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Why this anomaly 
now?

CDF 5.3 fb^-1, January 2011 9
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FIG. 3: Distributions of ∆ylh (top) and yh (bottom) for events with negative leptons (left) and positive leptons (right).

V. MEASUREMENT OF THE INCLUSIVE
ASYMMETRIES

We now t urn to t he rapidi ty dist ribu t ions in t he dat a.
T he inclusive dist ribu t ions of t he ∆ylh and yh variables
are shown in F ig. 2, compared to t he st andard pythia
tt̄ + background predict ion. T hese dist ribu t ions cont ain
t he full sample of bot h lep ton signs and should be sym-
met ric. T he legend on t he top right shows t he asym-
met ries in all components. T he dat a agrees well wi t h
tt̄+ bkg predict ion in bot h variables, and, in par t icular,
t he asymmet ries are consistent wi t h zero.

A forward-backward asymmet ry becomes apparent
when t he sample is separated by charge. T he top row
of F ig. 3 shows t he ∆y dist ribu t ions for events wi t h neg-
at ive lep tons (left ) and posi t ive lep tons(right ). We find
A+

lh = 0.067 ± 0.040 and A−
lh = −0.048 ± 0.039, where

t he uncer t aint ies are st at ist ical only. W i t h limi ted sig-
nificance, t he asymmet ries are equal in magni t ude and
opposi te in sign.

T he bot tom plots of F ig. 3 shows t he yh dist ribu-

t ions for events wi t h nega t ive lep tons (left ) and pos-
i t ive lep tons (right). A n indicat ion of asymmet ry is
also observed in t his figure: t quarks are dominant in
t he forward (proton) direct ion and t he t̄ quarks in t he
backward (p̄) direct ion. T he measured asymmet ries are
A+

h = −0.070 ± 0.040 and A−
h = 0.076 ± 0.039, again

equal and opposi te wi t hin uncer t aint ies.

T he sign reversal of t he asymmet ry under interchange
of t he lep ton charge (or, in our formalism, under inter-
change of t and t̄) is consistent wi t h CP conservat ion.
W i t h larger samples and improved precision, t he com-
parison of t he charge separa ted dist ribu t ions will pro-
vide a st rict test of CP conserva t ion in tt̄ product ion. If
we assume CP conservat ion we can calculate t he tot al
asymmet ry in each frame using E qs. (1) and (2). T he
dist ribu t ions of t hese variables are shown in F ig. 4. T he
asymmet ry in t he tt̄ frame is Att̄ = 0.057 ± 0.028, and in
t he laboratory frame is App̄ = 0.073 ± 0.028, where bot h
uncer t aint ies are st at ist ical.

Att̄
FB = 0.475± 0.114 Att̄

FB = 0.088± 0.013
Mtt̄ > 450 GeV
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Why this anomaly 
now?

− 0.116 ± 0.146 ± 0.047 0.475± 0.101± 0.049

mtt̄ < 450 GeV mtt̄ > 450 GeV

CDF unfolded parton-level  At
FB

3.4σ level discrepancy from SM

SM has FB asymmetry at NLO

0.040± 0.006 0.088± 0.013

mtt̄ < 450 GeV mtt̄ > 450 GeV

New physics effects easily come in at Tree Level. 

Thursday, May 31, 2012
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Why this anomaly, 
now?

Comparison of Two-Bin Parton Level AFB to 

Previous Results 

Moriond 2012 D. Mietlicki 17 

!! Previous version of CDF analysis only provided parton-level 
results for two bins of Mtt and !y 

!! Table compares the new result in the same two bins to the 
previous results (all numbers are percentages) 

Selection NLO (QCD+EW) CDF, 5.3 fb-1 D0, 5.4 fb-1 CDF, 8.7 fb-1 

Inclusive 6.6 15.8 ± 7.4 19.6 ± 6.5 16.2 ± 4.7 

Mtt < 450 GeV/c2 4.7 "11.6 ± 15.3 
7.8 ± 4.8 

(Bkg. Subtracted) 
7.8 ± 5.4 

Mtt ! 450 GeV/c2 10.0 47.5 ± 11.2 
11.5 ± 6.0 

(Bkg. Subtracted) 
29.6 ± 6.7 

|!y| < 1.0 4.3 2.6 ± 11.8 
6.1 ± 4.1 

(Bkg. Subtracted) 
8.8 ± 4.7 

|!y| ! 1.0 13.9 61.1 ± 25.6 
21.3 ± 9.7 

(Bkg. Subtracted) 
43.3 ± 10.9 

Data level

D. Mietlicki, Moriond
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Measures of top AFB

Asymmetry much larger in ee, mu-mu 
than in e-mu

8
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FIG. 3: The rapidity between the positively and negatively charged leptons in data and in the predicted signal and background
simulations. The forward backward asymmetry in data is Afb = 0.14 ± 0.05.
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FIG. 4: Aee
obs = 0.270 ± 0.112(stat.) (Pred.: −0.010 ± 0.070). K-S probability is calculated to be 2.5 %.
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= 0.060 ± 0.077(stat.) (Pred.: −0.004 ± 0.037). K-S probability is calculated to be 21.7 %.
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= 0.170 ± 0.102(stat.) (Pred.: −0.039 ± 0.078). K-S probability is calculated to be 8.0 %.
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= 0.060 ± 0.077(stat.) (Pred.: −0.004 ± 0.037). K-S probability is calculated to be 21.7 %.
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= 0.170 ± 0.102(stat.) (Pred.: −0.039 ± 0.078). K-S probability is calculated to be 8.0 %.

