 0.27 = 0.71 GeV

160 170 180 190

m, [GeV]

Events / (10 GeV )

100

80

60

40

20

I3

JHEP 12(2016)123

CMS 19.7 57 (8 TeV)

T T T T I T T T T | T T T T ‘ T T T T ‘ T T T T
 m,=(1735+3.0)GeV ¢ ‘ ]
- ¢ Data b
— —— Fit result —
- * [0 sStatistical uncertainty
L i ........ RO L gamma componhent
- "a?‘ wo GAUSSian component
I |~"f‘s\. 1 I 1 1 L | L ""r'T"w 1 J L 1 1 1 ‘ 1 1 1 .

0 50 100 150 200 250
Myt (GeV)
Well-defined leptonic observable

syst. error 0.9 GeV only

— top pr modelling (0.64)

— b-fragmentation (0.37)
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“Pole mass” by o shapes: lepton kinematics

] L P A R BN BN s 185 T . T T T T ]
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& [ T s pretiminary |
= \s=8TeV, 202167 =
8 - * Data 2012
s ~romesrey 1 ¢ Kinematic distribution of leptons (eu)
= Y N Alpgen+HW . . . . eu
107 E — 8distributions: pr(e or ), [n|, dilepton p..",
i = : meH, |yeH|, ApeH, ps + pl, E€ + EH
10 | * Insensitive to detail of modelling
3 the hadronic part of the decay
g 1-21'— e l—lft_ e m;=173.2 +0.9(stat.) + 0.8(exp.) + 1.2(theo.)
= i ]
i PSS — dominated by up, ir uncertainties
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Summary and prospects in top mass measurements

Plot by hand
for illustration purpose only

Direct mass has been

cross-checked ATLAS direct (dilepton) 172.99 4+ 0.85 ——
by alternative methods CMS direct (l+jets) 172.3510.51 -
: CMS /Y 173.5+ 3.0 + 0.9 —
* Consistent ATLAS dilepton g shape 173.2+ 1.6 S P —
within large errors ERpEE g

i 170 172 174 176
Ways to improve further

» direct mass: jet/b-jet energy measurement
e track mass: top kinematics modelling, b-fragmentation

* through cross sections: scale uncertainties = higher order calculation

Understanding the top events is

crucial for future mass measurements
with <0.3 GeV precision
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DIFFERENTIAL CROSS SECTIONS



Motivation for differential cross sections

 Better to link data and theoretical models

— unfolded data: direct comparison to higher-order models

i.e. to discriminate parton shower models,
generator tuning and PDFs (parton density functions)

— also for controlling systematics for other measurements

e Sensitivity to BSM by comparison with predictions
— in particular highly-boosted high-p; production
 To understand top as a “standard candle”

— as it appears as decay particle of new states
as well background for BSM searches

18



Recent 13 TeV measurements (1)

Low top pt

b
(]
=
N

ATLAS Preliminary
Vs=13TeV, 14.7 ib"

T

0.012

0.01

1/c do / dp“'/ GeV

+

0.008

b
High top pt

0.006

0.004

0.002

L e L > 4 LI L L B L B
[}] ) —4— Data
$— Daia - ATLAS Preliminary
—— PWG+PYS — /S =13 TeV. 14.7 fi" —— PWG+PYS
..... PWG+HPP ":E 3.5 - T === PWG+HPP
aMC@NLO+Py8 © aMC@NLO+Py8
----- aMC@NLO+HPP B 3 -=+= aMC@NLO+HPP
0 stat. Une © [ stat. Une.
Stat. @ Syst. Unc. \b Stat. ® Syst. Unc.
= 2.5

2

1.5

\\\‘Illl\\\‘llll\Illllllllllf

IIH}II\IllHllllll‘Ill\‘\II\‘III\lII\Il

Data

2
1
0

Prediction

n

500 600 700 800 900

1000 1100 120(

Prediction
Data
." ”

p.’ [GeV]

All-hadronic channels (14.7 fb™1), normalised cross sections

Boosted topology: collimiated
decay products into “fat” jet

Internal 3-jet structure to tag top

p;OP ~1TeV, my > 2 TeV

Top candidate
—— Make —  ee=-al .
po——
o~ s exactly three ,* N\
N, . A Y
S N jets ¥4 \
1 '~ Y
;2o o\ { \
|l - ’l Ci ‘I — 1 @ .I —
- 4 1 1
‘\‘ o) oy} \ ,"
\ \;'i\ ‘~I'I ‘\ ’[
Ay
N (s ) v A V4

-’

L}
\

~. - SR

———————

Map = mW(l + 0.15) (Cl, b= j1>j27j3)

(from : note that this analysis does somewhat
differently to tag boosted top)
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13 TeV result (2) closer look

35.9 fb~! (13 TeV) 35.9 fb~' (13 TeV)

