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Dark matterDM Evidence
• Astrophysical observations and simulations  

!

!

!

• Nature & interactions with visible matter unknown
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What is the Dark Matter?

DANIEL STOLARSKI     March 19, 2015      Recontres de Moriond

DARK MATTER
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We have seen dark matter in the sky.

But not in the lab.

LUX Dark Matter Experiment / Sanford Lab Rick Gaitskell (Brown) / Dan McKinsey (Yale)

Spin Independent Sensitivity Plots

mWIMP (GeV/c2)

W
IM

P−
nu

cl
eo

n 
cr

os
s 

se
ct

io
n 

(c
m

2 )

101 102 103

10−45

10−44

LUX (2013)-85 live days

LUX +/-1σ expected sensitivity

XENON100(2012)-225 live days

XENON100(2011)-100 live days

ZEPLIN III
CDMS II Ge

Edelweiss II

63

• We have seen dark matter in the sky 

• But not in the lab 



The,Universe,(circa,2013),

Dark,Energy,,
68%,

Dark,Ma1er,,
27%,

Baryons,,5%,

•  Contribu?ons,to,the,total,energy,density:,

•  We,don’t,understand,any,of,the,numbers!,

Planck,2013,,XVI,

We don’t understand these numbers… 



Wimp DM
Asymmetric,Dark,Ma1er,

(Baryonic)+Ma-er+
•  Baryon,mass,

•  Baryonic,ma1er,density,

•  Baryonic,energy,density,,

Asymmetric+Dark+Ma-er+
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•  DM,energy,density,

Mp = 938 MeV

⌘ =
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n�
⇡ 6⇥ 10�10

⌦B =
⇢B
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= 0.049 ⌦DM =
⇢DM

⇢crit
= 0.268

⌦DM

⌦B
⇡ 5 Maybe,a,hint?,

nDM ⇠ nB

MDM ⇡ 5 GeV

WIMP,Dark,Ma1er,

(Baryonic)+Ma-er+
•  Baryon,mass,

•  Baryonic,ma1er,density,

•  Baryonic,energy,density,,

WIMP+Dark+Ma-er+
•  DM,mass,

•  DM,ma1er,density,

•  DM,energy,density,

Mp = 938 MeV

⌘ =
nB

n�
⇡ 6⇥ 10�10

⌦B =
⇢B
⇢crit

= 0.049 ⌦DM =
⇢DM

⇢crit
= 0.268

⌦DM

⌦B
⇡ 5

MDM ⇠ 100 GeV

nDM from thermal

freeze-out

WIMP,Miracle!,
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Nussinov ’85, D.B. Kaplan ’92,  
D.E.Kaplan, Luty, Zurek ’09, … 

many people (incl. audience members)
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The,Mass,of,ADM,

•  If,,,,,,,,,,,,,,,,,,,,,,,,,,,we,need,
to,obtain,the,correct,DM,energy,density,,

•  Generic,weak,scale,par?cle,mass,anywhere,
from,MeV,(electron),to,100s,of,GeV,(top),

•  Instead,,,,,,,,,is,almost,independent,of,the,
weak,scale:,

nDM ⇠ nB MDM ⇡ 5Mp

Mp

Mp ⇠ ⇤QCD

S?ll,need,some,kind,of,miracle!,

usually unexplained



⌦DM ' 5⌦B

Coincidence?



⌦DM ' 5⌦B

⌦B = mpnB⌦DM = mDMnDM

Coincidence?
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of baryogenesis

⌦DM = mDMnDM

Coincidence?



⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM

Coincidence?

?



⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM

QCD like?

Coincidence?

?



⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated
(known) QCD dynamics

Unknown dynamics  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⌦DM = mDMnDM
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General Picture
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GENERAL PICTURE
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GeV

TeV

asymmetry
sharing

annihilation

Xd

QCD Dark QCD

⇡ , K , . . .

p , n
decay

pd, nd, . . .

⇡d, �d, . . .

Figure 2: Graphical representation of
the dark QCD model. Baryon and
dark matter asymmetries are shared
via a mediator X

d

resulting in an
asymmetry in the stable dark baryons
p
d

, n
d

. The symmetric relic density
is annihilated e�ciently into dark pi-
ons, which eventually decay into SM
particles. The DM number density is
naturally of the same order as that of
baryons, so the correct DM relic den-
sity is obtained when the dark baryon
masses are in the 10 GeV range.

Field SU(3) ⇥ SU(2) ⇥ U(1) SU(3)
dark

Mass Spin

Q
d

(1, 1, 0) (3) m
d

O(GeV) Dirac Fermion
X

d

(3, 1, 1

3

) (3) M
X

d

O(TeV) Complex Scalar
Z
d

(1, 1, 0) (1) M
Z

d

O(TeV) Vector Boson

Table 1: Particle content relevant for phenomenology. We use the Z
d

as a toy model and leave
detailed study to future work.

model for studying dark sector properties, but we leave detailed studies of its phenomenology at

the LHC to future work. The full particle content is summarized in Tab. 1.

For the scalar mediator with the hypercharge assignment in Tab. 1, the only allowed Yukawa

type coupling is of the form [12]

L


= 
ij

Q̄
d

i

q
j

X
d

+ h.c. (2)

where q
j

are the right-handed down-type SM quarks and  is a n
f

⇥3 matrix of Yukawa couplings.

Such couplings could in general lead to large flavor violating processes, but can be brought into

agreement with experimental bounds if dark flavor originates from the same dynamics as the SM

flavor structure or certainly if flavor symmetries are imposed on the dark sector [43–45]. For

definiteness, the fundamental Lagrangian which defines the model at high scales is given by

L � Q̄
d

i

(D/ � m
d

i

)Q
d

i

+ (D
µ

X
d

)(DµX
d

)† � M2

X

d

X
d

X†
d

� 1

4
Gµ⌫

d

G
µ⌫,d

+ L


+ L
SM

, (3)

where Gµ⌫

d

is the dark gluon field strength tensor, and the covariant derivatives contain the

couplings to the gauge fields.

