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The Large Hadron Collider



Proton beam

Detector

Proton bunches 
[number: 2808]

Proton collisions 
[109 per second]

Parton-parton 
interactions

New physics?

The Large Hadron Collider

𝓛 ∝ I1 × I2
A

∝ n𝑓・(N1 × N2)
beam crossings 
per second

protons per 
bunch



LHC Cross Sections and Event Rates  
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Run-2 Performance 

ATLAS Event 
with 25 pileup vertices
[√s = 13 TeV; 2016 Data]

H ➛ ZZ ➛ ee μμ candidate event 
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Status: July 2018

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb
�1

Standard Model Production Cross Section Measurements
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Figure 1: Example Feynman diagrams for WIMP � pair production with mediator A produced (a) in association
with one jet and (b) via vector-boson fusion. Example Feynman diagrams for the Standard Model background to
(c) the process with one jet and (d) the vector-boson fusion process.

The approach used in this paper allows for direct comparison of SM and BSM predictions at the particle
level, without the need to simulate the e↵ects of the ATLAS detector. This is computationally e�cient
and enables those without access to a precise simulation of the ATLAS detector to compare the data
with predictions from alternative BSM models as they become available. Since each alternative BSM
model may predict event signatures with di↵erent kinematic properties, the publication of the kinematic
distributions enhances the usefulness and longevity of the data. Furthermore, future improvements in the
predictions of the SM processes that contribute to the ratio can be compared to the particle-level data and
limits in BSM models can be updated accordingly.

Particle-level measurements of SM processes are common in collider physics and have, on occasion,
been used to set limits in BSM models (see e.g. [15]), although not to search for new physics in the
pmiss

T + jets final state. Moreover, a measurement of the particle-level ratio allows the denominator to
provide a constraint on the dominant SM process contributing to the pmiss

T + jets final state. Many sources
of systematic uncertainty cancel in the ratio because the requirements on the hadronic system and the
definition of the measured kinematic variables, determined from the hadronic system, are similar in the
numerator pmiss

T + jets and denominator `+`� + jets events. This is made possible by treating the identified
charged leptons in `+`� + jets events as invisible when calculating the pmiss

T . This cancellation occurs,
for example, for phenomenological uncertainties in the prediction of initial-state parton radiation and
experimental uncertainties in the jet reconstruction, energy scale and resolution.
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Figure 1: Example Feynman diagrams for WIMP � pair production with mediator A produced (a) in association
with one jet and (b) via vector-boson fusion. Example Feynman diagrams for the Standard Model background to
(c) the process with one jet and (d) the vector-boson fusion process.

The approach used in this paper allows for direct comparison of SM and BSM predictions at the particle
level, without the need to simulate the e↵ects of the ATLAS detector. This is computationally e�cient
and enables those without access to a precise simulation of the ATLAS detector to compare the data
with predictions from alternative BSM models as they become available. Since each alternative BSM
model may predict event signatures with di↵erent kinematic properties, the publication of the kinematic
distributions enhances the usefulness and longevity of the data. Furthermore, future improvements in the
predictions of the SM processes that contribute to the ratio can be compared to the particle-level data and
limits in BSM models can be updated accordingly.

Particle-level measurements of SM processes are common in collider physics and have, on occasion,
been used to set limits in BSM models (see e.g. [15]), although not to search for new physics in the
pmiss

T + jets final state. Moreover, a measurement of the particle-level ratio allows the denominator to
provide a constraint on the dominant SM process contributing to the pmiss

T + jets final state. Many sources
of systematic uncertainty cancel in the ratio because the requirements on the hadronic system and the
definition of the measured kinematic variables, determined from the hadronic system, are similar in the
numerator pmiss

T + jets and denominator `+`� + jets events. This is made possible by treating the identified
charged leptons in `+`� + jets events as invisible when calculating the pmiss

T . This cancellation occurs,
for example, for phenomenological uncertainties in the prediction of initial-state parton radiation and
experimental uncertainties in the jet reconstruction, energy scale and resolution.
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TLA Jet Calibration

 [GeV]jet
T

p

200 400 600 800 1000 1200 1400

Fr
ac

tio
na

l J
ES

 u
nc

er
ta

in
ty

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04
ATLAS

 correctionin situ = 0.4, EM+JES + R tkanti-
 = 13 TeVsData 2016, 

 = 0.0η
Total Uncertainty,Trigger
Total Uncertainty, Offline

 JES, fittedin situAbsolute 
 JESin situRelative 

Trigger Flav. composition, dijet events
Trigger Flav. response, dijet events
Trigger Pileup, average 2016 conditions
Trigger data-derived correction

[arXiv:1804.0349; auxiliary material]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-20/


E
ve

n
ts

 /
 B

in

410

510

610

710

810

 [GeV]m500 600 700 800 9001000 2000

2−

0
2

 [GeV]jjm
500 600 700 800 9001000 2000

2−

0
2

S
ig

n
ifi

ca
n
ce

ATLAS

, |y*| < 0.3-1Data, 3.6 fb
Background fit
BumpHunter interval

 x 500σZ’, 
 = 0.1

q
 = 550 GeV, gZ’m

, |y*| < 0.6-1Data, 29.3 fb
Background fit
BumpHunter interval

 x 500σZ’, 
 = 0.1

q
 = 750 GeV, gZ’m

-value = 0.6pBH 

-value = 0.42p 2χ

-value = 0.44pBH 

-value = 0.13p 2χ

Figure 4: The reconstructed dijet mass distribution (filled points) for events in the |y⇤ | < 0.3 and |y⇤ | < 0.6 signal
regions. The solid lines depict the background estimate obtained by a sliding-window fit. Overall agreement
between the background estimate and the data is quantified by the �2 p-value. The most discrepant localized excess
in either signal region identified by the BumpHunter algorithm is indicated by the vertical lines. The open points
show two possible signal models. The lower panels show the bin-by-bin significances of di�erences between the
data and the background estimate, considering only statistical uncertainties.