:-\ T T ‘ T 71 | T T T T T T 1 T ‘.\ T | = I_I | T T | T T T T T T T T T T T : T T |.I T |
L 25 cMS e, u + jets combined 1 5 2.5~ CMS e, i + jets combined
& . Preliminary 1 & ~ Preliminary
& 20] 8 20
;5 =S }  Unfolded data E b‘ch ' {  Unfolded data p
“D‘tn L —— POWHEG + PYTHIA8 Tlg i —— POWHEG + PYTHIAS i
15 g ——= MG5aMC@NLO (NLO} + PYTHIAE | 15 i PS matching ——— Shower Scales Down ]
- —---- POWHEG + HERWIG++ ——— Shower Scales Up
------- MG5_aMC@NLO (LO) + PYTHIAB -+ Reweighted top pt
r . —- h, up
1.0 . . 1.0 PS suppression camp -
i Different ME (matrix element) r PP — - Ngamp down
I and PS (parton shower) -
05+ 0.5

o ® o | ©
g5 s
0.8 T set T3 sl o Syst | | 82 S s St o syt | |
50 100 150 200 250 300 350 400 . 50 100 150 200 250 300 350 400
P (GeV) P (GeV)

* Cross section vs event variables, not top quark kinematics
— avoiding theoretical uncertainties in correction / reconstructing top
* high sensitivity to models and their parameters

e Data tend to be softer than NLO calculations =
20



That was not the only one ... other 13TeV data

2317 (13 TeV)

=3 102" T T T T T T T Ty . E i + Data
2 "t 4rias  Preliminary Fiducial phase-space 5 2 E CMS  efnsjets Sys @ stat
E F ys=13Tev,3.2 " o Dun 9 o - parton level Stat I
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B E e PWGHPYE Ny, =2y radHi 3 =3 = B wees. POWHEG Het N LO - s ==
S FE PWGPYS hy,, =m radLo ] — E - MGE P8
) 1 —— PWGHPYE Ny, -y _| B C - MGE H
T E ofa. e PWG+H-+ hy, -y E| C g R .
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[ tat, 3 | y~ —
108 Siat 4835t ure - 107 E . MGS5 P8 [MLM]
1072;* *; B Czakdn, Heymes) Mitow (2015) T
E 3 102 i NNLO ™ ==
10 3;_ ------------------- T § | | ‘I:IQF:HRIIZIQ::Z?:lﬁ:::‘ﬂt:zlk::i ml NLO = =
_ E | L 1 } = = E 6
8. 12f 5 S|m 14 - T0 d=nsss
25 F E 218 12k -
< E [= L E - CMSH1+j) H—e—s
0.8F = 4 X 5 +
g 12 = 0.8 & | >
ﬁ\g “E 3 0 100 200 300 400 500 600 700 800 3
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500 800 1000 i - PP— tE+X (8iTeV)
pi [GeV] 05 CMS Preiiminary 2.2 (13 TeV) E o3 ; me=173-3-Gelt
= [ o *
3 E "aras’ Fiducial phase-space E % - QDilepton POWHEG v2i PYTHIAS B - [:
o} Fo " P P B =4 el - MG5_aMC@NLO+PYTHIABMLM) 2 5 M p/M€{0.5,1,2}
= o | 1s=13TeV,321b e Data | o E ()
= 107 Stat E 2 C MGS5 aMC@NLO+PYTHIAB[FXFX] i
'8 o+ I = - g:ﬁiga& L s B g 0025 :_ POWHEG v2+HERWIG++ o
e r e POWHEG Bow + HeRwiG 4+ n a . —=e—— Data with stat+sys uncertainty 'k
o 1073 E — ;:EW::AG Bocs Prman 3 - F Statistical uncertainty
E e MG5_aMC@NLO + Herwas+ — o002l i
= - MGE aMC@NLO + PyiHa 8 7| < % o i
10 e = 5 o
E E S ool 1.3 ikl
E - o] ]
F . ol C ! 9 1.2 SeTRETEREEE
s 5= R Y] | 2 1.1 P SN S E———— as o —— R
C >~ TTTTITIL - -
a — £ ™ o 1 e i
N = st | R T ——— i <=
[?- E i i a 0.9 unu"}" { T
© ?gj — NI~ = ! i
L S deves ety 0 50 100 150 200 250 300 350 400
= e = Dla M pr,. [GeV]
B 23 o5t
£ o5k . LI M. Czakon, D. Heymes and A. Mitov,
200 400 600 800 1000 50700 150 200 250 800 350 400

P () [GeV] p. [GeV] PRL 116, 082003
* pr of the top quarks tend to be softer than NLO calculations
— NNLO gives better description

