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MOTIVATION 1

2

Getting away from the lamp post

AdS/CFT

R. Sundrum
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MOTIVATION 2

3

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
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ASYMMETRIC DARK MATTER

4

ΩDM � 5ΩB

ΩB = mpnB

Controlled by complicated 
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

ΩDM = mDMnDM

?
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ASYMMETRIC DARK MATTER
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ΩDM � 5ΩB

ΩB = mpnB

Unknown dynamics  
of baryogenesis

ΩDM = mDMnDM

?

Can get                      , usually have to assumenDM ∼ nB mDM ∼ mB

Can we get both?
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GETTING THE MASS
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ΩDM � 5ΩB

ΩB = mpnB

Controlled by complicated 
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

ΩDM = mDMnDM

QCD like

?

?
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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 SCALE
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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

Dimensional 
transmutation
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DARK QCD

9

Propose new SU(Nd) “dark QCD,” dark quarks 

Dark matter is dark sector baryons with mass ~ 

Massive bifundamental fields decouple at mass M >>  

Search for model with perturbative fixed point 

!

Bai, Schwaller,  PRD 13. 

ΛdQCD

ΛdQCD
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SCALES ARE RELATED
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Relating the scales
• Introduce fields  

charged under  
QCD and darkQCD 

• Search perturbative  
fixed points: 

• Bi-fundamental fields decouple at scale M

12
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DARK MATTER

11

QΦ di

Can co-generate DM and baryon asymmetry

dark quark

SM quark

bifundamental scalar

Dark matter is strongly self interacting — potentially solves 
various problems of cold dark matter

• Cusp vs core 

!

• Missing satellites 

• Too big to fail
Rocha et. al. ’12. Peter et. al. ’12. 
Vogelsberger, Zavala, Loeb, ’12. 
Zavala, Vogelsberger, Walker ’12. 
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PHENOMENOLOGY
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DARK QCD
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Confining SU(Nc) gauge group with  Nf  flavors 

This sector is QCD like, and it confines at a scale  

At the confining scale we have all the usual states 

Qi Qj Gµν
d

Λd ∼ 1− 10 GeV

πdpd Zood
Stable Decays 

to SM
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MEDIATORS
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Φ

Φ

Φ

g

gd

Motivated by getting comparable asymmetries, put in 
heavy mediator which couples to SM and dark sector 

Example 1:       is a scalar charged under both color and 
dark color  

MΦ � Λd
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MEDIATORS
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Motivated by getting comparable asymmetries, put in 
heavy mediator which couples to SM and dark sector 

Example 2:        is a vector that couples to quarks and 
dark quarks 

MΦ � Λd

Zd

Strassler, Zurek, PLB 07. 

15

q

q
Zd

Qd

Qd
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QCD JETS

1616

Z

e+

e−

q

q̄

Quark production at LEP
ALEPH event
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pp → QQ
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PION DECAY
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QΦ di

Operator used to generate asymmetry mediates decay

Φ

q

q Qd

Qd

q

q Qd

Qdq

q

πd
Integrate out Φ

Dark pion 
decays to 
quarks 
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PION DECAY
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q

q
Zd

Qd

Qd

Same story for  Zd  model:

q

q

Qd

Qdq

q

πd
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DECAY LENGTH
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q

q

πd

Can use (dark) chiral Lagrangian to estimate:

Γ(πd → d̄d) ≈
f2
πd
m2

d

32πM4
Xd

mπd

cτ ≈ 5 cm×
�
1 GeV

fπd

�2 �100 MeV
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�2 �1 GeV

mπd

��
MXd

1 TeV

�4

1

M2
X

QγµQ d̄Rγ
µdR
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DECAY LENGTH
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average Model A Model B
Λd 10 GeV 4 GeV
mV 20 GeV 8 GeV
mπd 5 GeV 2 GeV
c τπd 50 mm 5 mm

Table 2: Dark sector parameters in our two benchmark models. Λd is the dark confinement scale, mV

is the mass of the dark vector mesons, and mπd is the pseudo-scalar mass. c τπd is the rest frame decay
length of the pseudo-scalars. We take Nc = 3 and nf = 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 mX 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

Λd, 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

sufficiently below the centre-of-mass energy of the experiment. Here and in the following we will

mostly focus on the production of XdX̄d pairs through a virtual gluon, which can be initiated both

from quark and gluon initial states.

