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1995
lop-quark discovery

—AVY QUARES

Now

A mass measurement

CMS Dilepton, 19.7 fb™ (8 TeV)
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[CDF collaboration, 1995] [CMS collaboration, 2015] mpMWT [GeV]
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W,

-STRIANS

top

Y Py
g I} / v

anti-top

top

TR — datg(pt,p{) o dUtf(puPE)

lest strong interactions >mm (@QJ }mm <
beyond leading order:

lest new Interactions
at leading order:
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angular asymmetry

do A doz doz 3
S ~ (X
dcos dcosO@ dcosb 5

0.25 , , . . . ,
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pure QCD +—e—
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[NNLO: Czakon et al,2014]  Scenarios

[QCD NLO: Kuehn, Rodrigo, 1999] [NLO+NNLL: Ahrens et al, 201 |'] [N3LL: Kidonakis, 2015] [EWV: Hollik, Pagani, 201 1] [...]



WAl WE OBSERY

rapidity asymmetries
. g(Ay > 0) — o(Ay < 0)
Y o(Ay > 0) + o(Ay < 0)

Tevatron: Ay = y; — vz LHC: Ay = |y:| — |y;]

do/dy

do/dy
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ATLAS+CMS Preliminary LHCIopWG Vs =8 TeV Sept 2016
tt asymmetry rotal etal T A =(stat) =(syst)
ATLAS I+{'ets —— 0.009 + 0.004 = 0.005
PJC 76 (2016) 87
ATLAS dilepton A | = — 0.021+ 0.011+0.012
PRD 94, 032006 (2016)
CMS l+jets tem 6plate —e—H 0.003 + 0.003 + 0.003
PRD 93, 034014 (201
CMS I+jets p—c— 0.001+ 0.007 = 0.004
PLB 757 (2016) 154
CMS dilepton Att H . H 0.011= 0.011= 0.007
PLB 760 (2016) 365
ATLAS |+jets boosted : % - % :
(M_>0.75TeV && IA lyll < 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) C
CMS dilepton A" H—e—H 0.003 + 0.006 = 0.003
PLB 760 (2016) 365 C

| | |
-0.05 0 Y| 0.05

A [70)
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ATLAS+CMS Preliminary LHCIopWG Vs =8 TeV Sept 2016
tt asymmetry ot stal 1 A =(stat) =(syst)
ATLAS I+{'ets H—— 0.009 + 0.004 = 0.005
PJC 76 (2016) 87

ATLAS dilepton A — = — 0.021+ 0.011+0.012
PRD 94, 032006 (2016)

CMS l+jets tem 6plate —o—H 0.003 + 0.003 = 0.003
PRD 93, 034014 (201

CMS |+jets H—o— 0.001 =+ 0.007 = 0.004
PLB 757 (2016) 154

CMS dilepton A" H . H 0.011= 0.011= 0.007
PLB 760 (2016) 365 C

ATLAS |+jets boosted : % - % :
(M_>0.75TeV && IA lyll < 2) 0.042 + 0.019 + 0.026

[ Y] I‘f\f—n—n 2aYa Y Na Wi ol ol

parton distributions
oi(v/s =8TeV) "

Rapidity asymmetry suppressed

4q: 777 by large gluon-gluon background.
qg + qg : 26.7% — | |
g9 : 65.6% 0 Al 0.05
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tt cross section
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tt rapidity asymmetry

o = 2.3 fb™ (13 TeV) o ‘ ‘
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[CMS collaboratlon 20 | 6] M(tt) [GeV] [ATLAS collaboration, 2015] m;; [GeV]

QCD: asymmetry induced by color structure a4 ~ d2,,

Beyond: (mostly) vector current

iy G

[QCD NLO:

Kuehn, Rodrigo, 1999]

axlal-vector current

t %y, st
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i Y ASYMMETRY IN FORVWARD RECICESS

Enhance gg/gg ratio by (v + v2)/2 > Yeu

P
: ! : I 4 @ cut
° At{ (Ycut) =

N(y: > yz) — N(yz > yr)
N(y: > yz) + N(yz > yr)

LHC 14 TeV . —

N\ Z

O; m”—>450 GeV

l0g19(c(Yeut)/1pb)

-~ LHC 14TeV

I T T R B R R [ E R S TR R ] 0_00  w
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.0

0.5 1.0 1.5 2.0 25 3.0 35

chut

[Kuehn, Rodrigo, 201 1] }/:vcut

Observation relies on sensitivity In forward region.