— wishing to have higher order event generators! 21



EPJC 77(2017)220

tt + jets @ 13 TeV

5 T \ T
o2 1= ATLAS =
35910 ' (13 TeV) O i 13TeV, 321" =
a8 éMS €, i+ jéts comBined | t t d —1o C . e add. jet p_ > 25 GeV H
. -g40 Preliminary parameters tune 10 1 e
vz 40 ; e =
© [ ¢ Unfolded data / USIng 8 TeV top XS ; —— E
o —— POWHEG + PYTHIA8 data by CMS -
301 ——- I\P/IGS aMC@:)_'NLO (NLO) + PYTHIA8 o Powheg+Pythias
—_—-- OWHEG + HERWIG++ A o _ |
------ MGS5 aMC@NLO (LO} + PYTHIAB o = S glr?5_aM2C}§)NLO+HerW|g++ E
2 Hard radiation S et i ]
B ot i C ]
e=p=y pp > 30 GeV parameters o WSE ]
L. ~5 L —— Stat.+Syst. -
1oL are not optimised 107: ! ! ! ‘ L
+ © 1 '45_ E
P -'(%l 1 .2:— llllllllllll I.I_A_—A
0 | | | L-—u--—»---a—--q Q | em— DTSR
| | N N R R R O 0 8:_ -------
© 1.2+ _l:__JI — E e E
B 10— 0.6 . ‘ -
8:2 | swt T Stat &Syt ‘ ‘ ] - 1.45..... Powheg+Pythias (RadLo) ....... Powhegx+Pythia6 (RadHiy-
4 5 6 7 8 9 10 1.2 E
Jets Q 1_
iti 08
* Very sensitive to the models, 0. B Powheg:Pytias T E

especially the parton shower models 0 1 2 3 >4
Number of additional jets

— Used for tuning parameters
to reduce model dependence

We continue to measure differential cross sections
for further improving models 2




Top in very forward rapidity from LHCb p

Asymmetric configuration: small mass

= \/SX1X, is small

when x; or x5 is small

Mpartons

— Top production cross section
at the LHCb rapidity range
(2 <n < 4.5)istiny

Main BG: W + bb
Fiducial o ~ 0.045 pb
Observed:

0.0519:04(stat.
4.90 significance

005 (syst.) pb

Higher statistics for constraining
high/low-x gluons

—+ Data(u)
W+bb

. W+ce

. Background

a8
& =7 -
TR
e ()
- o
(¢]
<
Events / ( 0.0

I] T T
)
Sk o o OB K o e O

: LHCb
E (s=8TeV

e
EH

2 04 0.6
m.. [GeV] uGB

5
i3

. LHCb f 316—LHCb
E (5=8TeV 1 zZu14f

1 0.5 0 0.5 1

~ 1sE

F 8 TeV
] 52k
>
E =10

L
I =)

1S

1 0.5 0 0.5 1
i, BDT(blc)

i, BDT(blc)

Selection:

1 lepton with pr > 20 GeV

and 2.0 < n < 4.5(4.25) for u(e)
2 b-tagged jets with pr > 12.5 GeV
and 2.2 <n<4.2
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TOP COUPLINGS AND SPIN



Extracting couplings and spin

* Cross sectiontott + W,Z, tt + y : EW coupling
* Decay to unknowns? - Top width

* Angular distributions of the leptons from top

— spin correlation of top quarks
— Wb vertex (V-A structure etc.)

—> now also from single-top production (slides later)
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- 2.52M$F[rfqat'nlar;: TR T I3I61:3'1I(1:I3T9V
i = P / + 2.0 best i
L % =
t ; / —O
% S
£ B 7 i
ttZ vs ttW both - N SN
>50 observation 05/ -
with 36fb~1 : ]
% o2 0a oe o8 12 e e s
Gy [PD]
« 7Z%s are radiated partially from top quarks
— Anomalous coupling to the 3" generation are
much less constrained so far
* Also for understanding ttH
* Very good precision —e.g. for ttZ ,
o(stat.) = 10%, o(stat.) = 12%, o(theo.) = 10%
: R 1
* Interpreted in terms of effective field theory £ += —=);

First ttW and ttZ cross sections at 13 TeV :
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—2AInL

4
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j S

g
t
Z
t
g t
CMS rreliminary 36 fb~! (13 TeV)
—— best fit
-------- loCL
.............. 20’ CL

ooooo
oee,
o
......
-----
--------

|Cus/N?| [TeV~2]

O:
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tty cross sections

> LN LI L L L L L L L O L L L I\I\ll T |\|I\|\|I T
§ 10*= ATLAS e Data - ATLAS NLO prediction based on
o ; e—y Fakes |
o ‘Smgle lepton channel B Prompty Bkg SEEohl
10° Hadronic Fakes — :
%% Uncertainty ]
Vs=8TeV 202" | il
This work i
. Vs=7TeV 459 b’ P
B 11 PRD 91 (2015) 072007 ‘:
o 1Ee i
g 09? | | | E |
00'8(51”2”'4‘H6l“8‘ 10H12 14 16 18 20 L R AR AR SRR N AT R
Py’ [GeV] 05 1 1o ofid/GSM
tty Gtty
19.7 fb™ (8 TeV)
5 %9%F cms ¢ Data Wz
2 500 e/usiets B v
° H c C +jets ultije
Pr0b|ng tty vertex :>j 4OOW Singlet 3\ Uncertainty
* Good agreement with SM 300 AN G - SN
200f
Category R ﬁ r (fb) Oty B (fb)
e+jets (57L18) x 10-* 138L45 582 + 187 100
ptjets (4.7 + 1.3) x107% 115432 453 1+ 124 c 108 [ R
Combination (5.2+1.1) X 107* 1274127 515+ 108 0
3 1
Theory — — 592 + 71 (scales) + 30 (PDFs) & 0.8k \\\\\\ *\W\\\\\*\\ \\\\\o
o 0 0.2 0.4 0.6 0.8 1 1.2 1.4
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ATLAS Freliminéry Post-fit, | = 1 ' ¢ Data ' 1t signal
(s =8 TeV 20.2 fo mm Background 2z Uncertainty

