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• Three motivations for low scale strong dynamics. 

• LHCb advantages in production. 

• LHCb advantages in decay.  

• Complementarity with other experiments. 
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Getting away from the lamp post

AdS/CFT

R. Sundrum



DANIEL STOLARSKI     November 3, 2015      LHCb Workshop

MOTIVATION 2

4

We have seen dark matter in the sky.

But not in the lab.
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⌦B = mpnB
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(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM
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QCD like
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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.

5

DM

Emerging Jets: 
JHEP 1505,  
059 (2015)  
[arXiv:1502.0409].
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Now consider again the Z
2

symmetric top quark sector, Eq. 3. To quadratic order in h this

takes the form

i�thqAtA + �t

✓
f � 1

2f
h†h

◆
qBtB . (11)

From this Lagrangian, we can evaluate the radiative contributions to the Higgs mass pa-

rameter. The contributing diagrams are shown in Fig. 1.
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�tf

��t/(2f)

FIG. 1. Cancellation of quadratic divergences in the Mirror Twin Higgs model. The cancellation

holds when the top and its partner are charged under di↵erent SU(3)s.

Evaluating these diagrams we find that the quadratic divergence arising from the first

diagram is exactly canceled by that of the second. The first and second diagrams have been

colored di↵erently to emphasize that the particles running in the two loops carry di↵erent

SU(3) charges. The first loop has the SM top quarks which carry SM color. The particles

running in the second loop, however, are twin top quarks charged under twin color, not SM

color.
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relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)

hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:

δm2
hu

= −
3y2t
4π2

m2
t̃ ln

(

ΛUV

mt̃

)

(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.

hu hu

h̃u

W̃

W

huhu hu hu hu

W hu

huhu

FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)

11

�2
t

or

Gauge hierarchy problem: 

Solved in composite Higgs (SUSY) with top-partners 
(stops) 
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Chacko, Goh, Harnik, hep-ph/0506256.  
Burdman, Chacko, Goh, Harnik, hep-ph/0609152. 

Partners need not be coloured (still need 3): 

Most models have twin colour which confines  
around GeV scale (or slightly higher).  
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FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale, G0+ decay to Standard Model

particles is su�ciently fast to give LHC-observable e↵ects, including possible displaced vertices.

The hĝĝ coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12–14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are confined into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic “confining Hidden Valley” phenomenology [15–21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the ⇠ 1 � 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy, the lightest 0++ twin glueball has the right quantum numbers to mix with

6

Craig, Katz, Strassler, Sundrum, 
arXiv:1501.05310.

See also Curtin, Verhaaren, 
arXiv:1506.06141.

FIG. 7: A qualitative overview of the phenomenology, for f = 3v, in the various regions of param-

eter space; see Fig. 5. Details are explained in subsequent sections. Solid lines indicate kinematic

boundaries. Common final states are indicated in italics. At low glueball mass, decays of the G0+

are displaced; see Fig. 6. Here it is assumed that there are light twin leptons, so one �̂ state is

visible, and even displaced, only in small regions; otherwise �̂ decays visibly throughout regions C

and D, and is displaced at low mass.

A. New Higgs Decays With Displaced Vertices

The branching fraction Br(h ! twin hadrons) > 10�4 everywhere that it is not kinemat-

ically forbidden. Because the number of Higgs bosons produced at LHC in Run II will be

of order 107, and because displaced vertices are spectacular signals when identified, these

36
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Confining SU(Nc) gauge group with  Nf  flavours. 

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

At the confining scale we have all the usual states. 

Qi Qj Gµ⌫
d

⇤d ⇠ 1� 10 GeV

⇡dpd Zood
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Confining SU(Nc) gauge group with  Nf  flavours. 

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

At the confining scale we have all the usual states. 

Qi Qj Gµ⌫
d

⇤d ⇠ 1� 10 GeV

⇡dpd Zood
Stable Decays 

to SM
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Figure 3: Left: Feynman diagrams for the pair production of X
d

at hadron colliders. Right: Tree
level cross section for X

d

pair production at the LHC.

