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LHC’s rediscovery and new particle

What’s 
next?

After years of 
work pay off ...
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S/B%Weighted%Mass%Distribution%
!  Sum%of%mass%distributions%for%each%event%class,%weighted%by%S/B%

!  B%is%integral%of%background%model%over%a%constant%signal%fraction%interval%
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Most recent electroweak and top cross-section measurements 

Inner error: statistical 
Outer error: total 

  Important on their own and as foundation for Higgs searches 
  Most of these processes are reducible or irreducible backgrounds to Higgs 
  Reconstruction and measurement of challenging processes (e.g. fully hadronic tt,  
     single top, ..) are good training for some complex Higgs final states 
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Models
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Coloron Models: Gauge Sector

SU(3)1 x SU(3)2  color sector with

  unbroken subgroup: SU(3)1+2 = SU(3)QCD
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Coloron Models: Quark Charges
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Depending on how quarks transform under SU(3)1 x SU(3)2
the presence of colorons may impact
•  LHC dijet mass distribution (or angular distribution)
•  kinematic distributions of tt or bb final states
•  asymmetry in top-quark production: AtFB

•  FCNC processes:                         mixing,
•  precision EW observables: delta-rho, Rb

KK̄,DD̄,BB̄ b ! s�



Patterns of Quark Charges

SU(3)1 SU(3)2 model pheno.

  (t,b)L   qL   tR,bR   qR coloron dijet

                   qR   (t,b)L   qL   tR,bR   

        tR,bR     (t,b)L   qL              qR

  qL    (t,b)L         tR,bR    qR  

  qL   tR,bR     (t,b)L                    qR new axigluon dijet, AtFB, FCNC

  qL              qR   (t,b)L         tR,bR   topgluon dijet, tt, bb, 
FCNC, Rb...

        tR,bR    qR   (t,b)L   qL  classic axigluon dijet, AtFB

  qL   tR,bR   qR   (t,b)L  

q = u,d,c,s



LHC Phenomenology



LHC Limits on Colorons

• LHC searches for colorons in dijet constrain MC > 3.5 TeV

• But these calculations have treated the colorons only at LO 
and QCD to NLO (or beyond) ... we can do better!

8 5 Limits

Figure 6: The observed 95% CL upper limits from the high-mass analysis on s ⇥ B ⇥ A for
quark-quark, quark-gluon, and gluon-gluon dijet resonances (points) are compared to the ex-
pected limits (dot-dash) and their variation at the 1s and 2s levels (shaded bands). Predicted
cross sections of various resonances are also shown.
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(b) Colour scalar octet model.

Figure 4. The 95% CL upper limits on σ ×A as a function of particle mass (black filled circles)
using mjj . The black dotted curve shows the 95% CL upper limit expected in the absence of
any resonance signal, and the green and yellow bands represent the 68% and 95% contours of the
expected limit, respectively. Theoretical predictions of σ×A are shown (dashed) in (a) for excited
quarks, and in (b) for colour octet scalars. For a given NP model, the observed (expected) limit
occurs at the crossing of the dashed σ×A curve with the observed (expected) 95% CL upper limit
curve.

The expected lower mass limit at 95% CL for q∗ is 2.94 TeV, and the observed limit is

2.83 TeV. For comparison, this limit has also been determined using Pythia 6 samples with

the default q∗ settings, leading to narrower mass peaks. The expected limit determined

from these MC samples is 0.1 TeV higher than the limit based on the corrected samples.

This shift is an approximate indicator of the fractional correction that is expected when

comparing the current ATLAS results to all previous analyses that found q∗ mass limits

using Pythia 6 and pT-ordered final state radiation without corrections, including all

previous ATLAS results.

The limits for colour octet scalars are shown in figure 4(b). The expected mass limit

at 95% CL is 1.97 TeV, and the observed limit is 1.86 TeV. For this model the acceptance

values vary between 34% and 48% for masses between 1.3 TeV and 4.0 TeV.

The limits for heavy charged gauge bosons, W ′, are shown in figure 5(a). For this

model, only final states with dijets have been simulated. The branching ratio, BR, to the

studied qq̄′ final state varies little with mass and is 0.75 for mW ′ values of 1.1 TeV to

3.6 TeV, and the acceptance ranges from 29% to 36%. The expected mass limit at 95% CL

is 1.74 TeV, and the observed limit is 1.68 TeV. This is the first time that an ATLAS limit

on W ′ production is set using the dijet mass distribution. Searches for leptonic decays of

the W ′ are however expected to be more sensitive.