Decay to unknowns? L i 7 >
= Top width i T LI
p @ eHels etjets L _”J_[" u+ets ‘1 Jf g;g—tsags 1

-
;j 1 b-tag Y #" =2 b-tags
le,
i
e e -¢+'—
Ea i

1000

Evenis

1 b-tag

e ks o

e —— ] e

Coze Yilin #is Gl _ i ++ﬁ+

o e % _._f v e +v+7 B e = it 7 o, 5 Tf f_rrv*._‘_‘ it o -t

B s - e
30 105 160j30 105 180[30 108 180\30 105° 1 [GeV]

13 TeV
> 0.12 " 3 .
) ~ CMS simulation preliminary ~ __ = o — o R e AR EEEE s e s e ma
L 5 [ CMS Preliminary 129" (13 TeV = . . sz
g_ - P (lepton,jet)2100 GeV, - 1b-tags B 8000 " tepton, et 100 ge.vD 1 (13TeV) B Wiy S 5000— ATLAS Simulation Preliminary \s =8 TeV —|
e o1 = L =tbtag aeT * > T p+jels =2 b-tags = a
Y C 5000l PMultiboson  [{w  [JpY L 4000F- |yl > 1 [ =0.7 GeV
z [ F it B C —I,=1.3GeV
S 008~ = r F =3.0GeV -
a B o 4000— 3000— =
0.06— r L 7]
C 3000— 2000— -
= r E ]
0.04— r E ]
L 2000— 1000 =
0.02~ 1000/~ F e .
i C 2 1.05- pa g
o C ||\| . : &u 1—:
5 e — i 2 140 DBl oo s pruopm e s e
[ — 'E_T::_I o 8 C 0 20 40 60 80 100 120 140 160 180 200
0 50 700 750 200 250 300 S0 50 00 180 00 250 300 m,, [GeV]
Mass(lepton,jet) (Inclusive) [GeV] Mass(lepton,jet) (Inclusive) [GeV]

* SM prediction: 1.322 GeV (for 172.5 GeV top)
* Tiny deviation in mass shape in m;;, for leptonic decay, still sensitive
— CMS:0.6<T'<2.5GeV (95% CL)

— ATLAS: T = 1.76 + 0.33(stat. ) *973(syst.) 28



SINGLE-TOP PRODUCTION



Single-top: overview

" ATLAS+CMS Preliminary LHCIOPWG = a1iastchanne ]

. . PRD 90 (2014)112006, arXiv:1702.02859,
- Single top-quark production JHEP04 (2017)086 .

= ® CMS t-channel 7
May 2017 JHEP 12 (2012) 035, JHEP 06 (2014) 090,

i >200pb, arXiv:1610.00678 .

s , O ATLAS Wt
- Y of O'(ta PLB 716(2012) 142, JHEP01(2016) 064, -
arXiv:1612.07231

w+| t-channel

* |HC combination, Wt

-k

o
[\
I

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

..-.-i.-!—.—

CMS Wt
% PRL110(2013)022003, PRL 112(2014)231802

-I-L;l—l' A ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756(2016) 228

¥ CMS s-channel
JHEPO09(2016)027 95%CL

Inclusive cross-section [pb]

- y X 7+8 TeV combined fit 95% CL -

Y
3 X
n b 3 U 1 === NNLO PLB 736(2014)58 i
- L N - scale uncertainty
l L

1 O _ === NLO+NNLL PRD83 (2011)091503,

PRD 82 (2010)054018, PRD 81(2010) 054028
Wi: T contribution removed
_T_ scale ® PDF ® o uncertainty

LWt .

NLO NPPS205(2010) 10, CPC191(2015) 74
Ho= M=y,

S'Ch ann el CT10nlo, MSTW2008nlo, NNPDF2 3nlo

Wit: p: veto for tf removal = 60 GeV

W+ and =65 GeV

- scale uncertainty -

I 1

'

| |

1

1

I

| ]

