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Outline

• Theoretical motivation 

• Two search analysis: 

• All-jets final states (arXiv:1902.10077, accepted by PRD) 

• Lepton-plus-jets final states (Eur. Phys. J. C 78 (2018) 565)
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4 types of Z’
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Table 3: Cross sections (σ) and widths for the Kaluza–Klein graviton processes GKK → tt̄, and associated
dataset ID.

Mass Width [%] σ× BR [pb] ID
400 2.810 1.943 182865
500 3.674 1.342 182866
600 4.337 0.622 182867
700 4.799 0.2859 182868
800 5.125 0.1368 182869
900 5.361 0.06838 182870
1000 5.535 0.03569 182871
1200 5.769 0.01077 182872
1400 5.915 0.003578 182873
1600 6.011 0.001288 182874
1800 6.078 0.0004936 182874
2000 6.125 0.0001978 182876
2500 6.199 0.00002345 182877

high mtt̄ region comparing to conventional selections, while maintaining similar performance408

in low mtt̄ region. They are consistently utilized in both channels.409

Orthogonality between the two different selections is enforced by requiring events in the resolved410

topology to have failed the boosted selection.411

2. The invariant mass of the tt̄ candidate system is reconstructed412

3. The backgrounds are estimated using a mixture of Monte Carlo (MC) based and data-driven meth-413
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Figure 1: The branching ratios for the topcolor Z′ in the benchmark scenario used for this paper. The
branching ratio is independent of the Z′ width.

Top-assisted technicolor

• Only couples to first and third generation quarks 

• Couples stronger to up-type quarks than down-type quarks 

• Cross-section increases with width 

• Harris, R.M. & Jain, S. Eur. Phys. J. C (2012) 72: 2072.
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Kaluza Klein boson

• Randall-Sundrum: warped extra-dimension 

• Alleviates hierarchy problem of Higgs mass 

• Right handed top quark closer to IR brane to gain large Yukawa 
coupling with Higgs

 5

raoulma.github.io/index.html

BulkKaluza Klein 
gluon

Kaluza Klein 
graviton



Figure 2: The relic density ⌦h2 in the Mmed–mDM plane predicted by the four spin-1

scenarios described in Section 2.1. All couplings to DM are set to unity (gDM = 1.0). Top

left: scenario V1, vector mediator with couplings only to quarks (gq = 0.25). Top right:

scenario A1, axial-vector mediator with couplings only to quarks (gq = 0.25). Bottom left:

scenario V2, vector mediator with couplings to quarks and small couplings to leptons (gq =

0.1 and g` = 0.01). Bottom right: scenario A2, axial-vector mediator with equal couplings

to quarks and leptons (gq = 0.1 and g` = 0.1). The contour lines correspond to the region

of parameter space where the relic density is consistent with the value ⌦h2 = 0.118.

is either higher or lower than the observed value are referred to as overabundant and

underabundant regions, respectively.

One observes that all models predict an overabundance of DM for Mmed � mDM.

While the shape and exact size of this region depend on the specific model realisation, larger
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Dark matter mediators

• Simplified models allows dark matter to 
annihilate through a mediator (vector or axial 
for results shown today) to ordinary matter 

• Using measured DM relic density, we can 
search for the DM mediator through its 
couplings to quarks to constrain other free 
parameters in the model
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Figure 1: Feynman graphs of DM s-channel annihilation to quarks (left) and t-channel an-

nihilation to a pair of mediators subsequently decaying to quarks (right). The exchanged �

particle(s) can be either (pseudo-)scalar or (axial-)vector mediator(s).

Analytic expressions for the annihilation cross sections can be derived separately for

both Feynman diagrams in Figure 1. In the case of the s-channel graphs we obtain

�S
ann,s · v =

X

q

N q
c g2DM y2q g

2
q �q

16⇡

m2
DM �m2

q�
M2

med � 4m2
DM

�2
+M2

med�
2
med

v2 , (3.1)

�P
ann,s · v =

X

q

N q
c g2DM y2q g

2
q �q

4⇡

m2
DM�

M2
med � 4m2

DM

�2
+M2

med�
2
med

, (3.2)

�V
ann,s · v =

X

q

N q
c g2DMg2q �q

2⇡

2m2
DM +m2

q�
M2

med � 4m2
DM

�2
+M2

med�
2
med

, (3.3)

�A
ann,s · v =

X

q

N q
c g2DMg2q �q

2⇡

m2
q

�
4m2

DM �M2
med

�2

M4
Med

h�
M2

med � 4m2
DM

�2
+M2

med�
2
med

i , (3.4)

where the sum includes all quarks with mq  mDM, N q
c = 3, �q =

q
1�m2

q/m
2
DM and v

is the relative velocity of the DM pair. Notice that in the pseudo-scalar, vector, and axial-

vector case the s-channel annihilation cross section proceeds via s-wave, i.e. it is of O(v0),

while in the case of scalar exchanges DM annihilation is p-wave suppressed, i.e. it is of

O(v2). The corresponding annihilation cross sections into charged leptons can be obtained

from the above expressions by a suitable replacement of color factors and SM fermion

masses.

