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Overview
• Overview of ATLAS Exotics group structure & analyses
– Group organization aligned by signature-based search strategies

• Organization of generic interpretations
– Spanning signature-based efforts

• Summary of interpretive paradigms and results
–Heavy Gauge Bosons
–Extra Dimensions
–Heavy Quarks
–Excited Fermions
–Contact Interactions
–And more
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ATLAS Exotics Results
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Example: Heavy Gauge Bosons
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Extra Dimension Interpretations
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Extra Dimension Interpretations
• Extra Dimensions (ED) are proposed in many BSM theories to help explain 
the apparent weakness of Gravity, invoking a Spin-2 Tensor Boson (G*).

• Two models broadly used in ATLAS searches are Randall-Sundrum (RS1 & 
RS2), and Arkani, Dimopoulos, Dvali (ADD):

RS Graviton

• Warped ED allow access to physics at the Planck 
Scale from the TeV Scale.

• Search for resonances, where the width and cross-
section depends on the warping factor, k.
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Extra Dimension Interpretations
• Extra Dimensions (ED) are proposed in many BSM theories to help explain 
the apparent weakness of Gravity, invoking a Spin-2 Tensor Boson (G*).

• Two models broadly used in ATLAS searches are Randall-Sundrum (RS1 & 
RS2), and Arkani, Dimopoulos, Dvali (ADD):

ADD Graviton

• If the ED were large (> μm) and flat, the spacing between the Kaluza-Klein 
towers is reduced, and eventually the resonances become a non-resonant excess.
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• These models are searches for in many channels at ATLAS, such as:

- Dilepton: 7, 8 TeV, planned again for 13 TeV. RS1 and ADD Models.

- Diphoton: 7, 8, and 13 TeV (combined with dilepton at 8 TeV!).

- Dibosons [WW, ZZ]: 7, 8, and 13 TeV. RS2 model (SM fields in Bulk).

• Clean signatures with relatively small, well understood backgrounds.

Extra Dimension Interpretations

Arxiv
Arxiv
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http://arxiv.org/pdf/1504.05511v2.pdf
http://arxiv.org/pdf/1504.05511v2.pdf
http://arxiv.org/pdf/1405.4123v2.pdf
http://arxiv.org/pdf/1405.4123v2.pdf
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• What handles do we have to probe new physics?

• What do analyses provide to help theorists (and others) interpret the results?

Extra Dimension Interpretations

Angular Distributions

Arxiv
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http://arxiv.org/pdf/1407.2410v3.pdf
http://arxiv.org/pdf/1407.2410v3.pdf
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Extra Dimension Interpretations

(Similar for RS G*)

Acceptance x Efficiency

Arxiv

Width Scans

• What handles do we have to probe new physics?

• What do analyses provide to help theorists (and others) interpret the results?

Link
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http://arxiv.org/pdf/1405.4123v2.pdf
http://arxiv.org/pdf/1405.4123v2.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-018/
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Heavy Gauge Boson Interpretations
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Heavy Gauge Boson Interpretations

• Several BSM models predict heavy gauge bosons:
– Extended Gauge Models (EGM)
– Technicolour
– Composite Higgs models
– Little Higgs
– Theories with universal extra dimensions (e.g. Kaluza-Klein)
– Sequential Standard Model (SSM)
– Randall-Sundrum (RS) Graviton model
– Heavy Vector Triplet (HVT).
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W’ and Z’ to leptons
• Relatively “clean” background
• Benchmark model : W’ (SSM), Z’ (SSM and E6).

ATLAS-CONF-2015-063 ATLAS-CONF-2015-070

13



ATLAS Exotics Interpretations16 June 2016

W’!tb
• Complementarity :

– Theories with extension of fundamental symmetries of the SM predict W’R
– Not always seen by other channels. No decay to charged lepton and νR if mν > mW’

arXiv:1410.4103
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W’ and Z’ to VV
• Benchmark models:

– Extended Gauge Model
– Randall-Sundrum (RS) gravitation model

• EGM vs SSM ! check of W’WZ coupling

arXiv:1512.05099

combination
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• Similar search for V'->VH interpreted in Heavy Vector Triplet model 
and Minimal Walking Technicolor.

arXiv:1503.08089
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W’ and Z’ to VH



ATLAS Exotics Interpretations16 June 2016

Vector-Like Quark Interpretations
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Pair production mediated via 
strong interactions

Single production mediated 
via EW interactions: 
associated top or b

• Present in many BSM models (eg. Composite Higgs), 
contain useful top-partner

• Search strategies are generally designed by 
production mode

–  Pair production dominates at lower masses, mostly model 
independent

–  Single production pdf-favored at high mass, sensitive to mixing 
with SM quarks (generally taken to be 3rd gen only) 

Vector-Like Quark Pair Searches
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• Models can be built in increasing steps of phenomenological complexity
–  Mixing with SM quarks can modify couplings to V/H bosons and lead to FCNCs
–  Leads to a potentially complex overlap of production/decay modes in experimental searches.  