8
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pp → QQ

~ 2 m 
(CMS)
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pp → QQ

Look for jets with 
no/few tracks in 
the circle
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BACKGROUND?
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QCD 4-jet production in PYTHIA 8

* - modified Pythia tune to                    
increase QCD contribution
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10�4

0.001

0.01

0.1

r �mm�

fr
ac
tio
n
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Figure 7: Fraction of 4-jet QCD events that have at least one emerging jet as a function of the radius,
r. These events have the kinematic cuts already applied, see text. From bottom to top, the lines
are emerging jets with at most 0, 1, and 2 tracks inside of the radius r. The solid lines use the
standard PYTHIA tune, while the dashed lines are the modified tune designed to increase the number
of emerging jets in the sample [14].

very few charged tracks. The tune also enhances strangeness of the jets in order to have more hadrons

with long lifetimes. The fraction of events which pass the kinematic cuts for the two different tunes

are nearly identical giving us confidence that changing the tune does not modify the gross kinematic

structure of the events. We have also checked that the distributions in Fig. 5 are quite similar for the

modified tune. The fraction of events with emerging jets in the modified tune are shown with dashed

lines in Fig. 7, and we see that while the fraction of trackless jets is increased, the effect is small.

We now put all the elements together and show an example cut flow in Tab. 3. We see that having

just one emerging jet dramatically improves the signal to background ratio, but having two can bring

this to a nearly background free search. In the five million events we generated, there was one event

with two emerging jets for r = 10 mm, and zero events with more than one emerging jet for r = 100

mm. We can therefore estimate an upper bound on the background cross section and find it to be

very small.

Put the reach plot here :)

20

pT > 200 GeV
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BACKGROUND COMPOSITION 
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Ntot � 713
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Figure 5: Breakdown of the composition of the different 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 pT > 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 pT . 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.

17

pT > 200 GeVjet
track pT > 1 GeV

Flavor of earliest 
decaying track
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TRACKLESS BACKGROUND
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pT > 200 GeVjet
track pT > 1 GeV

Composition of 
completely trackless 
background
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Figure 5: Breakdown of the composition of the different 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 pT > 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 pT . 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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DARK SECTOR
Model A Model B

Λd 10 GeV 4 GeV
mV 20 GeV 8 GeV
mπd 5 GeV 2 GeV
c τπd 50 mm 5 mm

Table 2: Dark sector parameters in our two benchmark models. Λd is the dark confinement scale, mV

is the mass of the dark vector mesons, and mπd is the pseudo-scalar mass. c τπd is the rest frame decay
length of the pseudo-scalars. We take Nc = 3 and nf = 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 mX 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

Λd, 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

sufficiently below the centre-of-mass energy of the experiment. Here and in the following we will

mostly focus on the production of XdX̄d 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
Λd 10 GeV 4 GeV
mV 20 GeV 8 GeV
mπd 5 GeV 2 GeV
c τπd 150 mm 5 mm

Table 2: Dark sector parameters in our two benchmark models. Λd is the dark confinement scale, mV

is the mass of the dark vector mesons, and mπd is the pseudo-scalar mass. c τπd is the rest frame decay
length of the pseudo-scalars. We take Nc = 3 and nf = 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 mX 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

Λd, 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

sufficiently below the centre-of-mass energy of the experiment. Here and in the following we will

mostly focus on the production of XdX̄d pairs through a virtual gluon, which can be initiated both

from quark and gluon initial states.

