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Charge asymmetries
at lepton colliders

® Simplest case:e"e” = U U, QED only
Nt > =) = N < 17-)
N (1t > M=) + N(1pr <1
¢ | O: no asymmetry

do 02 2 . [2
d—ﬂ—/\/ﬁ[2 3% + 3% cos¥0]

A=
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Charge asymmetries
at lepton colliders

® Simplest case:e"e” = U U, QED only
N(nu+ >nu-) — N+ <nu-)
N (1t > M=) + N(1pr <1
¢ | O: no asymmetry

do Y 2 [
d—ﬂ—/\/ﬁ[2 3% + 3% cos¥0]

® One has to go NLO

A=
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Charge asymmetries
at lepton colliders

® NLO: do%,p, = do?, + do* + / d®, do'it?

® Virtual (no) photon emission:

U* prefers to keep e* direction
(A>0)

n<0 n>0
<
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Charge asymmetries
at lepton colliders

® NLO: do%,p, = do?, + do* + / d®, do'it?
® Virtual (no) photon emission: ® Real photon emission:
U™ prefers to keep e* direction U™ prefers to change direction wrt e*
(A>0) (A<0)
. . 5
no y N ,l,'l
e* e e* e
- e
n<o n>0  n<o n>0
< > < >
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Charge asymmetries
at lepton colliders

® NLO: do%,p, = do?, + do* + / d®, do'it?
® Virtual (no) photon emission: ® Real photon emission:
U™ prefers to keep e* direction U* prefers to change direction wrt e”
(A>0) (A<0)
no y p

Net effect: A>0

n<o : n>0 n<o0 : n>0
< : > < i .
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From charge to colour
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t

The top-quark asymmetry
at hadron colliders
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Discovered at Fermilab in
1995, the TOP QUARK
is as short-lived as it is
massive. Weighing in at
a hefty 175 GeV, its
lifetime, a mere 1024
second, is the briefest of
the six quarks. Top
Quarks are an enigmatic
particle whose personal
life is sought after by

thousands of physicists,
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Top quark asymmetry at

the Tevatron
® QCD asymmetry can be tested at hadron colliders by

looking at top pair production

® Use pp colliders (Tevatron):

® p mostly contains quarks, p mostly anti-quarks
® oo (symmetric) contribution is small (10% of the x-sect)

® SM prediction: A= 8.810.6 %
® Measured values:

o CDF:A=16.4+4.7 %

* DO:A=19.626.5 % :
® )0 tension 3

® A manna for model builders!
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Top quark asymmetry at

the Tevatron
® QCD asymmetry can be tested at hadron colliders by

looking at top pair production

® Use pp colliders (Tevatron):

® p mostly contains quarks, p mostly anti-quarks
® oo (symmetric) contribution is small (10% of the x-sect)

® SM prediction: A= 8.810.6 %
® Measured values:

o CDF:A=16.4+4.7 %

® DO:A=10.6x3 % ‘%
® )0 tension 3

® A manna for model builders!
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Top quark asymmetry at
the Tevatron

® Top asymmetry mass dependence also deviates from SM
predictions
® Stronger deviations for larger tt invariant masses

m
<'-'- - —e— CDF Data, 9.4 fb™
- oy, =(15.5 = 4.8)x10™ (GeV/c?)"
081" — # Prediction /
oy = (3.4 = 1.2)x10™ (GeV/c?)" e

e
———

| | . CDF coll.arXiv;1211,1003

%50 400 450 500 550 600 650 700 750
Parton-Level M (GeV/c?)
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top asymmetry at the LHC
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe the

top asymmetry at the LHC
® |nitial state is symmetric (but quarks are harder than antiquarks):
® No more forward/backward, but central/peripheral asymmetry
AFB _ N(ne > nz) — N(ne < ) a0 = Nl > nel) = N (] < |rel
N (ne > nz) + N (e < ng) N(|nel > |ngl) + N(Ine| < |nel)
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe the

top asymmetry at the LHC
® |nitial state is symmetric (but quarks are harder than antiquarks):

® NO Mmore 10rward/ DAacKward, DUT
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe the

top asymmetry at the LHC

® |nitial state is symmetric (but quarks are harder than antiquarks):
® No more forward/backward, but central/peripheral asymmetry
AFB _ N(ne > nz) — N(ne < ) a0 = Nl > nel) = N (] < |rel
N (e > mg) + N (e < 7g) N (|| > Ingl) + N(Ine| < |nel)
® Much larger gg fraction (symmetric) than at the Tevatron
® Asymmetry is a very small effect (<|% at 8TeV)
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe the

top asymmetry at the LHC

® |nitial state is symmetric (but quarks are harder than antiquarks):
® No more forward/backward, but central/peripheral asymmetry

s _ N0 >mg) = N <ng) op _ N(mel > [nel) = N(Jme] < |mel)
N> m)+Nme<ng) " Nml > nel) + N(mel < el
® Much larger gg fraction (symmetric) than at the Tevatron

