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Several recent measurements at the Tevatron experimeinistpoards an anomalously large
forward-backward asymmetry in top-antitop productionistrticle summarizes the main classes
of physics beyond the standard model that can give rise toga Esymmetry. Complementary
measurements at the Large Hadron Collider will allow toidgtish between different models
and thereby contribute to clarifying the presently puzzlicture.
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Top-Quark Asymmetry — A New Physics Overview

1. New physicsin top-quark pair production

The anomaly in top-quark pair production persists: bothGBd- and D@ experiments at the
Tevatron have measured the forward-backward asymn#éryof the top quark [1] and consis-
tently found higher results compared to the standard m&M) prediction. The present situation
is illustrated in Figure 1. While the top-antitop productioross sectiomrand its invariant mass
spectrundo/dMagree well with the SM predictions, the asymmetric obsdesabxhibit devia-
tions of up to & significance. In particular, CDF observes a significant Bmwbackward excess at
large invariant mass, which is less pronounced at DG, betesgwith the CDF result at the level of
reconstructed data within one standard deviation. In tw@éwork of Quantum Chromodynamics
(QCD), the forward-backward asymmetry is a suppressedtifyaarising only at next-to-leading
order in powers of the strong coupling constant [2]. The $@@&lD vaIue(AtFB)'é"‘,f’,I = (4.8+0.5)%

[3] is expected to be robust with respect to higher-orderemtions [3, 4] and increased by elec-
troweak contributions by at most 20% [5].

Due to its smallness in QCD, the asymmetry is not only a paweest of the QCD vector
current, but also a sensitive probe of physics beyond the IBM. theory with CP-conserving
couplings, the forward-backward asymmetry equals a chesgmmetry, defined by
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where®@ is the scattering angle of the top quark with respect to thecton of the incident proton
p. (New) contributions toAl thus stem from a partonigq — tt amplitude that is odd under the
interchange of the top with the antitop quark in the finalestathe procesgg — tt is symmetric
in its initial state and therefore does not yield an asymyn&ince a large positive effect iy is
required to explain the discrepancy, it is most likely dud¢hte interference of the SM gluon with
a new particle exchanged at tree level. This statement dssaisported by the pattern tif data
at high invariant masM; [6], where the anomaly in the asymmetry is most significanta first
approach to classifying those interference effects, onensak in the framework of an effective
theory [7, 8]} Among the dimension-six four-quark operators mediatirg dominantuu — tt
transition, the relevant operators that interfere with@@D amplitude are

08 = (Uy, Tau)(tyHT3t), 08 = (UyT2u)(tyHyTat),

03 = (tTau)(UT3t), 03 = (TyTau)(UysT3t). (1.2

Here T2 are the generators of the QCD color octet, dgd= €41 is the antisymmetric tensor of

a color triplet. We will distinguish the tree-level conuitibns of these operators to the process
ul — tt in terms of Mandelstam variables. The operat6fs and ¢§ mediate vector and axial-
vector currents in the channel, while flavor-changing chiral currents in thehannel arise after

a Fierz transformation. The operat(ﬁé and ﬁg’ induce flavor-changing scalar and pseudo-scalar
currents in thau channel. The corresponding Feynman diagrams are showrgime=2. As we
will discuss in detail, there are three main mediators ajdacontributions tAtg: a color-octet

1As the scale of new physics 'm‘FB is typically in the range of the momentum transferdgi — tt, width and
resonance effects, which are not covered in an effectivayhean be important.
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Figure 1: Top-antitop production at the Tevatron. The rdligm/Oexp iS displayed for the total cross section
g and its invariant mass distributiaido /dMg)~ for 'Vln € [0.8,1.4] TeV. The inclusive asymmetry in the
parton frame is shown for the lepton + jets cham(mAl;B Nt besides its birfALg)> for high invariant mass
Mi> 0.45 TeV, as well as for the dilepton chann@ly)it. The asymmetry in the laboratory frame is denoted
by (Akg )iab, andA' g IS the charged lepton asymmetry. Numbers correspond tcettteed measured values [1].

vector boson with axial-vector coupling% to quarks in theschannel, a color-singlet vector in the
t channel or a color-triplet scalar in thiechannel, both with flavor-changing coupling, g“t_to
quarks.

In the following, we will review the three classes of new phggNP) in top-antitop produc-
tion. Our main focus will be on models that reconcile the tiigmediction of the asymmetry with
its measurement, while preserving the good descriptiohedtttcross section and itd distribu-
tion in terms of QCD. Further strong constraints from flavoygics and collider observables have
to be respected when constructing a viable model. For eadls,clve give examples of concrete
realizations of NP that yield a consistent picture of top#tiupair production.