| ]
——-

scale @ PDF @ o, uncertainty
b M= 172.5GeV

Vs [TeV]
* No longer statistically limited for inclusive o

e Can measure t-channel without multi-variate analysis (and soon Wt as well) v



t-channel: differential XS and flavour scheme

q q
W+
b t
5-flavour scheme
q q
W+
b
9 b

4-flavour scheme

1/ 0 xdo/dpy(t+f) /

1 CMS Preliminary 2.3fb (13 TeV)
» ' « Data 1 |ATLAS Vs=8 TeV, 20.2 fo”
—— aMC@NLO (4FS) ; Measurement result ——
10¢ + Pythia8 E [ stat. @ syst. unc. [ stat. unc. 0
g : — Pog;i?a(g FS) ] Predicted fiducial cross-section with CT10: :
: ?: + ] le ® PDF unc. [ PDF unc. '
8;— _________ = aMC@NLO (5FS) _ [ Iscale unc. [l unc :
3 + Pythia8 E POWHEG-BOX+PYTHIAG —
s -- aMC@NLO (4FS) ; POWHEG-BOX+PYTHIA8 — |
6F + Herwig E ¥¥ PowHEG-Box+HERWIG — |
5¢ " POWHEG-BOoX+HERWIG7 —
4k MG5 aMC@NLO+HERWIG |
35_ MG5_ aMC@NLO+HERwWIG7 o
3 %] POWHEG-BOX+PYTHIAG -
25 '8 POWHEG-BOX+PYTHIA8 o |
L3 2MG5_aMC@NLO+HerwiG7 |
C IR RE EEEE [ : ||
OO 100 200 30 7 8 9 10 11
t+f) (GeV
pr (t+1) (GeV) 6,4 (t9)[Pb]

e t-channel needs b-quark in/around the initial state

— Intrinsic b-quark in the proton (5-Flavour Scheme, 5FS)?
Or all should be produced dynamically from gluons (4FS)?

Need to factorise the two diagrams properly

* pr(tort) mightimply some model improvement in the future
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Helicity studies

arXiv: 1707.05393

> — L L B B B B I L I
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arXiv: 1707. 05393
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Event selection: as simple as cut-based (ATLAS)

— Full analysis with azimuthal angle

”VP Ve, P tW_——
(VP + VgPR) 2

g ;ic"qy B
—(gLP, + gRPR)t% + h.c.

g —io"q,

70 m ——— (ff P, + fRPtW, + h.c.
w

arXiv: 1610.03545
5.0 (7 TeV) + 19.7 b (8 TeV)

o> 14
N

- CMS [_195% CL observed
1.3 [ 68% CL observed
1'2;—“” T "““\.\\ ---------- 95% CL expected
1.1E », —— 68% CL expected

> )

1 /

F o
0.9 /__/""
08~
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i
5.0fb" (7 TeV) + 19.7 fb™ (8 TeV)
o> 1.8
= [ CMS
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Ly 1 95% CL observed
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| PR | " s
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T

similar precision to

tt-based analyses 32




Evidence for tZq production + FCNC search

e FCNC
=2 ATLAS Preliminary o Data ] q L
8 (s=13TeV,36.1 b tZq 7
E by . W ] e
406 Z+jets _ q qu
Diboson _ g A
C o HvV+HEHAWZ .
30— 2z Uncertainty  —
c E tZ only:
20E % E no b-quark radiated
- 77 //‘
o / / //?7 / 2 “g cMs 19.7 b (8 TeV)
— L B B B B B B ILEN EU I
= S 16 7 mz
g’ o 2 14 %7 ooyt
%‘ 1?5//////{///5/4}{/5/&?//}}?}’{?%% G Wﬁ’%ﬂ% § 12? E;\Izzm.f. E
© i o o s e g B O g 6 R 1 8 I 0 9 0§ W 10 v E
0 01 02 03 04 05 06 0.7 08 09 & 1 83_ Z % :cheétalnty i
. . . 4_ . _:
e Sensitive to both WWZ and tZ vertices 2" ]
. = 0“”?'&/ ywn
— EW physics via single top! 3 “? 7 / / /4//%/%* ”
"a‘ 05 OO ‘AR SO N SO SO e a7 o o ST
. . . S Tol: s/ PURNV
* First evidence with 36/fb for tZq (4.20) Tedes 0d 02 BBTtgiCNg“d.S(’C?.m".ﬁan{

— 600 fb (obs.) 800 fb (expected)

* FCNC upper limit by tZ final state (no additional b-quark)
— Br(t = Zu) < 0.022%, Br(t - Zc) < 0.049% @95% CL
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Summary

Top physics: towards very high precision in mass, properties
through tt and single-top production
Need to control experimental and theoretical systematics

— Interaction between experiments and theory
through cross section measurements

Higher luminosity — extension to unexplored regime
3x more statistics by the end of 2018
— new processes (ttZ, tZqg...) for EW and BSM couplings

— higher py for new physics
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Why do we measure top? (2)

| m/2dy)
° 1 ’ _6

Top quark is a probe to new physics —
L 4.1 x 10
T 7.0 x 1073

through huge Yukawa coupling to Higgs : ” 10_55

3x10

yt . 1 S 5x 104
— top is by far heavier than ————
)

other quarks, beyond EW scale I: 1°7;710

If new physics contains unknown Higgs-like sector,
top quarks should know about it,
hopefully at a reachable energy
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Entries / 1.3 GeV