AFB = 0.17± 0.102

AFB = 0.06± 0.077

AFB = 0.27± 0.112
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Slope 
Parameter " 

AFB vs. Mtt
 AFB vs. !y 

Data (11.1 ± 2.9)!10-4 (20.0 ± 5.9)!10-2 

SM 3.0!10-4 6.7!10-2 

p-value 0.00646 0.00892 

!! Predicted background contribution has 
been removed 
!! Measure asymmetry in only top events 

!! No correction to parton level yet 
!! No assumptions about the underlying physics 

!! Data well-described by linear ansatz – 
determine best-fit slope 
!! #2/d.o.f " ~1 for both !y and Mtt 

dependence  

!! Determine p-value by comparing 
observed slope to NLO prediction 
!! How often will NLO slope fluctuate to be at 

least as large as in the data? 
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Can QCD Generate 
This?

First contribution appears at NLO

Stable against higher order 
corrections?  Claim: yes.  Threshold 
resummed results give same asymmetry 
as fixed order calculation

7

F I G . 1: Int erfering qq̄ → tt̄ (above) and qq̄ → tt̄j (b elow) ampli t udes.

broadened by the varying boost of t he tt̄ system along
t he beamline, and t he asymmet ry is dilu ted to App̄ =
0.038 ± 0.006. O ur mcfm predict ions are in accord wi t h
ot her recent calcula t ions [1–3]. T hese predict ions are for
top quarks as t hey emerge from t he qq̄ collision, before
any modificat ions by detector accep t ance and resolu t ion.
We will call t his t he par ton-level. B ased on our own st ud-
ies of scale dependence in mcfm and also t he st udies in
t he references above, we assign a 15% rela t ive uncer t ainty
to all N L O mcfm predict ions.

A n N L O calculat ion for inclusive tt̄ product ion is an
L O calculat ion for t he product ion of a tt̄ + jet final st ate,
and t hus an L O calculat ion for t he asymmet ry in final
st ates cont aining an ex t ra jet . A new N L O calculat ion
for tt̄j product ion (and t hus for t he asymmet ry) suggests
t hat t he nega t ive asymmet ry in t his final st ate is grea t ly
reduced from leading-order [25]. T his new resul t for t he
tt̄j asymmet ry can be incorpora ted into an analysis of
t he asymmet ry for inclusive tt̄ product ion only wi t hin t he
contex t of a full N N L O calcula t ion of tt̄ product ion. Such
calcula t ions are underway bu t are not complete. T hresh-
old resummat ion calculat ions indicate t hat t he inclusive
asymmet ry a t N N L O should not differ grea t ly from t ha t
predicted at N L O [1, 21]. In t his paper, we compare
to t he N L O predict ions for tt̄ product ion. We include a
15% scale dependence uncer t ainty, bu t note t ha t t here is
an overall unknown systema t ic uncer t ainty on t he t heo-
ret ical predict ion pending t he complet ion of t he N N L O
calcula t ion.

In t he near-t hreshold form of t he cross sect ion [1] t he
tt̄ frame asymmet ry can be seen to increase wi t h t he top
quark product ion angle and veloci ty (β), and t hese are
t hus key variables for underst anding the source of t he
asymmet ry. In t his analysis, t he proxies for t hese vari-
ables are t he top quark rapidi t ies and t he mass Mtt̄ of
t he tt̄ system. M easurements of t he rapidi ty and mass
dependence of Att̄ are described in Sect ions V I and V I I .

B. NLO QCD Simulation with MC@NLO

We use t he event generator mc@nlo to create a sim-
ulated sample t hat includes t he Q C D asymmet ry as pre-
dicted by t he st andard model at N L O . In addi t ion to
including t he asymmet ric processes t his generator prop-
erly est imates t he amount of gg, and t hus t he dilut ion of
t he asymmet ry from t hese symmet ric processes.

Some naming convent ions for t he dat a-to-simulat ion
comparison are given in Table I I . A ll Monte C arlo ( M C )
generators will have t he same convent ions: t he t ru t h in-
format ion is t he par ton level; t he pure top signal after
simulat ion, select ion, and reconst ruct ion is t he tt̄ level,
and t he full predict ion including backgrounds is tt̄ + bkg
level. T he reconst ructed lep ton + jets sample is t he dat a.
Sub t ract ing t he backgrounds from t he dat a yields t he
reconst ructed tt̄ signal-level. Correct ing t he dat a for ac-
cep t ance and resolu t ion produces a measurement at t he
par ton-level.

T A B L E I I: N aming convent ions for da t a and simula t ion sam-
ples.

sample level defini t ion comparable to
da t a da t a reco l + je ts
da t a signal da t a minus b kg tt̄ in da t a
da t a par ton correc t ed signal tt̄ a t crea t ion
M C tt̄+ b kg reco tt̄ + b kg da t a
M C tt̄ reco tt̄ no b kg da t a signal
M C par ton t ru t h level da t a par ton

T he mc@nlo predict ions for t he asymmet ries a t var-
ious levels of simulat ion are shown in Table I I I . T he
uncer t aint ies include t he Monte C arlo st at ist ics and t he
N L O t heoret ical uncer t ainty. T he par ton-level mc@nlo
asymmet ries are consistent wi t h mcfm, as expected. A f-
ter C D F detector simulat ion, event select ion, and recon-
st ruct ion, t he asymmet ries in t he mc@nlo tt̄ signal are

Almeida, Sterman, Vogelsang 2008
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Questions to Ask 
about the anomaly

Is it systematic?