6 Results and limits

Figure 4 shows the invariant mass distributions for dijet events in each signal region including the results
from the sliding-window background estimates. The global �2 p-value is 0.13 in the |y⇤ | < 0.6 signal
selection and 0.42 in the |y⇤ | < 0.3 signal selection, indicating the data agrees well with the background
estimate. The most discrepant interval identified by the BumpHunter algorithm [30, 31] is 889–1007 GeV
for events with |y⇤ | < 0.6. Accounting for statistical uncertainties only, the probability of observing
a deviation at least as significant as that observed in data, anywhere in the distribution, is 0.44 and
corresponds to significance of 0.16 �. Thus, there is no evidence of any localized excess.

Limits are set on both a leptophobic Z 0 simplified dark-matter model [32] and a generic Gaussian model.
The Z 0 simplified model assumes axial-vector couplings to SM quarks and to a Dirac fermion dark-matter
candidate. No interference with the SM is simulated. Signal samples were generated so that the decay rate
of the Z 0 into dark-matter particles is negligible and the dijet production rate and resonance width depend
only on the coupling of the Z 0 to quarks, gq, and the mass of the resonance, mZ0 [9]. The model’s matrix
elements were calculated in M��G���� 5 [33] and parton showering was performed in P����� 8 [34].
The width of a Z 0 resonance with gq = 0.10, including parton shower and detector resolution e�ects, is
approximately 7%. Limits are set on the cross-section, �, times acceptance, A, times branching ratio, B,
of the model, and then displayed in the (gq,mZ0) plane.3 The acceptance for a mass of 550 GeV is 20%
for a Z 0 simplified model with gq = 0.10 for the |y⇤ | < 0.3 signal selection, and 41% for a signal of mass
equal to 750 GeV for the |y⇤ | < 0.6 signal selection.

Limits are also set on a generic model where the signal is modeled as a Gaussian contribution to the
observed mj j distribution. For a given mean mass, mG , four di�erent Gaussian widths are considered: a
width equal to the simulated mass resolution (which ranges between 4% and 6%), and the fixed fractions
5%, 7% and 10% of mG . As the width increases, the expected signal contribution is distributed across

3 Limits on the coupling are obtained accounting for the scaling of the signal cross-section with g2
q .
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TLA Analysis Results
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Vector vs. Axial-Vector Models

the LHCDMWG [2], and it is intended to provide a template for the presentation of the

LHC results at the winter conferences in 2016. It reflects the feedback obtained from the

participants and in subsequent iterations with members of the experiments and of the the-

ory community and it is based on work described recently in [3–9]. For earlier articles

discussing aspects of simplified s-channel DM models, see also [10–21].

The relevant details of simplified DM models involving vector, axial-vector, scalar

and pseudo-scalar s-channel mediators are first reviewed in Section 2. Section 3 presents a

recommendation for the primary treatment of LHC DM bounds and introduces all of the

basic assumptions entering the approach. Section 4 describes a well-defined translation

procedure, including all relevant formulas and corresponding references, that allows for

meaningful and fair comparisons with the limits obtained by DD and ID experiments.

2 Models considered

The recommendations in this proposal, adopt the model choices made for the early Run-2

LHC searches by the ATLAS/CMS DM Forum [1]. In this document we discuss models

which assume that the DM particle is a Dirac fermion � and that the particle mediating

the interaction (the “mediator”) is exchanged in the s-channel.1 After simplifying assump-

tions, each model is characterised by four parameters: the DM mass mDM, the mediator

mass Mmed, the universal mediator coupling to quarks gq and the mediator coupling to

DM gDM. Mediator couplings to leptons are always set to zero in order to avoid the strin-

gent LHC bounds from di-lepton searches. In the limit of largeMmed, these (and all) models

converge to a universal set of operators in an e↵ective field theory (EFT) [13, 14, 26–29].

In this section, we review the models and give the formulas for the total decay width of

the mediators in each case.

2.1 Vector and axial-vector models

The two models with a spin-1 mediator Z 0, have the following interaction Lagrangians

Lvector = �gDMZ 0
µ�̄�

µ�� gq
X

q=u,d,s,c,b,t

Z 0
µq̄�

µq , (2.1)

Laxial-vector = �gDMZ 0
µ�̄�

µ�5�� gq
X

q=u,d,s,c,b,t

Z 0
µq̄�

µ�5q . (2.2)

Note that the universality of the coupling gq guarantees that the above spin-1 simplified

models are minimal flavour violating (MFV) [30], which is crucial to avoid the severe

existing constraints arising from quark flavour physics.

The minimal decay width of the mediator is given by the sum of the partial widths for

all decays into DM and quarks that are kinematically accessible. For the vector mediator,

1
An orthogonal set of models describe t-channel exchange [22–25]. This class of simplified DM models

is left for future iterations and will thus not be discussed in the following.

– 2 –

the partial widths are given by

���̄
vector =

g2DMMmed

12⇡
(1� 4zDM)1/2 (1 + 2zDM) , (2.3)

�qq̄
vector =

g2qMmed

4⇡
(1� 4zq)

1/2 (1 + 2zq) , (2.4)

where zDM,q = m2
DM,q/M

2
med and the two di↵erent types of contribution to the width vanish

for Mmed < 2mDM,q. The corresponding expressions for the axial-vector mediator are

���̄
axial-vector =

g2DMMmed

12⇡
(1� 4zDM)3/2 , (2.5)

�qq̄
axial-vector =

g2q Mmed

4⇡
(1� 4zq)

3/2 . (2.6)

2.2 Scalar and pseudo-scalar models

The two models with a spin-0 mediator � are described by

Lscalar = �gDM��̄�� gq
�
p
2

X

q=u,d,s,c,b,t

yq q̄q , (2.7)

Lpseudo-scalar = �igDM��̄�5�� igq
�
p
2

X

q=u,d,s,c,b,t

yq q̄�5q , (2.8)

where yq =
p
2mq/v are the SM quark Yukawa couplings with v ' 246 GeV the Higgs vac-

uum expectation value. These interactions are again compatible with the MFV hypothesis.

