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Dark matter mediators and the LHC

Dark matter at colliders: pair production with initial state
radiation⇒ large missing transverse momentum.18 atlas+cms dark matter forum
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

Very powerful method, if DM is kinematically accessible at colliders,
ATLAS+CMS framework: simplified models of Dirac fermion dark
matter (χ) interacting with Standard Model particles via specific
mediators.
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Dark matter mediators and the LHC

Natural extension: search for visible decays of mediator
particles.

Fully reconstructible final state increases sensitivity in accessible
parameter space (at cost of model dependence).
This talk focuses on hadronic mediator decays.
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Vector mediator model
Simplified models defined by
ATLAS-CMS DM Forum[1]/LHC DMWG in
1507.00966, 1603.04156.
Vector/axial vector mediator: uniform
coupling to quarks, no lepton couplings.
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Scalar model in backup.
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Signature of Z ′ → qq̄ at LHC: events with two hadronic
jets with invariant mass corresponding toMZ ′.

Dijet event withmjj = 7.7 TeV



CMS detector

Particle flow algorithm attempts to ID all particles based onmulti-subdetector
signatures.
Jets clustered using anti-kT or Cambridge-Aachen algorithm.
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Dijet searches
Dijets searches have a long history at
hadron colliders (SppS, Tevatron, LHC).
Search for bumps in themjj spectrum
on top of smooth background.
Most recent CMS search uses 2016 data
(36 fb−1,

√
s = 13 TeV).

.
High mass (mjj > 1.25 TeV)
..

......

Limited trigger
bandwidth⇒ mjj > 1.25 TeV.
Particle flow (PF) jets: ID particles with
tracks and calorimeter deposits.
Fit function:
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Dijet searches: scouting

How do we look belowmjj > 1 TeV?
Use scouting technique.

.
Lowmass (mjj > 600GeV)
..

......

Scouting: lowermjj threshold by
saving only e.g. jets.
Use calorimeter-only (calo) jets.
Fit function:
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=
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Dijet searches: limits

No significant excess observed⇒set cross section limits.

For common interpretation of limits, convert cross section limits to couplings
[1306.2629].

▶ Assuming no DM decays (mDM > mR/2),σ ∝ g2q (backup).

Accounting for DM decays in BRs⇒ limits inmDM-mZ′ plane.
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Pre-LHC: sensitivity to gq ∼ 0.2− 0.3, for
150 GeV ≲ mZ ′ ≲ 1 TeV.
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Conventional dijet searches: sensitivity to
mR ∼ 0.5 TeV− 5 TeV.

500GeV ≲ mR ≲ 1 TeV due to scouting.
How can we go lower?
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b-tagged dijet search: sensitivity to
mR ∼ 0.3 TeV− 1.2 TeV.

Leading limits for 325 GeV < mZ′ < 450GeV



b-tagged dijets
B hadrons have long lifetime, with decay
distances≳ O(mm).
MVA-based tagging of b-jets, based on large track
impact parameters, displaced secondary
vertices.
Trigger (2012): simplified algorithm using cuts on
track impact parameters.
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b-tagged dijets
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No significant excesses observed, limits
set on σ × BR(bb̄) and gq .

Also convert tomDM-mmed plane.
▶ Covers new parameter space for LHC

results, 325 GeV− 450 GeV.

Warning: limits depend strongly on
choice of gq , gDM!
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Boosted dijets due to initial state radiation: probe
resonances with masses down tomR = 50GeV.



Boosted dijets
Significant initial state radiation can
overcome trigger limitation.
Boosted dijet system (pT > 450 GeV)
reconstructed as a single wide jet
(anti-kT,R = 0.8).
Signal jets have 2-pronged
substructure.
Scan jet mass distribution for bumps..

Jet substructure..

......

Energy correlation functions: for nJ jet con-
stituents with energy fractions zi,
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Boosted dijets

Limits set on σ(pp → Z ′ → qq),
gq, andmDM vsmmed.
Probe significant new parameter
space, down tomZ′ = 50GeV.
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Boosted bb
Scalar (Φ)/pseudoscalar (A) mediator model with
couplings∝ Higgs Yukawa couplings, gqΦyf .