The W ′ hypothesis used in the current study assumes SM couplings to quarks. If a

similar model were to predict stronger couplings, for example, figure 5(a) could be used

– 15 –



Coloron Production
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virtual corrections

+ +
real corrections

Colorons at NLO

R.S.Chivukula, A.Farzinnia, R.Foadi, EHS  arXiv:1111.7261  



Impact of NLO Corrections 

RSC, Farzinnia, Foadi, EHS  arXiv:1111.7261  
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• K-factor:  

• 30% of produced colorons have pT > 200 GeV!

�NLO/�LO ⇠ 30%

σ σ



Impact of NLO Corrections 
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Impact of NLO Corrections 
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Axigluon 
mass limit from CMS 
stronger when NLO 

included
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Beyond Production:

Suppose we discover a coloron...  What then?

Remember the diversity of models:

How to establish which coloron has been found?





New Mode: W+Ca probes Chiral Couplings
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FIG. 2: Representative Feynman diagrams for associated production of a W,Z gauge boson with a
color-octet resonance, C. Both s and t channel diagrams along with leptonic decays of the associated

gauge boson are shown.

We present the the monte-carlo simulation details in Sec.IIIA and in Sec.III B and Sec.IIIC
we study the modes of associated production with a W and a Z boson respectively.

The color-octet states (C) are produced and decay to two jets via the process

pp
C−→ j j. (8)

They can also be produced in association with a gauge boson via the process

pp
C−→ j j W±, (9)

pp
C−→ j j Z, (10)

where j = u, d, s, c, b. We will refer to the process in Eq.(9) and Eq.(10) as the CW and CZ
channels respectively. The diagrams of interest for the associated production which include
s and t channel diagrams with the emission of the gauge bosons in either the initial or final
state are shown in Fig. 2. The final state channels of our current interest are

pp → !±E/T 2j, !+!− 2j, (11)

coming from W±(→ !±ν) or Z(→ !+!−), respectively and ! = e, µ. Although the inclusion
of the τ lepton in the final state could increase signal statistics, for simplicity we ignore this
experimentally more challenging channel.

The relevant backgrounds to the signal processes in Eq.(11) are

• W+ jets, Z+ jets with W, Z leptonic decays;

• top pair production with fully leptonic, semi-leptonic and hadronic decays;

• single top production leading to W±b q;

• W+W−, W±Z and ZZ with W, Z leptonic decays;

Next, we present some details about the monte-carlo simulation.
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FIG. 1: A cartoon illustration of the constraints on chiral couplings from the di-jet channel (dashed
black line with red band), the channel with associated production of a W boson (solid black line

with green band) and the channel with associated production of a Z boson (dotted black line with
blue band).

with the di-jet measurement is shown in Fig. 1. Notice that there remains an ambiguity in
extracting the sign of the couplings. This method of using the associated production of the
gauge boson was studied earlier in the context of the measurement of Z ′ couplings [27, 28].

In this article we study the sensitivity of the LHC with c.m. energy of 14 TeV to probe the
chiral structure of the couplings for colored resonances with 10fb−1 and 100fb−1 integrated
luminosity by the method proposed above. We study colored resonances with masses in
the range 2.5 TeV to 4.5 TeV and various couplings and widths. The rest of the paper
is organized as follows. In Sec.II we present a simple parameterization for the colored
resonances and our notation. In Sec.III we discuss the signal and associated backgrounds,
the monte-carlo simulation details in Sec.IIIA and the channels with charged and neutral
gauge bosons in Sec. III B and Sec.IIIC respectively. We present a discussion of our results
in Sec.IV and conclusions in Sec.V.