Eq. 6 is the origin for the 100 TeV bound on the mediator mass - for higher mediator masses

the dark pion lifetime will get dangerously close to the BBN time. Apart from this bound, the

dark pion properties are of minor importance for the cosmology of this model. On the other

hand, the collider phenomenology will be dominated by meson production, with the dark baryon

multiplicity being much smaller for QCD like theories [49], and even further suppressed in the

large N
d

limit [50]. Since one can expect that all heavier 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.

3 Emerging Jet Phenomenology

3.1 Collider Signal

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

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

mostly focus on the production of X
d

X†
d

pairs through a virtual gluon, which can be initiated

both from quark and gluon initial states.

The most important diagrams that contribute to the production are shown in Fig. 3. Apart

from the dark color degrees of freedom, the production process is very similar to pair production

of one squark flavor in supersymmetry and is set by QCD gauge invariance. Therefore the cross

section is similar, for example, to that of pair production stop quarks multiplied by N
d

. In the

plot on the right of Fig. 3 we show the tree level cross section for X
d

X†
d

production for di↵erent

center of mass energies at the LHC, obtained from Pythia3 [51] using CTEQ 6.1 parton

distribution functions (PDF) [52]. Since the parton luminosity for quark-gluon initial states is

large at the LHC, next-to-leading order corrections that include the process pp ! X
d

X†
d

j can be

3Throughout this work, we use a modified version of Pythia 8.183, see https://github.com/pedroschwaller/
EmergingJets, and we use the default tune 4C unless otherwise specified.

8

q
Qd

Qd

q

Two ways to produce dark quarks: 

CMS/ATLAS sensitive to left, LHCb can do both. 
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Second production method can have very large 
production cross section. 

Limited coverage of event can be overcome by 
large multiplicity and looser triggers. 

L = 10 TeV

L = 5 TeV

0 1000 2000 3000 400010-8

10-7

10-6

10-5

10-4

Minv @GeVD

pb
êGe

V

Figure 12: Dark quark invariant mass distribution for di↵erent values of the cut-o↵ ⇤ at the
14 TeV LHC. The total integrated cross section for the process pp ! Q̄

d

Q
d

is 42 fb for ⇤ = 5 TeV
and 2.5 fb for ⇤ = 10 TeV per dark quark flavor, for N

d

= 3.

enough to make it not emerging. On the other hand, pileup cannot make an O(1) change in the

energy dynamics of a jet, thus making this method very robust to the high pile up environment

of the high luminosity LHC.

5 Prospects at LHCb

Our proposed analyses for the ATLAS and CMS detectors rely on on-shell production of heavy

mediators, whose decay give rise to emerging jets. The reach of those searches is limited by the

kinematic reach of the LHC experiment. However even if the mediators are too heavy to be

produced directly at the LHC, dark quark pairs can still be produced through e↵ective operators

of the form

L � 1

⇤2

(q̄�
q

q)(Q̄
d

�
d

Q
d

) , (9)

with appropriate Dirac structures �. We already made use of such an operator in Sec. 2.2 to

understand the decays of dark pions. As we can see from Fig. 12, the di↵erential cross section

peaks at very low invariant mass, so events induced by these operators tend to have small H
T

and would be di�cult to trigger on at ATLAS and CMS. Nevertheless they can lead to sizable

production rates for dark pions. The idea would then be to search directly for these dark pions

in the LHCb detector from their decay to SM mesons.

Reconstructed dark pions can be di↵erentiated from SM mesons by their invariant mass, by

their lifetime and by their decay products and branching ratios. While a full simulation is beyond

the scope of this paper, in the following we will estimate the event rate that can be expected

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

26
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Figure 13: Left: Fraction of Q

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.

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.8

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

pions in the LHCb detector, where we see that model A produces a harder spectrum, due to the

overall larger mass scale in that model.