8
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COUPLING RUNNING
Modify PYTHIA to include gauge                
coupling running

Running
No 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 pT : the scalar sum of the pT of visible
particles which are not clustered into a jet of pT > 200 GeV. The right plot is the girth distribution
(see Eq. (9)). This is for model A events with Zd 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 different observables. The first is an event variable we call orphan pT , which is

obtained by clustering the event into jets and then summing the pT of particles which are not clustered

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

defined as

girth =
1

p
jet
T

�

i

p
i
T ∆Ri , (9)

where the sum is over all constituents of the jet and ∆R is the distance in η−φ 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 Zd 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 αd from Λd to higher scales,

according to the one loop beta function with Nd dark colours and nf dark flavours. As far as the

phenomenology is concerned, this mainly affects the dark parton shower. It is easiest to imagine the

final state parton shower3 as a series of parton branchings a → bc at scales Q
2. The probability for

no splitting to happen between the scales t0 = log(Q2
0/Λ

2) and t = log(Q2
/Λ2), where Λ = Λd is the

3
We closely follow Sec. 10 of the PYTHIA 6.4 manual [20].
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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 different observables. The first is an event variable we call orphan pT , which is

obtained by clustering the event into jets and then summing the pT of particles which are not clustered

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

defined as

girth =
1

p
jet
T

�

i

p
i
T ∆Ri , (9)

where the sum is over all constituents of the jet and ∆R is the distance in η−φ 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 Zd 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 αd from Λd to higher scales,

according to the one loop beta function with Nd dark colours and nf dark flavours. As far as the

phenomenology is concerned, this mainly affects the dark parton shower. It is easiest to imagine the

final state parton shower3 as a series of parton branchings a → bc at scales Q
2. The probability for

no splitting to happen between the scales t0 = log(Q2
0/Λ

2) and t = log(Q2
/Λ2), where Λ = Λd is the

3
We closely follow Sec. 10 of the PYTHIA 6.4 manual [20].
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Figure 11: Average dark meson multiplicity in e

+
e
− → Z

�∗ → Q̄dQd as a function of the centre-of-mass
energy

√
s. We compare the output of the modified PYTHIA implementation for nf = 7 (blue circles)

and nf = 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

�N(ŝ)� ∝ exp

�
1

b1

�
6

παs(ŝ)
+

�
1

4
+

5nf

54πb1

�
logαs(ŝ)

�
, (15)

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
� 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 nf 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 difference in the curves for nf = 2 and nf = 7, and further highlights the

importance of including the running coupling in the analysis.
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d → Q̄dQd as a function of the centre-of-mass

energy
√
s. We compare the output of the modified PYTHIA implementation for nf = 7 (blue circles)

and nf = 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.

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

next to leading high energy approximation (MLLA), it was found that

�N(ŝ)� ∝ exp

�
1

b1

�
6

παs(ŝ)
+

�
1

4
+

5nf

54πb1

�
logαs(ŝ)

�
, (15)

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 Zd boson in e
+
e
− collisions at centre-of-mass energies between

500 GeV and 4 TeV, followed by a dark parton shower. We set the dark mesons just the pions?

to be stable here. The energy dependence of the average particle multiplicity is shown in Fig. 11 and

agrees well with the theoretical prediction Eq. (15). For smaller nf , the running of the coupling to

smaller values is faster, so fewer partons are radiated at higher scales, resulting in a lower number of

dark mesons. This is the reason for the difference in the curves for nf = 2 and nf = 7, and further

highlights the importance of including the running coupling in the analysis.
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Check to see if simulation makes sense by 
looking at average particle multiplicity

Ellis, Stirling, and Weber, 1996.

nf = 2

nf = 7
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BENCHMARK MEDIATOR 1
pp → ΦΦ† → q̄ Qd Qd q

Collider Signature
• Pair production of heavy bi-fundamental fields:  

!

