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Figure 1: We consider a dark sector with non-Abelian gauge group GD, which is Higgsed
or confined at O(MeV − 10 GeV). We assume that GD contains a Higgsed Abelian factor
U(1)D, so that the dark sector interacts with Standard Model matter through kinetic mixing
of hypercharge with the U(1)D gauge boson A′, of mass in the same range. Either the Higgsed
or confined phases of GD necessarily include new states that can be produced through A′

interactions.

undiscovered in data collected by BaBar, BELLE, CLEO-c and KLOE. Reconstructing new
resonances in these events would reveal the dynamics of the dark sector.

Evidence for a low-mass dark sector is emerging from a surprising source: accumulating
hints from terrestrial and satellite dark matter experiments indicate that dark matter is not
an afterthought of the Standard Model’s hierarchy problem, but instead has rich dynamics of
its own. The local electron/positron excesses reported by HEAT [1], PAMELA [2, 3], PPB-
BETS [4], ATIC [5], and others [6, 7] are suggestive of weak-scale dark matter interacting
with a new light boson, for which the U(1)D is a natural candidate if its mass is O(GeV).
Dark-sector interactions can also generate the mass splittings among dark-matter states
suggested by other experiments [8, 9]. Dark matter scattering inelastically into an excited
state split by O(100 keV) can simultaneously explain the annual modulation signal reported
by DAMA/NaI [10] and DAMA/LIBRA [11] and the null results of other direct-detection
experiments [12, 13]. Likewise, the INTEGRAL 511 keV excess at the galactic center appears
consistent with the excitation of dark matter states, but requires a slightly larger splitting of
O(MeV) [14, 15].

The electron/positron excesses and the splittings suggested by the DAMA and INTE-
GRAL signals independently motivate an O(GeV)-mass dark sector. If any of these anoma-
lies are signals of dark matter, the new dynamics required to explain them can be discovered
at e+e− colliders. Among the anomalies, DAMA’s signal offers the most precise predictions
for e+e− collider physics: the scattering rate is sensitive to the strength of kinetic mixing
between the Standard Model and the dark sector, and gives reason to expect an observable
direct production cross-section for the dark sector.

Outline

In the remainder of this introduction, we further develop the motivation for a kinetically
mixed light dark sector, and briefly describe the resulting events in low-energy e+e− collisions.
In Section 1.1, we discuss the kinetic mixing that couples the Standard Model to the dark
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• Dark photon (ZD) → new U(1)D gauge symmetry 


• Can serve as a connection between the SM and a dark sector


• ZD can talk to the SM particles through kinetic mixing 

2 A kinetically mixed dark U(1)

In this section, we review the theory of kinetic mixing between a broken dark Abelian gauge symme-
try, U(1)D, and the SM hypercharge, U(1)Y . The relevant gauge terms in the Lagrangian are
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D ẐDµ . (2.1)

Here the hatted fields indicate the original fields with non-canonical kinetic terms, before any field
redefinitions. The U(1)Y and U(1)D field strengths are respectively B̂µ⌫ = @µB̂⌫ � @⌫B̂µ and
ẐDµ⌫ = @µẐD⌫ � @⌫ẐDµ, ✓ is the Weinberg mixing angle, and ✏ is the kinetic mixing parameter.

Since the interaction in Eq. (2.1) is renormalizable, the parameter ✏ can take on any value. In
particular, ✏ is not required to be small, which is one reason why the hypercharge portal may provide
the dominant interaction between the SM and a hidden sector. Calculable values of ✏ are obtained
in various scenarios. For example, if the U(1)D is embedded in a Grand Unified Theory (GUT),
the mixing is absent above the GUT scale, but can be generated below it by particles charged under
both U(1)Y and U(1)D. If it is generated through a one-(two-)loop interaction, one naturally obtains
✏ ⇠ 10�3

