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Introduction

Top pair production via strong interaction
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Introduction

Motivation

@ Top physics has began to enter a new era after its first discovery,
due to the high luminosity achieved at the Tevatron, and precision
study will be possible at the LHC in the coming years.

@ Forward-backward asymmetry Agg in tt production has been off
the SM prediction (~ 0.078(9)) by 20 in the tt rest frame (CDF2008):

Ni(cos® > 0) — Ns(cos 6 > 0)
Ni(cos 6 > 0) + Ns(cos 6 > 0)

Aly = =0.24+0.13+0.04

@ This ~ 20 deviation stimulated some speculations on new physics
scenarios

@ We adopt a model independent approach using effective
Lagrangian in order to accommodate the current measurement of
AL, since there is no clear evidence for any new particles
coupling to top at the Tevatron
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Introduction

@ New CDF data with 5.6 fo~ presented this summer
0.158 +0.072 +0.017

@ Less deviation than before
— Any new physics scale is probably too high to be explored
directly at the Tevatron

@ Still interesting to speculate what type of new physics can modify
top physics at what level

@ In fact, our approach based on the effective lagrangian could be
more useful in this case, than other approaches

@ Also could be used to set substructure scale of top quark, as in
the light quark system
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Introduction
SM contribution to Ars

Series of papers by Kiilhn and Rodrigo

@ LO: top quark production angle is symmetric with respect to beam
direction.

@ NLO: asymmetry due to interference effects.
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Introduction

Related works as of Summer 2010 (Not updated afterwards)
@ SM predictions: Kiihn and Rodrigo
» Interference between tree (one gluon exchange) and one-loop (two
gluon exchange) _
» (anti)quark-gluon scattering into {tg
» initial (final) gluon emission qg — ttg
@ Axigluon: Godbole et al.; Rodrigo et al.; Frampton, Shu, Wang;
Chivukular, Simmons, CP Yuan
@ Extra Z': Jung, Murayama, Pierce, Wells
@ Extra W': Cheung, Keung, TC Yuan
@ RS KK gluon: Djouadi et al.
@ Color sextet or antitriplet: Tait et al.; CH Chen et al.; Berger et al.;
@ RPV and LR model: Cao, Heng, Wu, Yang
@ Comprehensive study: Cao, McKeen, Rosner, Shaughnessy,
Wagner
@ Effective Lagrangian Approach : this talk
@ Apologies to those who are not listed
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Introduction

Wisdom from EW sector

@ The first evidence of asymmetry was found in angular distribution

of muons from eT e~ collisions at PETRA in the 80’s (/s ~ 30

GeV , well below the Z° pole)
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@ Source of Arg is a term linear in cos # from interference between ~
or Z vector coupling and the axial vector Z coupling.
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Effective Lagrangian Approach

Dim-6 Contact Interaction

@ tt production at the Tevatron dominated by qg channel

@ Enough to consider dimension-6 four-quark operators assuming
new physics scale is high enough:

2 ] — —
Le = % > [Cf\c?(f_JA’YuCIA)(tB’Y“tB) + Cé‘f(qATarqu)(tBTa,yutB)}
AB
where
T2=)/2, {AB}={LR}, LA=(1%7%)2 (q9=u.dscb)

@ Other d=6 operators are all reducible to the above operators after
Fierzing (Hill and Parke 1994)

@ We ignore flavor changing dim-6 operators such as drY*SrtRYutR,
since those contributions to the tt production cross section will be
of a order 1/A%
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Effective Lagrangian Approach

Digress on Top Substructure

@ Our appraoch is useful even if the Agg approaches the SM
prediction

@ This contact term used to explore light quark substructures

@ Similar analysis has been done for light quark and lepton systems
using gqqq, qqll, and Il/1, with various Dirac and color structures

@ One can do exactly the same analysis for top compositeness scale

@ The scale A in our effective lagrangian could be interpreted as
Compositemess scale of a top quark seen by a light quark

@ Bound on A can be derived from M;; or p} distributions at the
Tevatron
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Effective Lagrangian Approach
Helicity Amplitude Squared

@ The squared helicity amplitude is given by

- - 492 s
IM(tLt + trtg)|? = 9%5 m? [2 + a2 (Gt Cz)] s5

_ _ 294 s
Micha t ta0)P = 28 [(14 55 (C+ Ca) ) (1)
LB (i( Cz)> ]

Ci=C-+CEl, Co=Cif + Cf

where
B2=1-4m?/s, s;=sind, c;=cosf
@ The term linear in cos § could generate the foreward-backward

asymmetry which is propotional to AC = Cy — Co.
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Effective Lagrangian Approach
Allowed region in the (Cy, C2) plane
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Effective Lagrangian Approach
Validity of our approach

@ Our Validity Criteria:
> o < rosu (straight line)
» onp < roy (ellipses passing through the origin)
» onp < rPosy (ellipses centered at the origin)
@ Taker=0.3,r=05,andr=1.0
@ Our predictions pass these validity criteria even for r = 0.3, and
could be considered reliable
@ Another Issue: Violation of Unitarity by dim-6 op’s Any
nonrenormalizable interactions violate “unitarity” , which is very
subtle issue at hadron colliders, since v/3 is not fixed