• Decay to quark - dark quark pairs 

‣ two QCD-jets 

‣ two “Emerging Jets”:  
dark quarks shower and hadronize in dark sector  
decay back to SM jets with displaced vertices

16

Φq

q̄ Φ∗

Also “Hidden Valley” signature!
Strassler, Zurek, 2007; …!
related: SIMP dark matter!
Bai, Rajaraman, 2011

31



DANIEL STOLARSKI     November 24, 2014      University of Warsaw

BENCHMARK MEDIATOR 1

32

Final state is  

• 2 QCD jets 

• 2 emerging jets

Cross section is stop-like
σ ≈ few × σ(pp → t̃1t̃1)

σ(MΦ = 1TeV) ≈ 10 fb

@ LHC14

pp → ΦΦ† → q̄ Qd Qd q
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BENCHMARK MEDIATOR 2

33

Final state is  

• 2 emerging jets
Cross section depends on 
couplings

Work in progress

pp → Zd → Qd Qd
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JET MOMENTA
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Figure 4: pT distribution of the hardest emerging and hardest QCD jet in each event. Emerging jets
with r = 10 mm and n = 0 are shown in blue, and QCD jets in purple. These events pass all the
kinmatic cuts described in the text and also have at least two emerging jets. The left plot is for Model
A, while the right for Model B.

of energy because they need to have a large relativistic γ 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 pT 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 pT 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 pT > 150 GeV and that the scalar

sum of the pT ’s of the jets HT > 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

the standard model has neutral hadrons with detector scale lifetimes such as the bottom and strange

mesons and baryons. In addition, if we only insist on the absence of prompt tracks and not the

presence of displaced tracks, then QCD can produce jets dominated by long lived neutral hadrons

(like the neutron) and photons. We assume that if more than 90% of the energy of a jet is from a

single photon that the experiments will be able to reject this sort of jet.

15

Four hard jets is enough to pass trigger

Hardest jet pT
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JET SHAPES
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Dark Jets, model A

QCD

Measure girth to get 
a sense of jet width 

Model A:
mΦ = 1TeV

Λd = 10GeV

mπd = 5GeV

cτπd = 50mm



DANIEL STOLARSKI     November 24, 2014      University of Warsaw

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0

100

200

300

400

500

600

girth �
1

pT
jet �

i

pTi �Ri

a.
u.

Jet Shapes, pT � 250 GeV

Dark Jets, model B
QCD

JET SHAPES
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Quite sensitive to 
dark sector params. 

Model B:
mΦ = 1TeV

Λd = 4GeV

mπd = 2GeV

cτπd = 20mm
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SEARCH STRATEGY
pp → ΦΦ† → q̄ Qd Q̄d q
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mπd = 2 GeV cτπd = 5 mm

1 E-jet 2 E-jets
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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 p

min
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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DIFFERENT MODEL POINTS
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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, |η| < 2.5
pT (jet) > 200 GeV 4.9 8.4 48,000 48,000
HT > 1000 GeV

E(1GeV, 0, 3mm) ≥ 1 4.1 4.1 56 68
E(1GeV, 0, 3mm) ≥ 2 1.8 0.8 ∼ 0.2 ∼ 0.1

E(1GeV, 0, 100mm) ≥ 1 1.7 � 0.01 10 15
E(1GeV, 0, 100mm) ≥ 2 0.2 � 0.01 � 0.08 � 0.08

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 MX = 1 TeV. The two right most columns are
different 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.

4.5 Alternative Strategy: pT Weighting

In this section we present an alternative based on using the pT fraction of the jet which is emerging

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

order to determine Lxy, 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 pT of a jet.

For this section we define the pT fraction F (r) for a jet as a function of radius as:

F (r) =
1

p
jet
T

�

Lxy>r

p
i
T (8)

where p
i
T is the pT of charged tracks with Lxy > 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.

We now analyze this variable more quantitatively. Looking first at the QCD background, in Fig. 8

we plot F for the jet with the highest and second highest value of F in an event. We see that it is

indeed peaked at zero and steeply falling. We also see that it is much more steeply falling for r = 100

21

CUT FLOW

39

Cross sections in fb at LHC14:

Paired di-jet resonance search very difficult!
Requiring emerging jets changes the game. 

PRELIMINARY
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ALTERNATIVE STRATEGY

40

!

Fraction of jet energy 
reconstructing outside  
of circle 
!

Neutrals (photon, neutron) 
do not contribute, hard to 
get F=1 
!