� 10�1 (⇠ 10�5
� 10�3) [25, 79, 81, 87]. A much larger range of ✏ has been suggested in

certain string theory scenarios [28, 88–90]; see [28–30] for recent reviews.
Meanwhile, the general renormalizable potential for the SM and dark Higgs fields is
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Here H is the SM Higgs doublet, while S is the SM-singlet ‘dark Higgs’ with U(1)D charge qS .
The Higgs portal coupling, , which links the dark and SM Higgs fields is again a renormalizable
parameter, and may again be sizeable. After spontaneous symmetry breaking in the dark and visible
sectors,  controls the mixing between the SM Higgs boson h0 and the uneaten component of the dark
Higgs, s0. The importance of an additional Higgs portal coupling to sectors containing a dark vector
boson has been realized before [68, 91], particularly in the context of hidden valley models [92].
While some collider studies have been performed [50, 67, 69, 93], its consequences have not been as
widely explored as those of the hypercharge portal. The physical dark Higgs boson could in principle
be produced at colliders and give an additional experimental handle on the model. However, in this
paper we focus on the additional SM Higgs decays to dark photons generated by this interaction, and
assume the Higgs decay to dark scalars is kinematically forbidden.

We have also constructed a fully consistent MadGraph 5 [94] implementation of this model using
FeynRules 2.0 [95]. This MadGraph model consistently implements all field redefinitions, thereby
accurately modeling interference effects, and has been extensively validated by comparing its output
to various analytical predictions. We utilize this model in the collider studies of Secs. 4 and 6, as well
as for the calculation of the three-body decay width h ! ZD`` below, and make it publicly available
for follow-up investigations. See Appendix C for more information.

The minimal model we consider here can be extended to include strongly-coupled hidden sectors,
supersymmetry, and mass mixing, among other possibilities; see e.g. [24, 51, 80, 96–99] for related
work. The remainder of this section is devoted to a detailed discussion of the properties of the mass
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ϵ : Kinetic mixing coefficient



Dark Photon Interactions
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• Assuming ZD only decays on-shell to 
SM particles


- ZD width (and hence its lifetime) only 
depends on ϵ, MZD and known SM 
parameters


- We can map the displacement 
regime we are probing to ϵ for a 
given MZD


• Interactions of ZD with SM fermions are 
similar to that of Z, ɣ


- Drell-Yan-like production of ZD 
possible


- But the cross section is suppressed 
by ϵ2  
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Figure 2. Left: Leptonic branching fraction of ZD. Right: Decay length of ZD for different ✏. The dashed
lines indicate boundaries between qualitatively different experimental regimes: prompt decay for c⌧ . 1µm
and likely escape from an ATLAS-size detector for c⌧ & 20m.

where the running QCD coupling was computed at 3+ loop order using the RunDec Mathematica
package [103]. The resulting leptonic branching fraction and total width of the dark photon are shown
in Fig. 2. We will use these high-precision results throughout the paper, but, as the figure shows, the
LO expression for total width and leptonic branching fraction is an excellent approximation at higher
masses: the higher order corrections are 4% (1.5%) at mZD = 12 GeV (60 GeV). See Appendix A
for tables of these branching ratios.

The above interactions Eqs. (2.10) and (2.11) allow the decay h ! ZDZ
(⇤)

! 4`, shown in
Fig. 1 (left). The partial width for the exotic two-body decay h ! ZZD is
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The partial width for the three-body decay h ! ZDZ
⇤
! ZD`` is, to leading order in ✏,
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Prompt Dark Photon Decays
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• Here we are probing ϵ ~ 10-3


• Look for a bump in the dilepton mass spectrum


• Main background is Drell-Yan 


• Signal cross section ~ ϵ2 x Drell-Yan cross section


• Search sensitivity depends on how many Drell-Yan events in a given mass range 
we can save to tape

- Standard lepton triggers in CMS 
have a threshold of ~10-20 GeV 
on lepton pT


- Very high acceptance for dilepton 
masses around and above the Z 
peak 


- Our Z’ searches are able to probe 
masses up to a few TeV

9
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Figure 1: The invariant mass spectra of dielectron (left) and dimuon (right) events. The points
with error bars represent the observed yield. The histograms represent the expectations from
the SM processes. The bins have equal width in logarithmic scale so that the width in GeV
becomes larger with increasing mass. Example signal shapes for a narrow resonance with a
mass of 3 TeV are shown by the stacked open histograms. The uncertainty bands in the ratio
plots represent the systematic uncertainty in the background yields.