In these models, there is a third contribution to the minimal width of the mediator,

which arises from loop-induced decays into gluons. For the scalar mediator, the individual

contributions are given by

���̄
scalar =

g2DMMmed

8⇡

�
1� 4z2DM

�3/2
, (2.9)

�qq̄
scalar =

3g2q y
2
q Mmed

16⇡

�
1� 4z2q

�3/2
, (2.10)

�gg
scalar =

↵2
s g

2
qM

3
med

32⇡3v2
��fscalar(4zt)

��2 , (2.11)

while the corresponding expressions in the pseudo-scalar case read

���̄
pseudo-scalar =

g2DMMmed

8⇡

�
1� 4z2DM

�1/2
, (2.12)

�qq̄
pseudo-scalar =

3g2q y
2
q Mmed

16⇡

�
1� 4z2q

�1/2
, (2.13)

�gg
pseudo-scalar =

↵2
s g

2
qM

3
med

32⇡3v2
��fpseudo-scalar(4zt)

��2 . (2.14)

Here the form factors take the form

fscalar(⌧) = ⌧


1 + (1� ⌧)arctan2

✓
1

p
⌧ � 1

◆�
, (2.15)

fpseudo-scalar(⌧) = ⌧ arctan2
✓

1
p
⌧ � 1

◆
. (2.16)
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Here the form factors take the form
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the LHCDMWG [2], and it is intended to provide a template for the presentation of the

LHC results at the winter conferences in 2016. It reflects the feedback obtained from the

participants and in subsequent iterations with members of the experiments and of the the-

ory community and it is based on work described recently in [3–9]. For earlier articles

discussing aspects of simplified s-channel DM models, see also [10–21].

The relevant details of simplified DM models involving vector, axial-vector, scalar

and pseudo-scalar s-channel mediators are first reviewed in Section 2. Section 3 presents a

recommendation for the primary treatment of LHC DM bounds and introduces all of the

basic assumptions entering the approach. Section 4 describes a well-defined translation

procedure, including all relevant formulas and corresponding references, that allows for

meaningful and fair comparisons with the limits obtained by DD and ID experiments.

2 Models considered

The recommendations in this proposal, adopt the model choices made for the early Run-2

LHC searches by the ATLAS/CMS DM Forum [1]. In this document we discuss models

which assume that the DM particle is a Dirac fermion � and that the particle mediating

the interaction (the “mediator”) is exchanged in the s-channel.1 After simplifying assump-

tions, each model is characterised by four parameters: the DM mass mDM, the mediator

mass Mmed, the universal mediator coupling to quarks gq and the mediator coupling to

DM gDM. Mediator couplings to leptons are always set to zero in order to avoid the strin-

gent LHC bounds from di-lepton searches. In the limit of largeMmed, these (and all) models

converge to a universal set of operators in an e↵ective field theory (EFT) [13, 14, 26–29].

In this section, we review the models and give the formulas for the total decay width of

the mediators in each case.

2.1 Vector and axial-vector models

The two models with a spin-1 mediator Z 0, have the following interaction Lagrangians

Lvector = �gDMZ 0
µ�̄�

µ�� gq
X

q=u,d,s,c,b,t

Z 0
µq̄�

µq , (2.1)

Laxial-vector = �gDMZ 0
µ�̄�

µ�5�� gq
X

q=u,d,s,c,b,t

Z 0
µq̄�

µ�5q . (2.2)

Note that the universality of the coupling gq guarantees that the above spin-1 simplified

models are minimal flavour violating (MFV) [30], which is crucial to avoid the severe

existing constraints arising from quark flavour physics.

The minimal decay width of the mediator is given by the sum of the partial widths for

all decays into DM and quarks that are kinematically accessible. For the vector mediator,

1
An orthogonal set of models describe t-channel exchange [22–25]. This class of simplified DM models

is left for future iterations and will thus not be discussed in the following.
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Comparing with Direct Searches

The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the mDM–�SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

mDM–�SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

mDM, the exclusion contour passes through two values of Mmed. This means that when

translating into the mDM–�SI/SD planes, for a fixed value of mDM, the exclusion contour

must pass through two values of �SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form

�SI =
f2(gq)g2DMµ2

n�

⇡M4
med

, (4.1)

where µn� = mnmDM/(mn+mDM) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence

�SI ' 6.9⇥ 10�41 cm2
·

⇣gqgDM

0.25

⌘2
✓
1TeV

Mmed

◆4 ⇣ µn�

1GeV

⌘2
. (4.3)

For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

fn,p(gq) =
mn

v

2

4
X

q=u,d,s

fn,p
q gq +

2

27
fn,p
TG

X

Q=c,b,t

gQ

3

5 . (4.4)

These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.
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(a) (b)

Figure 2: A comparison of LHC results to the mDM–�SI (a) and mDM–�SD (b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and gDM = 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.

Here fn,p
TG = 1�

P
q=u,d,s f

n,p
q . The state-of-the-art values for fn,p

q are from [48] (for fn,p
u and

fn,p
d ) and [49] (for fn,p

s ) and read fn
u = 0.019, fn

d = 0.045 and fn
s = 0.043. The values for

the proton are slightly di↵erent, but in practice the di↵erence can be ignored. Substituting

these values, we find that numerically

f(gq) = 1.16 · 10�3 gq , (4.5)

and therefore the size of a typical cross section is

�SI ' 6.9⇥ 10�43 cm2
·

⇣gqgDM

1

⌘2
✓
125GeV

Mmed

◆4 ⇣ µn�

1GeV

⌘2
. (4.6)

4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�SD =
3f2(gq)g2DMµ2

n�

⇡M4
med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

fp,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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where �(p)
u = �(n)

d = 0.84, �(p)
d = �(n)

u = �0.43 and �s = �0.09 are the values rec-

ommended by the Particle Data Group [50]. Other values are also used in the literature

(see e.g. [51]) and di↵er by up to O(5%).