For the vector mediator, we assume that it couples vectorially to SM and dark quarks with

couplings g
q

and g
d

. While here we assume that Z
d

originates from a U(1) symmetry broken at

the TeV scale, it could in principle also originate from a non-abelian horizontal symmetry as in

Ref. [31], where the Sphaleron associated with this gauge interaction is used to connect the dark

matter with the baryon asymmetry.
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Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

QCD

Asymptotic
freedom

QCD scale ~ mass scale of QCD composites 

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12



Dark-QCD
• New SU(Nd) ‘dark QCD’, dark quarks

• Dark matter is a dark-baryon with mass 

• Massive bi-fundamental fields decouple at M

• Perturbative IR fixed points explains coincidence of 
scales

⇠ ⇤darkQCD

Bai, Schwaller ‘13
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Fixed,Points,

•  Zero,of,beta,func?on,,,,,,,,,,,,,,,,,,,,,,,,,,,for,,

•  Infrared,FP:,

•  Oren:,
– FP,free,or,
– FP,nonmperturba?ve,,

dg

dt
= �(g) = 0 g = g⇤

g

�(g)

g⇤
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Relate QCD/dQCD scaleRelating the scales
• Introduce fields  

charged under  
QCD and darkQCD 

• Search perturbative  
fixed points: 

• Bi-fundamental fields decouple at scale M
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A,Specific,Model,

•  7,QCD,fermions,
•  2,QCD,scalars,
•  7,dQCD,fermions,
•  1,dQCD,scalar,
•  2,joint,fermions,
•  1,joint,scalar,

•  Fixed,points:,
,

•  DM,mass:,

↵⇤
s = 0.090 ↵⇤

d = 0.168

M = 870 GeV

MDM ⇡ 3.5 GeV

DM,mass,es?mate:,

↵d(⇤dQCD) ⌘ ⇡

4
MDM ⇡ 1.5 ⇤ ⇤dQCD

�

Y1,2

Xi

↵⇤
c = 0.090 ↵⇤

d = 0.168

Example

Bai, Schwaller ‘13



Asymmetric dark matter 

• Asymmetric decay, asymmetry in bi-fundamentals 
(à la leptogenesis), decay to quarks and dark-
quarks  

• Relic density predicted: 

• DM self-interaction mediated by dark-pion (might 
help with structure formation)

Features
• Relic density:  

‣                               “naturally” 

• Symmetric component annihilation: 

‣                            very efficient 

‣                     transfers entropy back to SM  

• DM self interaction mediated by dark pions 

‣ Might help with structure formation issues 
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pDp̄D ! ⇡D⇡D

⇡D ! SM

⇢DM ⇡ 5⇥ ⇢B



Phenomenology



Dark QCD
QCD like SU(Nc) with Nf flavors, confines at a scale 

At the confining scale we have

 
 
Mediators:   - bi-fundamental  

- Z’ (hidden valley)
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pp ! qdqd
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Q� di

Co-generate asymmetries with additional operator:
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Dark pion 
decays to 
quarks 



Dark Pion Lifetime
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Figure 3: Distribution of transverse decay distances of individual dark pions for benchmark model B,
simulated for LHC14. The green curve shows to the average transverse laboratory frame decay length
�
T

�
T

c⌧
⇡

d

= p
T

/m
⇡

d

c⌧
⇡

d

.

Before the dark pions decay, the jet is completely invisible, so we now describe this decay back into

the visible sector. When the dark pion decays to SM quarks, it will produce a sub-jet with a smaller

number of SM hadrons all originating from a common displaced vertex. This is depicted by the solid

colored lines in Fig. 1. The average multiplicity of the sub-jets will depend on the dark pion mass.

As we will see below, LHC searches exist which are optimized to search for a single displaced vertex,

but there is no search which looks for many nearby vertices. If we examine the jet a distance which

is large compared to the typical � � c ⌧
⇡

d

, we see many SM hadrons going in the same direction: an

object that very much resembles an standard jet. Therefore, if using only calorimeter information, the

usual techniques that measure jets will work well. On the other hand, if we look at the radial profile

of the jets, we see that at the interaction point there is very little visible energy, and there is more

and more as one is further from the initial interaction point. The jet emerges within the detector,

producing a very distinct signature2.

In the following section, we will present a detailed search strategy for such emerging jets at the

LHC. But before going there, let us first discuss existing searches for displaced objects at ATLAS

and CMS, and why they are not sensitive to emerging jets. The only public search for a long lived

particle decaying to jets is a CMS search for pair production of a long lived particle which decays to

2It should also be noted that this signature is distinct from the ”trackless jets” considered in [75], which have absolutely
no tracks and also potentially non-standard interactions with the calorimeter.
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Figure 4: Distribution of transverse decay distances of individual dark pions for model A (left)
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indicate the approximate regions covered by the tracker (50 mm - 1000 mm) and calorimeters
(1000 mm - 3000 mm).

A subdominant component of the dark jet will be dark baryons that escape the detector and

give rise to some missing energy, but the amount of missing energy is comparable to the typical

jet energy uncertainty.

The “dark jet” production is shown schematically in Fig. 1, with the dark pions represented

by grey dashed lines. Depending on their lifetime, the dark pions may travel a measurable

distance away from the interaction point before decaying to SM particles. In the laboratory

frame, the characteristic decay length is given by � � c ⌧
⇡

d

, where �� is the boost factor that

depends on the momentum of each individual pion. Furthermore since the actual decay time is

distributed exponentially, each pion will decay at a di↵erent distance from the interaction point,

with harder particles traveling further on average.

In order to simulate production and dynamics of the dark sector at the LHC, we use a

modified version of the Hidden Valley implementation [55,56] of Pythia [49], and we describe the

details of the simulation in App. A. Armed with this simulation and our benchmarks described in

Sec. 4.1, we can begin a quantitative study of the dark sector. In Fig. 4 we show the distribution

of transverse decay distances from the interaction point for two benchmark models, see Sec. 4.1 for

their definition. The majority of decays occurs well away from the beam pipe, but still within the

tracker, and are clustered around the average transverse decay length �
T

�
T

c⌧
⇡

d

= p
T

/m
⇡

d

c⌧
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d

.

From here we can easily understand what a change of parameters will imply: the average

decay distance will change proportional to the proper lifetime and inversely proportional to the

mass of the dark pions for fixed mediator mass. Given the physical size of the trackers and

hadronic calorimeters, we can easily vary the parameters by one to two orders of magnitude

without changing the signal in a significant way. We further explore what happens when di↵erent

parameters are varied in App. B.

Before the dark pions decay, the jet is completely invisible, so we now describe this decay back
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modified version of the Hidden Valley implementation [55,56] of Pythia [49], and we describe the

details of the simulation in App. A. Armed with this simulation and our benchmarks described in

Sec. 4.1, we can begin a quantitative study of the dark sector. In Fig. 4 we show the distribution
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Figure 5: Breakdown of the composition of the di↵erent ways that QCD can produce emerging jets.
The left plots show the distribution transverse decay radius of earliest decaying neutral hadron within
the jet. The histograms are stacked based on the quark content of the decaying neutral hadron, with
strange, charm, and bottom going from bottom to top. The top (bottom) plot require  0 (2) prompt
charged tracks in the jet, and throughout we require all tracks to have p

T

> 1 GeV. The right plots
are jets with no displaced charged tracks at all and again  0 (2) prompt charged tracks on the top
(bottom). These jets are composed of photons, neutrons, neutral strange hadrons, and in the bottom
plot, one or two prompt tracks. The right plots categorize these jets by which of the three types of
displaced neutral categories carry the most p

T

. The “none” category in the bottom plot is for jets
where all the energy is in the one or two prompt tracks. All of the jets displayed must pass the
kinematic cuts described in the text and in Tab. 3.
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Figure 6: Fraction of signal events in Model A (top) and Model B (bottom) which have at least one
(left) or two (right) emerging jets with pmin

