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The top quark

The top quark is the heaviest known elementary
particle: it plays a fundamental role in many
extensions of the Standard Model (SM) /
alternative mechanisms of EWSB.

Huge statistics from top-antitop quark pair production
Tevatron: 0 = 7.6 (5) pb

Integrated luminosity of 10 fb~: 7x10% top quark pairs
LHC @14 TeV: o = 940 (80) pb
with 10 fb~1/year: millions of top pairs per year

LHC @7 TeV: 0 =160 (10) pb
45 pb1 (1fb') by the end of 2010 (2011): 6x103 (10°) top quark pairs

~ -

Production and decay channels are promising probes
of new physics.
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At O(ag?): top and antitop quarks have
identical angular distributions

A charge asymmetry arises at O(ag3)

[Kiihn, GR,1998]
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e color factor d_, .2 : pair in color singlet ©)
® Loop contribution larger than tree level %‘9_,_&
top quarks are preferentially emitted in
the direction of the incoming quark o
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Flavor excitation (qg channel) much » S g
smaller ©
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Inclusive asymmet
Charge conjugation symmetry* ( NV,(»)=N,(-y))
B) forward-backward

_N,(y>0-N;(y>0)
~N,(y>0)+N,(y>0)

pp

=0.051(6)

i - Ny >0)— N4y <0)
N(Ay >0)+ N(Ay <0)

= mixed QCD-EW interference: factor 1.09
included

= stable to NLL threshold resummations
(one per mille) [Almeida,Sterman,Vogelsang, 2008 |

m NNLL threshold resummations
[Ahrens,Ferroglia,Neubert,Pecjak,Yang, 2010]

Not expanding the asymmetry in ag : the
asymmetry decreases by 20% at NLO (K factor),
but only by 5% at NLO+NNLL
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[Kihn, GR,1998; Antufiano, Kuhn, GR, 2008]
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* CP violation arising from electric
or chromoelectric dipole moments
do not contribute to the asymmetry
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Asvmmetry measurements at Tevatron

DO [conf. Note 6062, PRL101(2008)202001]  uncorrected

ttbar rest frame
At = 0.08 £ 0.04 (stat) £ 0.01 (syst) 4.3 fb!
A =0.12 £ 0.08 (stat) + 0.01 (syst) 0.9 fb1

CDF [conf. Note 10185 and 9724, PRL101(2008)202001]

ppbar rest frame
AggPPPar = 0,150 + 0.050 (stat) + 0.024 (syst) 5.3 fb-"
AggPPPar = 0,193 + 0.065 (stat) + 0.024 (syst) 3.2 fb-"
AggPPPar = 0.17 + 0.07 (stat) £ 0.04 (syst) 1.9 fb-

ttbar rest frame
A2 =0.158 + 0.072 (stat) £ 0.017 (syst) 5.3 b’
At = 0.24 + 0.13 (stat) £ 0.04 (syst) 1.9 fb-!

2.70 from zero, (A —ASM)  .-=0.099 + 0.055

room for BSM within 20

D& Run Il Prellmmary
L=43fb"

AQAY =y, -V

Reconstructed Top Rapldlty {Lab}

T T
CDF n Prel iminary
=523 -1

A= g7

AT - p 019+ 0.0025
A = L0p.0085 = 0.0021

—}—- At = 0,054 & 0.0082
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Evolution with time
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date
e last measurement, down from 20 to 1.70 (lab frame)

e and only 1o from the measurement in the ttbar rest frame

(and more room for negative contributions BSM)
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Invariant mass dependent charge asymmetry

CDF [arXiv:1101.0034] ttbar rest frame 5.3 fb™’
Acgtioer (M., <450GeV) = -0.116 = 0.146 (stat) + 0.047 (syst)

Acgtoar (M, >450GeV) = 0.475 + 0.101 (stat) + 0.049 (syst)

% o = below 450 GeV: negative
‘;D;L“;z;f"'l asymmetry but still compatible
e L with the SM within 10
.| m above 450 GeV: positive
| asymmetry, disagrees with the
e S | - SM at 340
0.0 e,
—0.27
450 Gev/c? Mg
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Which model BSM

rll."l =

(98- [® German Rodrigo Update on the top quark charge asymmetry Zirich, 5-7 Jan 2011




BSM Mass exclusion from Tevatron
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Dijet channel CDF arXiv:0812.4036

260-870 GeV/c? Excited quark (f=f'=fs=1)

Color-octet technirho

[top-color-assisted technicolor (TC2) couplings,
M'g=0, M(pi,,8)=5M(rho)/6,
M(pi,,')=M(pi,,?)/2, Mg=5M(rho)/6]

260-1100 GeV/c?