® Asymmetry is a very small effect (<|% at 8TeV)
® Preliminary measurements by ATLAS and CMS (at 7 and 8 TeV)

show no strong deviation from the SM prediction

check CMS-PAS-TOP-12-010,
ATLAS-CONF-2012-057,
CMS-PAS-TOP-12-033

CMS-TOP-11-030, arXiv:1207.0065, PLB
ATLAS-CONF-2013-078
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From the Tevatron to the LHC
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check CMS-PAS-TOP-12-010,
ATLAS-CONF-2012-057,
CMS-PAS-TOP-12-033

CMS-TOP-11-030, arXiv:1207.0065, PLB
ATLAS-CONF-2013-078
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Enhancing the top asymmetry
e at the LHC

The “glue” of the
strong nuclear force,
the GLUON is the
boson that
communicates the
strong force, which
holds quarks together.
It has no mass or
electric charge.
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Enhancing the asymmetry
at the LHC

® What makes the top asymmetry small at the LHC is the
large gluon luminosity
® How to reduce/kill gg?

Look for tt production in association with
“something” that prefers coupling to quarks
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Enhancing the asymmetry

Look for tt production in association with

at the LHC

® What makes the top asymmetry small at the LHC is the
large gluon luminosity
® How to reduce/kill gg?
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PHOTON

9000000000000
LIGHT HEAVY
PHOTON

SPARTICLLEZ00

His eyes red from
traveling so fast, the
PHOTON is a quanta
of visible light, a
wave/particle that
communicates the
clectromagnetic force,
traveling at the speed
of light (duh). With a
mass and electric
charge of zero, it also
carries microwaves,

radio waves and x-rays.

Aerylic felt with poly
Sill for minimum

mass.

$1 0-49 PLUS SHIPPING

i

Z BOSON

The ZBOSON is a very
massive carrier particle for
the weak force. Unlike its
siblings the W-/W+
particles, the Z is neutrally
charged. Living only 10725
second, the Z quickly decays
into other particles.
Discovered in 1983, the Z
has allowed physicists to
further study electroweak
theory.
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The WBOSON is a
messenger particle which
communicates the weak
force. Unlike the photon
and gluon bosons, it has a
mass. Like the Z boson, it is
one of the most short-lived
particles known, with a
mere 10727 second lifetime.
It can be negatively charged
(W-=) or positively charged
(W+). Luckily you can have
both, as the toy is
double-sided.
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ttV at the LHC

_ Cms L= 5.0fb"at \s=7TeV
8.0.8- CMS-TOP-12-014 arXiv:1303.3239
® Cross_section measurements Of tw .CED - ttV (dilepton analysis) ttZ (trilepton analysis)
. g 04377 (stat) "> (syst)pb  0.28 0 (stat.)fg:gg (syst.) pb
have been published by CMS for 7TeV < I
® More data expected to come from  § |
the 8TeV and the next |3TeV run b .
: . O
0.2
" NLO Calculations .
~  Cambell and Ellis, JHEP 07 (2012) 052
-  Garzelli et al., JHEP 11 (2012) 056

Marco Zaro, 18-09-2014 14 LHCPhenoNet
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UPMC The best gluon-killer:
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Prefers coupling to light quarks

Has a fairly large asymmetry already at the LO (-4%)
NLO QCD corrections slightly reduce the asymmetry
Asymmetry is a mixed QED-QCD effect

For a recent LO-based study, see arXiv:1402.3598

OnLo=1.2pb at |3TeV (Frixione isolation, R=0.7 pr>20 GeV, |n|<2)
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y
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SPARTICLE
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The best gluon-killer:

Prefers coupling to light quarks

Has a fairly large asymmetry already at the LO (-4%)
NLO QCD corrections slightly reduce the asymmetry

Asymmetry is a mixed QED-QCD effect
For a recent LO-based study, see

ONLO

Does not enhance the coupling to light quarks, nor the

asymmetry
Small (<1%) asymmetry at the NLO
OnNLo=0.76pb at |3TeV

5
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UPMC The best gluon-killer:

MAAI SORBONNE

PHOTON 1

UUUUUUU
f lel

Prefers coupling to light quarks
Has a fairly large asymmetry already at the LO (-4%)
NLO QCD corrections slightly reduce the asymmetry

Asymmetry is a mixed QED-QCD effect
For a recent LO-based study, see

mass.

OOOOOOOOOOOOO
...............