Is it statistical?

Is it QCD?

How difficult is it 
to simultaneously 
fit the anomaly and 
other constraints?

Probably not

Maybe -- though 
growing statistics

Hard to see how ... 
but maybe likely 
given the 
constraints

Not so easy.
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On the LHC Side

Seoultech Ian-Woo KimMar 5, 2012

On the LHC side...

Not a significant deviation from standard model at ~ 1 fb^-1

Thursday, May 31, 2012

Cross-section and Invariant Mass 
Distribution Looks like SM 9
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Figure 1: Reconstructed mtt̄ using leading 3 jets (3-jet events with at least one b tag) and re-
constructed mtt̄ (4-jet events with 0, 1, and at least two b tags) in the muon + jets channel. The
background contributions are scaled according to a background only fit, and the expected sig-
nal distributions for narrow topcolor Z′ models at a number of different masses are also shown.
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Models to generate 
top AFB

s-channel or t-
channel

s-channel: 
axigluon

t-channel: flavor 
violating gauge 
boson (Z’, W’) or 
scalar color 
triplet or sextet

q

q̄

M

t

t̄

(a) s-channel qq̄

g

g

M

t

t̄

(b) s-channel gg

q

q̄

M

t

t̄

(c) t-channel qq̄

Figure 1: Tree level tt̄ production diagram with mediator M exchange.

fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

discuss the LHC reach for discovering such states, based on the analysis of [48].

II. MODELS

The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.

5

Jung, Murayama, Pierce, Wells
Shu, Tait, Wang

Ligeti, Schmaltz, Tavares
Grinstein, Kagan, Trott, Zupan

Ferrario and Rodrigo
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You can also refer 
to....How to Generate AFB

You can refer to...
Sehgal, Wanninger(1988), Bagger, Schmidt, King (1988), Ferrario, Rodrigo (2009), Frampton, Shu, 
Wang (2009), Chivukula, Simmons, Yuan (2010), Djouadi, Moreau, Richard, Singh (2010), Bauer, 
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Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W ′, Z ′
H , and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At
FB anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],2 here we

2 For generic colored resonance search through QCD interations, see [35].
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• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At
FB anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],2 here we

2 For generic colored resonance search through QCD interations, see [35].
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s-channel: particular couplings.  
Opposite charges for light quarks and 
top

t-channel: high invariant mass 
spectrum can become skewed
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B. Color Triplets and Sextets

The quantum numbers of the color triplet and sextet are

(3̄, 1)4/3 (6, 1)4/3, (8)

and their interactions with up and top quarks is given by

Lφ = φat̄cT a
r (gLPL + gRPR)u. (9)

This gives rise to a scattering cross-section [22]

Aint +Asq =
2g2g2SC(0)

9

û2
t + ŝm2

t

ŝûφ
+

g4C(2)

9

û2
t

û2
φ

(10)

where C(0) = 1(−1) for triplets (sextets) [22, 24] is a color factor that comes from the

interference of new t-channel physics with the s-channel gluon. The color factor C(2) comes

from the squared new t-channel physics term and is equal to C(2) = 3/2 for sextets and

C(2) = 3/4 for triplets. We have also defined g ≡
√
(g2L + g2R)/2.

C. Color Octet

The exotic gluon couples to light quarks through

Laxi = gs
(
q̄ TAγµ(gqLPL + gqRPR)q + t̄ TAγµ(gtLPL + gtRPR)t

)
G′A

µ . (11)

Note the inclusion of the QCD coupling constant, gs, in the interaction. The scattering

cross-sections calculated through these interactions are [37]

Aint =
g4s
9

ŝ(ŝ−m2
G′)

(ŝ−m2
G′)2 +m2

G′Γ2
G′
(gqL + gqR)(g

t
L + gtR)

[
(2− β2) + 2

(gqL − gqR)(g
t
L − gtR)

(gqL + gqR)(g
t
L + gtR)

cθ + c2θ

]
, (12)

Asq =
g4s
18

ŝ2

(ŝ−m2
G′)2 +m2

G′Γ2
G′
(gqL

2 + gqR
2)(gtL

2
+ gtR

2
)

[
1 + (1− β2)

2gtLg
t
R

gtL
2 + gtR

2 + 2
(gqL

2 − gqR
2)(gtL

2 − gtR
2)

(gqL
2 + gqR

2)(gtL
2 + gtR

2)
cθ + c2θ

]
. (13)

As does CDF, we consider the case where the couplings of the vector color octets are

purely axial, so gqV = (gqR + gqL)/2 = 0 and gtV = (gtL + gtR)/2 = 0, and where the axial

7

resonance searches are avoided. Additionally, the same-sign top signature search limit prefers

M to be a non-self-conjugate state [20]. Therefore, ordinary Z ′ models run into difficulty.

Here, to avoid same-sign top constraints, we consider horizontal Z ′
Hs with flavor charge.

Color exotic states and W ′s can also satisfy the requirement.

In the following sections, we summarize the defining Lagrangian of t-channel W ′, Z ′
H ,

triplet scalar, sextet scalar and s-channel axigluon models and present the tree-level differ-

ential cross sections, dσ(qq̄→tt̄)
dcos θ .