II. GENERAL PARAMETERIZATION

The color-octet resonance of interest to our study may be motivated in many BSM sce-
narios as explained in the introduction. Hence we explore a phenomenological model of
color-octet resonances independent of the underlying theory. The interaction of the color-
octet resonance with the SM quarks has the form

L = igsq̄iC
µγµ

(

gi
V + gi

Aγ5

)

qi = igsq̄iC
µγµ

(

gi
LPL + gi

RPR

)

qi, (1)

where Cµ = Ca
µta with ta an SU(3) generator, gi

V and gi
A (or gi

L and gi
R) denote coupling

strengths relative to the QCD coupling gs, PL,R = (1∓γ5)/2 and i = u, c, d, s, b, t. We denote

3

 

pp ! Ca +W [Z] ! jj`⌫[``]

Different production modes 
probe several combinations of 

the coloron’s couplings to 
RH and LH fermions:

A. Atre, R.S.Chivukula, P. Ittisamai, 
EHS  arXiv:1206.1661  





W+Ca: Heat Map of Significance
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FIG. 6: Same as Fig. 5 but for mC = 3.5 TeV.

spectra and the most stringent constraints come from the LHC as expected. This data places
stronger constraints on low mass resonances and there is essentially no constraint on color-
octets with masses above 3 TeV. Where such constraints exist we have shown them as the
green solid curve and the region outside this curve is excluded which we show as faded grey
regions. However there is a caveat here. The analyses of the LHC dijet searches make the
assumption of a resonance with a narrow width of order 10%. The authors of Ref. [29, 38]
argue that in the case where the resonance is not narrow (> 10%) the constraints from
dijet data can be relaxed. For eg. in Fig. 5(a) the dijet constraint would be valid for
narrow resonances (up to the curve labeled ΓC/mC = 0.10) and would not be applicable
to the regions outside this curve. As the LHC accumulates more data, the simple dijet
analyses would be sensitive to the region inside the ΓC/mC = 0.10 curve and not sensitive
to couplings leading to larger widths. Of course a different analysis of dijet data without
the narrow width assumption would be sensitive to the whole region. For the case that the
current dijet data is not applicable to larger widths, note that the faded grey region has
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W+Ca: Heat Map and Afb range
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Precision 
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Precision EW Tests

• Coloron exchange does impact          at one-loop 

 but since    

                                                                    

the size of the effect is small

• Likewise, coloron exchange across the          vertex 
yields effects proportional to        which are negligible

• New weak-charged states would give larger effects...
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FCNC in Coloron Models

• Coloron exchange can produce FCNC if the coloron 
coupling to quarks are flavor non-universal

• The total rate of FCNC will depend quite strongly on how 
flavor is implemented overall in the model

‣ Are there other states that quarks mix with?

‣ Are there additional composite states made from 
quarks, whose exchange can boost FCNC’s?

• Let’s look at a specific implementation



A New Toy 
Topgluon Model

R.S. Chivukula, EHS, N. Vignaroli 
(2012)  in preparation



Our Toy Topgluon Model 

particlesparticles SU(3)1 SU(3)2 SU(2)W

3rd generation 
quarks

(t,b)L 3 1 23rd generation 
quarks tR,bR 3 1 1

light quarks
(u,d)L     (c,s)L 1 3 2

light quarks
uR,dR     cR,sR 1 3 1

vector quarks QL,QR 3 1 2

light scalar # $     𝞿 1 1 2

heavy scalar Φ 3 3* 1

R.S. Chivukula, EHS, N. Vignaroli (2012) in preparation



Generational Mixing in Toy Model

(1,1,2)

<Φ><𝞿>

tR, bR QL QR (u,d)L   
(c,s)L

X

(1,1,2) (3, 3*,1)

(3,1,1) (3,1,2) (3,1,2) (1,3,2)

SU(3)1 x SU(3)2 x SU(2)W



FCNC in Our Toy Topgluon Model

• Coloron exchange yields KK, DD, and BB mixing 

‣ quark charges under strong gauge groups are 
non-universal 

‣ the top and bottom mass eigenstate quarks are 
admixtures of ordinary and heavy vector gauge 
eigenstate quarks

• Mixing among ordinary and heavy vector quarks also 
leads to flavor-changing b-quark decays: b ! s�
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Limits on Toy Topgluon Model

LHC dijets
exclude

BB mixing and

exclude

KK mixing
certainly 
excludes

Θ

KK mixing
may exclude

KK mixing
may exclude

Allowed...

b ! s�



Conclusions



Conclusions

Physics beyond the SM may lurk in the strong interactions

 LHC can discover and study colorons, 
• incorporate NLO results for the coloron K-factor and  
pT distribution into dijet searches
• use associated W+ Ca production to probe the  
coloron’s couplings.

 Additional coloron effects?
• FCNC: yes, if couplings are flavor non-universal 
• precision EW: negligible in       , 
• top-quark asymmetry: for some coupling values

�⇢ Zbb̄