2. schannel: color-octet vectors (axigluons)

Color-octet vector bosons with axial-vector couplirﬁsto quarks, dubbed axigluons, gener-
ate a charge asymmetry at tree level. The interference ofigluan with the QCD gluon (INT) and
the interference of an axigluon with itself (NP) yield thdidwing contributions tdt production,

2
Mtt_
(M§—Mg)?

oINT 2 dadh

~ @)

P~ (g)(dh)?
whereMg is the mass of the axigluon aggdenotes the strong coupling constant of QCD. The sign
of the interference terraN" is determined by the magnitude of the axigluon mass witheeisi

the momentum transfer in the procegs— tt and by the signs of the quark couplingg; andgdy.

In order to generate a positive asymmetry, a light axiglubklg ~ M may have flavor-universal
couplings to quarks, whereas a heavy axigluon Wgh>> M must exhibit axial-vector couplings
of different sign to light and top quarks. A strong consttain the magnitude o;ﬂf\gg/Mé arises
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Figure2:
Interference of new particles in tiset, andu channels of the processi — tt with the SM gluon.

from thett production cross section. Even though the axigluon doemtefere with the charge-
symmetric QCD amplitude, the NP tera'™ causes significant distortions in the invariant mass
spectrum, in particular close to the resonance region.

Indirect constraints on axigluon effects tinproduction arise from flavor physics and elec-
troweak precision observables. In the case of flavor noveusal couplings, the misalignment
of the axigluon couplings with the Yukawa couplings indudesor-changing neutral currents
(FCNC) at tree level. In the absence of a flavor theory, FCNéxe&f can be confined to the up-type
quark sector [9, 10]D — D meson mixing then constrains the mass of an axigluon withkogzu-
plings of QCD strength to be beyond the electroweak sé&de> 200 GeV [10]. Constraints from
electroweak precision observables are due to one-loopuaxigorrections to th&qq vertex. The
precise measurements of tAedboson width, its hadronic cross section and its couplingotiboin
quarks at LEP yield a lower bound on the axigluon madglgf> 500 GeV [10]. Axigluon contri-
butions to the electroweak gauge boson propagators, ethéodee oblique parameteSandT,
occur first at the two-loop level. The mass constraints aue thther mild, but reach the level of
several 100GeV for strong axial-vector couplings to toprigsi§l0].

A serious limiting factor of axigluon effects in top-quarkipproduction is their simultaneous
contribution to dijet production at the LHC. Both ATLAS andUS have carried out searches
for resonances in the dijet spectrum from proton-protottisiohs at a center-of-mass energy of
\/s=T7TeV, as well as for anomalies in the dijet angular distidit The agreement with the QCD
predictions strongly constrains the mass of an axigluoh @ICD-like couplings tdVig = 2TeV
[9, 10]. In general, dijet bounds can be evaded by decredlagouplings to light quarks, while
keeping the relevant product for the asymmegfigh, fixed?

A broad class of concrete axigluon models relies on the gqunaiechiral color [11], an ex-
tension of the QCD gauge grouJ(3)c to the chiral producSU(3). x SU(3)r. The massive
axigluon arises once the product group is spontaneouskehrto the diagonal subgrog(3)c.

In this framework, the origin of the axigluon restricts thauplings to light quarks and top quarks
to be of equal strengtigyl| = |gh|. A heavy axigluon withMg = 2TeV, gl = —gy, =1 and a
width ' /Mg = 10% evades flavor and collider constraints and yields a t@plgasymmetry at
high invariant masses of up {@\:g)3y..np = 20% [10, 12]. The effect is limited by the bounds
from dijet production. Light axigluons should have beenesbed as resonancestinproduction,

as well as dijet production. A broad width can hide an axigloesonance, but requires new states
in the axigluon decay [13]. An attractive solution to the &gymmetry anomaly is a light axigluon

2When increasing the top-quark couplings, however, comssrfrom theT parameter should be kept in mind [10].
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with Mg ~ 400GeV, universal coupling;;f\ =g}, = 1/3, and a broad width [14]. It can induce a
large highM asymmetry of ALg)5p ~ 30%.

In Randall-Sundrum models, axigluons are naturally incoaed as Kaluza-Klein excitations
of the gluon. In models with flavor anarchy, the mass hiesaid mixings of quarks can be
explained by their localization in the warped extra dimensiheavy quarks typically reside in the
infra-red (IR), light quarks in the ultra-violet (UV) regio The IR-localized Kaluza-Klein gluons
exhibit axial-vector couplings to quarks, depending onaberlap of their wave function profiles.
Axial-vector couplings to the heavy top quarks are largd, dtcongly suppressed for the UV-
localized light quarks. Without relaxing the principle advbr anarchy, it is therefore not possible
to generate a sizeable forward-backward asymmetry fromz&aKlein gluons [15]. Moving the
light quarks towards the IR to increase their axial-vectargings, however, requires an additional
flavor protection mechanism to inhibit too large effects avéir observables [16].