A. Flavor-Changing W ′, Z ′

The Lagrangian for a flavor-violating Z ′ interaction is

L =
1√
2
t̄γµ(gLPL + gRPR)uZ

′
µ + h.c., (2)

giving rise to a scattering cross-section

dσ

d cos θ
=

β

32πŝ
(ASM +Aint +Asq) , (3)

where

ASM =
2g4s
9

(1 + c2θ +
4m2

t

ŝ
), (4)

with cθ = β cos θ and β =
√

1− 4m2
t/ŝ. The new physics contributions are [37]

Aint =
2g2s
9

(g2L + g2R)

ŝt̂Z′

[
2û2

t + 2ŝm2
t +

m2
t

m2
Z′
(t̂2t + ŝm2

t )

]
, (5)

Asq =
1

2t̂2Z′

[
(g4L + g4R)û

2
t + 2g2Lg

2
Rŝ(ŝ− 2m2

t ) +
m4

t

4m4
Z′
(g2L + g2R)

2(t̂2Z′ + 4ŝm2
Z′)

]
, (6)

with t̂i ≡ t̂−m2
i and ûi ≡ û−m2

i . The Mandelstam variables are related to the scattering

angles via t̂ = −ŝ(1− cθ)/2+m2
t and û = −ŝ(1+ cθ)/2+m2

t . Note that the Lagrangian has

been defined with a
√
2 with respect to some other conventions in the literature. Similar

expressions hold for the flavor-violating W ′ via the interaction Lagrangian

L =
1√
2
d̄γµ(gLPL + gRPR)tW

′
µ + h.c. (7)

6
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Figure 5: AFB for Z ′
H , W ′ models with couplings as indicated in the legend (with g = gR, gL = 0),

with the hatched regions corresponding to 1σ errors based on the limited statistics of the sample.

The contribution to AFB includes both t-channel Z ′
H , W ′ exchange and single Z ′

H , W ′ production.

The red bars are the CDF observation with 1σ errors, while the blue bars indicate the NLO SM

contribution from [1], which has not been included in the LO contribution calculated via MadGraph

and PYTHIA. The last bin includes all events with mtt̄ > 450 GeV and |∆y| > 1, respectively.

A similar analysis is carried out for triplets, sextets and axigluons in Fig. (6). While

triplet and sextet models can marginally reproduce the asymmetries at LO, the rise between

the low and high invariant mass bins and low and high rapidity bins is not as pronounced for

the triplets and sextets as for the W ′ and Z ′
H . The reason for this in the sextet and triplet

cases can, for example, be easily extracted from the analytical expressions, Eqs. (5), (6), (10).

At high invariant mass, the scattering amplitude is dominated by the squared term. There

ût ! ûφ in Eq. (10), and the effect of the Asq on the asymmetry vanishes. By contrast, the

Z ′
H , W ′ are dominated by û2

t/t̂
2
M ∼ (1 + cθ)2/(1 − cθ)2 which retains a contribution to the

asymmetry at high invariant mass.

The axigluon models tend to significantly underproduce the asymmetry in the high in-
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Figure 6: AFB for triplet, sextet and axigluon models with couplings as indicated in the legend,

with the hatched regions corresponding to 1σ errors based on the limited statistics of the sample.

The red bars are the CDF observation with 1σ errors, while the blue bars indicate the NLO SM

contribution, which has not been included in the LO contribution calculated via MadGraph and

PYTHIA. The last bin includes all events with mtt̄ > 450 GeV and |∆y| > 1, respectively.

variant mass window. Choosing a larger coupling does not give rise to a larger asymmetry in

the high invariant mass bin because of width effects, and the axigluon mass cannot be low-

ered in order to compensate on account of dijet constraints [17]. Thus we see that axigluon

models have greater difficulty than Z ′
H and W ′ for reproducing the observations. Some of
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Figure 7: dσ
dmtt̄

for the benchmark models appearing in Figs. (5, 6). The Tevatron measured cross

section (red crosses, from [52]), and LO SM cross-section with the same SM parameters and fixed

renormalization scale used to generate benchmark model events are also shown. No K-factors are

applied.

these constraints can be relaxed somewhat by moving away from the point gqA = −gtA [17].

In addition, on account of the large couplings present in these models, NLO corrections to

the new physics must be considered in order to draw firm conclusions.

Before moving on to the fully reconstructed sample, we compare the invariant mass

distributions of the LO PYTHIA results against the observations in Fig. (7). No K-factors
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these constraints can be relaxed somewhat by moving away from the point gqA = −gtA [17].

In addition, on account of the large couplings present in these models, NLO corrections to

the new physics must be considered in order to draw firm conclusions.

Before moving on to the fully reconstructed sample, we compare the invariant mass

distributions of the LO PYTHIA results against the observations in Fig. (7). No K-factors
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FIG. 14: Scatter plot depicting simulated signal level fAFB(mtt̄ < 450 GeV), AFB(mtt̄ > 450 GeV),σtt̄ ð

Acceptanceg for t-channel flavor-changing vector models models listed in Table III. The models are labeled

by the mass of the mediator, the coupling, and the total LHC production cross-section times acceptance.