Axigluon and flavor-universal coloron (mixing

_ 2
e of two SU(3)'s, cot(theta)=1)

290-630 GeV/c? E, diquark

280-840 GeV/c? W' (SM couplings)

320-740 GeV/c? Z' (SM couplings)

* Low mass window for axigluons also excluded [Doncheski,Robinet, 97]
from hadronic Z-decays

Other channels CDF
m,. > 545 GeV 2.9 fpl
WW/WZ (evjj) m,, > 515 GeV '
mgraviton > 606 Gev
3.0fb?
72 Myraviton > 491 GeV ((k/M,, = 0.1)
. m,,» > 800 GeV for m,, > m,, 1.9 fb'

m,, > 825 GeV for m,, <m .
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ttbar channel at Tevatron

~
o

Events / 20 GeV/c?
¥ 8 &8 8 3

-
Q

. topcolor-assisted technicolor, leptophobic 4
DO Lepton+jet m, > 820 GeV 3.6fb
CDF All hadronic m., > 805 GeV (SM couplings) 2.8 fb?
. Topcolor leptophobic m,. > 720 GeV P
CDF Lepton+jet Out of range of sensitivity to SM Z° i
Limits on massive gluon coupling A =g, g,!
CDF Lepton+ijet _ .g PINE A =8y 8y 1.9 fb?!
as a function of width

CDF Runll Preliminary 1.9 fb™

tt invariant mass [GeV/c?]

KS=42.3%
—e— Data (Nev=371)

[ ] Top

[ EwW & Single Top

I W+Light Flavor
[ 1 Non-w

[ w+Charm

[ ] w+Bottom

= 4T T W D L IR . o

900 1000

0.6

0.4
0.2

< 0F

-0.2
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-0.6

CDF Runll Preliminary 1.9 fb™

Iy =020 M,
Expected 95% C.L. upper limit +1c

Expected 95% C.L. lower limit +1c

1 95% C.L. Excluded Regions
—e— Observed 95% C.L. upper limit"
—®— Observed 95% C.L. lower limit

400 500 600 700 800
Mg (GeV/c?)
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Chiral Color Models

[Pati , Salam, PLB58(1975)333; Hall,Nelson, PLB153(1985)430;
Frampton, Glashow, PLB190(1987)157; PRL58(1987)2168]

Extend the standard color gauge group to
SU(3), x SU(3)x — SU(3).

e different implementations with new particles in varying representations
(anomaly cancellation requires extra fermions), but

e model-independent prediction: existence of a massive color-octet
axial-vector gauge boson: axigluon
=) couples to quarks with an axial-vector structure
and the same strong interaction coupling strength as QCD
= the charge asymmetry that can be generated is maximal.

e because of parity a single axigluon do not couple to gg

e Asymmetric Chiral Color [cuypers, zPC48(1990)639]: chiral color with different
couplings &,, §,. 9= gscot20,g,=gs/sin206
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Colorons

[Hill, PLB266(1991)419; Hill, Parke, PRD 49(1994)4454;
Chivukula, Cohen, Simmons, PLB380(1996)92]

Extend the standard color gauge group to

SU(3), x SU(3), — SU(3).

with gauge couplings §,, §, and §, << &,

massive gluons / color-octet vector boson (colorons)
coupling to quarks gg cot 8 = g5 (§,/ &) > g5

no charge asymmetry
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GUT theories

e Grand Unified Theories (GUT) based on larger gauge groups,
e.g., E6 and SO(10), or left-right symmetric models

often introduce additional gauge bosons, such as W' and Z',
which decay to f fbar” and f fbar, respectively.

e The E6 GUT model also predicts the
presence of a diquark (colored scalars) which decays to qqg or gbar gbar.