Under the assumption that the coupling gq is equal for all quarks, one finds

f(gq) = 0.32gq , (4.9)

and thus

�SD
' 2.4⇥ 10�42 cm2

·

⇣gqgDM

0.25

⌘2
✓
1TeV

Mmed

◆4 ⇣ µn�

1GeV

⌘2
. (4.10)

We emphasise that the same result is obtained both for the SD DM-proton scattering

cross section �p
SD and the SD DM-neutron scattering cross section �n

SD. Using (4.10) it is

therefore possible to map collider results on both parameter planes conventionally shown

by DD experiments. Should only one plot be required, we recommend comparing the LHC

results to the DD bounds on �p
SD, which is typically more di�cult to constrain.

In the future, it is desirable to consider not only the case gu = gd = gs, but also the

case gu = �gd = �gs, which is well-motivated from embedding the simplified model in the

SM gauge group and can be included without much additional e↵ort. For gu = �gd = �gs
one obtains approximately fp(gq) = 1.36 gu and fn(gq) = �1.18 gu, i.e. the DM-neutron

cross section is slightly smaller than the DM-proton cross section.4

4.1.3 Neutrino observatories: IceCube and Super-Kamiokande

The IceCube [53] and Super-Kamiokande [54] neutrino observatories are also able to con-

strain the SI and SD cross sections. When DM particles elastically scatter with elements in

the Sun, they can lose enough energy to become gravitationally bound. Self-annihilation of

the DM particles produces neutrinos (either directly or in showering) that can be searched

for in a neutrino observatory. When the DM capture and annihilation rates are in equilib-

rium, the neutrino flux depends only on the initial capture rate, which is determined by

the SI or SD cross section [55].

The IceCube and Super-Kamiokande limits on �p
SD are of particular interest as they

can be stronger than the corresponding bounds from DD experiments. The former bounds

are however more model dependent, since they depend on the particular DM annihilation

channel. For annihilation only into light quarks, the limits are weaker than DD experiments.

For mb < mDM < mt, on the other hand, the dominant annihilation channel of the axial-

vector model is to bb̄ and Super-Kamiokande sets more stringent constraints than DD

experiments for mDM < 10GeV. For mDM > mt, the dominant annihilation channel is

to tt̄ and the resulting constraints from IceCube are stronger than DD experiments. Both

the Super-Kamiokande and IceCube limits can be shown together with other bounds on

the SD DM-proton scattering cross section.

4
LHC searches are only sensitive to the relative sign between gu and gd if both types of quarks are present

in a single process (e.g. ud̄ ! ud̄+��̄ or uū ! dd̄+��̄). Such processes give a subleading e↵ect in mono-jet

searches and are presently not included in the signal computation. As a result, the signal prediction for

mono-jets turns out to be independent of the relative sign between the individual quark couplings [52].
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3

in XENON1T within the 1% precision of the measure-
ment device. The remaining 52.4% of xenon has negli-
gible sensitivity to the SD interaction. As both xenon
isotopes have an odd number of neutrons, it follows that
|hSni| � |hSpi|. Specifically, in 129Xe hSni = 0.329
and hSpi = 0.010, while in 131Xe hSni = �0.272 and
hSpi = �0.009 [19]. Consequently, XENON1T is more
sensitive to the neutron-only case, but also has nonzero
sensitivity to the proton-only case since a0 � a0

1 6= 0 in
Eq. (3) due to the aforementioned two-body contribution.
The total expected NR spectrum dR/dEr can be writ-

ten as

dR

dEr
=

2⇢�
m�

Z
d�SD

dq2
vf(~v)d3v, (4)

where m� is the WIMP mass, ⇢� is the local WIMP den-
sity and f(~v) is the WIMP velocity distribution in the
rest frame of the detector. q =

p
2ErmXe, with mXe

the mass of a xenon nucleus. A standard isothermal
WIMP halo, as in [8], is assumed, with v0 = 220 km/s,
⇢� = 0.3 GeV/(c2 ⇥ cm3), vesc = 544 km/s, and Earth
velocity vE = 232 km/s [22]. In the neutron- or proton-
only case, the di↵erential scattering cross section can be
rewritten as

d�SD

dq2
=

�SD
�N

3µ2
Nv2

⇡

2J + 1
SN (q), (5)

where µN is the reduced mass of the WIMP-nucleon sys-
tem, SN (q) is the axial-vector structure factor for a pro-
ton or neutron (N = {n, p}) in xenon (from using the
corresponding couplings in Eq. (2)), and �SD

�N is the
scattering cross section between a WIMP and a single
proton or neutron, at zero momentum transfer [4, 16].
Using Eq. (5), the recoil spectrum in Eq. (4) becomes
proportional to �SD

�N . This unknown parameter is used
to set limits as a function of WIMP mass.
Detailed calculations of SN have been carried out in

[19] for many isotopes relevant to experimental searches,
including 129Xe and 131Xe. These calculations use a de-
tailed nuclear shell model to represent the nuclear states,
reproducing the ground-state energies and ordering of
energy levels from spectroscopic measurements. Refer-
ence [19] expands on [23], which was extensively com-
pared with alternative calculations in [24].
The theoretical uncertainties reported in [19] mainly

come from the two-body current contribution, specifically
the density of the nuclear states and the low-energy con-
stants in chiral EFT. These uncertainties have a larger
e↵ect on �SD

�p than on �SD
�n , since the SD WIMP-proton

sensitivity in a xenon target chiefly relies on two-body
interactions with neutrons. Since it is di�cult to char-
acterize the distribution of these uncertainties, it is con-
ventional [24, 32, 33] to take the mean of the range of
structure factors given, rather than including the uncer-
tainty on the scattering rate in the statistical inference.

Example recoil spectra for the neutron- and proton-only
cases are shown in Fig. 1, along with the standard SI
spectrum (scaled by 10�4) [8] for reference. The result-
ing SD rates are much lower than the SI rates. This is
mostly explained by the SD structure factor in Eq. (3),
which is O(1), while the analogous SI form factor scales
with the square of the number of nucleons, due to the
coherence of the interaction over the nucleus.