T

= 1 GeV as a function of r, the transverse distance.
Within each plot, the curves are a maximum of 0, 1, and 2 tracks with transverse origin less than r
going from bottom to top. A vertical line is put at the proper lifetime of the particular model. All
events must pass the kinematic preselection cuts.
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Figure 10: Region of lifetime and mediator mass parameter space probed with 100 fb�1 (top
row) and 3000 fb�1 (bottom row) at the 14 TeV LHC. For each model we show 2� (dashed)
and 5� contours (solid) in the M

X

� c⌧
0

plane, assuming a systematic uncertainty of 100% on
the background. The di↵erent colors correspond to requiring E(1 GeV, 0, 3 mm) � 2 (blue) and
E(1 GeV, 0, 100 mm) � 2 (red).
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Assume 100% systematic error on background. 
Model A Model B

⇤
d

10 GeV 4 GeV
m

V

20 GeV 8 GeV
m

⇡

d

5 GeV 2 GeV
c ⌧

⇡

d

150 mm 5 mm

Table 2: Dark sector parameters in our two benchmark models. ⇤
d

is the dark confinement scale,
m

V

is the mass of the dark vector mesons, and m
⇡

d

is the pseudo-scalar mass. c ⌧
⇡

d

is the rest
frame decay length of the pseudo-scalars. We take N

c

= 3 and n
f

= 7 in both benchmarks.

4.1 Benchmarks

In this section we will describe some of the parameters of the dark sector and the mediator, and

we will define the benchmark models that we will analyze in the rest of the paper. We take our

benchmark value for the mediator mass M
X

to be 1 TeV, though we will vary this parameter in

order to estimate the LHC reach for these scenarios. For the dark sector parameters, we consider

two benchmark parameter points that capture the relevant phenomenology and allow us to study

which observables are model dependent and which are relatively robust within this framework.

The benchmark points are shown in Tab. 2. Inspired by QCD, we take the dark vector masses to

be somewhat heavier than the confinement scale ⇤
d

, and we take the dark pion masses to be

lighter for both benchmarks. This means that dark vectors will undergo rapid decay into dark

pions before they can decay into SM hadrons.

Model A describes a somewhat heavier dark sector such that an average of O(10) visible

hadrons will be formed in each dark pion decay, while model B is lighter and there will only be a

few visible hadrons per dark pion decay (particle multiplicity will be discussed in greater detail

in Sec. 5). Model A also has a relatively longer lifetime so that a substantial fraction of the dark

meson decays will occur in the calorimeters or beyond, while model B has a short lifetime and

most decays occur within the tracker. In App. B we further explore the parameter space of the

dark sector and describe how our analysis is relatively robust throughout. We also give examples

of collider level observables that are sensitive to the dark sector parameters. The search strategy

that we will present in the following is largely independent of the details of the dark sector.

4.2 Triggering

Pair production of the mediators X
d

leads to four calorimeter jets, so we propose to trigger on

four or more hard, central jets. Such triggers were employed for example in the paired dijet

resonance search by CMS [59,73] and in a search for pair production of massive colored scalars by

ATLAS [58]. The CMS search requires at least four jets with p
T,j

> 80 GeV and |⌘| < 3.0, based

on calorimeter information, and the trigger is 99.5% e�cient for events with p
T,j

> 110 GeV and

|⌘| < 2.5 for each jet. It should be noted that while CMS ultimately relies on particle flow jets

for the analysis, the triggers only utilize calorimeter information. Similarly in the ATLAS search

a four (or more) jet trigger is used with is 99% e�cient for p
T,j

> 80 GeV.

For the 13/14 TeV run of the LHC, the trigger thresholds will most likely increase. We

13
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!

Emerging jet search would be 

sensitive to other long-lived 

scenarios 

• Lepton jets 

• RPV neutralinos decay to jets 

• …

3 Lepton-jet models

It is important to evaluate the performance of the LJ search criteria by setting limits on
models that predict LJs in the final state. Of particular relevance are models which predict
non-SM Higgs boson decays to LJs. Indeed, the phenomenology of the Higgs boson is
extremely susceptible to new couplings, and new decay channels may thus easily exist.
Since the structure of the unknown hidden sector may greatly influence the properties of
the LJ, a simplified-model approach is highly beneficial. The two Falkowski–Ruderman–
Volansky–Zupan (FRVZ) models [6, 37], which predict non-SM Higgs boson decays to LJs
are considered. Figure 1 shows diagrams for the decay of the Higgs boson to LJs in the two
models. The Higgs boson, H, decays to pairs of hidden fermions, fd2 . In the first model
(left in figure 1) fd2 decays to a dark photon, �d, and to a lighter hidden fermion, HLSP
(Hidden Lightest Stable Particle). In the second model (right in figure 1) fd2 decays to a
HLSP and to a hidden scalar, sd1 that in turn decays to pairs of dark photons. For the �d
decays, only electron, muon and pion final states are considered. In general, radiation in
the hidden sector may occur, resulting in additional hidden photons. The number of such
radiated photons, however, varies on an event-by-event basis and depends on unknown
model-dependent parameters such as the hidden gauge coupling ↵d.2 Therefore such a
possibility is not considered here.

γd 

H 

fd 2 

fd 2 

γd 

HLSP 

HLSP 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

γd 

H 

fd 2 

fd 2 
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γd sd 1 

sd 1 
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ℓ  + 

ℓ  - 

ℓ  + 
ℓ  - 

Figure 1. Diagrams of the two FRVZ models used as benchmarks in the analysis. `+ `� corresponds
to electron/muon/pion pair decay in the final state.

4 Lepton-jet search

There are a large number of possible LJ topologies resulting from different possible hidden
sectors. For instance, the LJ shape is controlled, in part, by the typical boost of the hidden
particles, which in turn is determined by the ratio of the decaying visible-sector particle’s

2See equation 3.1 in ref. [40]
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Figure 16: Sensitivity of the emerging jets search for the RPV MSSM toy model, at the 14 TeV
LHC. Contours are as in Fig. 10. A common mass M

q̃

is assumed for first and second generation
right-handed up-squarks, while all other MSSM particles are assumed to be heavy.

The squarks, of course, decay promptly via gauge or Yukawa interactions: q̃ ! q�
1

.

In the following we generate events for a RPV toy model where only the right-handed up and

charm squarks and the lightest neutralino are kinematically accessible. Signal events are generated

using the MSSM implementation [93] in Pythia. The squark masses M
ũR

= M
c̃R

⌘ M
q̃

and

the neutralino lifetime c⌧
�

are varied, and the neutralino mass is taken to be m
�

= 100 GeV.

Since the squark masses are of order TeV, the neutralino will have a significant boost, such that

its decay products will be collimated. This is a challenging regime for searches which rely on

reconstructing a common displaced vertex for a dijet pair. The emerging jets search has no

problem picking up this signature, and we show our reach estimate in Fig. 16. There is sensitivity

across four orders of magnitude in neutralino lifetime c⌧
0

for squark masses as high as 1500 GeV.