Much more robust to  
pile-up



DANIEL STOLARSKI     November 24, 2014      University of Warsaw

F DISTRIBUTIONS
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Figure 8: F distributions from the QCD background. First (second) row is r = 10 (100) mm, and
third row is the fraction of events fraction which have F > 0.3, 0.5, or 0.7 as a function of r. The left
column is for the jet with the highest F in the event, while the right column is for the jet with the
second highest F . All events must pass the kinematic cuts in Tab. 3.
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Figure 8: F distributions from the QCD background. First (second) row is r = 10 (100) mm, and
third row is the fraction of events fraction which have F > 0.3, 0.5, or 0.7 as a function of r. The left
column is for the jet with the highest F in the event, while the right column is for the jet with the
second highest F . All events must pass the kinematic cuts in Tab. 3.
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Figure 9: F distributions from Model A on the left and Model B on the right. Top plot is distribution
for jet with largest F in a given event for r = 100 (10) mm for Model A (B). Second row is distribution
for jet with second largest F . Last row is the fraction of events which have at least one jet with F > 0.3,
0.5, or 0.7 as a function of r. The vertical line is the proper lifetime of the pions in the respective
model. All events must pass the kinematic cuts in Tab. 3.
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Figure 9: F distributions from Model A on the left and Model B on the right. Top plot is distribution
for jet with largest F in a given event for r = 100 (10) mm for Model A (B). Second row is distribution
for jet with second largest F . Last row is the fraction of events which have at least one jet with F > 0.3,
0.5, or 0.7 as a function of r. The vertical line is the proper lifetime of the pions in the respective
model. All events must pass the kinematic cuts in Tab. 3.
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ALTERNATIVE CUT FLOW
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Cross sections in fb:

b-jet background too large at r=10 mm

Works pretty well at r=100 mm even for                
short lifetime model

PRELIMINARY
Model A Model B QCD 4-jet Modified PYTHIA

≥ 4 jets, |η| < 2.5
pT (jet) > 200 GeV 4.9 8.4 48,000 48,000
HT > 1000 GeV

1 jet F (100 mm) > 0.5 3.7 1.8 130 150
2 jets F (100 mm) > 0.5 1.3 0.1 0.3 0.2

Table 4: Same as Tab. 3 but with pT weighted variables.

mm than for 10 mm. This is a consequence of b hadrons; in Fig. 5 we see that b hadrons tend to decay

between 1 and 100 mm, so for r = 10 mm, there will be many undecayed neutral b mesons that will

contribute to F , but for r = 100 mm, only strange mesons contribute. Looking at the third row of

Fig. 8 we see that there is a strong break, and going to r = 100 can give QCD rejection O(103) by

requiring one jet with large F , and much better if we require two such jets.

We now turn to the signal. We see from the top four boxes of Fig. 9 that the F distribution for

signal jets peaks somewhat above 0.5 with very few jets having F near 1. From the second row we

see that a non-negligible fraction of events have only one signal jet. This comes from one of the signal

jets being too soft or too forward, and the extra jet to pass the kinematic cuts coming from splitting

and/or ISR. Finally from the third row of Fig. 9 we see that the fraction of events that will pass any

cut is insensitive to r for r smaller or comparable to the lifetime. For r is larger than the lifetime,

the efficiency only decreases slowly because of the boosts of the dark mesons. Since the mesons which

carry the most energy are the ones likely to travel furthest, thus allowing more of the events pass

the cuts because the energy weighting in the formula for F favors those highly boosted mesons. This

contrasts with the emerging jet definition depicted in Fig. 6, where there is a much steeper drop as a

function of r because we only require one dark pion to decay at a radius less than r.

When we analyze the signal and background together, we find that using r = 10 it is impossible

to reduce the background sufficiently without also killing the signal. On the other hand, for r = 100

mm this method works for both models A and B, namely even for the model with the short lifetime.

We show an abbreviated cut flow in Tab. 4, and we see that requiring two jets with F > 0.5 leads to a

signal to background ratio much larger than one, and allows discovery of a 1 TeV mediator with the

full run of the LHC.