The coupling conventions are discussed in detail in the text. The cross-sections are compared against

the SM cross-section times acceptance which yields 8.178 pb at the LO; the color scales for the models

indicate the deviation from the SM cross-section, as indicated by the legend at the bottom. A single (cyan)

χ2/d.o.f. = 3 contour with SM cross-section is shown. The curves indicate constant χ2 for a given cross-

section, as defined in Eq. (22). Contours for four cross-section values (cyan, blue, green, purple) are shown

for χ2/d.o.f. = 1 and 2. Model points of a given color should be compared to χ2 contours of the same color.
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FIG. 18: Number of additional jets and lepton differential rapidity distribution of C1V, F8C1V and schanC8

models at LHC7, as compared to SM LO expectation, with ±1σ yellow bands corresponding to statistical

error given 1fb−1. Models shown are those with the lowest χ2 as defined in Eq. (22).

fer complimentary constraints to the Tevatron invariant mass distribution. In the case of t-channel

mediators, the LHC total cross-section places a strong constraint on light mediators, while the

Tevatron invariant mass distributions place strong constraints on heavy mediators that are able to

produce the asymmetry. The vanilla t-channel models thus seem disfavored at present. Heavy,

narrow axigluons (with masses ∼ 2 TeV) are currently becoming more tightly constrained with
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Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W ′, Z ′
H , and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At
FB anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],2 here we

2 For generic colored resonance search through QCD interations, see [35].
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Figure 3: Unfolded inclusive ∆|y| distribution (upper left), corrected asymmetry as a function
of |ytt̄| (upper right), pT,tt̄ (lower left), and mtt̄ (lower right). The measured values are compared
to NLO calculations for the SM [15] and to predictions of an effective field theory (EFT) [17].
The error bars on the differential asymmetry values indicate the statistical and systematic un-
certainties.

7 Conclusion
An inclusive and three differential measurements of the charge asymmetry in tt production
using data corresponding to an integrated luminosity of 4.7 fb−1 have been reported. Events
with top-quark pairs decaying in the lepton+jets channel were selected and a full tt event re-
construction was performed to determine the four-momenta of the top quarks and antiquarks.
The measured distributions of the sensitive observable were then corrected for acceptance and
reconstruction effects. The measured value for the inclusive asymmetry as well as the mea-
sured asymmetry as a function of three differentiating variables, the rapidity, the transverse
momentum, and the invariant mass of the tt̄ pair is in agreement with the predictions and no
hints for contributions from physics beyond the standard model have been found.
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We consider the implications of low-energy precision tests of parity violation on t-channel mediator models
explaining the top AFB excess measured by CDF and D0. Flavor-violating u-t or d-t couplings of new scalar
or vector mediators generate at one-loop an anomalous contribution to the nuclear weak charge. We find that
models that can give rise to a greater than 20% asymmetry at the parton level for Mtt̄ > 450 GeV, while not pro-
ducing too large a tt̄ cross-section, are disfavored at ! 3σ by atomic parity violation constraints. Measurements
of the proton weak charge by the Q-Weak experiment will also strongly constrain these models.

Introduction: As the heaviest particle in the Standard
Model (SM), the top quark provides a special window into
physics at the electroweak symmetry breaking scale and the
search for new physics. In fact, the most persistent anomaly
to come from the Tevatron arises in the top system. Both the
CDF and D0 collaborations have reported an excess in mea-
surements of the tt̄ forward-backward asymmetry AFB , fa-
voring production of t in the incoming proton direction, and
t̄ in the incoming antiproton direction. The CDF experiment
sees a 3.4σ deviation from the SM: AFB = 0.475 ± 0.114
for tt̄ invariant mass Mtt̄ > 450 GeV [1] at the parton level
(or AFB = 0.266 ± 0.062 at the signal level), while the SM
predicts at next-to-leading order (NLO) much lower values
0.088± 0.013 (or 0.043± 0.009 at the signal level). D0 also
sees an anomalously large AFB , though without the dramatic
rise at the high Mtt̄ [2]. At the signal level, within errors, the
two experiments agree with each other.

Most new physics models that may account for this excess
fall into two classes: s-channel and t-channel. The s-channel
models involve a new colored resonance with axial couplings
(e.g., axigluons) [3–5], although the simplest such models
have become disfavored due to the absence of tt̄ resonances
at high invariant mass at the LHC [6]. The t-channel models
feature a scalar or vector mediator, denoted M , with flavor-
violating coupling λ between u or d and t (or t̄), and can gen-
erate a large forward-backward asymmetry through a Ruther-
ford enhancement [7, 8]. Heavy mediators (mM > mt)
have become disfavored by the invariant mass distribution and
number of additional jets in tt̄ events at the LHC [6], due to a
large tt̄+jet cross section from on-shell M production [9, 10].
Light mediators (mM < mt) therefore are the most promising
for avoiding collider constraints; on-shell M production does
not contribute to tt̄ since M cannot decay to t+ jet.

In this Letter, we show that low-energy precision tests of
parity-violating (PV) observables provide very strong con-
straints on t-channel models for AFB . As shown in Fig. 1,
all t-channel models generically lead to an anomalous cou-
pling of the Z boson to u or d quarks at one-loop, which is of
order λ2/(4π)2 m2

t/m
2
M ∼ 10−2, for λ ∼ 1 and mM ∼ mt

in order to explain AFB . Atomic parity violation (APV) mea-
surements in cesium [11] provide the strongest constraints, at
the level of 10−3, and the upcoming proton weak charge mea-

surement by the Q-Weak experiment [12] is expected to give
even stronger limits. We emphasize that PV measurements
are particularly sensitive to t-channel models with light medi-
ators, therefore providing a complementary test on models for
AFB that are most easily hidden in collider searches. We con-
sider here simple scalar and vector t-channel models, which
have thus far evaded collider bounds, and find that they are
strongly excluded by PV constraints.