@ Our criteria is hopefully stronger than unitarity constraint
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Effective Lagrangian Approach
Validity of our approach

onp IS obtained using

—_— 4gt &
2 = s =
[ Mol 982 4N*

x {[9((CLe? + (CIM?) +2 ((ChY)2 + (CE?)] (- m?)°

+[9((CRL? + (CHY?) +2((CEL? + (C88Y?)) (- )

+ [9(ClgCly + CIFCY) +2 (CagCsg + Cig'CEg)] (28m) }

where

O—m?=-8(1+picz)/2, t—m?=-8(1-picy)/2
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Effective Lagrangian Approach
Validity region
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Effective Lagrangian Approach
Validity region with the updated data

C, (1TeV/A)?
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Effective Lagrangian Approach
Mg distribution
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Effective Lagrangian Approach
Spin-Spin Correlation

@ chiral structure of new physics affecting gg — tt is also sensitive
to the top quark spin-spin correlation (in the helicity basis):

K—C-— o(tut + trta) — o(tLlp + tal)
o(tLt, + trtr) + o(tLtg + tgty)

@ SM prediction for helicity basis: K = 0.47 (LO) and 0.352 (NLO)
[Bernreuther et al., NPB (2004)]

@ New CDF data:
K=048+0.48+0.22
@ New physics should have chiral couplings both to light quarks and
top quark — P must be broken
@ Any new observable ?
Longitudinal top quark polarization
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Effective Lagrangian Approach

New Spin-Spin Correlation Crg
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Effective Lagrangian Approach
Proposing a “NEW” Spin-Spin Correlation

@ The usual C is correlated with o, and not to Agrg

@ We propose a new spin-spin correlation Cgg: Separate the events
in forward and backward directions, and form Cgp

Crg = C(cos @ > 0) — C(cosd < 0)

C(cosf > 0(< 0)) implies the cross sections in the numerator of
C are obtained for the forward (backward) region: cos 6 > 0(< 0)
@ Advantages of the new Cgg:
» Larger spin-spin correlation
» Stronger correlation with Agg
@ This new Cgp could be also useful for testing the QCD in the top
sector
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Effective Lagrangian Approach
Spin-Spin Correlation

c, (1 TeV/A)
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Spin-1 Resonances

@ One can consider the following interactions of quarks with spin-1
flavor-conserving (changing) color-singlet V4 (V) and color-octet
VE(V§) vectors (A = L, R) relevant to AL:

Ly =0s V1M Z [gf‘q(aA”Yqu) + gf\t(?A’YutA)}
A
+os V5" Y [Qé\q(flAw T2qa) + Gé(tav, TatA)}
A

+9s[VIY " 01g(Tavuqa) + V>~ G6y(ta1. T2qa) + hc]
A A
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Spin-0 Resonances

@ Following interactions of quarks with spin-0 flavor-changing
color-singlet Sy and color-octet S scalars could also contribute to
Alg:

@ One can also consider color-triplet S] and color-sextet scalars
S,;‘B with minimal flavor violating interactions with the SM quarks
(Arnold, Pospelov, Trott, Wise):

3
‘CS =0s [Eeaﬁfyeuk IRUJRS’Y + UGU,HU/RSQB + h.c.
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Wilson Coefficients from Resonances

@ After integrating out the heavy vectors and scalars, we obtain the
Wilson coefficients as follows:

Ceg T o0 1 e 2

I —mi%/gqust—mié 2|0741° — |gsq| }

RR
Cog _ 1 ongn 1 [pgre 2} !ns\z 2\776|2

= q > g

N2 m2, me, | 36
Cs§ 1 1

g _ L R L2 2

A2 _F%gquSt_ mig |771q’ 2N |778q’ ]
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Examples of Resonances

@ Axigluon model corresponding to flavor universal chiral couplings
(Pati and Salam 1975): géq = gét = —ggq = —ggt =1

@ New gauge boson Z' with dominant coupling to u — t (Jung,
I\/Iurayama Pierce, and WeIIs 2009):

Vi="i=2, gs0f,=9x. 9s9fy=9xcu (leul S 1)
@ New charged gauge boson W'® contributions (Cheung, Keung, and
vuan 2009): V= W', gsgf, = 9'ga

@ Some RS scenarios with large flavor mixing in the right-handed
quark sector (Aquino et al 2007; Agashe et al 2008):

géq gf'?q = ggb ~—0.2, gét = gng ~ (1 ~ 28)
ggt (1 S~ 5) gé'q ~ Vfcl7 gf"i?q ~1
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Scores for each model

New particle couplings Cy Co 1 o favor
Vs (spin-1 FC octet) sis: | indefinite | indefinite v
¥, (spin-1 FV singlet) iy - 0 x
Vs (spin-1 FV octet) Tsyy + 0 v
Si (spin-0 FVsinglet) | i, 0 - v
Ss (spin-0 FV octet) ﬁéf 0 + X
S5 (spin-0 FV triplet) 73 — 0 X
S5 (spin-0 FV sextet) 6 + 0 v
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1-0 favored region for Vs
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Constraints on masses and couplings