In the case of the t-channel diagrams we instead find the following annihilation cross

sections
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All-jets final states
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Event selection
• Two independent selection optimized for different Z’ mass 
• Resolved: 

• ≥ 6 calo jets. At least 5 pT > 75 GeV and two |𝜂| < 1.6 plus loosely b-tagged 
• Assign these jets into 2 buckets based on top mass criterion and each bucket 

has exactly 1 loose b-tagged jet 
• Categorize events based on W mass criterion and tight b-tagging 

• Boosted: 

• 1 pT > 500 GeV & 1 pT > 400 GeV large-radius jets separated by azimuthal 
angle > 1.6. Each jet contains ≥ 1 b-tagged track jet 

• Categorize events based on large-radius jet mass, subjettiness 𝜏32 of the 2 pT 
leading large-radius jet and tight b-tagging
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Lower pT, lower mass
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Boosted selection - mass categorization
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Signal mtt ̄
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Resolved: signal region 
Boosted: R1, tight 𝜏32 & 2 b-tag



mtt ̄spectrum
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• tt ̄estimated by MC 

• Multi-jet estimated by Data 

• 2D sideband (ABCD) method 

• Resolved: mass criteria of 
buckets vs. number of 
tight b-tag jets 

• Boosted: large-R jet mass 
vs. number of tight b-
tagged track jets



mtt ̄spectrum
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Top-color Z’ exclusion limit
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Lepton+jets final states
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Event selection
• Exactly one e/µ with pT > 30 GeV,         > 20 GeV and                 > 60 GeV. At least 

one b-tagged track jet with pT > 10 GeV 

• Boosted: 
• At least one jet with pT > 25 GeV, ∆R(jet,e/µ) < 1.5 => jsel 
• At least one top tagged large-radius jet with pT > 300 GeV, ∆𝝓(jet,e/µ) > 2.3, 
∆R(jet, jsel) > 1.5 

• Resolved (considered if boosted selection fails): 
• At least 4 jets with pT > 25 GeV 
• Passing kinematic optimization algorithm which assign 3 jets into hadronic top 

decay and 1 to leptonic top decay 

• Categorize events based on number of b-tagged track jets with angular matching

 16

Emiss
T Emiss

T + mW
T



Resolved signal mtt ̄
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Boosted signal mtt ̄
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Leptonic top mass
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Hadronic top mass
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mtt ̄spectrum (resolved, e vs. µ)
• tt ̄estimated by MC 

• Multi-jets estimated by 
matrix method from data 
• Loose e/µ region 
• Control region by 

inverting cuts on  
and 

• W+jets estimated by 
• Shape: Sherpa MC 
• Corrections in total yields 

and flavor components: 
charge asymmetry data
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mtt ̄spectrum  (e, resolved vs. boosted)
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Top-color Z’ exclusion limit

 23



Summary
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• Top color Z’, Kaluza Klein gluon & 
graviton, and vector & axial DM 
mediators searched by all-jets & 
lepton+jets final states at 13 TeV 

• Both searches have similar signal 
sensitivity but lepton+jets performed 
slightly better at low mass



Back-up
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Topcolor assisted technicolor
• Has its root in top-color models 

• QCD SU(3) comes from the symmetry breaking of SU(3)1×SU(3)2  

• Coupling of SU(3)1 << SU(3)2. The later couples to third generation quarks 

• tt ̄condensate to generate large top quark mass and EWSB 

• Topcolor assisted technicolor introduces U(1)1×U(1)2 

• Coupling U(1)1 << U(1)2. The later couples to third generation quarks 

• U(1)2 gives attractive force between tt ̄but repulsive force between bb̄ 

• The tt+̄bb̄ condensate gives top quark larger mass than bottom quark
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Summary of mass limits
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All-jets

Lepton+jets



ATLAS vs CMS Z’ limits
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CMS results
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All-jets: exclusion limits
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Width ≃ 5.6% mass



All-jets: exclusion limits
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BR(gKK→tt)̄ ≃ 92.5% 
Width = 30% mass

k/M̅Pl = 1 
BR(gKK→tt)̄ varies from 18% to 68% 

Width = 3% ~ 6% mass



Lepton+jets: exclusion limits
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BR(gKK→tt)̄ ≃ 92.5% 
Width = 30% mass

k/M̅Pl = 1 
BR(gKK→tt)̄ varies from 18% to 68% 

Width = 3% ~ 6% mass



Lepton+jets: exclusion limits
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Lepton+jets: exclusion limits
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Width ≃ 5.6% mass



All-jets: selection efficiency times 
acceptance
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mtt ̄is at Parton level before FSR 



Lepton+jets: selection efficiency times 
acceptance
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Leptonic top mass (muon)
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Hadronic top mass (muon)
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mtt ̄spectrum (resolved, e)
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mtt ̄spectrum (resolved, µ)

 40



mtt ̄spectrum (boosted, e)
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mtt ̄spectrum (boosted, µ)
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All-jets: Systematic uncertainties
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Lepton+jets: systematic uncertainties
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More plots & tables

• All-jets final states: https://atlas.web.cern.ch/Atlas/GROUPS/
PHYSICS/PAPERS/EXOT-2016-24/ 

• Lepton+jets final states: https://atlas.web.cern.ch/Atlas/GROUPS/
PHYSICS/PAPERS/EXOT-2015-04/
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