e colored scalars (singlet, triplet, sextet and octet) in SU(5) GUT
5,~H+T=(1,2,1/2)+(3,1,-1/3)
24,=5=(8,1,0)+(1,3,0)+(3,2,-5/6)+(3bar,2,5/6)+(1,1,0)
45,= (8,2,1/2) +(6bar,1,-1/3)+(3,3,-1/3)+(3bar,2,-7/6)+(3,1,-1/3)+(3bar,1,4/3)+(1,2,1/2)

e e.g., scalar color-octet in Adjoint SU(5) [Fileviez et al.,2008]
@, = (8,2,1/2) c 45,

Unification and proton decay Mgy, < 440 TeV



color assisted technicolor (TC2

[Hill, PLB345(1995)483; Lane, Ramana, PRD 44 (1991) 2678;
Lane, Mrenna, PRD67(2003) 115011]

Combine extended technicolor and topcolor assisted technicolor
Gere X [SU(3)4 x U(1)4] x [SU(3), x U(1),] x SU(2) —SU(3)¢c x U(1)ey

e where SU(3), x U(1), couples preferentially to
the third generation, and the weaker PPy Vem2:35, 19,203, W, =12

160 e Shandar Wlder

SU(3), x U(1), to the first and second 140 - Standard 162 Ny
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e /Z (leptophobic or not), 8 colorons
and 4 color-octet technirho

vector mesons (prg) which

decays to qqgbar or gg
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o+
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Warped extra dimensions

[Randall, Sundrum, PRL 83, 3370 (1999);
Dicus, McMullen, Nandi, PRD65 (2002) 076007]

e The RS model of a warped extra dimension offers a solution for the
hierarchy between the electroweak scale and Planck scale My, by
introducing an extra spacial dimension. Predicts a Kaluza-Klein tower of
graviton states (RS gravitons) which decay to ffbar or gg.

e RS Kaluza-Klein gauge bosons (KK g*, Z",\W"): explains mass hierarchy
between top and light quarks, with preferential couplings to top quarks, no
couplings to gg (odd number of g*), suppression of FCNC

uv IR : : :
Interactions are given by wave function overlap
\ m The top quark: close to Higgs profile
c
A 1 m KK modes have masses O(1 TeV): localized near

\ the IR brane too: preferential couplings to top quarks

</ m EW precision measurements: M,.>3TeV
[Agashe et al. 2003]
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save the axigluon 2009

Color-octet resonances might

L=gT"qy" (g} +g475)G
produce a charge asymmetry at LO g™y (& +&i7°) u

m But this asymmetry is negative because it
is proportional to (s-mg) g,9 g,!

= The FB asymmetry disfavoured at

osf  CDF32f7"  AM=00516) . .
: 20 vanishing or negative
03 ] contributions (axigluons or colorons)
[=% i ]
>~ 0 exp_psippr 1 me>1.6 TeV at 99%C.L. (9,~0,9,=1
QE?I [:|1E /\Q'::—ﬂ; 4 : )p | ° 0 (gV_ I )
ot : Larger exclusion limit than dijet
‘5}: H/ S~ : - J )
= oof _ channel.
01 \ﬂ?}l m It is still possible to generate a
N positive asymmetry
05 1.0 15 20 23 30 35 40 I.I: | N q\= - | n t
e (TeV) sign(gx7 )= -sign(g,')

[Ferrario, GR, arXiv:0906.5541]
[Frampton,Shu,Wang, arXiv:0911.2955]
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save the axio

04

0.1
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02t

- cDF3z2m' AM=0.051(6)
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: 9,=0;
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04F  CDF53f"  AM=0.051(6)

03}

02F
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H S —

0.0}

0.1 F QA=Q,;

_02 N ST BT BRI BT PP BT
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m still some room for negative or
vanishing contributions within 2o

mg > 2.5 TeV at 95%C.L. (9,~0,9,=1)
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The invariant mass distribution

CDF Il Preliminary

- -

- —— SM Expectation
— 10 :_ [ sM Uncertainties
g s a CDFIIData,IL:E.?fb"
m -
Q -
£ 1F
s EB—o
T —
s |

107
[ [PRL102 (2009) 22203]
e o e e 1y

0 200 400 600 800 1000 1200 1400
Unfolded M [GeV/c?]