@ 1-0 favored values of the couplings Updated data:

~ 1 1TeV

o 1TeV

Sy < ©
Mg

2
) (\Qéqlz + !Q§q|2) ~ 0.76(0.64),

2
) (1 + 17742) = 062(0.49),

1TeV\?
s .2 ( me ) Ine|? ~ 0.76(0.64)

6

These could be discovered and tested at the LHC, by measuring the
mass and the couplings
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Agg implies P violation

o If P were conserved in the light quark sector, Cg; = Cgir, and

CLFi _ CRR

8qg — “8q

If P were conserved in the top sector, Cg> = Cg!f and CfFf = C{ir
In either case, we would have C; — C> = 0, and no effects on Agg
Most important message of nonzero Agg from new physics is
Parity should be vilolated in the quark sector
What would be the observable consequences of this new PV
interaction ?

In the top sector, the top longitudinal polarization can be nonzero
in general, unlike QCD

(St- M) #0

If 7 o B, it becomes helicity
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P violation and Longitudinal Pol’s
@ Keeping only the longitudinal pol’s of (anti)top, we have

4 _ _ _
(M2 = gZ{Do +Dy(PL+ PL) +D2(PL— PL) + DsPLPL} :

@ Dy and D, are P-violating.

@ D, term needs strong phase (CPT violating), from the propagator
of the exchanged new particle, which is not seen in our approach
(Future work)

4
Dr~ g7s [(c; + Co)B(1 +¢2) + (G — C3)(5 - 33?)09]
with
Ci = Chy — Cig.
C, = Cif—Ciy-

@ Different informations on the chiral structures of NP from Agg
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@ When we integrate over the polar angle 8, only the first term
involving
(Ci+ Cp) = Chy — Cgq + Csq — Céyy
survives.

@ On the other hand, if we separate the forward and the backward
top samples and take the difference, the orthogonal combination
in the second term survives:

(C} — Cp) = Cgif' — Cgq — Cag + Cgy -
@ Consider the two new observables:

o(tgt) — o(t,tg) i
+o(tt) + o(ttr) + o(tat) ’
> 0) — D(cosf < 0)

D
U(RR

triR)
Dis = D(cosf

which involve the sum and difference of the coefficients C} and
C,, respectively.
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C(1 TeVi)?

Figure: The P-violating spin correlations D and Dgg in the (Cj, C;) plane.
The signs of (D, Dgg) are denoted.
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@ The polarization coefficients could be measured by studying the
angular distributions of the top-quark decay products.

@ For dilepton decay channels of tt (in the helicity basis), one has

4
5 = o our s

+Dz(cos ¢ — cos 0 ) + D3 cos 0’y cos O™ } .

where 6% (6*) is the angle between the charged lepton /™ (/7) in
the top (anti-top) rest frame and the direction of the top (anti-top)
in the tt rest frame.

@ My, could be helpful for this study (Work in progress)
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[t] New particle exchanges and the signs of induced couplings C*E
(A,B=R,L), Cy — C, C] + C}, and C] — C,.

Res. CAR | ctt | CtR | CAt || Cy-Cy | Ci+Cy | Ci—C,
Vig - 0 0 0 — — —
Vi 0 — 0 0 - + +
Ver + 0 0 0 + + +
VeL 0 + 0 0 + - -
Sir 0 0 0 —~ + + -
Sit 0 0 - 0 + - +
Ser 0 0 0 + = = +
Sar 0 0 + 0 - + —
Sy - 0 0 0 - - -
Sy + 0 0 0 - + +
Var + 0 0 0 + + + I
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Figure: The predictions for D and Dgg of the models under consideration,
being consistent with the o7 and Apz measurements at the 1-o level. We
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assume only one resonance exists or dominates.
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Summary

@ We performed a model independent study of tt productions at the
Tevatron using dimension-6 gqtt contact interactions with all the
possible Dirac and color structures.

@ Our results encode the necessary conditions for the underlying
new physics in a compact and an effective way when those new
particles are too heavy to be produced at the Tevatron.

@ Proposed a new FB spin-spin correlation Cgg o< Arg

@ Suggested to measure P, and P, to probe the chiral structure of
new physics in qgq — tt

@ We considered the s—, t— and u—channel exchanges of spin-0
and spin-1 particles whose color quantum number is either
singlet, octet, triplet or sextet.
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Future Study

@ Arg Vs Mg or An

@ Detailed study of resonance productions at the LHC
( Resonances in the tt or tg channel )

@ Top polarization in general (transverse, longitudinal) at the
Tevatron and at the LHC

@ In the presence of resonance, there could be nonzero P, + P, —
Need more study the D; term

@ Those new particles might leave imprints on the low energy flavor
physics such as K or B physics (mixing and CP violation), if
u(d) — t transitions are employed
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