Data/MC

*Alternative kinematic reconsiruction (1)

Kinematic endpoint by “M;,” reconstruction (CMS

)

— maximum mass of either t or t is minimised to find optimum distribution of

missing momentum to two neutrinos: MTz = min

Best fit from “hybrid” method: 172.22 + 0.18%9:87

PTmiss

GeV

(max{mT,bp mT,bz})

— syst. from jet energy scale, b-fragmentation, scale uncertainties

197fb (8TeV)

+ Data
[ Signal
[ 1 Mistag bkg
[ ]t decays
[ ] Had. decay
[_1Non-tt bkg

3 |:| Uncertlalnnes + { i
ﬁ ++*+++¢++#” +MW¢¢¢ ¢¢ #“ *ﬂ +‘++++++ ++ ++++ +++ + + & + { : <£
a3 ’ + \ ?
120 140 160 180bb 200

Mr; [GeV]

Arbitrary units

' MEC = 166.5 GeV

R,.C =172.5 GeV

C-178.5 GeV
Local shape sensitivity

;

120 140 160

180

200
V3 [GeV]

7bb bl
M Mrs
Lot Lt
1 i Wt v
4 W— v
I b it | MES

S |
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Single-top enriched mass

Weak production:
different influences from QCD effects
i.e. ISR/FSR, colour reconnection

— less partons involved in the interaction
Reflected to the systematic errors

— Jet energy scale: 0.6-0.7 GeV
— Model dependence < 0.4 GeV

m, = 172.95 + 0.77(stat.) 332 (syst.)

19.7 b (8 TeV) +

= m data
(ij) 600 CMS — B t channel
E 1 schannel
~~ 500 B tW channel
0 T . -
5400 —Hot
Lﬁ T . Z + jets
300 j l W+ jets
200 _ . diboson
- - QcD
100 —; —
900 150 200 250 300 350 400
Myp (GeV)
o @ ‘
= by
E [ 3 i '}
B Fereree et tbbhaaiigp g 1S
0O
0 b e e e e e e e e e e e e e e e e —
o0 150 200 250 300 350 200
19.7 b (8 TeV)
> L LA S R
Se00F- CMS -
o 7
T 500F 3
% - — t channel + bkg |
o 400 P % L total bkg =
T Y A S non-top
300 —
200[ 3
100~ E
L (PR AT BRI R | fianan
OO 50 100 150 200 250 300 350 400

mp (GeV)
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*Recent 13 TeV measuremnts (2a)

pred
data

35.9 ' (13 TeV) o L 359 (18TeYy)
e — — e e E - -
05 cMS o, i + jets combined = 05| CMs e, i + jets combined
r Preliminary 15 - Preliminary
= For 1
i = 04 4
0.4 t  Unfolded data 7 sl t Unfolded data
r —— POWHEG + PYTHIA8 1 Slo r —— POWHEG + PYTHIA8
I ——— MG5.aMC@NLO (FXFx) + PYTHIAS | 0.3 ——— Shower Scales Down
03r —--- POWHEG + HERWIG++ 7] ’ ——— Shower Scales Up

------- MG5 aMC@NLO (MLM) + PYTHIAS e Reweighted top pt

| —o= Hgamp UP
02 ] 0.2 8 —ew= Ngamp down ]
0.1 0.1
""" 0oL
________ JUB T N
2 [P e LIt R et
8|% 1.0 | (e T R
a h=] : __I e —— T T TR ———
0.8 [ Stat. [ Stat. & Syst. gg i 7 Stat. ’I—‘ Stat. & Syst. ‘
06 500 1 Obo 1 5|00 ’ 500 1000 1500
Hr (GeV) Hr (GeV)

e Comparison to different models

* You

matrix elements calculation @ NLO
parton shower simulation
matching scheme between matrix element and parton shower

parton shower phenomenological parameters

see why it is important to understand the models!
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*Event kinematics result
@ 8 TeV from ATLAS

[1/GeV]

1/c do/dp

MC/data

—— T

ATLAS Preliminary
\s=8TeV, 20.2 fb”
® Data 2012

— Powheg+PY6

-+ MC@NLO+HW

- Alpgen+HW

T \IIIHIl
| \IIII\Il

T \\\\IIII
| \\\\Illl

Lepton P, [GeV]

many of generators tend

to predict harder p spectrum

ISR/FSR, parton shower matching
parameters would change behaviour
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MC/data

MC/data

MC/data

MC/data
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e =

[ -® Powheg+PY6
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[ & Powheg+PY6 radHi
] 1

e 1'

- ATLAS Preliminary

CVs=8TeV, 202"

-®- Powheg+PY6, h ——
F = Powheg+PY6 p_NNLO
——A— Powheg+PY8

_ATLAS Prellmlnary
C\s=8TeV,2021b"

[ -® Powheg+PY6, HERAPDF 1.5
= ™ Powheg+PY6 no spin corl.