do/dM (0.8—1.4TeV)=

m larger charge
asymmetry with smaller
resonant mass: sets upper
bound

= The last bin of do/dMy, .,
IS the most sensible to
masses of O(1TeV): sets
lower bound on the mass

m Total cross section less
sensible

007 i 003 2stati OO 1 5sys i 00041um (fb GCV_I)

I_HC CSIC German Rodrigo Update on the top quark charge asymmetry Zurich, 5-7 Jan 2011




Flavour non-universal axigluon 2009/2010

[Ferrario, GR, arXiv:0906.5541,arXiv:1007.3284]
m Combining limits on the charge asymmetry (solid lines) and the
invariant mass distribution (dashed) L=gT"qy" (g +g%y5)G.q,

zoF 7T 'q'_- | 2.0:— gqu_g; Ry ‘;—.r-ev
 G-a T\
' 1.7 TeV “‘;
‘ 1.4Te‘t?\‘ ‘,,‘
=" 14 TeV .}, > “1‘ |E
"I 127y i E E
o il |
.3 fb
m 3.2 fb1,90 % C.L. contours = 5.31
Fixing the couplings sets lower 0 Framptor.l model (g,= s cot 26,
and upper bounds on the mass |gal= 95 / sin 2 B8) constrained by
neutral Bd-meson mixing [Chivukula,
g,|=1 133TeV<m, <2TeV @90%C.L.

Simmons, Yuang, arXiv:1007.0260, 3.2 fb' ]
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Flavour universal axio

luon 2009/2010

[Ferrario, GR, arXiv:0906.5541,arXiv:1007.3284]
m positive BSM asymmetry if squared resonance amplitude
dominates, which is proportional to g,2 g,/ 9.9 gt

m Combining limits on the charge asymmetry (solid lines)
and the invariant mass distribution (dashed)

2,':'-' T T T T

1.7 TeV

-

LI
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& 14 1

[ g’ =g,
usf X =gy .
|:|.|:|:| P PR T | M P L1 L L 1 '
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Ga

m 3.2 b1 no overlapping region @ 90 % C.L.

mg>1.2 TeV @ 95 % C.L.

g.|=1 {m;>144TeV g, >145
e csic

Qv

20H

|
1.0 R

0.5

0.0

|
15
|

il il et il i SRS ST SN S SRR SN ST ST S SO S SO S
0.0 0.5 1.0 1.5 20

m 5.3 fb
90 % and 95 % C.L. contours
mg>1.3TeV @ 90 % C.L.

Zurich, 5-7 Jan 2011




Z’ and W’ in the t-channel

Flavour violating weak vector bosons in the t-channel (mostly):
m [Jung,Murayama,Pierce,Wells, arXiv:0907.4112]

v - 0.05

— 1 H
L=g,Z,(uy"Pi+&uy Pa) |-
best fit: m,-= 160 GeV , 04x=0.024 0.03
light to avoid uu— tt (same sign dlleptons)ﬁ

£x#0 to suppress uubar— Z'Z" (like sign tt)
0.01

0.02

m, = 175 GeV

9 =9gp=1

Ay =0.19 4+-0.7
o(tt)=7.0+0.7 pb
1 Il

m [Cheung,Keung,Yuan, arXiv:0908.2589]
L=—gW,ty" (g, +g,rs)d

o
3

L : L
200 300 400 500 600 700
My (GeV)

= Third generation enhanced LR model SU(2), x SU(2)g x U(1)g_: uubar — Z" —ttbar
[Cao,Heng,Wu,Yang, arXiv:0912.1447] No ug-tg mixing (s-channel) X , with mixing (t-channel) v’

m Asymmetric LR model SU(2), x (SU(2)'x U(1)" —=U(1)y): Z" (s-channel) and W (t-channel)
[Barger,Keung,Yu, arXiv:1002.1040]: mz-= 190 GeV , my-= 175 GeV

m [Cao,McKeen,Rosner,Saughnessy,Wagner,
arXiv:1003.3461]: W’ large couplings and large

amount of fine tuning l
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Requires light Z" and W™: O(200 GeV)

or large flavour violating couplings




Scalars in the t-channel

Flavour violating scalars in  [Shu,Tait,Wang, arXiv:0911.3237]