Table 3: The number of dimuon events in various invariant mass ranges. The total background
is the sum of the events for the SM processes listed. The yields from simulation are normal-
ized relative to the expected cross sections, and overall the simulation is normalized to the
observed yield using the number of events in the mass window 60–120 GeV, acquired using a
prescaled low threshold trigger. Uncertainties include both statistical and systematic compo-
nents, summed in quadrature.

mµ+µ� range Observed Total Z/g⇤ tt + other Jet mis-
[GeV] yield background backgrounds reconstruction

120–400 244 277 260 000±14 000 218 000±11 000 40 900±3 500 800±400
400–600 5912 6290±350 4340±230 1900±160 50±25
600–900 1311 1430±80 1070±60 340±30 20±10
900–1300 244 268±15 220±12 41±4 7±4
1300–1800 41 50±3 42.6±2.5 5.4±0.9 2.1±1.1
>1800 8 12.1±1.5 9.8±0.7 1.1±0.4 1.2±0.6

cross section for dilepton production via the Z boson in the mass window 60–120 GeV:

Rs =
s(pp ! Z0 + X ! ``+ X)
s(pp ! Z + X ! ``+ X)

. (1)

Expressing the limits as a ratio, reduces the dependency on the theoretical prediction of the Z
boson cross section as well as the correlated experimental uncertainties.

For the electron and muon channel combination, the branching fractions of these two chan-
nels are assumed to be the same. The signal cross section corresponds to that obtained in the
narrow width approximation; specifically, off-shell contributions from PDFs and interference
effects are not included. The limits are set using a Bayesian method with an unbinned extended

JHEP 06 (2018) 120



Prompt Dark Photon Decays
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- Standard lepton triggers in CMS 
have a threshold of ~10-20 GeV 
on lepton pT


- Very high acceptance for dilepton 
masses around and above the Z 
peak 


- But we suffer large acceptance 
loss for low dilepton masses

4 6 Corrections

cross-check. The effects are negligibly small for the entire mass range [30].

The expected shapes of dimuon yields from data and signal and backgrounds are shown in
Fig. 1 as a function of dimuon invariant mass.
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Figure 1: The observed dimuon invariant mass spectra within the detector acceptance. The
EW contributions indicate the DY ! t+t�, diboson, and W+jets productions. Error bars are
statistical only.

6 Corrections
In this section, we describe how to apply corrections after extracting signal candidates obtained
by background subtraction. To the signal candidates from the data sample, we apply correction
for the detector resolution effect using unfolding technique. Then acceptance and efficiency are
estimated using signal MC samples and apply to the events. Third step of correction is to take
into account the difference between data and MC on the selection efficiency and therefore the
scale factor of the efficiency is applied. Finally the FSR correction is applied using the dressed
lepton definition and unfolding technique. The details of correction procedures are discussed
as follows.

6.1 Detector Resolution Effects

The effect of detector resolution leads to a migration of events from bin i of the true distribu-
tion to bin k of the reconstructed mass distribution. In order to compare the measured dilepton
distributions with theory, this effect of migration is corrected through unfolding. The proce-
dure uses the yield distribution determined from simulation by mapping it onto the measured

SMP-16-009

• Here we are probing ϵ ~ 10-3


• Look for a bump in the dilepton mass spectrum


• Main background is Drell-Yan 


• Signal cross section ~ ϵ2 x Drell-Yan cross section


• Search sensitivity depends on how many Drell-Yan events in a given mass range 
we can save to tape



Muon Scouting
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• In Run-2 CMS has introduced a muon scouting stream


• Records data using muon triggers with much lower thresholds


• But only a very limited amount of event information is recorded


• Has the potential to improve our reach for low mass dimuon resonances

4

• Shown are dimuon invariant mass spectra reconstructed in the High Level Trigger 
system of the CMS detector for various muon Level-1 trigger requirements 
deployed by the CMS collaboration in 2017. For a subset of Level-1 requirements 
CMS recorded only a fraction of the data. Well known dimuon resonances from 
meson or Z boson decays are indicated. A small excess of events around 330 MeV 
corresponds to ɸ→K+K- decays where Kaons are misidentified as prompt muons.
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Displaced Dark Photons
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• Searching for dimuon pairs with displacements up to ~10 cm — within 
the pixel detector