SPARTICLE
f INLO
® Does not enhance the coupling to light quarks, nor the
asymmetry
® Small (<1%) asymmetry at the NLO

® ONLO

® |t only couples to light quarks, no gg up to NNLO

® Has a fairly large asymmetry at the NLO (2-3%)

® |t polarises the initial quark line, with some (very nice)
surprises

® OnLo=0.55pb at |3TeV
15
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TOP QUARK

at the LHC

t

Wh-assisted top asymmetry
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® The W boson kills the symmetric
gg contribution, leaving only qq

® The resulting asymmetry is much
larger than in the tt inclusive case 42 (%)

©I 0
X
0.15
0.1
0.05
0

at the LHC
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@ Wh-assisted top asymmetry

TeV
tt LO LO+PS NLO NLO+PS
o (pb) 128 8755627 198F 150 +2%

0.01 £ 0.04 0.07 +0.03/0.61% (g5 0.7277 54

Order W+ tHW ™+ W=
o (fb) NLO | 210713%  146711%  63.6710%
LO  |0.0140.05 —0.02 £ 0.05 0.00 & 0.05
t LO+4PS [0.02+0.03 0.05+0.03 0.050.03
AC <%) 0.7 0.8 0.8
NLO 25707 2.770% 2.0705
NLO+PS| 2.370% 2.4790 1.970%
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Uome at the LHC

@ Wh-assisted top asymmetry

® The W boson kills the symmetric 8TeV
gg contribution, leaving only qq i | LO  LO1PS | NLO NLO1PS
. . .
The resulting asymmetry is much  Son | 12ssEie [ IR %
larger than in the tt inclusive case 42 9)[0.01+0.04 0.07 = 0.03[0.61701 0727014
0.25
'8|_g . LHC 8 TeV — t quark
. 02:— Pp—~tW" — t quark T+ -+ rrr—
-0 2 NLO4PS q Order ttWw ttW ttwWw
0_15; o (fb) NLO | 210713%  146711%  63.6710%
0 1: . LO 0.01 £0.05 —0.02 £ 0.05 0.00 £ 0.05
| E T;; At (o LO+PS [0.024+0.03 0.0540.03 0.054 0.03
0.05- : o (0 NLO | 25797 2708 9 t0s8
Q; o — : R 65 NLO+PS| 2.370% 2.4790 1.970%
nit] , nfi]
Marco Zaro, 18-09-2014 17 LHCPhenoNet



Polarised top pair production
more in Parke, Shadmi, hep-ph:96064 19

® |nitial quarks are polarised by the W boson
® gq—ttWV is totally analogous to qigr—tt
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Polarised top pair production
more in Parke, Shadmi, hep-ph:96064 19

® |nitial quarks are polarised by the W boson
® gq—ttWV is totally analogous to qigr—tt

Possible top polarisation states in g.gr—tt (beam axis basis):

B —0 B—1
doyy _ doyy _\po gy B7(1—57)sin” 6 (Thres(];l') ; (H.E.)
dcos dcosl (B) (14 Bcosh)?
dojy B*sin* 0 ,
d cos 6 =N(p) (1+ Bcosh)? 0 N(1)(1—cosb)
doyy, oo [(1+ Beosf)? + (1 — B%)]° 2
dcos 6 =N(5) (1+ Bcosh)? AN(0) N(1)(1 + cos®)
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Polarised top pair production
more in Parke, Shadmi, hep-ph:96064 19

® |nitial quarks are polarised by the W boson
® gq—ttWV is totally analogous to qigr—tt

Possible top polarisation states in g.gr—tt (beam axis basis):

g —0 g —1
doyy _ doyy _\po gy B7(1—57)sin” 6 (Thresél') ; (H.E.)
dcos dcos (5) (1 + Bcosh)?
dopr 34 sint 6
Toos 0 =N (8) (1+ Beosh)? 0 N(1)(1—cosf)?
doy, [(1+ Bcosh)? + (1 — B2%)]?
d cos 6 =N(6) (1+ Bcosh)? AN(0) N(1)(1+ cosh)

® At threshold (leading contribution to the cross-section) only
one polarisation survives: tops are fully polarised
® At high energies top polarisations are opposite,and #T1=#11

Marco Zaro, 18-09-2014 18 LHCPhenoNet



Polarised top pair production
more in Parke, Shadmi, hep-ph:96064 19

® |nitial quarks are polarised by the W boson

® gg—tt
qqtt —
g, dr — tt (polarised)

Possible top | S | axis basis):
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® At threshol : 05 0 o5 1 action) only
one polarist , .
® At high energies top polarisations are opposite,and #T1=#11
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Polarisation effects

® The produced tops are highly
polarised, leading to asymmetric s
decay products already at LO ”
® | eptons from tops are strongly /
correlated with top polarisation i !