Complicates interpretation to some degree.

Vector-Like Quark Pair Searches

19
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• Models can be built in increasing steps of phenomenological complexity
–  Mixing with SM quarks can modify couplings to V/H bosons and lead to FCNCs
–  Leads to a potentially complex overlap of production/decay modes in experimental searches.  

Complicates interpretation to some degree.

Vector-Like Quark Pair Searches
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• Vector-like top pair production search
–   Divided by identified jets (small-R and large-R) and b-tags
–   Limits on total rate compared yield mass exclusions at O(1 TeV)         

for BR(T→Ht)=1

ATLAS-CONF-2016-013

Vector-Like Quark Pair Searches
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• Mass limits weaken as BR(T→Ht) decreases
–   Limits for fixed mass predictions can be mapped to the 2D BR 

plane for vector-like tops

ATLAS-CONF-2016-013

Vector-Like Quark Pair Searches
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• Mass limits weaken as BR(T→Ht) decreases
–   Limits for fixed mass predictions can be mapped to the 2D BR 

plane for vector-like tops
–   Limits can be mapped back to BR/M space where the difference 

between model structure becomes apparent

ATLAS-CONF-2016-013

Vector-Like Quark Pair Searches
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Vector-Like Quark Pair Searches

24

• Mass limits weaken as BR(T→Ht) decreases
–   Limits for fixed mass predictions can be mapped to the 2D BR plane 

for vector-like tops
–   Limits can be mapped back to BR/M space where the difference 

between model structure becomes apparent
–   A similar behavior is observed when the search is aimed at B→Wt

ATLAS-CONF-2016-013

Phys. Rev. D 91, 112011 (2015)
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Submitted to EPJC
arxiv:1602.05606

• Search for singly-produced vector-like quarks decaying 
to Wb

–   Limits on total rate derived from reconstructed VLQ candidate 
mass and compared to benchmark models

Singly-Produced VLQs
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Submitted to EPJC
arxiv:1602.05606

• Search for singly-produced vector-like quarks decaying 
to Wb

–   Limits on total rate derived from reconstructed VLQ candidate 
mass and compared to benchmark models

–   Limits on rate can be translated to VLQ/SM mixing angle for a 
given VLQ flavor.  Facilitates comparison with pair prod. searches.

Singly-Produced VLQs
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Singly-Produced VLQs

27

JHEP02(2016)110

• Search for singly-produced vector-like quarks decaying 
to Wt

–   Limits on total rate derived from reconstructed VLQ candidate 
transverse mass, similar to Wb search

–   Limits on coupling factors for gluon-b and Wt can be derived as a 
function of  VLQ mass
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Other Interpretations

• There are many more ATLAS Exotics interpretive efforts that we 
cannot cover in detail for this talk

– Contact Interaction Interpretations
– Lepto-quarks
– Dark Matter
– Excited Fermions
– Higgs triplet
– LRSM w/ Majorana neutrino
– Monopoles
– Multi-charge
– And more!

• We will do a quick fly-by pass of these, but it’s not a comprehensive 
summary

28
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LeptoQuarks and Excited Fermions

Submitted to NJP  arXiv:1605.06035
Submitted to PLB  arXiv:1601.05627

• Search for scalar leptoquarks
–   Production rate depends primarily on LQ 

mass, decay rate to lepton+quark depends on 
Yukawa coupling.  Leads to relatively model-
independent limits.

• Search for excited muons
–   Effective Lagrangian predicts rates that depend 

on lepton compositeness scale (Λ) and excited 
fermion mass.

29



Contact Interactions

DRAFT

1 Introduction20

The dilepton (ee or µµ) final state signature has excellent sensitivity to a wide variety of new phenomena21

expected in theories beyond the Standard Model (SM). It benefits from high signal selection e�ciencies22

and relatively small, well understood backgrounds.23

Models with extended gauge groups often feature additional U (1) symmetries with corresponding heavy24

spin-1 Z0 bosons whose decay would manifest itself as a narrow resonance in the dilepton mass spectrum.25

Grand Unified Theories (GUT) have inspired models based on the E6 gauge group [1, 2], which, for a26

particular choice of symmetry breaking pattern, includes two neutral gauge bosons that mix with an angle27