• Here we are probing ϵ ~ 10-6 

• Cross section of Drell -Yan like production of ZD is too small


• Assume some BSM interaction enhances the production cross section


• Dark photons typically produced in pairs in such scenarios

Luca Pernié Overview for h→2a→4μ, 20.Nov.2017
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❖ Dark SUSY: 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 → U(1)D is broken, giving rise to light dark photons (γD) 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Displaced ZD Search
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• Search for long-lived ZD in the mass range 0.25 - 8.5 GeV


• Events selected using a trimuon trigger : 


- Online thresholds of 15,5,5 GeV on μ pT


- Muons reconstructed online without a vertex constraint 

Displaced dimuon selection 

- m(μ+μ-) < 9 GeV


- Dimuon vertex fit probability > 1% OR ΔR(μ+μ-) < 0.01


- At least 1 hit in pixel barrel OR 2 hits in pixel endcap 


- Defines a fiducial region within which selection 
efficiency is uniform and high

Muon selection 

- At least 4 isolated muons with pT > 8 GeV, |η| 
< 2.4


- At least one muon with pT > 17 GeV, |η| < 0.9


- Ensures trigger efficiency of 96-97%

Require dimuon masses to be compatible  
within 5 times the core mass resolution

4 3 Data selection

to the beam line that lies within 1 mm from the z coordinate of the dimuon system. Dimuons
must satisfy the condition Iµµ < 2 GeV/c.

Finally, we require that the invariant masses of the two reconstructed dimuons are compatible
with each other within the detector resolution |m1 � m2| < 0.13 GeV/c

2 + 0.065 ⇥ (m1 + m2)/2,
where m1 = mµµ1 and m2 = mµµ2 . The numerical parameters in this last requirement corre-
spond to five times the size of the core resolution in dimuon mass, including the differences in
resolution in the central and forward regions. Any signal inefficiency of this m1 ' m2 selection
is due to QED final-state radiation and is unrelated to the detector resolution. No constraint
is imposed on the four-muon invariant mass in order to maintain the model independence of
the analysis, in particular with respect to models that feature decays that include undetectable
particles.

Table 1: Event selection efficiencies eMC

full (mh1 , ma1), as obtained from the full detector simula-
tion and the geometric and kinematic acceptances agen(mh1 , ma1) calculated using generator
level information only with statistical uncertainties for the NMSSM benchmark model. The
experimental data-to-simulation scale factors are not applied.

mh1 [GeV/c
2] 90 100 110 125 150

ma1 [GeV/c
2] 2 2 2 2 2

eMC

full 0.0944 ± 0.0000 0.1130 ± 0.0003 0.12815 ± 0.0004 0.1488 ± 0.0005 0.1768 ± 0.0000
agen 0.1415 ± 0.0005 0.1685 ± 0.0000 0.19389 ± 0.0003 0.2282 ± 0.0005 0.2760 ± 0.0003
eMC

full /agen 0.6669 ± 0.0028 0.6706 ± 0.0026 0.66097 ± 0.0024 0.6520 ± 0.0023 0.6405 ± 0.0021

Table 2: Event selection efficiencies eMC

full (mh, mgD
), as obtained from the full detector simulation

and the geometric and kinematic acceptances agen(mh, mgD
) calculated using generator level

information only with statistical uncertainties for a dark SUSY benchmark model with a dark
photon lifetime of 2 mm as obtained from simulation. The experimental data-to-simulation
scale factors are not applied.

mh [GeV/c
2] 125 125 125 125

mgD
[GeV/c

2] 0.25 0.7 1.5 8.5
eMC

full 0.00631 ± 0.00021 0.01733 ± 0.00042 0.03325 ± 0.00056 0.13099 ± 0.00137
agen 0.00982 ± 0.00026 0.02710 ± 0.00053 0.05096 ± 0.00070 0.20032 ± 0.00175
eMC

full /agen 0.64232 ± 0.01258 0.63956 ± 0.00919 0.65242 ± 0.00637 0.65393 ± 0.00380