Compared with the dark QCD signature, the reach in c⌧
0

is larger. The reason for this is that

there is only one displaced decay per jet, while in the dark QCD model multiple displaced decays

happen, which reduce the cut e�ciency on the signal. Similar to the dark QCD case, going to

3000 fb�1 can significantly improve the reach in the 100 mm channel, while the benefits in the

3 mm search are more moderate.

Before concluding, we would like to stress that the supersymmetric model used here was

chosen purely for phenomenological reasons. From a naturalness perspective it would be more

motivated to only have third generation squarks in the kinematic range. The resulting signature

with prompt top-jets and displaced neutralino jets would be interesting to study in the future.

7 Conclusions

The LHC and its detectors are excellent machines for exploring the physics of the TeV scale. Yet,

there are only a finite number of analyses that can be done on the data, so it is important to

29
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1

.

In the following we generate events for a RPV toy model where only the right-handed up and

charm squarks and the lightest neutralino are kinematically accessible. Signal events are generated

using the MSSM implementation [93] in Pythia. The squark masses M
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and
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are varied, and the neutralino mass is taken to be m
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= 100 GeV.

Since the squark masses are of order TeV, the neutralino will have a significant boost, such that

its decay products will be collimated. This is a challenging regime for searches which rely on

reconstructing a common displaced vertex for a dijet pair. The emerging jets search has no

problem picking up this signature, and we show our reach estimate in Fig. 16. There is sensitivity

across four orders of magnitude in neutralino lifetime c⌧
0

for squark masses as high as 1500 GeV.

Compared with the dark QCD signature, the reach in c⌧
0

is larger. The reason for this is that

there is only one displaced decay per jet, while in the dark QCD model multiple displaced decays

happen, which reduce the cut e�ciency on the signal. Similar to the dark QCD case, going to

3000 fb�1 can significantly improve the reach in the 100 mm channel, while the benefits in the

3 mm search are more moderate.

Before concluding, we would like to stress that the supersymmetric model used here was

chosen purely for phenomenological reasons. From a naturalness perspective it would be more

motivated to only have third generation squarks in the kinematic range. The resulting signature

with prompt top-jets and displaced neutralino jets would be interesting to study in the future.

7 Conclusions

The LHC and its detectors are excellent machines for exploring the physics of the TeV scale. Yet,

there are only a finite number of analyses that can be done on the data, so it is important to
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Conclusions
• DM exists, important to explore beyond-WIMP dark 

matter 

• Emerging jets are novel and motivated, no current 
searches are sensitive.  

• Strategies presented here can reach very low cross 
sections, sensitive to broad class of displaced models.  

• Opportunities for ATLAS, CMS, and LHCb. Exotics 
groups are investigating.  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Figure 11: Average dark meson multiplicity in e+e� ! Z 0⇤ ! Q̄

d

Q
d

as a function of the centre-of-mass
energy

p
s. We compare the output of the modified PYTHIA implementation for n

f

= 7 (blue circles)
and n

f

= 2 (red squares) to the theory prediction Eqn. (15), where we only float the normalisation.
The dark QCD scale and dark meson spectrum corresponds to benchmark model B.

are radiated and the number of mesons that are produced, such that the average particle multiplicity

as a function of the energy of the process is calculable, up to an unknown normalisation factor. In

next to leading high energy approximation (MLLA) it was found that
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see e.g. [21] for a partial derivation. This behaviour of the average multiplicity as a function of the

energy has been verified experimentally for QCD in e+e� ! q̄q processes.

To test the modified dark QCD parton shower implementation in PYTHIA 8, we simulate pro-

duction of dark quark pairs through a Z 0 boson in e+e� collisions at centre-of-mass energies between

500 GeV and 4 TeV, followed by a dark parton shower, but without letting the dark mesons decay.

The energy dependence of the average particle multiplicity is shown in Fig. 11, and agrees well with

the theoretical prediction Eqn. (15). For smaller n
f

the running of the coupling to smaller values is

faster, so that less partons are radiated at higher scales, resulting in a lower number of dark mesons.

This is the reason for the di↵erence in the curves for n
f

= 2 and n
f

= 7, and further highlights the

importance of including the running coupling in the analysis.
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are radiated and the number of mesons that are produced, such that the average particle multiplicity

as a function of the energy of the process is calculable, up to an unknown normalisation factor. In

next to leading high energy approximation (MLLA) it was found that
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see e.g. [21] for a partial derivation. This behaviour of the average multiplicity as a function of the

energy has been verified experimentally for QCD in e+e� ! q̄q processes.

To test the modified dark QCD parton shower implementation in PYTHIA 8, we simulate pro-

duction of dark quark pairs through a Z 0 boson in e+e� collisions at centre-of-mass energies between

500 GeV and 4 TeV, followed by a dark parton shower, but without letting the dark mesons decay.

The energy dependence of the average particle multiplicity is shown in Fig. 11, and agrees well with

the theoretical prediction Eqn. (15). For smaller n
f

the running of the coupling to smaller values is

faster, so that less partons are radiated at higher scales, resulting in a lower number of dark mesons.

This is the reason for the di↵erence in the curves for n
f

= 2 and n
f

= 7, and further highlights the

importance of including the running coupling in the analysis.
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Model A Model B QCD 4-jet Modified PYTHIA
Tree level 14.6 14.6 410,000 410,000

� 4 jets, |⌘| < 2.5
p
T

(jet) > 200 GeV 4.9 8.4 48,000 48,000
H

T

> 1000 GeV

E(1GeV, 0, 3mm) � 1 4.1 4.1 54 67
E(1GeV, 0, 3mm) � 2 1.8 0.8 ⇠ 0.08 ⇠ 0.04

E(1GeV, 0, 100mm) � 1 1.7 . 0.01 11 15
E(1GeV, 0, 100mm) � 2 0.2 . 0.01 . 0.02 . 0.02

Table 3: Cut flow of the four jet analysis. Numbers in columns are cross sections in fb at LHC14.
For the signal we take the mass of the bifundamental M

X

= 1 TeV. The two right most columns are
di↵erent background estimates, the first using the standard PYTHIA tune, while the second uses the
modified tune [14]. The tree level cross section for the background is with the generator level cuts
discussed in the text.

section and find it to be very small.

Put the reach plot here :)

4.5 Alternative Strategy: p
T

Weighting

In this section we present an alternative based on using the p
T

fraction of the jet which is emerging

rather than counting tracks. As before, this requires reconstruction of displaced charged tracks in

order to determine L
xy

, how far from the origin in the x � y plane they originate. This strategy,

however, is more robust to pileup because while a pile up event can produced tracks above the 1 GeV

threshold from the previous section, they are much more unlikely to make a substantial contribution

to the p
T

of a jet.