Parity violation constraints: PV electron-quark interactions
can be parametrized below the weak scale by an effective four-
fermion interaction

L PV
eq =

GF√
2

∑

q=u,d

(
C1q ēγ

µγ5e q̄γµq + C2q ēγ
µe q̄γµγ5q

)
.

(1)
In the SM, the coefficients C1q and C2q arise at leading order
via Z exchange: e.g., C1u = − 1

2 + 4
3s

2
W and C1d = 1

2 −
2
3s

2
W , where sW ≡ sin θW describes the weak mixing angle.

Beyond leading order, precision SM computations [13, 14]
allow for stringent constraints on new physics contributing to
Eq. (1), denoted CNP

1q and CNP
2q .

APV experiments provide the most precise measurements
of C1q . Interference between γ and Z amplitudes give rise to
PV atomic transitions sensitive to the nuclear weak charge

QW (Z,N) ≡ −2
[
(2Z +N)C1u + (2N + Z)C1d

]
. (2)

The strongest constraint is from cesium (133Cs) [11], for

u, d u, d

t t

M

u, d u, d

t t

Z

M

u, d u, d

Z

Z ′

t t

FIG. 1: AFB from t-channel exchange of M (left). Anomalous cou-
pling of Z to u, d at one-loop is generated by M (center) and by
flavor-conserving Z′ associated with certain vector M models.

New physics contribution to parity violation

Vertex correction

Kim,Tulin,Zurek & Gresham (1202.xxxx)

vector boson mixing

More sensitive than hadronic Z width at Z-pole. 

Note that precision in weak mixing angle measurement at Z-pole 

is determined by leptonic and c,b-quark channel.  
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Weak Scalar Doublet 
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t-channel models 
conclusion

Heavy t-channel models challenged by 
LHC total cross-section and invariant 
mass distributions

Light t-channel models challenged by 
APV

Easier if asymmetry becomes smaller 
for Mtt > 450 GeV
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s-channel models

Again have light-heavy dichotomy

Opposite sign axial couplings for 
heavy mediator (m > 2 mt), same sign 
axial couplings for light mediator

B. Color Triplets and Sextets

The quantum numbers of the color triplet and sextet are

(3̄, 1)4/3 (6, 1)4/3, (8)

and their interactions with up and top quarks is given by

Lφ = φat̄cT a
r (gLPL + gRPR)u. (9)

This gives rise to a scattering cross-section [22]

Aint +Asq =
2g2g2SC(0)

9

û2
t + ŝm2

t

ŝûφ
+

g4C(2)

9

û2
t

û2
φ

(10)

where C(0) = 1(−1) for triplets (sextets) [22, 24] is a color factor that comes from the

interference of new t-channel physics with the s-channel gluon. The color factor C(2) comes

from the squared new t-channel physics term and is equal to C(2) = 3/2 for sextets and

C(2) = 3/4 for triplets. We have also defined g ≡
√
(g2L + g2R)/2.

C. Color Octet

The exotic gluon couples to light quarks through

Laxi = gs
(
q̄ TAγµ(gqLPL + gqRPR)q + t̄ TAγµ(gtLPL + gtRPR)t

)
G′A

µ . (11)

Note the inclusion of the QCD coupling constant, gs, in the interaction. The scattering

cross-sections calculated through these interactions are [37]

Aint =
g4s
9

ŝ(ŝ−m2
G′)

(ŝ−m2
G′)2 +m2

G′Γ2
G′
(gqL + gqR)(g

t
L + gtR)

[
(2− β2) + 2

(gqL − gqR)(g
t
L − gtR)

(gqL + gqR)(g
t
L + gtR)

cθ + c2θ

]
, (12)

Asq =
g4s
18

ŝ2

(ŝ−m2
G′)2 +m2

G′Γ2
G′
(gqL

2 + gqR
2)(gtL

2
+ gtR

2
)

[
1 + (1− β2)

2gtLg
t
R

gtL
2 + gtR

2 + 2
(gqL

2 − gqR
2)(gtL

2 − gtR
2)

(gqL
2 + gqR

2)(gtL
2 + gtR

2)
cθ + c2θ

]
. (13)

As does CDF, we consider the case where the couplings of the vector color octets are

purely axial, so gqV = (gqR + gqL)/2 = 0 and gtV = (gtL + gtR)/2 = 0, and where the axial

7
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Heavy Axiglue LHC 
tt-bar constraints

An axigluon with                 and strong top couplings 
can accommodate the CDF measurement.

AXIGLUON EFFECTS ON FB ASYMMETRY
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Heavy Axiglue LHC 
tt-bar constraints
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Eq. (22).

tail of the distribution, as pointed out in [48]. For reference in these figures we have also shown

the rapidity distribution of the leptons; single mediator production results in a more central lepton

rapidity distribution.