✓E6 . This yields a physical state defined by Z0(✓E6 ) = Z0
 cos ✓E6 + Z0

� sin ✓E6 , where the gauge fields Z0
 28

and Z0
� are associated with two separate U (1) groups resulting from the breaking of the E6 symmetry. All29

Z0 signals in this model are defined by specific values of ✓E6 ranging from 0 to ⇡, and the six commonly30

motivated cases are investigated in this search, namely: Z0
 , Z0

⌘ , Z0
N, Z0

I , Z0
S, and Z0

� . The widths of these31

states vary from 0.5% to 1.2% of the resonance mass, respectively. In addition to the GUT-inspired E632

models, the Sequential Standard Model (SSM) [2] provides a common benchmark model that includes33

a Z0
SSM boson with couplings to fermions identical to those of the SM Z boson. A series of models that34

are motivated by the large hierarchy between the electroweak and Planck scales also predict the presence35

of narrow dilepton resonances. These include the Randall–Sundrum (RS) model [3] with a warped extra36

dimension giving rise to spin-2 graviton excitations, the quantum black hole model [4], the Z⇤ model [5],37

and the minimal walking technicolor model [6].38

Some models of physics beyond the SM result in non-resonant deviations in the dilepton mass spectrum.39

Compositeness models motivated by the repeated pattern of quark and lepton generations predict new40

interactions involving their constituents. These interactions may be represented as a contact interaction41

(CI) between initial-state quarks and final-state leptons [7, 8]. Other models producing non-resonant42

e↵ects are models with large extra dimensions [9] motivated by the hierarchy problem. The following43

four-fermion CI Lagrangian [7, 8] is used to describe a new interaction or compositeness in the process44

qq ! `+`�:45

L =
g2

⇤2 [⌘LL (qL�µqL) (`L�µ`L) + ⌘RR(qR�µqR) (`R�µ`R) (1)

+⌘LR(qL�µqL) (`R�µ`R) + ⌘RL(qR�µqR) (`L�µ`L)] ,

where g is a coupling constant set to be
p

4⇡ by convention, ⇤ is the CI scale, and qL,R and `L,R are left-46

handed and right-handed quark and lepton fields, respectively. �µ denote the gamma matrices, and the47

parameters ⌘i j , where i and j are L or R (left or right), define the chiral structure of the new interaction.48

Di↵erent chiral structures are investigated here, with the left-right (right-left) model obtained by setting49

⌘LR = ±1 (⌘RL = ±1) and all other parameters to 0. Likewise, the left-left and right-right models are50

obtained by setting the corresponding parameters to ±1, and the others to zero. The sign of ⌘i j determines51

whether the interference between the SM Drell–Yan (DY) qq ! Z/�⇤ ! `+`� process and the CI process52

is constructive (⌘i j = �1) or destructive (⌘i j = +1).53

The most sensitive previous searches for a Z0 decaying in the dilepton final state were carried out by the54

ATLAS and CMS collaborations [10, 11]. Using 20 fb�1 of pp collision data at
p

s = 8 TeV, ATLAS55

set a lower limit at 95% credibility level (C.L.) on the Z0
SSM pole mass of 2.90 TeV for the combined ee56

and µµ channels. Similar limits were set by CMS. The most stringent constraints on CI searches are also57
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What are we searching for?

Contact Interaction

● Four fermion contact interaction

● Example new physics is quark lepton 
compositness

● Λ is scale of new physics.

● Three parametrisations of the model 
dependent on the coupling of fermions.

● Formalisms: Left-left (LL), right-right (RR) 
and left-right (LR) isoscalar models.
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compositness

● Λ is scale of new physics.
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dependent on the coupling of fermions.

● Formalisms: Left-left (LL), right-right (RR) 
and left-right (LR) isoscalar models.

ADD Model

● Graviton model in the presence of 
Large extra-spacial dimensions

● Kaluza-Klein towers produced close 
together forming non-resonant excess.

● Parametrised by Ms the new physics 

cut-off scale.

● Formalisms: GRW, HLZ and Hewett   
(n = number of extra dimensions)

● Where         indicates formalism.
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•qqll and qqqq: four-fermion effective field 
theories considered in ATLAS searches. 
Compositeness, depending on energy scale, Λ.

•Broad excess over the SM invariant mass 
spectrum, and forward-backward asymmetry in 
angular distributions.

• Interaction describes a color and isospin singlet 
with couplings to L/R-handed fermion states.