Analysis method.—SI and SD WIMP-nucleus scatter-
ing produce similar recoil spectra in XENON1T, and
both interactions produce observables through the same
NR process. We therefore use signal corrections and
event selection criteria identical to [8]. The dark matter
search is limited to events within an inner 1.30 ± 0.01 t
LXe fiducial mass, with corrected S1s between (3,
70) photoelectrons, accepting NRs of about 5 � 41 keV
nuclear recoil energy on average. The livetime analyzed
is 278.8 days, consisting of a 32.1 day run [25] and a
246.7 day run, resulting in a total exposure of 1.0 t⇥ yr.
Background models, also retained from [8], include data-
driven models for accidental coincidence of lone S1s and
S2s, and events with reduced charge signal due to inter-
actions at the detector surfaces. The ER (� and �) and
NR (radiogenic neutrons and coherent elastic neutrino-
nucleus scattering) backgrounds are modeled using en-
ergy depositions from GEANT4 simulations, passed to
a Monte-Carlo (MC) simulation of ER and NR response
in LXe, XENON1T detector physics, and detection e�-
ciency [28]. The parameters in the MC simulation are

FIG. 1. Comparison of the WIMP-nucleus recoil spectra in
the SD neutron-only (green), SD proton-only (blue), and SI
(orange, scaled by 10�4) cases in LXe for a 10 GeV/c2 (solid
curve) and 100 GeV/c2 (dashed curve) WIMP and a WIMP-
nucleon cross section of 10�45 cm2. The bands on the
SD spectra come from uncertainties in the contribution to
SD scattering from interactions involving the exchange of a
pion between two nucleons (two-body currents). The WIMP
search region in XENON1T is depicted by the total e�ciency
curve (gray dotted).

3

in XENON1T within the 1% precision of the measure-
ment device. The remaining 52.4% of xenon has negli-
gible sensitivity to the SD interaction. As both xenon
isotopes have an odd number of neutrons, it follows that
|hSni| � |hSpi|. Specifically, in 129Xe hSni = 0.329
and hSpi = 0.010, while in 131Xe hSni = �0.272 and
hSpi = �0.009 [19]. Consequently, XENON1T is more
sensitive to the neutron-only case, but also has nonzero
sensitivity to the proton-only case since a0 � a0

1 6= 0 in
Eq. (3) due to the aforementioned two-body contribution.
The total expected NR spectrum dR/dEr can be writ-
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where m� is the WIMP mass, ⇢� is the local WIMP den-
sity and f(~v) is the WIMP velocity distribution in the
rest frame of the detector. q =

p
2ErmXe, with mXe

the mass of a xenon nucleus. A standard isothermal
WIMP halo, as in [8], is assumed, with v0 = 220 km/s,
⇢� = 0.3 GeV/(c2 ⇥ cm3), vesc = 544 km/s, and Earth
velocity vE = 232 km/s [22]. In the neutron- or proton-
only case, the di↵erential scattering cross section can be
rewritten as
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where µN is the reduced mass of the WIMP-nucleon sys-
tem, SN (q) is the axial-vector structure factor for a pro-
ton or neutron (N = {n, p}) in xenon (from using the
corresponding couplings in Eq. (2)), and �SD

�N is the
scattering cross section between a WIMP and a single
proton or neutron, at zero momentum transfer [4, 16].
Using Eq. (5), the recoil spectrum in Eq. (4) becomes
proportional to �SD

�N . This unknown parameter is used
to set limits as a function of WIMP mass.
Detailed calculations of SN have been carried out in

[19] for many isotopes relevant to experimental searches,
including 129Xe and 131Xe. These calculations use a de-
tailed nuclear shell model to represent the nuclear states,
reproducing the ground-state energies and ordering of
energy levels from spectroscopic measurements. Refer-
ence [19] expands on [23], which was extensively com-
pared with alternative calculations in [24].
The theoretical uncertainties reported in [19] mainly

come from the two-body current contribution, specifically
the density of the nuclear states and the low-energy con-
stants in chiral EFT. These uncertainties have a larger
e↵ect on �SD

�p than on �SD
�n , since the SD WIMP-proton

sensitivity in a xenon target chiefly relies on two-body
interactions with neutrons. Since it is di�cult to char-
acterize the distribution of these uncertainties, it is con-
ventional [24, 32, 33] to take the mean of the range of
structure factors given, rather than including the uncer-
tainty on the scattering rate in the statistical inference.

Example recoil spectra for the neutron- and proton-only
cases are shown in Fig. 1, along with the standard SI
spectrum (scaled by 10�4) [8] for reference. The result-
ing SD rates are much lower than the SI rates. This is
mostly explained by the SD structure factor in Eq. (3),
which is O(1), while the analogous SI form factor scales
with the square of the number of nucleons, due to the
coherence of the interaction over the nucleus.

Analysis method.—SI and SD WIMP-nucleus scatter-
ing produce similar recoil spectra in XENON1T, and
both interactions produce observables through the same
NR process. We therefore use signal corrections and
event selection criteria identical to [8]. The dark matter
search is limited to events within an inner 1.30 ± 0.01 t
LXe fiducial mass, with corrected S1s between (3,
70) photoelectrons, accepting NRs of about 5 � 41 keV
nuclear recoil energy on average. The livetime analyzed
is 278.8 days, consisting of a 32.1 day run [25] and a
246.7 day run, resulting in a total exposure of 1.0 t⇥ yr.
Background models, also retained from [8], include data-
driven models for accidental coincidence of lone S1s and
S2s, and events with reduced charge signal due to inter-
actions at the detector surfaces. The ER (� and �) and
NR (radiogenic neutrons and coherent elastic neutrino-
nucleus scattering) backgrounds are modeled using en-
ergy depositions from GEANT4 simulations, passed to
a Monte-Carlo (MC) simulation of ER and NR response
in LXe, XENON1T detector physics, and detection e�-
ciency [28]. The parameters in the MC simulation are
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search region in XENON1T is depicted by the total e�ciency
curve (gray dotted).
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in XENON1T within the 1% precision of the measure-
ment device. The remaining 52.4% of xenon has negli-
gible sensitivity to the SD interaction. As both xenon
isotopes have an odd number of neutrons, it follows that
|hSni| � |hSpi|. Specifically, in 129Xe hSni = 0.329
and hSpi = 0.010, while in 131Xe hSni = �0.272 and
hSpi = �0.009 [19]. Consequently, XENON1T is more
sensitive to the neutron-only case, but also has nonzero
sensitivity to the proton-only case since a0 � a0
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ton or neutron (N = {n, p}) in xenon (from using the
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scattering cross section between a WIMP and a single
proton or neutron, at zero momentum transfer [4, 16].
Using Eq. (5), the recoil spectrum in Eq. (4) becomes
proportional to �SD