the t-channel: uubar— ttbar "f sextet ¢ - Triplet o
- s 7E
L=¢"tT"(gs +8pysh s
6 6
2 2 > __f > __F
— + 55 - 55
Y \/ 8s T&p . .
= Singlet (1,2,-1/2) x * b
.Tr|p|et(3bar,1,4/3) J 3-5;.|...|...|...|...|...|...|. 3-5i_|...|...|...|...|...|...|...
600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600
= Sextet (6,1,4/3) v M (GeV) M (GeV)
= Octet (8,2,-1/2) X Requires large flavour violating couplings
o Potential uu— tt (same sign dileptons):
" (6,3,1/3) and (3bar,3,1) more constrained singlet and octet; sextet in the s-channel

from flavour observables

R-parity violating MSSM: sleptons (singlet) X, and squarks (triplet) v, in ddbar— ttbar
[Cao,Heng,Wu,Yang, arXiv:0912.1447]

GUT: triplet (3bar,1,4/3) v (My,,r — Mg < O(TeV)), octet (8,2,-1/2) X [Dorsner et.al. arXiv:0912.0972]
Triplet v and sextet X [Arhrib,Benbrik,Chen,arXiv:0911.4875]

EFT: singlet v, triplet X, sextet X, octet v [Jung,Ko,Lee,Nam,arXiv:0912.1105]
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m [Bauer, Goertz, Haisch, Pfoh, Westhoff, arXiv:1008.0742]
RS models

Large FB has to arise
from tree-level effects
(s or t-channel)

m [Zhang, Willenbrock, arXiv:1008.3869] Next talk

m [Degrande, Gerard, Grojean, Maltoni, Servant, arXiv:1010.6304]
Full set of dimension six operators (only interference with SM)

s h ., ; a : 25
20F

o 3 . Py i ;
Chromomagnstic oparator Oy, = (HJjet T4 G Four-fermion opsrators ﬁ 1.5 F
< L0}

Translation to flavour universal axigluon 05
0.0 3

CAa/A2=-2982 /mA2 ° : ’ ’ *

CAa
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nects for future evolution

0.30 . . ———
: 3.2fb™
0.25F T 1
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@ the LHC
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[PRL 105 (2010) 211801]

10 —+_ CMS Data (2.9 pb™" 10° GMS Data (2.9 pb™) Fiessotn_ance Models
E i ——.- String
—Fit NE=7TeV :
L i —----- Excited Quark
107 B [] 10% JES Uncertainty 10% weited Cluar

T ml<25&An <13 | Axigluon/Coloron

----— QCD Pythia + CMS Simulation —— K quuark
——— Excited Quark

b, . — 10°
N String Ns=7TeV

= 10 . Il <2.5 & |an| < 1.3 400
% 1 "‘\5(1 Tev) E

% q* (0.5 TeV) :E 10
g 10" o ,

-2
10 10"

95% CL Upper Limit  ~=~_ -
—=— Gluon-Gluocn -

| -

E

E i

E
5

—=— Quark-Gluon ) N
—&— Quark-Quark ) ‘ -~

T N R T AN SO SN TR TR AN TN TR TR T NN N N 1hf: -

10=

IIIIIII| IIIIIIL|,|,| IIIIIL|_|,| IIII|_|_|,|,| IIIIIL|_|,| pool 1ol IIIIIIII| ]

107 e 00 1000 1500 2000 2500
500 1000 1500 2000 Resonance Mass (GeV)
Dijet Mass (GeV)
AU Extended Tevatron limits:
= / V]
- /A . .
0 . IRN String resonances >25TeV
g o (0.5 TeV) ; " 5T‘?‘”‘ } _
) B i? iZ Bl — excited quarks > 1.58 TeV
E CMS Data (2.9 pb’ ] E .
F EorTev . axigluons > 1.52 TeV
n| =25 & |An| =1.3 |

S0 1000 7800 2000 E6 diquarks >1.60 TeV
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ATLAS: dijet mass and anqg.distribution

0.50 < m(g*) < 1.53 TeV
excluded @ 95% C.L.