For this section we define the p
T

fraction F (r) for a jet as a function of radius as:

F (r) =
1

pjet
T

X

L

xy

>r

pi
T

(8)

where pi
T

is the p
T

of charged tracks with L
xy

> r. This variable goes from 0 to 1 for a given jet. For

QCD jets it tends to take values near zero since most of the energy is in prompt tracks. A jet can only

have F = 1 if it is composed entirely of charged tracks which originate further away than r. This is

because neutral particles contribute to the denominator in the prefactor but do not contribute to the

sum. By isospin conservation, we expect approximately half of the decay products of the dark mesons

to be neutral, so we expect the F distribution for signal jets to be peaked around 0.5 for r less than

the lifetime of the dark pions.
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Cross sections in fb at LHC14:

Paired di-jet resonance search very difficult!
Requiring emerging jets changes the game. 
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DARK SECTOR
Model A Model B

⇤
d

10 GeV 4 GeV
m

V

20 GeV 8 GeV
m

⇡

d

5 GeV 2 GeV
c ⌧

⇡

d

50 mm 5 mm

Table 2: Dark sector parameters in our two benchmark models. ⇤
d

is the dark confinement scale, m
V

is the mass of the dark vector mesons, and m
⇡

d

is the pseudo-scalar mass. c ⌧
⇡

d

is the rest frame decay
length of the pseudo-scalars. We take N

c

= 3 and n
f

= 7 in both benchmarks.

2.3 Benchmarks

In this section we will describe some of the parameters of the dark sector and the mediator, and we will

give benchmark models that we will analyze in the rest of the paper. We take our benchmark mass for

the mediator mass m
X

to be 1 TeV, though we will vary this parameter in order to estimate the LHC

reach for these scenarios. For the dark sector parameters, we consider two benchmark parameter points

which capture the relevant phenomenology and let us study which observables are model dependent

and which are relatively robust within this framework. The benchmark points are shown in Tab. 2.

Inspired by QCD, we take the dark vector masses to be somewhat heavier than the confinement scale

⇤
d

, and we take the dark pion masses to be lighter for both benchmarks. This means that dark vectors

will undergo rapid decay into dark pions before they can decay into SM hadrons.

Model A describes a somewhat heavier dark sector such that an average of O(10) visible hadrons

will be formed in each dark pion decay, while Model B is lighter and there will only be a few visible

hadrons per dark pion decay. Model A also has a relatively longer lifetime so that a substantial

fraction of the dark meson decays will occur in the calorimeters or beyond, while Model B has a short

lifetime and most decays occur within the tracker. In App. B we explore the parameter space of the

dark sector in more breadth and describe how our analysis is relatively robust to this variation. We

also give examples of collider level observables that are sensitive to the dark sector parameters. The

search strategy that we will present in the following is largely independent of the details of the dark

sector.

3 Emerging Jet Phenomenology

At a hadron collider, the mediator particles can be produced on-shell provided that their mass is

su�ciently below the centre-of-mass energy of the experiment. Here and in the following we will

mostly focus on the production of X
d

X̄
d

pairs through a virtual gluon, which can be initiated both

from quark and gluon initial states.

8

Choose two benchmarks:

Dark QCD already in PYTHIA!
Carloni, Sjorstrand, 2010. 
Carloni, Rathsman, Sjorstrand, 2011. 

Run modified version with running.

Model A Model B
⇤
d

10 GeV 4 GeV
m

V

20 GeV 8 GeV
m

⇡

d

5 GeV 2 GeV
c ⌧

⇡

d

150 mm 5 mm

Table 2: Dark sector parameters in our two benchmark models. ⇤
d

is the dark confinement scale, m
V

is the mass of the dark vector mesons, and m
⇡

d

is the pseudo-scalar mass. c ⌧
⇡

d

is the rest frame decay
length of the pseudo-scalars. We take N

c

= 3 and n
f

= 7 in both benchmarks.

multiplicity being much smaller for QCD like theories [3], and even further suppressed in the large

dark N
c

limit [4]. Since one can expect that all dark mesons decay to dark pions on a time scale given

by ⇤�1

d

⌧ �(⇡
d

! d̄d)�1, the dark pion lifetime will be crucial to determine where the dark jets will

emerge in the detector.

2.3 Benchmarks

In this section we will describe some of the parameters of the dark sector and the mediator, and we will

give benchmark models that we will analyze in the rest of the paper. We take our benchmark mass for

the mediator mass m
X

to be 1 TeV, though we will vary this parameter in order to estimate the LHC

reach for these scenarios. For the dark sector parameters, we consider two benchmark parameter points

which capture the relevant phenomenology and let us study which observables are model dependent

and which are relatively robust within this framework. The benchmark points are shown in Tab. 2.

Inspired by QCD, we take the dark vector masses to be somewhat heavier than the confinement scale

⇤
d

, and we take the dark pion masses to be lighter for both benchmarks. This means that dark vectors

will undergo rapid decay into dark pions before they can decay into SM hadrons.

Model A describes a somewhat heavier dark sector such that an average of O(10) visible hadrons

will be formed in each dark pion decay, while Model B is lighter and there will only be a few visible

hadrons per dark pion decay. Model A also has a relatively longer lifetime so that a substantial

fraction of the dark meson decays will occur in the calorimeters or beyond, while Model B has a short

lifetime and most decays occur within the tracker. In App. B we explore the parameter space of the

dark sector in more breadth and describe how our analysis is relatively robust to this variation. We

also give examples of collider level observables that are sensitive to the dark sector parameters. The

search strategy that we will present in the following is largely independent of the details of the dark

sector.

8
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JET MOMENTA
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Four hard jets is enough to pass trigger.

Hardest jet pT

Signal: Emerging
Signal: QCD
Background
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Figure 4: p
T

distributions of the hardest emerging (solid, blue) and hardest QCD (dashed, red) jet
in each signal event, as well as for the hardest jet in the background QCD sample (dotted, green).
Emerging jets have r = 3 mm, n = 0, and pmin

T

= 1 GeV. These events pass all the kinematic cuts
described in the text, and the signal events have at least two emerging jets. The left plot is for Model
A, while the right for Model B.

the exploration of this feature to future work.

In Model A, the lifetime is 50 mm, but some of the dark mesons will have quite large boosts and will

thus decay outside of the pre-defined cylinder. We find that 56% of events contain at least one meson

which decays outside of the cylinder. Furthermore, these mesons tend to carry a substantial amount

of energy because they need to have a large relativistic � factor in order to escape the calorimeter.

On the other hand, Model B has a lifetime of 5 mm, so only 5% of events have mesons that decay

outside of the mock calorimeter. This explains why in Fig. 4 the p
T

distributions of emerging and

non-emerging jets in Model B are very similar.

4.3 Backgrounds

The dominant background for these sorts of four jet events will be from high p
T

QCD. We simulate

four jet (including b) production in QCD using MadGraph 5 [13] and hadronize with PYTHIA 8 [5].

We apply parton level cuts that require each of the four jets to have p
T

> 150 GeV and that the scalar

sum of the p
T

’s of the jets H
T

> 800 GeV. This is the tree level cross section shown in Tab. 3 for the

background. From the cut flow we see that with just the kinematic cuts, the signal to background

ratio is dauntingly small. Requiring emerging jets can dramatically reduce the background because

the majority of QCD jets will have a large number of prompt tracks. QCD can fake the signal because

15
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MESON MULTIPLICITY
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TRACK MULTIPLICTY
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Figure 12: Multiplicity of charged tracks in ⇡
D

decays, assuming 100% decay to down quarks, and
with the fragmentation process simulated using PYTHIA.