�N . This unknown parameter is used
to set limits as a function of WIMP mass.
Detailed calculations of SN have been carried out in

[19] for many isotopes relevant to experimental searches,
including 129Xe and 131Xe. These calculations use a de-
tailed nuclear shell model to represent the nuclear states,
reproducing the ground-state energies and ordering of
energy levels from spectroscopic measurements. Refer-
ence [19] expands on [23], which was extensively com-
pared with alternative calculations in [24].
The theoretical uncertainties reported in [19] mainly
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acterize the distribution of these uncertainties, it is con-
ventional [24, 32, 33] to take the mean of the range of
structure factors given, rather than including the uncer-
tainty on the scattering rate in the statistical inference.

Example recoil spectra for the neutron- and proton-only
cases are shown in Fig. 1, along with the standard SI
spectrum (scaled by 10�4) [8] for reference. The result-
ing SD rates are much lower than the SI rates. This is
mostly explained by the SD structure factor in Eq. (3),
which is O(1), while the analogous SI form factor scales
with the square of the number of nucleons, due to the
coherence of the interaction over the nucleus.

Analysis method.—SI and SD WIMP-nucleus scatter-
ing produce similar recoil spectra in XENON1T, and
both interactions produce observables through the same
NR process. We therefore use signal corrections and
event selection criteria identical to [8]. The dark matter
search is limited to events within an inner 1.30 ± 0.01 t
LXe fiducial mass, with corrected S1s between (3,
70) photoelectrons, accepting NRs of about 5 � 41 keV
nuclear recoil energy on average. The livetime analyzed
is 278.8 days, consisting of a 32.1 day run [25] and a
246.7 day run, resulting in a total exposure of 1.0 t⇥ yr.
Background models, also retained from [8], include data-
driven models for accidental coincidence of lone S1s and
S2s, and events with reduced charge signal due to inter-
actions at the detector surfaces. The ER (� and �) and
NR (radiogenic neutrons and coherent elastic neutrino-
nucleus scattering) backgrounds are modeled using en-
ergy depositions from GEANT4 simulations, passed to
a Monte-Carlo (MC) simulation of ER and NR response
in LXe, XENON1T detector physics, and detection e�-
ciency [28]. The parameters in the MC simulation are
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SD spectra come from uncertainties in the contribution to
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pion between two nucleons (two-body currents). The WIMP
search region in XENON1T is depicted by the total e�ciency
curve (gray dotted).
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mostly explained by the SD structure factor in Eq. (3),
which is O(1), while the analogous SI form factor scales
with the square of the number of nucleons, due to the
coherence of the interaction over the nucleus.

Analysis method.—SI and SD WIMP-nucleus scatter-
ing produce similar recoil spectra in XENON1T, and
both interactions produce observables through the same
NR process. We therefore use signal corrections and
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search is limited to events within an inner 1.30 ± 0.01 t
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S2s, and events with reduced charge signal due to inter-
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gq,DM	 : couplings to quarks, DM
MMed	 : Mediator mass
Δq	 : quark spin-content 
J	 : total angular momentum
SN	 : axial-vector structure factor
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ū

Figure 6: Diagram 6

3

a

g

b

t

�̄

�

W
�

Figure 29: Diagram 28

W
a

b

q̄

t

�̄

�

q̄

Figure 30: Diagram 29

15

⌘q

q̄

q

�̄

�

�/V /g

Figure 9: Diagram 9

q/b
⌘q/⌘b

g

q/b

�̄

q/b

�

Figure 10: Diagram 10

5

Z
0
B

Z
0
B

q

q̄

�̄

�

h

Figure 3: Diagram 3

u

Z
0
VFC

g

u

�̄/ū
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Mono-Higgs

Mono-Higgs DM Search

Maybe 
DM-Production not simple … 
with the Higgs playing a special role

Interesting signatures:
Invisible Higgs
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Figure 1: Feynman diagrams for the main production processes targeted in the searches con-
sidered in the combination: qq ! qqH (left), qq ! VH (center), and gg ! gH (right).

crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL) are installed, each composed of a barrel and two endcap sections. The tracker sys-
tem measures the momentum of charged particles up to a pseudorapidity of |h| = 2.5, while
the electromagnetic and the hadron calorimeters provide coverage up to |h| = 3. Moreover,
the steel and quartz-fiber Čerenkov hadron forward calorimeter (HF) extends the coverage to
|h| = 5. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid, which cover up to |h| = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The first level (L1) is
composed by custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software based system which runs a version of the CMS full event
reconstruction optimized for fast processing, reducing the event rate to about 1 kHz.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [19].

3 Event reconstruction

The particle-flow (PF) event algorithm [20] reconstructs and identifies each individual particle
with an optimized combination of information from the various elements of the CMS detec-
tor. The energy of photons is directly obtained from the ECAL measurement, corrected for
zero-suppression effects. The energy of electrons is determined from a combination of the elec-
tron momentum at the primary interaction vertex, as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding tracks. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching of ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy.