To evaluate the efficiency to select a possible signal, we use the two benchmark models intro-
duced earlier. The NMSSM samples are simulated with the PYTHIA 8.212 event generator [60]
using MSSM Higgs boson production via gluon-gluon fusion gg ! H0

MSSM, where the Higgs
bosons are forced to decay via H0

MSSM ! 2A0
MSSM. The masses of H0

MSSM and A0
MSSM are set to

the desired values for the h1 mass and a1 mass, respectively. Both A0
MSSM bosons are forced to

decay to a pair of muons. The dark SUSY samples are simulated with the MADGRAPH 4.5.2
event generator [61] using SM Higgs boson production via gluon-gluon fusion gg ! hSM,
where the mass of hSM is set to 125 GeV/c

2. The BRIDGE software [62] was used to implement
the new physics model that forces the Higgs bosons hSM to undergo a non-SM decay to a
pair of neutralinos n1, each of which decays n1 ! nD + gD. In this model, mn1 = 10 GeV/c

2,
mnD

= 1 GeV/c
2 and mgD

is varied between 0.25 � 8.5 GeV/c
2. Both dark photons gD are each

forced to decay to two muons, while both dark neutralinos nD escape detection. The narrow
width approximation is imposed by setting the widths of the Higgs bosons and dark photons
to a small value (10�3 GeV/c

2).
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Outer Tracker

η = 2.5

Fiducial Search Region 
Lxy < 9.8 cm ; Lz < 46.5 cm
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Inner Tracker

Selection eff. / acceptance 
= 0.63 ± 0.13



Signal Extraction
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• Low background search 

• bb events with b decays to muon pairs 
(~90%) 

• Data driven templates used to estimate the 
probability of a b quark decay to a dimuon 
pair


• Normalization from off-diagonal sidebands


• Direct J/ѱ production (~10%) 

• Estimated from simulation


• Contribution from other sources found to be 
negligible


• Estimated background in the signal window : 
0.74 ± 0.34(stat) ± 0.15(syst) 

• 1 event observed
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Very Displaced Dileptons
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• What about dilepton decays outside the pixel detector ?  

- No 13 TeV results yet … but a search was performed using 8 TeV data   PRD 91, 052012(2015)


- Targeting dilepton (both dielectron and dimuon) decays with transverse displacement up to 50 
cm


• Triggers 

- Need triggers which do not rely on tracking information 


- Use diphoton triggers ; dimuon triggers relying solely on standalone tracks in the muon system


• Tracking 

- Search still does rely on tracks in the silicon tracker 

- Need to match tracks to ECAL clusters to disambiguate photons from electrons

- Need to match tracker tracks to standalone muons for a more precise measurement of pT and 
displacement

- This restricts the search to displacements up to 50 cm, beyond which tracking becomes 
extremely inefficient



Analysis Details
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Lepton selections 

• Pair of isolated muons or electrons


• μ pT > 26 GeV; e pT > 36, 21 GeV; Lepton |η| < 2


- Driven by trigger thresholds 

• Dilepton mass > 15 GeV


- Suppress J/ѱ, Υ decays and ɣ* conversions 

Displaced selection 

• Lxy < 50 cm for each lepton : Fiducial selection


• μμ(ee) fit to a common vertex : χ2/dof < 5(10)


• dxy/σd > 12 for each track


• Opening angle between leptons < 2.48 rad 


- Suppress cosmics 

• |Δϕ| < π/2 


- angle between dilepton momentum, vector from 
primary vertex to the dilepton vertex 

- Suppress combinatoric background  


Background estimated from |Δϕ| > π/2 control region

Besides using simulated events, we validate this method
by comparing the jd0j=σd distribution in the signal region
with the one in the control region using data at jd0j=σd
values for which the sample is background dominated.
Figure 2 shows the tail-cumulative distributions, which are
defined as integrals from the plotted value to infinity, of
jd0j=σd in the signal and control regions. However, the
region with jd0j=σd > 6 (4.5) in the electron (muon)
channel is excluded from the integral, to ensure that the
signal region is background dominated. No statistically
significant difference between the two regions is seen.