Events with three or more reconstructed displaced dark pions might look su�ciently di↵erent from

QCD backgrounds for the search to be background free. Then if we assume a reconstruction e�ciency

of 10%, with 20 fb�1 one could probe cross sections for �(pp ! Q̄
D

Q
D

) as low as 10 fb, corresponding

to scales ⇤ ⇠ 5 TeV. While this is just a very crude estimate, the reach seems promising enough to

warrant a more careful analysis.

6 Sensitivity to other long lived new physics scenarios

Long lived particles decaying with displaced vertices are well motivated in many extensions of the SM.

A well known example is the case of R-parity violating (RPV) supersymmetry [73]. There the LSP is

allowed to decay to SM particles, however bounds from non-observation of baryon and lepton number

violation typically constrain the involved couplings to be tiny, such that their decay length can be

macroscopic.

Other more recent examples where displaced decays are motivated include... Long lived Higgs [56,

69,70] or late Higgs production [74], Baryogenesis [73,75], keV dark matter [76], heavy neutrinos [71]

and right-handed sneutrinos [77].

When considering a specific model, a dedicated search will most likely deliver optimal results. For

instance, if muons are likely to appear in the final state, those can be used for triggering purposes and

to suppress backgrounds. On the other hand, given the variety of models on the market, it is also

desirable to have searches which are more model independent, and thus will allow one to place bounds
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COUPLING RUNNING
Modify PYTHIA to include gauge                
coupling running.
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Figure 10: Comparision of PYTHIA with (blue) and without (pink) running of the gauge coupling
in the dark sector implemented. The left plot is the orphan p

T

: the scalar sum of the p
T

of visible
particles which are not clustered into a jet of p

T

> 200 GeV. The right plot is the girth distribution
(see Eq. (9)). This is for model A events with Z

d

production so all jets originate from the dark sector.

quark masses. The result of this is that for large couplings, events will look more spherical than

in QCD like theories, while for smaller couplings fewer particles will be produced. We can quantify

this by looking at two di↵erent observables. The first is an event variable we call orphan p
T

, which is

obtained by clustering the event into jets and then summing the p
T

of particles which are not clustered

into hard jets with p
T

> 200 GeV. The second variable is for individual jets and is called girth [],

defined as

girth =
1

pjet
T

X

i

pi
T

�R
i

, (9)

where the sum is over all constituents of the jet and �R is the distance in ⌘�� space of a constituent

away from the jet axis. In Fig. 10 we compare PYTHIA with and without gauge coupling running

implemented. We look at events produced through a Z
d

so that all jets are emerging, and we see that

without running, there is a lot more orphan energy and that the jets themselves tend to be broader,

consistent with having events with energy spread all over the detector.

We therefore extend the PYTHIA implementation to allow running of ↵
d

from ⇤
d

to higher scales,

according to the one loop beta function with N
d

dark colours and n
f

dark flavours. As far as the

phenomenology is concerned, this mainly a↵ects the dark parton shower. It is easiest to imagine the

final state parton shower3 as a series of parton branchings a ! bc at scales Q2. The probability for

no splitting to happen between the scales t
0

= log(Q2

0

/⇤2) and t = log(Q2/⇤2), where ⇤ = ⇤
d

is the

3We closely follow Sec. 10 of the PYTHIA 6.4 manual [20].
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Figure 13: Comparison of PYTHIA with (solid, blue) and without (dashed, red) running of the gauge
coupling in the dark sector implemented. The left plot is the girth distribution (see Eq. (11)), while
the right plot is the orphan p

T

: the scalar sum of the p
T

of visible particles which are not clustered
into a jet of p

T

> 200 GeV. This is for model B events with Z
d

production so all jets originate from
the dark sector.

defined as

girth =
1

pjet
T

X

i

pi
T

�R
i

, (11)

where the sum is over all constituents of the jet and �R is the distance in ⌘�� space of a constituent

away from the jet axis. In Fig. 13 we compare PYTHIA with and without gauge coupling running

implemented. We look at events produced through a Z
d

so that all jets are emerging, and we see that

without running, there is a lot more orphan energy and that the jets themselves tend to be broader,

consistent with having events with energy spread all over the detector.

We therefore extend the PYTHIA implementation to allow running of ↵
d

from ⇤
d

to higher scales,

according to the one loop beta function with N
d

dark colours and n
f

dark flavours. As far as the

phenomenology is concerned, this mainly a↵ects the dark parton shower. It is easiest to imagine the

final state parton shower6 as a series of parton branchings a ! bc at scales Q2. The probability for

no splitting to happen between the scales t
0

= log(Q2

0

/⇤2) and t = log(Q2/⇤2), where ⇤ = ⇤
d

is the

dark QCD scale here, is known as the Sudakov form factor:

P
a,no

(t
0

, t) = exp

0

@�
Z

t

t

0
dt0

X

b,c

I
a!bc

(t0)

1

A , (12)

6We closely follow Sec. 10 of the PYTHIA 6.4 manual [20].
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Available on the CERN CDS information server CMS PAS EXO-12-038

CMS Physics Analysis Summary

Contact: cms-pag-conveners-exotica@cern.ch 2013/07/23

Search for long-lived neutral particles decaying to dijets

The CMS Collaboration

Abstract

A search is performed for long-lived massive neutral particles decaying to quark-
antiquark pairs. The experimental signature is a distinctive topology of a pair of jets
originating at a secondary vertex. Events were collected by the CMS detector at the
LHC during pp collisions at

p
s = 8 TeV, and selected from data samples correspond-

ing to 18.6 fb�1 of integrated luminosity. No significant excess is observed above
standard model expectations and an upper limit is set with 95% confidence level on
the production cross section of a heavy scalar particle, H0, in the mass range 200 to
1000 GeV, decaying into a pair of long-lived neutral X0 particles in the mass range 50
to 350 GeV, which each decay to quark-antiquark pairs. For X0 mean proper lifetimes
of 0.1 to 200 cm the upper limits are typically 0.3�300 fb.

CMS Collaboration, Phys.Rev.D.91, 
012017 (2015) [arXiv:1411.6530].

1

Displaced Di-Jet Emerging Jet

Figure 5: Di↵erence between a displaced dijet signature from the decay of a heavy long-lived
particle and the emerging jet signature.

are required and are fitted to the same displaced vertex. This di↵ers qualitatively from the

emerging jets scenario as shown in Fig. 5, and this can be seen from the specific analysis strategy

employed in [62]. In order to reduce background from pile up, this search requires one good vertex

with at least 4 GeV invariant mass and 8 GeV p
T

. Once that vertex is constructed, it eliminates

tracks which do not pass through that vertex. Most emerging jet events will already fail the

requirement of having two displaced jets that originate from the same vertex, as illustrated in

Fig 5. Furthermore, in the emerging jet scenario with many di↵erent displaced vertices, this

algorithm will have di�culty choosing a vertex and then will throw out the majority of the

tracks, drastically reducing the signal e�ciency. While this search is di�cult to accurately recast,

it is clearly not optimal, and it is unlikely to be sensitive to the emerging jet signal.

