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Warning: Formulas ahead (sort of). 

There are (at least) 3 ways for particles to live a long 
time                            : 

     1. Heavy scales:  

         SM Example: Muon, heavy scale is  

         BSM Example: Proton decay in GUT 

(�/M ⌧ 1)

� ⇠ (M/M⇤)
#, M⇤ � M

mW
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Warning: Formulas ahead (sort of). 

There are (at least) 3 ways for particles to live a long 
time                            : 

     2. Small couplings:  

         SM Example: B-mesons, small coupling is  

         BSM Example: Small couplings in RPV SUSY 

(�/M ⌧ 1)

Vcb

� ⇠ �2M, � ⌧ 1
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Warning: Formulas ahead (sort of). 

There are (at least) 3 ways for particles to live a long 
time                            : 

     3. Kinematic squeezing:  

         SM Example: Neutron,   

         BSM Example: Charged and neutral Higgsino 

(�/M ⌧ 1)

� ⇠ (Q/M)#, Q ⌧ M

mN �mp �me ⌧ mN
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CMS long-lived particle searches, lifetime exclusions at 95% CL

CURRENT SEARCHES
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See talks by  
Mauri, Lusiani, Adams, 
Petterson, Lutz, Saito, 
and Otono.
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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
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2

Time
D

M
 a

bu
nd

an
ce Freeze-out

Freeze-in

Hall, Jadamzik, March-Russel, West, 
arXiv:0911.1120.

Weak coupling of DM  
to thermal bath. 

DM never in equilibrium, 
bath slowly leaks energy 
into DM sector. 

Thermal abundance set 
by small coupling. 
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Figure 6: B decay length as a function of T
R

for FI during the MD
NA

era, as occurs after
inflation, for two di↵erent choices of m

B

. In each panel we consider four di↵erent values of m
X

.
The shaded gray region on the left does not lead to Freeze-In since X thermalizes, whereas the
one on the right has Freeze-In during the regular RD era. Displaced collider signals occur in the
shaded horizontal bands as described in Table 1.

3.2 Freeze-In during Adiabatic or Non-Adiabatic evolution

We extend the previous discussion to the more general framework of Fig. 1, which also allows for
a period of adiabatic evolution during the MD era. The full parameter space of the cosmological
background is (⇢

Ri , ⇢Mi ,�M

) but, as discussed in Section 2, for FI there is no loss of generality
in taking ⇢

Ri = ⇢
Mi . The parameter space may then be taken as (T

M

, T
R

), where T
M

is the
temperature at the beginning of the MD era. We trade T

M

for another parameter, the dilution
D ⌘ S

f

/S
i

' T
M

/T
R

, where S
i

and S
f

are the entropy per comoving volume before and after
the matter decay.

We consider the same three values of the coupling � as in Eq. (23), and we choose the dilution
factor and the reheat temperature to reproduce the observed DM abundance. There is some

Shaded region Decay length Signature from LOSP Neutral Charged

Dark green 10�2cm < ⌧
B

< 102cm Displaced vertices X X
Light green 102cm < ⌧

B

< 104cm Displaced jets/leptons X X
Light blue 104cm < ⌧

B

Stopped particle decays X X

Table 1: Displaced Collider Signals
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B ! ASMX

DM

Big coupling to SM, 
small coupling to DM. 
(Type 1 longevity)
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B ! ASMX

Any SM state:
h, Z, `+`�, qq̄, � , …
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⌦DM ' 5⌦B
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⌦B = mpnB⌦DM = mDMnDM
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⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated 
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM

?

QCD like

?
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... 
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K. K. Boddy, et.al. arXiv:1402.362. 

For a review see K. Petraki and R. R. Volkas, Int.J.Mod.Phys.A 
28, 1330028 (2013) [arXiv:1305.4939 [hep-ph]]. 
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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.

5

DM

(Type 1 longevity)

LLP
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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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Schwaller, DS, Weiler, arXiv:1502.05409.
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TWIN HIGGS/FOLDED SUSY

Gauge hierarchy problem: 

Solved in composite Higgs (SUSY) with top-partners 
(stops) 

Do these partners need to be coloured?

nential we obtain
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 p
h†h

f
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CCCCCCCA

(8)

where h = (h
1

, h
2

)T is the Higgs doublet of the SM

HA = h
ifp
h†h

sin

 p
h†h

f

!
= ih+ . . . , (9)

HB =

0

@ 0

f cos
⇣p

h†h
f

⌘

1

A =

0

@
0

f � 1

2f
h†h+ . . .