® Need to include spin-correlations T /
to see this effect \

® Decay products asymmetries are  4x t
much larger than the top one \
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Polarisation effects

® The produced tops are highly
polarised, leading to asymmetric s

decay products already at LO

® | eptons from tops are strongly
correlated with top polarisation

® Need to include spin-correlations RRRG
to see this effect \

® Decay products asymmetries are 4~
much larger than the top one
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symmetric but
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® The produced tops are highly
polarised, leading to asymmetric

decay products already at LO

® | eptons from tops are strongly
correlated with top polarisation

® Need to include spin-correlations
to see this effect

® Decay products asymmetries are
much larger than the top one
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Polarisation effects

asymmetric
already at LO!

qr
symmetric but
polarised at LO
(mostly tt=1)
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UPMC Polarisation effects

MR A1 SORBONNE

Threshold Intermediate High Energy
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Polarisation effects:
results

Order ttW= ttW qw- @ :;%:ifé‘f:*gs EE%
4t o) o T80z  THCdis 560 Z:::::::::::::::::::::::::::::::::::::::::::g
NLO+PS| 8397507  9.32799,  6.7679:9° i3
A (%) LO+PS |—17.305 757 —18.657 007 —13.517 00z :1 2 uré= . [mjg
NLO+PS| —15.1737 —16.1705 —121702 & 5ol —w
“brjets, kr-algo, R=0.5, pr>20 GeV, |y|<4.5, MCTruth 1o "

B
® Asymmetries are large! T —
® NLO corrections shift all numbers up ;i """""""""" R 4
® Spin correlations included at NLO via MadSpln =y I

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Polarisation effects:
results

o 0-35¢ "~ positron Lowps o

— - — O+PS .

_8 o 0.3F —— electron — W

L | Aack

% - o
Ab (B x 9= O
N ~|g 0.2F .
r 0.15;— 2 3 4
A (%) 0.1 Kl

N E 8 TeV — t{tw*

0.05 'é?;’gs — fiw*

*b-jets, kT o- AR R » W
% -4 2 0 2 4 6
o ne’],nle] —
AS)’mlnuu 1 B E ________________________ \EI
[J [} -18 __________________________________________
® NLO corrections shift all numbers up ., : —

® Spin correlations included at NLO via MadSpin = )

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Polarisation effects:

results
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all numbers up : —

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Polarisation effects:
ttVV vs ttH

4 - LHC , \s =8 TeV i
S i i
O - — ttW~ :
1—|b - _I_I_I_ _I_I_I_ :
0.5F = 1
g — S R
0.45] i
- :%
0.4F _I_I;%
— | I | —=
-1 -0.5 0 0.5 I
Plot by I.Tsinikos COSo " 5)
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Plans for the future...

8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

1+15% +2% +15% +2% +14% 4+2% +12% 4+1% +13% +1%

/7 o(pb) 19871 405 “30, 6617750, T30 7867 130, 50, 46437170, Toor 3067050 oo
AL(%)| 072101 0457009 0367001 0.117007 0.07+0-02

+11% 4-2% 1+13% 2% +14% 4+2% +17% 4+1% 120% +1%

U(fb) 210—11%—2% 587—12%—1% 678—12%—1% 3216—13%—1% 18970—17%—1%
J— Ac(%)| 2305, 224%03% 2237075 201707 1.8470°08
AL(%)| 850751,  7.56TG0s 7567010 5517070 3.60 03¢
AS(%)| —1483708 —13.17080 —1282000 926730 —4s470E
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UPMC A look BSM
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A look BSM

® Several BSM solutions have been proposed to cure the
discrepancies observed at the Tevatron
® What is their effect at the LHC, in particular for ttVV?
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A look BSM

® Several BSM solutions have been proposed to cure the
discrepancies observed at the Tevatron
® What is their effect at the LHC, in particular for ttVV?

® Choose one simple case: the axigluon model " oce

® Extra color octet G which couples differently to quarks of
different chiralities and to u/d and heavy quarks

® The interference between the gluon and axigluon gives an
asymmetry at LO

Marco Zaro, 18-09-2014
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Benchmark scenarios:

Light, universal G
| (left)
m
[
g g
g g
8t

Il (axial)

Heavy, non-universal G

IV (axial)

Il (lefe)

W boson polarises light quarks: =0 in right-handed scenarios

Marco Zaro, 18-09-2014
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UPMC

MR A1 SORBONNE
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MadGraph5_aMCE@NLO
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MadGraph5_aMC@NLO
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Conclusions

® The top quark asymmetry is a very intriguing observable
which can provide us with some hints on new physics

® Measurement at the LHC is very tricky
® symmetric initial state
® large gg fraction

® The associated production of a top pair and a WV boson is a

very interesting channel to look at

® Larger asymmetry than tt

® Tops are highly polarised — asymmetric decay products at LO
® Together with tt, ttVV can provide useful informations on NP
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Thanks for your attention!