ATLAS displaced event triggers: ATLAS has published a description of triggers [63]

that can be used for displaced events. As we will see below, triggering is not a problem for our

signal because of the energy deposited in the calorimeters. The main ATLAS trigger for objects

that decay before reaching the calorimeter requires zero tracks reconstructed using the standard

algorithm within the jet cone. It also requires a muon inside that cone with p
T

> 10 GeV, and

neither of these requirements are generic in emerging jet scenarios. There are also triggers for

long-lived particles decaying in the calorimeters or muon system, but we do not focus on that

region of parameter space here.

ATLAS long lived neutral particle search: ATLAS has also published a search of long

lived neutral particles [64] and one for lepton jets [65]. In our case, we generically have pair

production of a long lived object which then decays to two or four states, so as with the CMS

search, the models considered only has one displaced vertex for each exotic object. Both searches

require the EM fraction, the fraction of energy in the electromagnetic calorimeter relative to

the hadronic calorimeter, to be smaller than 0.1.5 This requirement is designed to select objects

decaying in the hadronic calorimeter and thus leaving very little energy in the electromagnetic

one. Because of the emerging nature of the signal considered here, there will be energy in all

segments of the calorimeter and this cut would generally cut out the majority of our signal. It

could be sensitive to regions of parameter space with longer lifetimes, but then there will be

5The lepton jet search only requires this for their hadronic category, but the categories that require muons will
also not be sensitive.
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are required and are fitted to the same displaced vertex. This di↵ers qualitatively from the

emerging jets scenario as shown in Fig. 5, and this can be seen from the specific analysis strategy

employed in [62]. In order to reduce background from pile up, this search requires one good vertex

with at least 4 GeV invariant mass and 8 GeV p
T

. Once that vertex is constructed, it eliminates

tracks which do not pass through that vertex. Most emerging jet events will already fail the

requirement of having two displaced jets that originate from the same vertex, as illustrated in

Fig 5. Furthermore, in the emerging jet scenario with many di↵erent displaced vertices, this

algorithm will have di�culty choosing a vertex and then will throw out the majority of the

tracks, drastically reducing the signal e�ciency. While this search is di�cult to accurately recast,

it is clearly not optimal, and it is unlikely to be sensitive to the emerging jet signal.

ATLAS displaced event triggers: ATLAS has published a description of triggers [63]

that can be used for displaced events. As we will see below, triggering is not a problem for our

signal because of the energy deposited in the calorimeters. The main ATLAS trigger for objects

that decay before reaching the calorimeter requires zero tracks reconstructed using the standard

algorithm within the jet cone. It also requires a muon inside that cone with p
T

> 10 GeV, and

neither of these requirements are generic in emerging jet scenarios. There are also triggers for

long-lived particles decaying in the calorimeters or muon system, but we do not focus on that

region of parameter space here.

ATLAS long lived neutral particle search: ATLAS has also published a search of long

lived neutral particles [64] and one for lepton jets [65]. In our case, we generically have pair

production of a long lived object which then decays to two or four states, so as with the CMS

search, the models considered only has one displaced vertex for each exotic object. Both searches

require the EM fraction, the fraction of energy in the electromagnetic calorimeter relative to

the hadronic calorimeter, to be smaller than 0.1.5 This requirement is designed to select objects

decaying in the hadronic calorimeter and thus leaving very little energy in the electromagnetic

one. Because of the emerging nature of the signal considered here, there will be energy in all

segments of the calorimeter and this cut would generally cut out the majority of our signal. It

could be sensitive to regions of parameter space with longer lifetimes, but then there will be

5The lepton jet search only requires this for their hadronic category, but the categories that require muons will
also not be sensitive.
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LHC during pp collisions at

p
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ing to 18.6 fb�1 of integrated luminosity. No significant excess is observed above
standard model expectations and an upper limit is set with 95% confidence level on
the production cross section of a heavy scalar particle, H0, in the mass range 200 to
1000 GeV, decaying into a pair of long-lived neutral X0 particles in the mass range 50
to 350 GeV, which each decay to quark-antiquark pairs. For X0 mean proper lifetimes
of 0.1 to 200 cm the upper limits are typically 0.3�300 fb.

!

Require di-jets all coming 
from a single displaced vertex. 
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3 Lepton-jet models

It is important to evaluate the performance of the LJ search criteria by setting limits on
models that predict LJs in the final state. Of particular relevance are models which predict
non-SM Higgs boson decays to LJs. Indeed, the phenomenology of the Higgs boson is
extremely susceptible to new couplings, and new decay channels may thus easily exist.
Since the structure of the unknown hidden sector may greatly influence the properties of
the LJ, a simplified-model approach is highly beneficial. The two Falkowski–Ruderman–
Volansky–Zupan (FRVZ) models [6, 37], which predict non-SM Higgs boson decays to LJs
are considered. Figure 1 shows diagrams for the decay of the Higgs boson to LJs in the two
models. The Higgs boson, H, decays to pairs of hidden fermions, fd2 . In the first model
(left in figure 1) fd2 decays to a dark photon, �d, and to a lighter hidden fermion, HLSP
(Hidden Lightest Stable Particle). In the second model (right in figure 1) fd2 decays to a
HLSP and to a hidden scalar, sd1 that in turn decays to pairs of dark photons. For the �d
decays, only electron, muon and pion final states are considered. In general, radiation in
the hidden sector may occur, resulting in additional hidden photons. The number of such
radiated photons, however, varies on an event-by-event basis and depends on unknown
model-dependent parameters such as the hidden gauge coupling ↵d.2 Therefore such a
possibility is not considered here.
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Figure 1. Diagrams of the two FRVZ models used as benchmarks in the analysis. `+ `� corresponds
to electron/muon/pion pair decay in the final state.

4 Lepton-jet search

There are a large number of possible LJ topologies resulting from different possible hidden
sectors. For instance, the LJ shape is controlled, in part, by the typical boost of the hidden
particles, which in turn is determined by the ratio of the decaying visible-sector particle’s

2See equation 3.1 in ref. [40]
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states consisting of collimated jets of light leptons and hadrons (so-called "lepton jets"). These parti-
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sions at the centre-of-mass energy of
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It is important to evaluate the performance of the LJ search criteria by setting limits on
models that predict LJs in the final state. Of particular relevance are models which predict
non-SM Higgs boson decays to LJs. Indeed, the phenomenology of the Higgs boson is
extremely susceptible to new couplings, and new decay channels may thus easily exist.
Since the structure of the unknown hidden sector may greatly influence the properties of
the LJ, a simplified-model approach is highly beneficial. The two Falkowski–Ruderman–
Volansky–Zupan (FRVZ) models [6, 37], which predict non-SM Higgs boson decays to LJs
are considered. Figure 1 shows diagrams for the decay of the Higgs boson to LJs in the two
models. The Higgs boson, H, decays to pairs of hidden fermions, fd2 . In the first model
(left in figure 1) fd2 decays to a dark photon, �d, and to a lighter hidden fermion, HLSP
(Hidden Lightest Stable Particle). In the second model (right in figure 1) fd2 decays to a
HLSP and to a hidden scalar, sd1 that in turn decays to pairs of dark photons. For the �d
decays, only electron, muon and pion final states are considered. In general, radiation in
the hidden sector may occur, resulting in additional hidden photons. The number of such
radiated photons, however, varies on an event-by-event basis and depends on unknown
model-dependent parameters such as the hidden gauge coupling ↵d.2 Therefore such a
possibility is not considered here.
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4 Lepton-jet search