3. t channdl: color-singlet vectors (Z)

A color-singlet vector boson, referred to&sin analogy with the SMZ boson, contributes to
top-antitop production in the following way,

b2 OG22 e (GER(GLR)ME
~ ‘gS > s O-S ~ 7 27
t— MZ/ (Mtt o MZ’)

(9% + (gk)?
O.ZLNT ~ a- gg L 5 R ’ O.SINT
t—M2

(3.1)
The exchange of ' boson with flavor-changing couplingﬁfR in thet channel yields a Rutherford
enhancement of the top asymmetry at high invariant mass fis7pbserved by CDF. Since the
interference with the SM gluorgy'™, is negative, large couplingy' are required to achieve a
positive asymmetry from the NP terof®. Contrary to new particles in th@channel, a flavor-
violating boson in theé channel does not appear as a resonance in the spectrum tofdioss
section. However, the Rutherford enhancemend;pfia the interference terralNT constrains the
Z' massMz to be below a few 100GeV. The contributiad'" to the cross section prohibits large
flavor-diagonal couplingg‘ﬁf}z, gtl_t_‘R, which restricts the flavor structure of viatdémodels.

Indirect constraints on fIavOr—vioIatiij bosons arise from meson mixing. T8E(2). gauge
symmetry of the SM relates thge —t, — Z' coupling to ad. — b, — Z’ coupling, which induces
tree-level effects iBy — By mixing. The resulting strong bourgl" < 3.5 x 10-4(Mz /100 GeV)
[18] suggests large right-chira’ couplings. The couplingi—c— Z’, connected tar—t — Z’ by
the SU(3)y flavor symmetry, is constrained by effectsin- D mixing [17]. A large top-quark
asymmetry could thus be due toZa boson with a largegl coupling, breaking both the chiral
andSU(3)y flavor symmetries. In models of topcolor-assisted tecHaictop-quark condensates
generate the desired largg coupling and provide a consistent explanation of the asymynfi].

Severe direct constraints an—t — Z’ couplings stem from same-sign top production. The
recent search fopp — tt andpp — ttj processes by CMS excludes the region ofZhparameter
space that is compatible withl; to 95% confidence level [20]. The abelid@ model is thus
ruled out by same-sign top production at the LHC. A possildg wut is to protect the model from
same-sign tops by a non-abelig(2)i flavor symmetry. The forward-backward asymmetry in
this setup is induced by thechannel exchange of (electrically neutrdlj gauge bosons, which
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carry “flavor isospin”. This flavor quantum number forbidsreasign top production and thereby
allows for a large asymmetr§AL;)~ ~ 30% forMy, = 200GeV [21].

4. u channel: color-triplet scalars (S

Besides the vector bosons discussed in the previous sgctimre exist two scalar fields that
can yield a sizeable top-quark asymmetry: a color triplét Exy. (1.2)) and a color sextet. Their
guantum number assignments under the SM gauge group are

(SUB)C.SU))uwy 1 S=0BDyz. S=(61)ys. (4.1)

The color representation dictates the flavor symmetry oktaars. The color sext& is also a
(symmetric) sextet representation of the flavor gr&uj3)y, which implies flavor-diagonal cou-
plings to quarks. A significant contribution & to the forward-backward asymmetry is therefore
ruled out bys-channel dijet production viau — S — uu. The color tripletS;, however, has an-
tisymmetric flavor-triplet couplings to quarks, which prots it from the dominant flavor-diagonal
contributions to dijet production. TH&U(3)y symmetry further prevents the scalars from inducing
undesirable flavor-violating FCNC [22].

The exchange of a color tripl&; in tt production proceeds via thechannel. The effect on
the top-quark asymmetry is not Rutherford-enhanced anefibre generically smaller than for
t-channel NP [23]. A clear advantage of tlxehannel exchange is the absence of same-sign tops
due to the conservation of electric charge. Light colonét®S; may originate from an extended
Higgs sector in models with grand unification [24].

5. Modd distinction at the LHC

The origin of the Tevatron forward-backward asymmetry cartlarified by exploring corre-
lated observables at the LHC. While a forward-backward asgtry is not observable in proton-
proton collisions due to the symmetric initial state, thégior of the quark and antiquark in-
side the protons can be determined by their different moomerdistributions. One can probe
charge-asymmetric contributions tb production via an asymmetry based on pseudo rapidities
n = —In(tan/2) [25],

A N > Ind) = N(Im| < |nic)
" N(Imd > Jneh)+ Nl < [nel)”

The CMS and ATLAS collaborations have measuﬁ(%dconsistent with zero [26]. The results are
still limited by large statistical uncertainties; systeditsare expected to shrink {4 —2)%. The
candidates for a largat; typically enhaanAt,])gM by a factor of about two. It might be difficult
to distinguish new physics from the SM usiAg without setting further cuts om, andM [27, 28].

A promising road to discriminate between different modelso explore theVii spectrum
of top-pair production at the LHC [27, 29]: an axigluonMg = & (1TeV) should show up as a
resonance, while a flavor-violatirgj boson enhances the tail of the spectrum. The chiral coupling
of the top quark can be disentangled from its polarizatidd.[&n improved measurement of the
M spectrum of the forward-backward asymmetry at the Tevasgoossible and will help to
distinguish between models that yield the same inclusiyenasetry [31].

(A})sm = (1.30£0.11)%. (5.1)
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