The missing transverse momentum vector (~pmiss
T ) is computed as the negative vector sum of

the transverse momenta (pT) of all the PF candidates in an event, and its magnitude is denoted
as p

miss
T . Hadronic jets are reconstructed by clustering PF candidates through the anti-kT algo-

rithm [21, 22], with a distance parameter of 0.4. The reconstructed vertex, with the largest value
of summed physics-object p

2
T, is taken to be the primary pp interaction vertex. The charged PF

candidates originating from any other vertex are ignored during the jet finding procedure. Jet
momentum is determined as the vectorial sum of all particle momenta inside the jet, and is
found, from simulation, to be within 5 to 10% of the true momentum over the whole pT spec-
trum and detector acceptance. An offset correction is applied to jet energies to take into account
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compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding tracks. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching of ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy.
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level trigger (HLT), is a software based system which runs a version of the CMS full event
reconstruction optimized for fast processing, reducing the event rate to about 1 kHz.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [19].
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tor. The energy of photons is directly obtained from the ECAL measurement, corrected for
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tron momentum at the primary interaction vertex, as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding tracks. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching of ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy.

The missing transverse momentum vector (~pmiss
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outside the solenoid, which cover up to |h| = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The first level (L1) is
composed by custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software based system which runs a version of the CMS full event
reconstruction optimized for fast processing, reducing the event rate to about 1 kHz.
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tor. The energy of photons is directly obtained from the ECAL measurement, corrected for
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compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding tracks. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching of ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energy.
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tor. The energy of photons is directly obtained from the ECAL measurement, corrected for
zero-suppression effects. The energy of electrons is determined from a combination of the elec-
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the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding tracks. The energy of charged hadrons is determined from
a combination of their momentum measured in the tracker and the matching of ECAL and
HCAL energy deposits, corrected for zero-suppression effects and for the response function of
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the corresponding corrected ECAL and HCAL energy.
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2HDM with Pseudo-Scalar Mediator 

bosons which are themselves fixed to the same value (mA = mH± = mH ) to simplify the phenomenology
and evade the constraints from electroweak precision measurements [149]. The other quartic couplings are
also set to 3 in order to maximise the trilinear couplings between the CP-odd and the CP-even neutral states.
Finally, y� = 1 is chosen, having a negligible e�ect on the kinematics in the final states of interest.

This model is characterised by a rich phenomenology. The production of the lightest pseudo-scalar is
dominated by loop-induced gluon fusion, followed by associated production with heavy-flavour quarks or
associated production with a Higgs or Z boson (Figures 6(a)-6(c)). Furthermore, according to the Higgs
sector’s mass hierarchy, Higgs and Z bosons can be produced in the resonant decay of the heavier bosons
into the lightest pseudo-scalar (Figures 6(d)-6(f)). The pseudo-scalar mediator can subsequently decay into
either a pair of DM particles or a pair of SM particles (mostly top quarks if kinematically allowed), giving
rise to very diverse signatures. The four-top-quark signature [158] is particularly interesting in this model if
the neutral Higgs partner masses are kept above the tt̄ decay threshold, since, when kinematically allowed,
all heavy neutral bosons can contribute to this final state, as depicted in the diagram of Figure 6(c). Four
benchmark scenarios [63] that are consistent with bounds from electroweak precision, flavour and Higgs
observables are chosen to investigate the sensitivity to this model as a function of relevant parameters:
ma,mA, tan �, sin ✓ and m�.
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Figure 6: Schematic representation of the dominant production and decay modes for the 2HDM+a model.

2.4 EFT model of scalar dark energy

The Horndeski theories [91] introduce a dark energy scalar which couples to gravity and provide a useful
framework for constraining the cosmological constant problem and the source of the acceleration of
the expansion of the universe. The model considered in this paper is an EFT implementation of these
theories [79]. In this model, the dark energy field is assumed to couple to matter universally. The
model contains two classes of e�ective operators: operators which are invariant under shift-symmetry

11
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FIG. 3: Lifetime and branching fraction of a dark photon. The lifetime becomes short when resonant
hadronic decay occurs, as for example at ∼ 750MeV, the approximate mass of the ω-resonance.

For mγ′ ! 2 GeV, the ratio R can be accurately determined in perturbative QCD via
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∑
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The exclusive number of each type of quasi-stable hadron has been determined using PYTHIA 6 [75] to simulate a
parton shower and hadronization in e+e− collisions at ECM = mγ′ .
For mγ′ " 2 GeV, we use data-driven methods to determine both R and the fragmentation into exclusive final

states. The ratio has been determined by summing the various exclusive final states in several experiments at low
energies and a combination of these has been presented by the Particle Data Group [76, 77]. We then determine
the fragmentation into quasi-stable hadrons using the measured branching fractions of the few resonances that
contribute to R at low energies.
The resulting total decay width and branching fractions are shown in Figure 3.

B. Dark Higgs Decays

The dark Higgs decays with couplings that are proportional to those of the SM Higgs. For mρ ! 2 GeV, we
once more turn to a perturbative determination of the dark Higgs decay width and inclusive branching fractions.
Unlike in the dark photon case, decays to pairs of gauge bosons (namely gluons and photons) are allowed and can
be significant in certain parts of parameter space. The partial widths to fermions are deterimed at leading order
by
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For decays to quarks, an NLO correction factor of [78]
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π
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s) (IV.4)

is applied. The decays to gluons and photons (including a NLO correction for the gluon case [79]) are given by
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and
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Existing bounds on visible A’ decays.
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Searching for Dark Photons / 2

!9
Prompt A’

Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 

Prompt A’
Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for
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event size enough to record the prompt-dimuon sample. Accomplished these by moving 
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to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2
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distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for
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Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2
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IP(µ) is defined as the di↵erence in �2
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+µ�) and min[�2

IP(µ
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are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 

• Suppressing 
misidentified (non-
muon) backgrounds 
and reducing the event 
size enough to record 
the prompt-dimuon 
sample 

• Accomplished these by 
moving to real-time 
calibration in Run 2 

• Hardware trigger is still 
there, and only ~10% 
efficient at low pT

Trigger output

Final A' sample

5 VI 2018, LHCP2018 |

Phys. Rev. Lett. 120, 061801 (2018)
[Phys. Rev. Lett. 120 (2018) 061801]