V. CONCLUSIONS

We have carried out a comprehensive analysis of NP models for topAFB utilizing both Tevatron

and the prospective LHC7 constraints with 1 fb−1. We considered effective vertices for all pos-

sible spin, color and flavor representations connecting top quarks with up quarks. We were able

to show on general grounds why scalar mediated models have difficulty reproducing the observed

asymmetry. We revisited the Tevatron signal level invariant mass distributions, as investigated in

our earlier paper [61]. We found that the prospective LHC constraints on the total cross-section of-
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F IG. 2: Plot of the invariant mass distribution of the Tevatron tt̄ asymmetry from interference of the s-channel gluon and axigluon diagrams.
The three curves correspond to axigluons with mass 420 GeV which each produce a 30% asymmetry from new physics in the 450 GeV and
above invariant mass bin. Note that the asymmetry is negative below the resonance of the axigluon. A ll three example points predict about
-5% asymmetry when integrated from the tt̄ threshold to 450 GeV. To obtain an estimate for the total new physics + Q C D asymmetry, one can
simply add the SM asymmetry (about 10% in the high invariant mass bin).

Here we used the partonic Mandelstam variables s ≡ (p1 + p2)2, t ≡ (p1 − k1)2, u ≡ (p1 − k2)2, and we denoted tt = t−m2
t

and ut = u−m2
t . In terms of the top quark velocity β ≡

√
1− 4m2

t/s and the scattering angle θ between the outgoing top and
the incoming quark in the C M frame we have tt = −s(1− β cos θ)/2 and ut = −s(1 + β cos θ)/2.

The second term in (3) comes from axigluon-gluon interference and is odd under the reflection cos θ ↔ − cos θ (u ↔ t),
whereas the Q C D and new physics squared contributions are even. Therefore the interference term contributes to the forward-
backward asymmetry but not to the differential cross section dσ/dmtt̄ , whereas the new physics squared term contributes to the
cross section but not to the asymmetry.

The measured pp̄ → tt̄ total cross section, σtt̄ = (7.5±0.48) pb [64] and cross section shape dσtt̄/dmtt̄ [65] are in reasonable
agreement with predictions from perturbative Q C D [66–69] σtt̄ = (6.5±0.5) pb while a large new contribution to the asymmetry
is required. This implies that the new physics squared term must be small for all values of s while the interference term is required
to be large. These two conditions are satisfied with small coupling ga ∼ gs/3 and large width Γa

>∼ 0.1Ma. Much smaller
values of the width would produce a noticeable “bump” in the tt̄ invariant mass spectrum while much smaller values of the
coupling would fail to produce a significant asymmetry. The large values of the width which we need require additional decay
channels for the axigluon beyond the decay to standard model quarks. We postpone a discussion of models which accomplish
this until after showing the phenomenological fits.

In F igure 2 we show the new physics contribution to the asymmetry as a function of invariant mass mtt̄ for three different
choices of axigluon parameters. Each corresponds to an axigluon mass of Ma = 420 GeV and a new physics contribution to the
high invariant mass asymmetry ANP (mtt̄ > 450GeV) = 0.3. Since the contributions from new physics to the differential cross
section are small it is a good approximation to simply add this to the SM value of the asymmetry, ASM (mtt̄ > 450GeV) =
0.11 [6]. G iven the large uncertainties on the shape of the measured asymmetry all three are in good agreement with the
asymmetry data.

F igure 3 shows the corresponding tt̄ cross sections as a function of invariant mass. One sees that for 15% or 20% width,
the cross section shape shows very little distortion from the cross section of the SM alone. The integral of the new physics
contribution under the bump in these two cases is 0.6 and 0.5 pb, respectively. This is well within the experimentally allowed
cross section. For a width of <∼ 10% there is a visible “bump” in the spectrum. However, even 10% may still be consistent
with experiment after taking into account significant smearing due to detector effects and statistical fluctuations. The total new
physics cross section in this case is 0.7 pb.

A nother important constraint on many models comes from the absence of large deviations in the tt̄ cross section at the
L H C [70, 71] and the dijet cross sections measured at the Tevatron [72–74] and L H C [75–77]. Since the axigluon in our model
is relatively light and weakly coupled, the L H C top cross section does not give an interesting bound. Potentially more interesting
are dijet constraints. However our axigluon is sufficiently weakly coupled and broad that the bounds are evaded provided that
the new decay channels of the axigluon which are responsible for the large width do not correspond to dijets. We show a plot of
the dijet invariant mass distribution including the axigluon contribution at the Tevatron in F igure 4 where we multiplied the new
physics contribution by a factor of 3 to make its effect visible on the plot. The integrated new physics cross section under the
peak is below the C D F bound [72] for narrow resonances of about 8 pb for axigluon mass Ma = 420 GeV.
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First, the axigluon is produced with a large cross section in the s-channel at the Tevatron. In the narrow width approximation
(which is not unreasonable even at 20% width) we expect a total axigluon production cross section of 50-100 pb at the Tevatron
in the region of parameter space which can explain the tt̄ asymmetry. About 1% of the axigluons contribute to a slight increase
in the tt̄ cross section. Tevatron dijet bounds allow only about 10% of the events to decay into dijets unless the axigluon
extremely broad. Therefore most axigluons must decay into multi-jet final states for which there have not been dedicated
searches. Whatever the final state, events rates so large that a dedicated search for that particular multi-jet final state would be
sensitive to our signal.

Second, the axigluon as well as the colored particles which it decays into, can be pair produced with their respective QCD
cross sections at the Tevatron and especially at the LHC. For example, in the interesting region of parameter space the cross
section for axigluon pair production at the 7 TeV LHC is between 10 and 50 pb [80].5 Given that the axigluons decay to
multi-jets we predict events with 6, 8, or even 12 jets with a cross section of 10s of pb.