We observe zero events in data with jd0j=σd > 12 in the
control region, and this determines the probability distri-
bution of the expected background level, as discussed in
Sec. VII. The systematic uncertainty in this estimate is
defined below.
Residual misalignment of the tracker is the only effect

that can cause the expected background to differ signifi-
cantly in the signal and control regions. This effect is
largely removed by applying corrections, described below,
to the conventionally signed [16] transverse and longi-
tudinal (z0) impact parameters of all tracks. The mean offset

dσ|/
0

|d
0 2 4 6 8 10 12 14 16 18 20

E
ve

nt
s 

in
 c

on
tr

ol
 r

eg
io

n 
/ 0

.5
 u

ni
ts

1

10

210

310

410

510

610

710

& W+Jets
Diboson

tt

-τ+τ→γZ/

-e+e→γZ/

QCD Multijet

Data

-e+e→XX, X→H

ν-e+e→0χ∼,
0χ∼q→q~

-e+e

 (8 TeV)-119.6 fb

CMS

dσ|/
0

|d
0 2 4 6 8 10 12 14 16 18 20

E
ve

nt
s 

in
 c

on
tr

ol
 r

eg
io

n 
/ 0

.5
 u

ni
ts

1

10

210

310

410

510

610

710

& W+Jets
Diboson

tt

-τ+τ→γZ/

-µ+µ→γZ/

QCD Multijet

Data

-µ+µ→XX, X→H

ν-µ+µ→0χ∼,
0χ∼q→q~

-µ+µ

 (8 TeV)-120.5 fb

CMS

dσ|/
0

|d
0 2 4 6 8 10 12 14 16 18 20

E
ve

nt
s 

in
 s

ig
na

l r
eg

io
n 

/ 0
.5

 u
ni

ts

1

10

210

310

410

510

610

710

& W+Jets
Diboson

tt

-τ+τ→γZ/

-e+e→γZ/

QCD Multijet

Data

-e+e→XX, X→H

ν-e+e→0χ∼,
0χ∼q→q~

-e+e

 (8 TeV)-119.6 fb

CMS

dσ|/
0

|d
0 2 4 6 8 10 12 14 16 18 20

E
ve

nt
s 

in
 s

ig
na

l r
eg

io
n 

/ 0
.5

 u
ni

ts

1

10

210

310

410

510

610

710

& W+Jets
Diboson

tt

-τ+τ→γZ/

-µ+µ→γZ/

QCD Multijet

Data

-µ+µ→XX, X→H

ν-µ+µ→0χ∼,
0χ∼q→q~

-µ+µ

 (8 TeV)-120.5 fb

CMS

FIG. 1 (color online). The jd0j=σd distribution for the electron (left) and muon (right) channels, shown in the top row for events in the
control region (jΔΦj > π=2) and in the bottom row for events in the signal region (jΔΦj < π=2). Of the two leptons forming a candidate,
the distribution of the one with the smallest jd0j=σd is plotted. The solid points indicate the data, the shaded histograms are the simulated
background, and the hashed histograms show the simulated signal. The histogram corresponding to the H → XX model is shown for
mH ¼ 1000 GeV=c2 andmX ¼ 350 GeV=c2. The histogram corresponding to the ~χ0 → lþl−νmodel is shown form ~q ¼ 350 GeV=c2

and m~χ0 ¼ 140 GeV=c2. The background histograms are stacked, and each simulated signal sample is independently stacked on top of
the total simulated background. The d0 corrections for residual tracker misalignment, discussed in the text, have been applied. The
vertical dashed line shows the selection requirement jd0j=σd > 12. Any entries beyond the right-hand side of a histogram are shown in
the last visible bin of the histogram.
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Besides using simulated events, we validate this method
by comparing the jd0j=σd distribution in the signal region
with the one in the control region using data at jd0j=σd
values for which the sample is background dominated.
Figure 2 shows the tail-cumulative distributions, which are
defined as integrals from the plotted value to infinity, of
jd0j=σd in the signal and control regions. However, the
region with jd0j=σd > 6 (4.5) in the electron (muon)
channel is excluded from the integral, to ensure that the
signal region is background dominated. No statistically
significant difference between the two regions is seen.