IOV ABOUT L HCES

Charge asymmetry of t = b£™ v, leptons in forward region:

dAg  dog+y/dne — dog—y/dng

== [Kagan, Kamenik, Perez, Stone, 201 | ]

dne dop+p/dne + dog—yp/dne

pp— (fi— IX), Vs = 14 TeV

—~ 10E L DA — T T
2 E p, (b) >20/60 GeV ]
= 9F 20<n(b)<45 —
O gE m=17325GeV E
_<\E E Numerator = NNPDF2.3 NLO 119 = (% : , 2)
yo) 7 E_ Denominator = NNPDF2.3 NLO 119 _E TO p_pa| r’ CI"OSS SeC‘Uon
6 F Denominator = NNPDF2.3 LO 119 —
5 z_ ----- Denominator = NNPDF2.3 LO 130 o _z J u S-t m easu red Wl-th
3 T3 . o
iE : 4.9 sigma significance.
: L ] > /
2 = E [LHCb collaboration, 201 6]
= —
0 = | | L | |
2 2.5 3 35 4 4.5
[Gauld, 2014] TII

Need to tame background from (mistagged) W), Zj, single top.



e | RY IN TOP-PAIR + |ET PRODUC FICES

et ¢

J
® 3> ( < ——®
o | ¢ i 7| e
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t

o NLO corrections: 63" ~+a> —— A, ~05%

[Dittmaier, Uwer, Weinzierl, 2008] [Melnikov, Schulze, 201 0] [Alioli, Moch, Uwer, 2012]



NERGY ASTMFIEL T O Perge, W, 2013

lop-antitop energy difference in top-pair + jet production:

o1j(AE > 0) — 0y (AE < 0) AE = FE, — E;

01
" o (AE > 0) + 0i; (AE < 0) (parton frame)

Ey < Ef < cos Hétf) >

b taEt

energy asymmetry in gg frame = angular asymmetry in tt frame

13
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[Berge, SW, 201 6]

| - m
Soft and collinear enhanced cross section: s ~ o} log” ( t )

(TANOzg
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R Gy ASTMMETRY IN QCD Al NS

Vs =13TeV |

[Berge, SW, 201 6] 6; [rad]

o[2]

pp — ttj at 13-TeV LHC:

Ag [%]

Event generation: aMC@NLO
i sc CTEOIONLO

Cuts on hardest jet:
pr(j1) > 100 GeV, |y;,| < 2.5
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jet distribution follows boost of iIncoming quark
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opt O-A(Hja Yitj = O) 4 O-A(ﬂ- A eja Yitj . O)
= Wiue. = 0] Foolm 0 e ol
95\Y5, Yt Rt e [Alte et al, 2014]
70F ‘ w — : w w w
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Kinematic cuts on jet: ?2% IRDad

pr(j1) > 100GeV, |y;,| < 2.5
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50 20F
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[Berge, SW, 2016] 6; [rad]

~NLIE P

2

-

X

By,

O3 O_

§<1LZU _ZO:

3 -40 o E 3_7T
4 2 4

6, [rad]

Scale variation light band: pr, pr € [mi/2,2m]
dark band: ur € [m:/2,2m:], pur = my

Scale dependence partly cancels between o4 and og.
PDF uncertainties have little effect on asymmetry.
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PARTON SHOWE

Vs =13TeV - i

NLO+PS ] Of
—o—- O

— - - X, -0.5]
'.'--_I-_-Tl- -7 %<EJ :
CEL DIl ] :

LO LO+PS === ) _

of

[Berge, SW, 2016]
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6, [rad]

event generation: aMC@NLO w/ Pythia 6

stable top-quarks, no hadronization
jet clustering: Fast]et, anti-kt algorithm

Jet cut at generator level: pr(j1)%" > 70 GeV
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il ORING [HE ENERGY ASYIMIMIE s

60 T T T T T T T ] L T T T T T T
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[Berge, SW, 2016] 6; [rad] 6; [rad]
opt opt
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EESERVATION PROSPECTS FOR LHC REHSEE

Now 2018
7 e : """"""""""" .
@ (IAE>150ygl>1) 0 (150,1) 14 <8;<3mm/5]
6 ! _
L |
i |
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= [ |
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K e (0,1) ®(0,1)
2F |
[ o(q,O) (0,0)®
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05 L=30fb"" | L=100fb""
3 4 5 6 V4 8 9
[Berge, SW. 2016] S = AZI6AT

Statistical significance 5, assuming acceptance x efficiency = 8%.

2|



PO AL

7, Wi~
P ) P
® > () ——0
® q q o
t

Rapidity asymmetry in tt+W:
g O [ at NLO

+
q t q %% ¢
g g
q t
W q’ f

No gg background.

D ASTIIMIE | S

Cross sections at | 3

eV:

tt + jet : O(500) pb

tt+ W . O(700)f

tt 4+~ : O(100) b

D

[Aguilar-Saavedra et al.,, 2014]

[Maltoni, Mangano, Tsinikos, Zaro, 2014]
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CONCLUSIONS

Opportunities
to observe the top charge asymmetry at LHC Run |l:

The rapidity asymmetry is enhanced In the forward region.
lop decay lepton asymmetries are experimentally cleaner.

The energy asymmetry Is a promising alternative observable.

Precise predictions are technically feasible
(thanks to the legacy of the forward-backward asymmetry).
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