Obtaining precise predictions for the decay modes and branching ratios of ⇡
d

to SM hadrons

is di�cult, since it depends on non-perturbative QCD fragmentation, as well as on the flavor

8Additional 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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Figure 13: Left: Fraction of Q

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.

LHCb can use excellent tracking and mass 
resolution to measure individual dark pions.  
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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

28
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Search for long-lived particles
decaying to jet pairs

The LHCb collaboration†

Abstract

A search is presented for long-lived particles with a mass between 25 and 50GeV/c2

and a lifetime between 1 and 200 ps in a sample of proton-proton collisions at a
centre-of-mass energy of

p
s = 7TeV, corresponding to an integrated luminosity

of 0.62 fb�1, collected by the LHCb detector. The particles are assumed to be
pair-produced by the decay of a Standard Model-like Higgs boson. The experimental
signature of the long-lived particle is a displaced vertex with two associated jets.
No excess above the background is observed and limits are set on the production
cross-section as a function of the long-lived particle mass and lifetime.

arXiv:1412.3021v1  [hep-ex]  9 Dec 2014

Similar model to 
CMS search.
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Not sensitive to 
strong interaction 
phenomenology. 

Important proof of 
principle.  
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Figure 4: Observed 95% CL cross-section upper limits on a hidden valley model [3] for various
⇡v masses, as a function of ⇡v lifetime, for ⇡v decays into bb unless specified otherwise. The
limits for ⇡v decay to uu and dd are expected to be the same as for ss.
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• Important to explore different ways LHC can search for NP. 

• Dark matter and twin Higgs/folded SUSY give interesting 
and motivated models with new GeV scale strong 
interactions. 

• Signatures at ATLAS, CMS, and LHCb can be quite 
spectacular, but few current searches are sensitive.  

• LHCb’s excellent tracking and loose triggering make  
it excellent for these kinds of models.  

• Opportunities to discover new physics abound!
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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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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.

Require di-jets all coming 
from a single displaced vertex. 

Throw away energy of tracks 
not reconstructed from vertex. 

Unlikely to be sensitive to 
emerging phenomenology.
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Figure 4: The 95% CL expected and observed upper limits.
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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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Search for long-lived neutral particles decaying into lepton jets

in proton–proton collisions at

p
s = 8 TeV with the ATLAS

detector

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

p
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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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
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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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Requires ECAL/HCAL < 0.1. 

Optimized for decays within 
HCAL, extremely low efficiency 
except possibly for long 
lifetimes.
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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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Similar isolation 
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FIG. 10. (a) Observed 95% CL limits on � ⇥ BR/�SM for the scalar boson samples with mH = 125 GeV. Three horizontal
lines mark branching fractions for the Higgs boson decaying to ⇡

v

pairs at 15%, 5%, and 1%. Observed 95% CL limits on
� ⇥ BR for the scalar boson samples with (b) m� = 100 GeV, (c) m� = 140 GeV, and (d) m� = 300 GeV, 600 GeV, and
900 GeV. Observed 95% CL limits on � ⇥ BR for the (e) Z0samples and (f) Stealth SUSY samples.
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Search for long-lived, weakly interacting particles that

decay to displaced hadronic jets in proton–proton collisions

at

p
s = 8 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

A search for the decay of neutral, weakly interacting, long-lived particles using data collected
by the ATLAS detector at the LHC is presented. This analysis uses the full dataset recorded in
2012: 20.3 fb�1 of proton–proton collision data at

p
s = 8 TeV. The search employs techniques for

reconstructing decay vertices of long-lived particles decaying to jets in the inner tracking detector
and muon spectrometer. Signal events require at least two reconstructed vertices. No significant
excess of events over the expected background is found, and limits as a function of proper lifetime
are reported for the decay of the Higgs boson and other scalar bosons to long-lived particles and
for Hidden Valley Z 0and Stealth SUSY benchmark models. The first search results for displaced
decays in Z 0and Stealth SUSY models are presented. The upper bounds of the excluded proper
lifetimes are the most stringent to date.

c� 2015 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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