▶ Similar production as Higgs, via gluon-gluon fusion.
▶ Preferential coupling to 3rd gen fermions⇒ decays to bb̄

below top threshold.
▶ More in backup.

Search uses boosted dijet techniques, plus double
b-tagging.

▶ Extension of search for boosted Higgs bosons (backup).
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Current Z ′ → qq̄ limits
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CMS Broad Dijet, 13 TeV

[ATLAS-CONF-2016-070]
, 13 TeVγATLAS Dijet+ISR 

~10% < Z'M / Z'Γ
[ATLAS-CONF-2016-070]
ATLAS Dijet+ISR j, 13 TeV

[arXiv:1806.00843]
CMS Dijet, 13 TeV

[arXiv:hep-ex/9702004]
CDF Run1

[arXiv:1604.08907]
CMS Dijet, 8 TeV

[arXiv:0812.4036]
CDF Run2

[arXiv:1802.06149]
CMS Dijet b tagged, 8 TeV

[Nucl. Phys. B 400, 3 (1993)]
UA2

[arXiv:1710.00159]
CMS Boosted Dijet, 13 TeV

[arXiv:1404.3947]
)Z'/MZ'ΓZ width (all 

CMS Preliminary LHCP 2018

CMS(+ATLAS) limits span 50GeV− 5000GeV.
Many new techniques (scouting, b-tagging, boost+substructure,

angular analysis, ...) push the boundaries of sensitivity.
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Incorporating decays to dark matter

Incorporating Z ′ → χχ decays, we establish limits in themDM-mZ′

plane.
Important: limits depend strongly on choice of gq and gDM!
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Translation to σ
SI/SD
DM−nucl. limits

(a) Spin independent (b) Spin dependent

For a given model (gq, gDM), translate limits to DM-nucleon cross
sections for comparison with DD results (LHCDMWG).

Important: limits depend strongly on choice of gq and gDM!

b-tagged dijet limits are not yet incorporated.

Conversion details in backup.
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Conclusion

LHC dark matter searches with simplified models: strong but model
dependent limits on DMmodels.
New techniques (scouting, trigger b-tagging, boosted dijets) enable
searches at lowmediator mass amidst huge QCD backgrounds.

▶ LHC dijet limits (nearly) spanO(10GeV)-O(10 TeV).

Future:
▶ Statistical gains are slow: gq ∝ L1/4 (by∼2038, expect

L ×O(100)).
▶ Room to improve on (pseudo)scalar interpretations.
▶ Recent DMWG: moving beyondminimal WIMPmodels,

e.g. t-channel production, complex dark sectors
(χ∗ → χ+SM, dark photons, long-lived particles).
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Coupling conversion

Cross section for narrow s-channel resonanceR [1110.5302]:

σ(1 + 2 → R) ≈ 16π2N × BR(R → 1 + 2)×
[
1

s

dL

dτ

]
τ=m2

R/s

× ΓR

mR
,

where:
ΓR ∝ g2q =resonance mass/width,

N =
NSX

NS1
NS2

CX
C1C2

= spin and color multiplicity factor,
√
s = collision energy,[
1
s
dL
dτ

]
τ=m2

R/s
=parton luminosity factor.

.

......

⇒ ForZ ′ model,
σ(R) ∝ g2q .
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Z width constraint

From 1404.3947, constraint on (mZ′ , gq) space from hadronicZ width.

∆Γhad
Z

Γhad
Z

=
2gqcZcW sW (2Vu + 3Vd)

3g(1−m2
Z′/m2

Z)(2V
2
u + 3V 2

d + 5/16)

where Vu,d = ±1/4− (3± 1)s2W /6.
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Scalar mediator model
Scalar/pseudoscalar mediator: assume
minimal flavor violation to avoid FCNCs.
⇒ couplings proportional to SM Higgs
Yukawas, gfyf . Preferential coupling to
third generation fermions.
For simplicity, take uniform scaling
constant, gf = gqΦ/A.