We present this alternative method, because unlike the one in Sec. 4.4, it is an affirmative search

for the emerging property. The previous method uses the fact that prompt tracks are a feature of

the background and requires the absence of them. This allows backgrounds such as jets of neutrons

and/or photons, which are not signal like at all. The current method is an affirmative search for the
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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

√
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.
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Search for long-lived neutral particles decaying to dijets
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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

√
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.



DANIEL STOLARSKI     November 24, 2014      University of Warsaw

CMS SEARCH
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
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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

√
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.
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Figure 4: The 95% CL expected and observed upper limits.



DANIEL STOLARSKI     November 24, 2014      University of Warsaw

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, γd, 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 γd

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 αd.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

2
See equation 3.1 in ref. [40]
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Search for long-lived neutral particles decaying into lepton jets
in proton–proton collisions at

√
s = 8 TeV with the ATLAS
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The ATLAS Collaboration

Abstract

Several models of physics beyond the Standard Model predict neutral particles that decay into final
states consisting of collimated jets of light leptons and hadrons (so-called "lepton jets"). These parti-
cles can also be long-lived with decay length comparable to, or even larger than, the LHC detectors’
linear dimensions. This paper presents the results of a search for lepton jets in proton–proton colli-
sions at the centre-of-mass energy of

√
s = 8 TeV in a sample of 20.3 fb−1 collected during 2012 with

the ATLAS detector at the LHC. Limits on models predicting Higgs boson decays to neutral long-lived
lepton jets are derived as a function of the particle’s proper decay length.

c� 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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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, γd, 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 γd

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 αd.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

2
See equation 3.1 in ref. [40]
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Figure 15. The 95% upper limits on the σ×BR for the processes H → 2γd + X (left) and
H → 4γd +X (right), as a function of the γd lifetime (cτ) 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 σ×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-γd model the
estimated background is 13 ± 8 events and for the four-γd 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 σ×BR, assuming the Higgs boson SM gluon fusion
production cross section σSM = 19.2 pb, are shown in figure 15 as a function of the γd mean
lifetime (expressed as cτ) 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 γd lifetime (cτ) is excluded at the
95% CL for H → 2γd +X and H → 4γd +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 → 2γd +X with a γd 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 γd mass plane [26, 57] as shown in figure 17.
Assuming Higgs decay branching fractions into γd 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 → 2γd + X are shown

– 24 –

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

Emerging jet search would be 
sensitive to other long-lived 
scenarios 
• Lepton jets 
• RPV neutralinos decay to jets 
• … 
!

Work in progress 

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, γd, 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 γd

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 αd.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

2
See equation 3.1 in ref. [40]
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• Important to explore different ways LHC can search for NP 

• DM exists, exhaustively search for different classes  
of models 

• 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 

• ATLAS and CMS exotics groups are investigating
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Figure 7: Fraction of 4-jet QCD events that have at least one emerging jet as a function of the radius,
r. These events have the kinematic cuts already applied, see text. From bottom to top, the lines
are emerging jets with at most 0, 1, and 2 tracks inside of the radius r. The solid lines use the
standard PYTHIA tune, while the dashed lines are the modified tune designed to increase the number
of emerging jets in the sample [14].

very few charged tracks. The tune also enhances strangeness of the jets in order to have more hadrons

with long lifetimes. The fraction of events which pass the kinematic cuts for the two different tunes

are nearly identical giving us confidence that changing the tune does not modify the gross kinematic

structure of the events. We have also checked that the distributions in Fig. 5 are quite similar for the

modified tune. The fraction of events with emerging jets in the modified tune are shown with dashed

lines in Fig. 7, and we see that while the fraction of trackless jets is increased, the effect is small.

We now put all the elements together and show an example cut flow in Tab. 3. We see that having

just one emerging jet dramatically improves the signal to background ratio, but having two can bring

this to a nearly background free search. In the five million events we generated, there was one event

with two emerging jets for r = 10 mm, and zero events with more than one emerging jet for r = 100

mm. We can therefore estimate an upper bound on the background cross section and find it to be

very small.

Put the reach plot here :)
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