There are a large number of possible LJ topologies resulting from different possible hidden
sectors. For instance, the LJ shape is controlled, in part, by the typical boost of the hidden
particles, which in turn is determined by the ratio of the decaying visible-sector particle’s

2See equation 3.1 in ref. [40]
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Figure 15. The 95% upper limits on the �⇥BR for the processes H ! 2�d + X (left) and
H ! 4�d +X (right), as a function of the �d lifetime (c⌧) for the FRVZ benchmark samples. The
expected limit is shown as the dashed curve and the almost identical solid curve shows the observed
limit. The horizontal lines correspond to �⇥BR for two values of the BR of the Higgs boson decay
to dark photons.

from the simultaneous CLs ABCD method, can be compared with the expected background
from the ABCD method assuming no signal (see section 5.3). For the two-�d model the
estimated background is 13 ± 8 events and for the four-�d model it is 13 ± 7 events, to be
compared with 12 ± 9 events obtained by ABCD method assuming no signal (section 5.3).
The resulting exclusion limits on the �⇥BR, assuming the Higgs boson SM gluon fusion
production cross section �SM = 19.2 pb, are shown in figure 15 as a function of the �d mean
lifetime (expressed as c⌧) for the two models. The exclusion plots with the TYPE2-TYPE2
category of events removed are shown in figure 16. In figure 15 and figure 16 the observed
limit is slightly better than the expected one, because the number of events in the signal
region is slightly smaller than the expected background from cosmic rays and multi-jets. It
is seen that for these two models the search is more sensitive when excluding the TYPE2-
TYPE2 events. Table 10 shows the ranges in which the �d lifetime (c⌧) is excluded at the
95% CL for H ! 2�d +X and H ! 4�d +X assuming a BR of 10%. The corresponding
limits with TYPE2-TYPE2 events excluded are shown in table 11.
For the case of a hidden photon which kinetically mixes with the SM photon, these limits
can be converted into exclusion limits on the kinetic mixing parameter ✏ using the eqs. (4)
and (5) of ref. [9]. For more details see also refs. [2, 6]. For H ! 2�d +X with a �d mass
= 0.4 GeV excluding TYPE2-TYPE2 events, the interval that is excluded at 95% CL is
7.7⇥10�7  ✏  2.7⇥10�6.
These results are also interpreted in the context of the Vector portal model as exclusion
contours in the kinetic mixing parameter ✏ vs �d mass plane [26, 57] as shown in figure 17.
Assuming Higgs decay branching fractions into �d of 5/10/20/40% and the NNLO gluon
fusion Higgs production cross section, the lifetime limits can be converted into kinetic mixing
parameter ✏ limits. The resulting 90% CL exclusion regions for H ! 2�d + X are shown

– 24 –

See also ATLAS trigger paper: arXiv:1305.2204 [hep-ex].
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d

Q̄
d

events with at least N
⇡

d

dark pions inside the LHCb detector.
About 45% of all events have at least one dark pion in LHCb, and almost 30% have three or
more. Right: Momentum distribution of dark pions in the LHCb detector.

at LHCb and show some kinematic properties of the produced dark pions. For definiteness, we

will consider the operator O
u

= 1/⇤2(ū�
µ

u)(Q̄
d

�µQ
d

), which can originate from integrating out

either a Z 0 boson or a bi-fundamental scalar, as discussed in Sec. 2. Coupling to ūu yields the

largest cross sections, which should give the strongest constraints. At the 14 TeV LHC, we find

�(pp ! Q̄
d

Q
d

) ⇡ (8.2 pb) ⇥ N
d

⇥ n
f

⇥
✓

TeV

⇤

◆
4

(10)

for the tree level cross section (with a cut of
p

ŝ > 50 GeV), which scales as 1/⇤4, as long as the

EFT description is valid. If instead we consider the operator from Eq. (4) with ⇤ = /M
X

d

, the

cross section is about a factor 8 smaller due to the smaller down quark PDFs and due to the

chiral structure of the couplings.

When comparing with the direct on-shell production of mediators, a few comments are in

order. First, if we consider a t-channel mediator like X
d

, the on and o↵-shell contributions are

independent of each other, and controlled by di↵erent parameters. The direct production of the

mediator is fully determined by the QCD coupling. The o↵-shell production of Q
d

pairs can be

larger, but it is important to realize that it now has to compete with QCD dijet production, and

it is unclear how an emerging dijet signal could be triggered on e�ciently at ATLAS and CMS.

If instead the operators would originate from integrating out a Z 0 boson, the on-shell

production and e↵ective operator would contribute to the same final state, and direct Z 0

production could easily dominate. Still as far as LHCb is concerned, the e↵ective operator

description is su�cient, since only part of the event is reconstructed, and we are mostly interested

in the fraction of events where one or more dark pions enter the LHCb detector.7

In Fig. 13 we show the fraction of events where one or more dark pions end up in the LHCb

detector. For both benchmark models, about half of all Q
d

Q̄
d

events have one or more dark

pions in the pseudo-rapidity range of LHCb. Also shown is the momentum distribution of dark

7Additional care would be necessary in order to convert a limit on ⇤ into a bound on the Z0 mass, since that
limit will depend on the couplings and branching ratios of the Z0 as well as on the relative contributions of on and
o↵-shell production of Q

d

, due to the scaling of the produced dark meson number with
p
ŝ.
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~45% of events have > 0 pions in LHCb. 
~30% have > 2.
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Figure 11: F distributions for model A (top), model B (middle), and QCD background (bottom).
The left plots are the distribution of the highest and second highest F values for jets in an event,
where for model A (B) we have taken r = 100 (3) mm, and for the background we show both.
The right plot shows the fraction of events that have at least one jet with F > 0.3, 0.5, or 0.7.
All events must pass the kinematic cuts in Tab. 3. Note that the signal plots use a linear scale
while the background plots use a log scale, and the dashed lines in the bottom right plot are
those using the modified Pythia tune.
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Figure 11: F distributions for model A (top), model B (middle), and QCD background (bottom).
The left plots are the distribution of the highest and second highest F values for jets in an event,
where for model A (B) we have taken r = 100 (3) mm, and for the background we show both.
The right plot shows the fraction of events that have at least one jet with F > 0.3, 0.5, or 0.7.
All events must pass the kinematic cuts in Tab. 3. Note that the signal plots use a linear scale
while the background plots use a log scale, and the dashed lines in the bottom right plot are
those using the modified Pythia tune.
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