ﬂ T I T T T T | T T T T I T T T T ju|
s 10 -
L?>j 3 . Data 3
- Fit ]
o —=— q*(900) ILdt = 3.1 pb" 7
N —++— q*(1500) ) 7
10 N E
10 E
- ol ]
- o ! ]

- ATLAS Preliminary ‘ .
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Latest CDF published limit:
260 <M (g*) < 870 GeV
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Quark contact interactions with scale
A < 3.4 TeV excluded @ 95% C.L.
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DO limit: A <2.8 TeV
[PRL103(2009)191803]



Top quarks at the LHC

| ® ATLAS  ----- NLO QCD (pp)
Preliminary —— Approx. NNLO (pp)
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LHC is symmetric ® no forward-backward

But suppose that there is a charge asymmetry at parton level

(QCD predicts that tops are preferentially emitted in the direction of incoming quark,
resonance asymmetry can be positive or negative)

quarks carry more momenta than antiquarks

|/ A /7 _t ~
I /
/ m Excess of tops (or antitops) in the
q_) + D— q > — forward and backward regions
: q “ 4
cms rest frame LAB frame ¢ Nt(b/‘ <J’c)+Nf(‘y‘ <Yc)

Ac(ye >>1)=0

t \
| { N
| \
— ) B’ = Opposite in sign to the parton asymmetry
q I 9 9 ,¢

q m However, top cross section is gg
dominated, which is symmetric; but gg can
be suppressed by selecting pairs with large
invariant mass
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ttbar@ LHC

Vs =7TeV - : | \/_ ~Tev | [Ferrario, GR, arXiv:0809.3354]
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ttbar + jet @ LHC

Vs =7 TeV, pr> 20 GeV Vs =7TeV, pr>20 GeV

600 , ]
C g 1wk /o [Ferrario, GR, arXiv:0912.0687]
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Conclusions

m New measurements from Tevatron reduce room for BSM to 1.70
(in the lab frame) from the measurement of the top quark charge

asymmetry (forward-backward), early to claim new physics, but,
together with do/dM,, ., allows to set/revisit constrains in the top quark

sector
v Flavour Universal axigluons with (large) vector couplings or large mass
v Flavour non-Universal axigluons: sign(g,9)= -sign(g,!)
v Flavour violating Z" and W relatively light O(200 GeV)

v Flavour violating scalars in the t-channel: triplet or sextet
statistically dominated, still room for improvements
m The charge asymmetry can be measured at the LHC too, and

is a good observable to discriminate among different models
(about 45 pb! recorded) T s xro Hrﬁ H

toa |~ =
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Kick-off meeting of the LHCPhenoNet
Initial Training Network

Centre

from 31 January 2011 to 04 February 2011 (Europe/Madrid) gg:f::gg:a
F

Valencia

Home

The goal of the meeting is to review and to discuss the state-of-the-art and future
developments in the research field of higher order perturbative corrections in the Standard
Model and beyond, with emphasis on phenomenology at the LHC, and the development of
customized open source software for precision physics at colliders. This is the first meeting
organized with the support of the LHCPhenoNet Initial Training Network, but is also open
to non-members of the network.

Dates: from 01 February 2011 09:00 to 04 February 2011 14:30

Location: Centre Cultural Bancaixa, Valencia
Room: Sala Ausias March

http://www.Ihcphenonet.eu/valencia2011
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Backup
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Massive gluon diff cross section

Color octet resonances might 3

luon-resonance interference

produce a charge asymmetry at LO | « generates charge asymmetry — FB

e vanishes upon integration over charge

. a _, o qi qi ' symmetric regions of phase space
L=gsT"qy"(gy +8475)G,4;

e changes sign (s-mg?)

dcos® ° N. 2§

A2
S

4
(§=mg)” +mgTg

N1+ +4m” +
( (§=mg)” +mgTg

(g + (g N(gL )21+ +4m*) + () 1+ —4m?))

+glgie g, (80))])

where resonance-resonance amplitude
e generates charge asymmetry too

I a AR A,
— \/é c = fcos@=+1—4m* cosd m—zz?siq,t((gV) +(gA) )

e gluon-gluon fusion at tree-level the same as in the SM
(gauge invariance, parity, orthonormality of field profiles in extra dimensions)
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K. probes axial couplings
e Quark-antiquark annihilation \vJ
do?" 2 T:Cr 7p 25(5 —m2)

lg9gL 1+ +4m?) + g% g, (20)]