Φ

q

q̄

g

g

g

.

......

LΦ =
Φ√
2

∑
f

(
gfyf f̄ifi

)
+ gDMΦχ̄χ

LA =
iA√
2

∑
f

(
gfyf f̄iγ5fi

)
+ igDMAχ̄γ5χ
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Pseudoscalar limits

Resonance mass [GeV]
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(a) Scalar gqΦ
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50 100 150 200 250 300 350

qAg

0

2

4

6

8

10

12

14

16

18

20
 (13 TeV)-135.9 fb

CMS
Preliminary

Observed

 1 s.d.±Expected 

 2 s.d.±Expected 

R=0.8
Tanti-k

 ← → 
R=1.5
CA

Observed

 1 s.d.±Expected 

 2 s.d.±Expected 

(b) Pseudoscalar gqA
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Dijet angular analysis

Define χ = exp(|y1 − y2|), where yi
is the rapidity of jet i.
Background χ distr. is flatter than
for s-channel resonance.
No bump hunting⇒sensitive to
broad resonances.
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BoostedH → bb̄ analysis

Search forH → bb̄with pT > 450GeV.
▶ Dataset: 35.9 fb−1,

√
s = 13 TeV.

Same analysis technique as boostedΦ/A → bb̄.
Simultaneously constrainZ → bb̄.
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g 
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)

∆
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Leptonic couplings

IfZ′ couples to leptons, LHC establishes strong constraints due to smaller
backgrounds and better resolution thanZ′ → qq̄.

(a) Vector (b) Axial vector

Note different gℓ values between vector and axial vector limits.
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Conversions: direct detection, SI
Spin-independent DM-nucleon cross section (scalar, vector):

σSI =
f2(gq)g

2
χµ2

nχ

πm4
med

,

µnχ = mnmDM/(mn + mDM).

Vector case:

f(gq) = 3gq,

σSI ≈ 6.9 × 10−41 cm2 ·
(

gqgDM

0.25

)2
(

1 TeV

mZ′

)4 (
µnχ

1 GeV

)2

Scalar case: with fn
u = 0.019, fn

d = 0.045, fn
s = 0.043 (taking fn

q = fp
q ),

f
n,p

(gq) =
mn

v

 ∑
q=u,d,s

f
n,p
q gq +

2

27
f
n,p
TG

∑
Q=c,b,t

gQ

 ,

f
n,p
TG = 1 −

∑
q=u,d,s

f
n,p
q ,

σSI = 6.9 × 10−43 cm2 ·
(

gqgDM

1

)2
(

125 GeV

mΦ

)4 (
µnχ

1 GeV

)2
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Conversions: direct detection, SD

Spin-dependent DM-nucleon cross section for axial vector:
▶ Pseudoscalar not shown due to velocity-suppression in nonrelativistic limit.

σSD =
3f2(gq)g

2
χµ2

nχ

πm4
Z′

,

f
p,n

(gq) = ∆
p,n
u gu + ∆

p,n
d

gd + ∆
p,n
s gs.

∆p
u = ∆n

d = 0.84,∆p
d = ∆n

u = −0.43,∆s = −0.09.
With universal gq , f(gq) = 0.32gq .

σSD ≈ 2.4 × 10−42 cm2 ·
(

gqgDM

0.25

)2
(

1 TeV

mZ′

)4 (
µnχ

1 GeV

)2
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Comparison with indirect detection
For pseudoscalar model, compare to ID instead of DD (velocity suppression).
Annihilation cross sections to quarks and gluons:

⟨σvrel⟩qq =
3m2

q

2πv2

g2qAg2DMm2
DM

(m2
A

− 4m2
DM)2 + m2

Z′Γ
2
Z′

√
1 − m2

q/m
2
DM

⟨σvrel⟩gg =
α2
s

2π3v2

g2qAg2DM

(m2
A

− 4m2
DM)2 + m2

Z′Γ
2
Z′

|
∑
q

m
2
qfA(m

2
q/m

2
DM)|,

fA(τ) = τarctan2(1/
√

τ − 1)
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