In the following we briefly discuss four possible scenarios for the axigluon decays. Since the production cross section at the
Tevatron is so large, the axigluon would be ruled out if it had a significant branching fraction to leptons. A fifth possibility of
decaying the axigluon into a pair of heavy particles which then decay into soft jets and slowly moving WIMPs appears to be
already ruled out by early LHC searches [86]. We therefore concentrate on the four multi-jet final states depicted in Figure 8.

1. Decay to a light quark accompanied by a heavy quark which then decays to a light quark and an axion. The axion then
further decays into a boosted bb̄ pair (first diagram in Fig. 8). This would presumably be reconstructed as a three jet final
state of which one is b-tagged. The axion jet would have a peculiar signature with very few tracks originating from the
decay of a colorless particle, but it would have two displaced vertices. One could reconstruct the total invariant mass as
well as the heavy quark invariant mass at the Tevatron. At the LHC one would look for a final state with 6 jets of which two
are b-tagged from axigluon pair production, or for a four jet final state with two b-tags from heavy quark pair production.

2. Decay to a light quark accompanied by a heavy quark which then decays to three jets (second diagram in Fig. 8). This 4 jet
final state would allow reconstruction of the total invariant mass as well as the heavy quark invariant mass at the Tevatron.
At the LHC one would look for an 8 jet final state from axigluon pair production.

3. Decay to a scalar-pseudoscalar pair which each decay into 2 gluon jets (third diagram in Fig. 8). This final state would
allow reconstruction of both resonances as well as the total axigluon resonance at the Tevatron. At the LHC one would
look for an 8 jet final state from axigluon pair production.

4. Decay to a pair of heavy fermions which decay into 3 jets each (fourth diagram in Fig. 8). This final state resembles
the decay products of hadronic top pairs. Similar events are also expected from R-parity violating gluino decays and
a dedicated search for this final state was performed by CDF and CMS [84, 85]. In order to suppress the large QCD
background both analyses applied very stringent cuts which would eliminate all events in which the six jets come from
axigluon decay. However, direct QCD pair production of the heavy quarks and subsequent decay to six jets would result
in events which the search is sensitive to. This scenario is therefore strongly constrained by the two searches. The CDF
search rules out heavy quark masses below about 140 GeV whereas the CMS search rules out masses from 170 GeV to
about 300 GeV. These bounds apply to color octet fermions. Color triplets have smaller QCD cross sections, but most of
our UV completions require multiple such fermions to obtain a sufficiently large axigluon width.

5 Most UV completions for the axigluon model give rise to a gstrFµν [A
µ
A, Aν

A] operator which couples two axigluons to a single gluon. The coefficient of
this operator is not fixed by gauge invariance. We assumed the tree level value for it (χ = 1 in the notation of [79]).

Schmaltz and Tavares

Must reside in particular 
window to evade RPV searches140 GeV < mD < 170 GeV

Friday, June 1, 2012



Burying it .... 
continued

Below 2 mt 3

TEV Σ
t tTEV AFB

LHC AC

!

"4 "3 "2 "1 0

0.0

0.2

0.4

0.6

0.8

g
#
D

g# U

m
# $ 350 GeV, %

#
$ 0.2 m# , g#Q $ 0.5

Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width Γ = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1σ constraints
from inclusive AC (dashed blue lines), from Ahi

C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

σtt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = −gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR != gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

Γq

m̃
=

√
1− 4rq
48π

[
(1− rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,Dg̃Q

]
,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

Γ # m̃

48π

[
5g̃2Q + 2g̃2U + 3g̃2D

]
. (10)

For g̃i ∼ gs ∼ O(1), the axigluon decay width is sizeable,
Γ ∼ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (σtt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to Γ = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| # 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q # g̃U # 0.5
and g̃D # −2, where the NP predictions are well within
the 1σ experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
−1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the differential dσtt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The dσtt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q != g̃U != g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. Γ = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for Γ = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of Γ = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = −3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = η0Q̄LT
aτ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(τaτ b) = δab/2. The tt̄ produc-
tion asymmetry is due to the s−channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of ∆AC . Since the relative sizes and signs of
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general case where gR != gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

Γq

m̃
=

√
1− 4rq
48π

[
(1− rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,Dg̃Q

]
,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

Γ # m̃

48π

[
5g̃2Q + 2g̃2U + 3g̃2D

]
. (10)

For g̃i ∼ gs ∼ O(1), the axigluon decay width is sizeable,
Γ ∼ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (σtt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to Γ = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| # 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q # g̃U # 0.5
and g̃D # −2, where the NP predictions are well within
the 1σ experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
−1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the differential dσtt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The dσtt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q != g̃U != g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. Γ = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for Γ = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of Γ = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = −3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = η0Q̄LT
aτ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(τaτ b) = δab/2. The tt̄ produc-
tion asymmetry is due to the s−channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of ∆AC . Since the relative sizes and signs of
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No current Tevatron limit

Friday, June 1, 2012



Summary

LHC is squeezing models for AFB

Seems more favorable to bury models

In some cases low energy constraints 
can kill even these models -- for 
example light t-channel mediator
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Summary

Some window still for light and heavy 
s-channel states

Heavy could be excluded by mtt 
analysis; light could be further 
constrained by multi-jet analyses

Need further focus on possible SM 
explanations
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