We observe zero events in data with jd0j=σd > 12 in the
control region, and this determines the probability distri-
bution of the expected background level, as discussed in
Sec. VII. The systematic uncertainty in this estimate is
defined below.
Residual misalignment of the tracker is the only effect

that can cause the expected background to differ signifi-
cantly in the signal and control regions. This effect is
largely removed by applying corrections, described below,
to the conventionally signed [16] transverse and longi-
tudinal (z0) impact parameters of all tracks. The mean offset

dσ|/
0

|d
0 2 4 6 8 10 12 14 16 18 20

E
ve

nt
s 

in
 c

on
tr

ol
 r

eg
io

n 
/ 0

.5
 u

ni
ts

1

10

210

310

410

510

610

710

& W+Jets
Diboson

tt

-τ+τ→γZ/

-e+e→γZ/

QCD Multijet

Data

-e+e→XX, X→H

ν-e+e→0χ∼,
0χ∼q→q~

-e+e

 (8 TeV)-119.6 fb

CMS

dσ|/
0

|d
0 2 4 6 8 10 12 14 16 18 20

E
ve

nt
s 

in
 c

on
tr

ol
 r

eg
io

n 
/ 0

.5
 u

ni
ts

1

10

210

310

410

510

610

710

& W+Jets
Diboson

tt

-τ+τ→γZ/

-µ+µ→γZ/

QCD Multijet

Data

-µ+µ→XX, X→H

ν-µ+µ→0χ∼,
0χ∼q→q~

-µ+µ

 (8 TeV)-120.5 fb

CMS

dσ|/
0

|d
0 2 4 6 8 10 12 14 16 18 20

E
ve

nt
s 

in
 s

ig
na

l r
eg

io
n 

/ 0
.5

 u
ni

ts

1

10

210

310

410

510

610

710

& W+Jets
Diboson

tt

-τ+τ→γZ/

-e+e→γZ/

QCD Multijet

Data

-e+e→XX, X→H

ν-e+e→0χ∼,
0χ∼q→q~

-e+e

 (8 TeV)-119.6 fb

CMS

dσ|/
0

|d
0 2 4 6 8 10 12 14 16 18 20

E
ve

nt
s 

in
 s

ig
na

l r
eg

io
n 

/ 0
.5

 u
ni

ts

1

10

210

310

410

510

610

710

& W+Jets
Diboson

tt

-τ+τ→γZ/

-µ+µ→γZ/

QCD Multijet

Data

-µ+µ→XX, X→H

ν-µ+µ→0χ∼,
0χ∼q→q~

-µ+µ

 (8 TeV)-120.5 fb

CMS

FIG. 1 (color online). The jd0j=σd distribution for the electron (left) and muon (right) channels, shown in the top row for events in the
control region (jΔΦj > π=2) and in the bottom row for events in the signal region (jΔΦj < π=2). Of the two leptons forming a candidate,
the distribution of the one with the smallest jd0j=σd is plotted. The solid points indicate the data, the shaded histograms are the simulated
background, and the hashed histograms show the simulated signal. The histogram corresponding to the H → XX model is shown for
mH ¼ 1000 GeV=c2 andmX ¼ 350 GeV=c2. The histogram corresponding to the ~χ0 → lþl−νmodel is shown form ~q ¼ 350 GeV=c2

and m~χ0 ¼ 140 GeV=c2. The background histograms are stacked, and each simulated signal sample is independently stacked on top of
the total simulated background. The d0 corrections for residual tracker misalignment, discussed in the text, have been applied. The
vertical dashed line shows the selection requirement jd0j=σd > 12. Any entries beyond the right-hand side of a histogram are shown in
the last visible bin of the histogram.
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Figure 9 shows the corresponding limits on σð ~q ~q"þ
~q ~qÞBð ~q → q~χ0; ~χ0 → lþ l−νÞAð ~q → q~χ0; ~χ0 → lþ l−νÞ.
These limits restricted to the acceptance region show
substantially less dependence on the Higgs boson and X
boson masses and on the mean proper decay length cτ of
the X boson. They are also less model dependent, as can be
seen by the fact that the limits on σBA are similar for X →
lþ l− and ~χ0 → lþ l−ν. The residual dependence of the
limits on cτ is due to the jd0j=σd > 12 requirement at small
values of cτ; whereas at larger values of cτ, it is caused by
the fact that, even within the defined acceptance region, the
tracking efficiency falls for leptons produced far from the
beam line with very large impact parameters.