IIII

lIIllllIIIIIIII

1
ATLAS Preliminary ®
F \s=8TeV, 202fb‘

i

il [

_I.e._

3 .- Alpgen+HW
[ ™ MC@NLO+HW

aMC@NLO+HW++
P

ii-%"‘f'F:?::‘f: ------------

0.9 :—
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Changing parton
shower
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parameters from
previous tuning

Without
PS suppression

PDF to
HERA-only fit

Different
generator
models
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*Gap fraction @ 13 TeV

* Fraction of events without any

{58 Stat. Uncertainty
------ Stat.+Syst. Uncertainty

= S T T ] T a
Qo B ‘ i jet with
0.9 < = '
B © ATLAS i et) >
- \s=13 TeV, 3.2 fb” ] ) PTO ) QO-
aak veto region: |y| < 2.1 a in addition to the b-jet from the
CL —— Powheg+Pythia8 |
- - - MG5_aMC@NLO+Herwig++ ] top decay
o7 /& e Sherpa v2.2
B ® 2015 Data

e Sensitive to hard radiation in
|/FSR, parton shower due to
colour connection

RN || BT

MC/Data

................ Powheg+Pythia6 (RadHi)
........ Powheg+Pythia6 (RadLo)

50 100 150 200 250 300
Q, [GeV]
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*Sensitivity to PDF(1): ratio to Z, lepton kinematics

et w5 1.1 —
g t "I aTLAS y
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| data + stat. + exp. uncertainty : L =3 ATLAé—epWZ12
| data * stat. uncertainty L ATLAS-epWZ12 +Hi+Z
A ABM12 ——h—— o
v CT14 —N— B A A
. NNPDF3.0 o-g 11 I1I0-2 1 1 1 1 11 I1l0-1 1 1=
® MMHT14 1 o—— X
O  ATLAS-epWz12 ——CO—+
[0 HERAPDF2.0 ——T{h—+ =t [ '”'sz mlig " ATLAS Preliminary [RI%%
1 1 (I\IINII_OIQIC)DI, Ir;lnelr l':r1(:lertl IPDIF OInIY) 1 1 1 I 1 1 1 1 | 1 1 1 1 l 1 1 1 g‘ : % HERA I+|| -
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§1 05}
tot/fid tot id i
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* shape of gluons e



[GeVT]

d“o(th)

o(tf) dy(tf)dM(tf)

Ratio to CT14

*Cross sections sensitive to PDFs (2)

CMS 19.7 fb™ (8 TeV) CMS
[ T T T 1 T | T | T | T I T I T | 5 — — —
102 __340<M(tf)<400GeV_“_ 400<M(tf)<500GeV | 500<M(tf)<650GeV | isoD;![\g(tf)dSOOGev | &_\:1 A - xg(x) ufz = 30000 GeV? NLO :
F E = Eiln
;.“ ' O(Oﬂg) [MNR] ) - [ HERA + CMS W™ 8 TeV NN
| ... | ",., CTi14 m ‘g) [ : + [pT(t)v y{t)] 8 TeV
102k . - o . CT14 u + PDF < 4o +[y(), M(th] 8 TeV
T @ RO S HERAPDF2.0 o + [y(th, M(tD)] 8 Tev
”
........... . x
a4l | o S 1
107 = . =
105L L $ 0.8f With this i
: | o | ! - | o6l data
1.2+ 1 I r [ Ll . o .ii‘
sbdo¢ L. 1 ; ; 3
L e $ ii ) (B $ ) 10 10 10 X
08 g S i i llllllllll | i IIIIIIIIIIIIIIIIIIIIII
1 2 1 2 1 2 1 2 i PDF fit with HERA
[y (th)] data only

CMS Double-differential cross section

X =

E, '

More direct correspondence to q or g(x, Q%) through
Erie ™M + Epye™ 2

0* = 53

Better constraining gluons by adding tt data to HERA DIS data
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Charge Asymmetry

from arXiv: 1207:0331 by G. Rodorigo
Moriond EW 2012 proceedings

LHC

dt)'_.'d‘f

A gives which of t and £
is produced in more forward direction

Alyl = lyel = lysl

_ N(Alyl > 0) — N(Aly| < 0)
“ 7 N(@lyl >0)+ N(Aly| < 0)

PLB 760 (2016) 365 C

ATLAS+CMS Preliminary LHCtOpWG Vs=8TeV Sept 2016
it asymmetry total sta{ : ! AC t(stat) £(syst)
ATLAS I+}'ets H—— 0.009 + 0.004 + 0.005
PJC 76 (2016) 87

ATLAS dilepton A“ S 0.021+0.011+0.012
PRD 94, 032006 (2016)

CMS I+ Jets tem 6pIate H-oH 0.003 = 0.003 + 0.003
PRD 93, 034014 (201

CMS H—o—H 0.001+£ 0.007 £ 0.004
PLB 757 016 154

GWIS dilepton Att H—e—H 0.011+0.011+ 0.007
PLB 760 (2016)