Dark Photon Search @ LHCb

minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at mðJ/ψÞ and mðZÞ, where
prompt resonances are dominant (see Fig. 1). Small pT-
dependent corrections are applied to obtain the PDFs at all
other masses. These PDFs are validated near threshold, at
mðϕÞ, and at m(ϒð1SÞ), where the data predominantly
consist of prompt dimuons. The sum of the hh and hμQ
contributions, which each involve misidentified prompt
hadrons, is determined using same-sign μ# μ# candidates
that satisfy all of the promptlike criteria. A correction is
applied to the observed μ# μ# yield at each mass to account
for the difference in the production rates of πþ π− and
π# π# , since double misidentified πþ π− pairs are the
dominant source of the hh background. This correction,
which is derived using a promptlike dipion data sample
weighted by pT-dependent muon-misidentification proba-
bilities, is as large as a factor of 2 near mðρÞ but negligible
for mðμþ μ−Þ ≳ 2 GeV. The PDFs for the μQμQ back-
ground, which involves muon pairs produced in Q-hadron
decays that occur displaced from the PV, are obtained from
simulation. These muons are rarely produced at the same
spatial point unless the decay chain involves charmonium.
Example min½χ2IPðμ# Þ& fit results are provided in Ref. [61],
while Fig. 1 shows the resulting data categorizations.
Finally, the nγ

'

ob½mðA0Þ& yields are corrected for bin migra-
tion due to bremsstrahlung, and the small expected Bethe-
Heitler contribution is subtracted [52].
The promptlike mass spectrum is scanned in steps of

σ½mðμþ μ−Þ&/2 searching for A0 → μþ μ− contributions. At
each mass, a binned extended maximum likelihood fit is
performed using all promptlike candidates in a
# 12.5σ½mðμþ μ−Þ& window around mðA0Þ. The profile
likelihood is used to determine the p value and the
confidence interval for nA

0

ob½mðA0Þ&, from which an upper
limit at 90% confidence level (C.L.) is obtained. The signal
PDFs are determined using a combination of simulated
A0 → μþ μ− decays and the widths of the large resonance
peaks observed in the data. The strategy proposed in
Ref. [65] is used to select the background model and
assign its uncertainty. This method takes as input a large set
of potential background components, which here includes
all Legendre modes up to tenth order and dedicated terms
for known resonances, and then performs a data-driven
model-selection process whose uncertainty is included in
the profile likelihood following Ref. [66]. More details
about the fits, including discussion on peaking back-
grounds, are provided in Ref. [61]. The most significant
excess is 3.3σ at mðA0Þ ≈ 5.8 GeV, corresponding to a p
value of 38% after accounting for the trials factor due to the
number of promptlike signal hypotheses.
Regions of the ½mðA0Þ; ε2& parameter space where the

upper limit on nA
0

ob½mðA0Þ& is less than nA
0

ex½mðA0Þ; ε2& are
excluded at 90% C.L. Figure 2 shows that the constraints
placed on promptlike dark photons are comparable to the

best existing limits below 0.5 GeV, and are the most
stringent for 10.6 < mðA0Þ < 70 GeV. In the latter mass
range, a non-negligible model-dependent mixing with the Z
boson introduces additional kinetic-mixing parameters
altering Eq. (1); however, the expanded A0 model space
is highly constrained by precision electroweak measure-
ments. This search adopts the parameter values suggested
in Refs. [67,68]. The LHCb detector response is found to be
independent of which quark-annihilation process produces
the dark photon above 10 GeV, making it easy to recast the
results in Fig. 2 for other models.
For the long-lived dark photon search, the stringent

criteria applied in the trigger make contamination from
prompt muon candidates negligible. The dominant back-
ground contributions to the long-lived A0 search are as
follows: photon conversions to μþ μ− in the silicon-strip
vertex detector (the VELO) that surrounds the pp inter-
action region [69]; b-hadron decays where two muons are
produced in the decay chain; and the low-mass tail from
K0

S → πþ π− decays, where both pions are misidentified as
muons. Additional sources of background are negligible,
e.g., kaon and hyperon decays, and Q-hadron decays
producing a muon and a hadron that is misidentified as
a muon.
Photon conversions in the VELO dominate the long-

lived data sample at low masses. A new method was
recently developed for identifying particles created in
secondary interactions with the VELO material. A high-
precision three-dimensional material map was produced
from a data sample of secondary hadronic interactions.
Using this material map, along with properties of the A0 →
μþ μ− decay vertex and muon tracks, a p value is assigned
to the photon-conversion hypothesis for each long-lived
A0 → μþ μ− candidate. A mass-dependent requirement is
applied to these p values that reduces the expected photon-
conversion yields to a negligible level.
A characteristic signature of muons produced in b-

hadron decays is the presence of additional displaced
tracks. Events are rejected if they are selected by the
inclusive Q-hadron software trigger [70] independently of
the presence of the A0 → μþ μ− candidate. Furthermore, two
boosted decision tree (BDT) classifiers, originally

FIG. 2. Regions of the ½mðA0Þ; ε2& parameter space excluded at
90% C.L. by the promptlike A0 search compared to the best
existing limits [27,38].
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• The 2016 dimuon results are consistent with (better than) predictions for prompt (long-lived) dark 
photons as discussed in [1603.08926]. We implemented huge improvements in the 2017 triggers 
for low masses, so plan quick turn around on 2017 dimuon search - then onto electrons.

Dark Photons LHCb-PAPER-2017-038

Ilten, Soreq, Thaler, MW, Xue [1603.08926] 
scaled to 2016 data sample LUMI & trigger

The 2016 dimuon results are consistent with (better than) our predictions for prompt 
(long-lived) dark photons. We implemented huge improvements in the 2017 triggers for 
low masses, so plan quick turn around on 2017 dimuon search — then onto electrons.
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Proves LHCb has unique potential to search for A’ using muons. Assuming we can make 
electrons work, we can cover all of the remaining low-mass parameter space (eventually).

PRL 120 (2018) 061801
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Phys. Rev. Lett. 120, 061801 (2018)
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Ilten, Soreq, Thaler, Williams, Xue

Ilten,Thaler,Wlliams, Xue 
PRD 92 (2015) 115017
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[scaled to 2016 data sample]
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