Although the limits described above are determined in
the context of two specific models, the analysis is sensitive
to any process in which an LL particle is produced and
subsequently decays to a final state that includes dileptons.
To place approximate limits on this more general class of
models, one should use the limits within the acceptance
region (i.e. on σBA), because of their smaller model
dependence. In most signal models in which each event
contains two identical LL particles that decay in this way,
the limits on σBA shown in Figs. 7–9 should remain
approximately valid. (The variation among the limit curves
shown in these plots for different signal models and particle
masses gives an indication of the accuracy of this
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FIG. 7 (color online). The 95% C.L. upper limits on σðH → XXÞBðX → eþ e−ÞAðX → eþ e−Þ, as a function of the mean proper decay
length of the X boson, for Higgs boson masses of 125 (top left), 200 (top right), 400 (bottom left), and 1000 GeV=c2 (bottom right). In
each plot, results are shown for several X boson mass hypotheses. The shaded band shows the % 1σ range of variation of the expected
95% C.L. limits for the case of a 20 GeV=c2 X boson mass. Corresponding bands for the other X boson masses, omitted for clarity of
presentation, show similar agreement with the respective observed limits.
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statement.) Exceptions could arise for models that give
poor efficiency within the acceptance criteria, e.g. for
models in which the leptons are not isolated; have impact
parameters with significance below jd0j=σd < 12, corre-
sponding to jd0j≲ 180 μm; are almost collinear with each
other (with the dilepton mass below 15 GeV=c2, or for the
muon channel ΔR < 0.2); or do not usually satisfy the
jΔΦj < π=2 criterion, such that the parameter f becomes
large (e.g. if the LL particle is slow moving and decays to
many particles).
In models where each event contains only one LL

particle that can decay inclusively to dileptons, the
expected number of selected signal events for given σB

will be up to a factor of two lower, and so the limits on σBA
will be up to a factor of two worse than those shown in
Figs. 7–9.
The acceptance A for any given model can be determined

with a generator-level simulation, allowing limits on σBA
to be converted to limits on σB. The following example
illustrates this. The limits on σðH → XXÞBðX → lþ l−Þ
quoted above are for H bosons produced through gluon-
gluon fusion. If the H bosons were instead produced by the
sum of all SM production mechanisms, their momentum
spectra would be slightly harder. For mH ¼ 125 GeV=c2,
the acceptance would then be larger by a factor of
approximately 1.18 (1.12) for mX ¼ 20 ð50Þ GeV=c2, with
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FIG. 8 (color online). The 95% C.L. upper limits on σðH → XXÞBðX → μþ μ−ÞAðX → μþ μ−Þ, as a function of the mean proper decay
length of the X boson, for Higgs boson masses of 125 (top left), 200 (top right), 400 (bottom left), and 1000 GeV=c2 (bottom right). In
each plot, results are shown for several X boson mass hypotheses. The shaded band shows the % 1σ range of variation of the expected
95% C.L. limits for the case of a 20 GeV=c2 X boson mass. Corresponding bands for the other X boson masses, omitted for clarity of
presentation, show similar agreement with the respective observed limits.
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No events observed in the signal region

Event selection efficiency relative to the kinematic, geometrical acceptance  
ranges between ~ 30-60%

Results are shown here for H decay to a pair of spin-0 bosons  
but expect similar results for the spin-1 case

PRD 91, 052012 (2015)
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• Searches for dark photons being pursued by CMS 
exploring a wide range of lifetimes


• Involve non-trivial challenges involving the design of 
triggers and reconstruction of displaced candidates


• Treasure trove of 13 TeV data waiting to be explored


• Hope to update these searches with the full LHC Run-2 
data set soon … so stay tuned 