ATLAS l+jets boosted I : = : !
(M_>0.75TeV && A Jyll < 2) 0.042 + 0.019 + 0.026
PLE 756 (2016) 52

dilepton asymmetry

ATLAS dilepton A" H—a—H 0.008 + 0.005 + 0.003
PRD 94, 032006 (2016)

CMS dilepton A" H—e—H 0.003 + 0.006 + 0.003

-0.05 0
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*W polarisation from tt decays

£ =L pyr,p, + VP 7/ 9 plo™ay P POtW; +h
£ BT T —by (VP + VgPR)t ——=b———— (g, P, + grPr)t u tn.c.
c E Simulation i3 2_ jets, > 2 tags 2 2 m
2 0165 ) - -Right handed /74
> [ s=8TeV Leptonic Analyser — Left handed
£ 0.14F — Longitudinal
2 ATLAS+CMS Preliminary LHCIOPWG May 2017 [nem|
"""" Th NNLO QCD
—_— PHDe;réo(m)wnmz (R) ) FR FL FO
~—=— Data (F F,/F))
10 ATLAS 2010 single | =7TeV, L =35pb” H—e— et
% r ATLAS W 99.7% CL ATLAS-CONF- 2011%2‘9 pilsplon =<7 18 §
o r 95.5% CL ATLAS 2011 single lepton and dilepton, ¥s=7 TeV, L =104 o' HH Hmd e
0-37 f|_ dt=20.2 fb’1c:7 68.3% CL JHEP 1206 (2012) 088
r Osm CMS 2011 single lepton, {s=7 TeV, L =22i* HaH H——H
L _ 8 TeV CMS-PAS-TOP-11-020
© sk ATLAS ‘ ' 06 vs= LHC combination, [s=7 TeV JHIH HaH
E é Leptanic analyser — EFrfitter ATLAS-CONF-2013-033, CMS PAS-TOP-12-025
P e 04 ATLAS 2012 single lepton, Ys=8 TeV, L,_=20.2 fb" hai
Guoof e :zbag A V=1 EPJC 77 (2017) 264
& donof- C g, =0 CMS 2011 single lepton, {s=7 TeV, L | =5.01b" [t ] =
3000/ 0.2 L JHEP 10 (2013) 167
2000F C CMS 2012 single top, Ys=8 TeV, L, _197fb1 Ha
g C JHEP 01 (2015) 053
190F 0.0 Q CMS 2012 single lepton, {s=8 TeV, L, _1558fb1 HH
g o ‘ ‘ C PLB 762 (2016) 512
S H F CMS 2012 dilepton, 15-8 TeV,L_=19.7 fo" >
5 0.37 <65 5 st _0.2_ CMS-PAS-TOP-14-017
C * superseded by published result . ; i | | ; ’ |
_0 4_| 11 L | 1 L 1 L | 111 I L 1 L L | L L 11 | 11 O Wb O.E I‘ .t f t.
= 71 '0 705 00 0-5 1-0 1-5 0son helicity rractions
Re(Vr)
) A q(2)
W direction 0+
« Wtb vertex: V — A type coupling (V) |
— W polarisation: F;, (Left-polarised W) 31.1%, Fr ~ 0.1%, F, 68.7% ¢ direction
— Deviation in polarisation may suggest additional term ¥ (=i)
in coupling (Vr or g;, gr: tensor couplings) .
°

Polarisation obtained from £* (£7) or c-quark from W — c¢s decay
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t-channel t and ¢t ratio for singlet PDF

W*

i LA B B S o S o o B i e e e
ATLAS Vs=8 TeV, 20.2 fb!
Measurement result —_——

[Distat. ® syst. [ |stat. :

Predictions calculated in 5FS:

[ Iscale ® PDF + o unc.

ABM (5 flav.) .
ATLAS epWZ12 =

CT14 n

HERAPDF 2.0 ]

JR14 (VF) o

MMHT2014 : o=

NNPDF 3.0 .

IS EPEEIE B LI - (RN B |

1.4 1.5 1.6 1.7 1.8 1.9 2

R,

CMS

—— T
CMS
1.81+0.18 (stat) + 0.15 (syst)

CT14
ABM11
ABM12
MMHT14
HERAPDF 2.0

NNPDF 3.0

12 14

2
Rt-ch. =Gtch.t /o

—_
o

16

227" (13 TeV)

t-ch.t

ATLAS

L L L N L
\s=13TeV, 3.2 fb™

Measurement result

stat. @ syst. stat.

v

ABM (5 flav.) be
ATLAS epWZ12
CT14
HERAPDF 2.0 :
JR14 (VF) bl
MMHT2014 b i
NNPDF 3.0 ——
P PRI I R S S 1 1

1.2 1.3 1.4 125

16 1.7 18 19

e Sensitive to the isospin of the valence quark PDFs (e.g. u/d)

* Further statistics should help
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FCNC limits

t—Hc
t—Hu
t—=ycC
t—yu
t—gc
t—gu
t—Zc

t—Zu

ATLAS+CMS Preliminary 95%CL upper limits
LHCtopWG
November 2016

Each limit assumes that
all other processes are zero
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