•ηXY describes whether the interference is 
constructive (-), or destructive (+), and the 
couplings i.e. ηLL = 1, ηRR = ηLR = 0
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Figure 2: Reconstructed distributions of the dijet angular variable � in di↵erent regions of the dijet invariant mass
mj j for events with |y⇤| < 1.7, |yB| < 1.1 and pT > 440 (50) GeV for the leading (subleading) jets. Shown
are the data (points), corrected NLO predictions (solid lines), and examples of the contact interaction (CI) and
quantum black hole (QBH) signals discussed in the text. The theoretical uncertainties and the total theoretical and
experimental uncertainties in the predictions are displayed as shaded bands around the SM prediction.
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1 Introduction

The centre-of-mass energy of proton–proton (pp) collisions at the Large Hadron Collider (LHC) at CERN
has been increased from

p
s = 8 TeV to

p
s = 13 TeV, opening a new energy regime to observation.

New particles produced in LHC collisions must interact with the constituent partons of the proton. Con-
sequently, the new particles can also produce partons in the final state. Final states including partons often
dominate in models of new phenomena beyond the Standard Model (BSM). The partons shower and had-
ronize, creating collimated jets of particles carrying approximately the four-momenta of the partons. The
total production rates for two-jet (dijet) BSM signals can be large, allowing searches for anomalous dijet
production to test for such signals with a relatively small data sample, even at masses that constitute
significant fractions of the total hadron collision energy.

In the Standard Model (SM), hadron collisions produce jet pairs primarily via 2 ! 2 parton scattering
processes governed by quantum chromodynamics (QCD). Far above the confinement scale of QCD (⇡
1 GeV), jets emerge from collisions with large transverse momenta, pT, perpendicular to the direction of
the incident partons. For the data analysed here, QCD predicts a smoothly falling dijet invariant mass
distribution, m j j. New states decaying to two jets may introduce localized excesses in this distribution.
In QCD, due to t-channel poles in the cross-sections for the dominant scattering processes, most dijet
production occurs at small angles ✓⇤, defined as the polar angle in the dijet centre-of-mass frame. 1 Many
theories of BSM physics predict additional dijet production with a significant population of jets produced
at large angles with respect to the beam; for reviews see Refs. [1, 2]. The search reported in this Letter
exploits these generic features of BSM signals in an analysis of the m j j and angular distributions.

As is common, a rapidity y = ln (E + pz)/(E � pz)/2 is defined for each of the outgoing partons, where E
is its energy and pz is the component of its momentum along the beam line.2 Each incoming parton carries
a fraction (Bjorken x) of the momentum of the proton. A momentum imbalance between the two partons
boosts the centre-of-mass frame of the collision relative to the laboratory frame along the z direction by
yB = ln (x1/x2)/2 = (y3 + y4)/2, where yB is the rapidity of the boosted centre-of-mass frame, x1 and
x2 are the fractions of the proton momentum carried by each parton and y3 and y4 are the rapidities of
the outgoing partons in the detector frame. Di↵erences between two rapidities are invariant under such
Lorentz boosts, hence the following function of the rapidity di↵erence y⇤ = (y3 � y4)/2 between the two
jets,

� = e2|y⇤ | ⇠ 1 + cos ✓⇤

1 � cos ✓⇤
,

is the same in the detector frame as in the partonic centre-of-mass frame. In the centre-of-mass frame, the
two partons have rapidity ±y⇤.

1 Since, experimentally, the two partons cannot be distinguished, ✓⇤ is always taken between 0 and ⇡/2 with respect to the beam.
2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the

detector and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). It is equivalent to the rapidity for massless
particles.

2

Dijet: arXiv:1512.01530 Dilepton: CONF
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-070/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-070/
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• Dijet resonances ! exclude quantum black holes (QBH) in 
benchmark models : mQBH < 8.3 GeV  (excited quarks), mQBH < 8.1 
GeV (W’ model), and mQBH < 5.3 GeV (Z’ model)

• bbbar, bq, bg resonances : Sequential Standard Model (SSM) and 
Leptophobic Z’

• ttbar : topcolour-assisted-technicolour ! Z’ boson production

Di-jets, di-b-jets, ttbar

ATLAS-CONF-2016-014arXiv:1512.01530 arXiv:1603.08791
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Summary / Conclusions
• ATLAS Exotics group searches cover a broad range of BSM 
signatures

– Benchmark interpretations are applied to compare sensitivities for similar 
searches, but are not always trivial to compare/combine for coherent groups
– Where possible, try to provide acceptance and efficiency curves, fiducial cross-
section limits, etc, to help with theorist re-interpretation. Use of Rivet too.

• Broad classes of interpretive models lead to a loose organization of 
signature-based searches

– For example, Composite Higgs models can predict BSM signatures across 
experimental observables: leptons, jets, MET, etc.

• Potential for expansion of interpretative efforts where useful and/or 
feasible

– Though a generic set of models common to many signatures and agreed with 
CMS helps streamline the experimental effort.
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