1

A . (10)

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.

qA

h

tA

h
�t �t

+
h

qB

h

tB

�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)
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TWIN HIGGS/FOLDED SUSY

No! But still need factor of 3.  

Most models have twin color which confines  
around GeV scale (or slightly higher).  

nential we obtain

H =

0

BBBBBBB@

h
ifp
h†h

sin

 p
h†h

f

!

0

f cos

 p
h†h

f

!

1

CCCCCCCA

(8)

where h = (h
1

, h
2

)T is the Higgs doublet of the SM

HA = h
ifp
h†h

sin

 p
h†h

f

!
= ih+ . . . , (9)

HB =

0

@ 0

f cos
⇣p

h†h
f

⌘

1

A =

0

@
0

f � 1

2f
h†h+ . . .

1

A . (10)

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.

qA

h

tA

h
�t �t

+
h

qB

h

tB

�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.

8

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.
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W

huhu hu hu hu
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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

Chacko, Goh, Harnik, hep-ph/0506256.  
Burdman, Chacko, Goh, Harnik, hep-ph/0609152. 
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HIGGS DECAYS

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

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  
for more detailed pheno and  
Csaki, Kuflik, Lombardo, Slone,  
arXiv:1508.01522  
for other displaced Higgs 
scenarios. 
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QUIRKS!

Can imagine taking confinement scale  
of twin/dark QCD to be much lower. 

100’s GeV

(mm - m)-1

Q̄, Q

⇤d

Quirks charged under 
SM and dark colour.

Dark colour  
confinement scale. 
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QUIRKS!

Confinement string can have macroscopic length. 

Fig. 5. Anomalous tracks from quirks with macroscopic strings.

quirks toward each other, we can have events such as those depicted schematically

in Fig. 5. In these events, the curvature of the tracks is qualitatively di↵erent from

the curved track of a particle in the magnetic field of the detector. For example, a

magnetic field along the beam direction curves tracks only in the r-� plane, while quirk

tracks generally have curvature in the r-z plane. Therefore, unambiguous observation

of only a single event of this type is su�cient for discovery of macroscopic strings!

Do quirks annihilate when the string force brings them back together? For the

case of macroscopic strings considered here, this is highly suppressed by the fact

that annihilation requires the quirk to be in a state of relative angular momentum

` ⇠ 1, while interactions with matter change the angular momentum by much larger

amounts due to the long lever arm. Even a single ionization interaction gives

�` ⇠ �pL ⇠ me
⇤2

mQ
⇠

✓
mQ

TeV

◆ ✓
⇤

GeV

◆�2

. (4.2)

The infracolor “brown muck” surrounding the quirk has a much larger cross section

of order ⇤�2, and can therefore interact for angular momenta ` <⇠ mQ/⇤. A single

ionization interaction changes the angular momentum more than this for ⇤ <⇠ MeV.

We conclude that quirks with macroscopic strings do not annihilate.

The di�culty in detecting quirks with macroscopic strings is that triggers and

14

Fig. 7. Highly exotic track resulting from an electrically charged quirk

(solid track) becoming damped in the detector, while its neutral partner

(dashed track) drives its motion. The neutral track will be unobserv-

able.

5 Prompt annihilation

We now consider in more detail the question of quirk annihilation, which is very

important for the phenomenology of microscopic strings. The momentum transfer

in the annihilation process is of order mQ, which means that the quirks must come

within a distance of order m�1
Q in order to annihilate. Equivalently, the cross section is

dominated by partial waves with relative angular momentum ` <⇠ p/mQ <⇠ 1. Because

the maximum quirk separation L is much larger than the microscopic scales m�1
Q and

⇤�1
QCD, there is a large lever arm with which interactions with matter can change the

angular momentum. However, if the string is su�ciently short matter e↵ects are not

important (we will be more precise about this below). In this section we analyze

annihilation of quirks in the absence of matter e↵ects.

A crucial question is the rate of transfer of energy and angular momentum from

the bound state. An important feature is interactions of the non-perturbative “brown

muck” surrounding the quirks, from infracolor and/or QCD interactions. The cross

section for these interactions is much larger than the hard annihilation of quirks, and

may change the energy and angular momentum of the system, thereby suppressing

annihilation. We also consider the e↵ects of radiation as a mechanism of losing

19

Luty, Kang, arXiv:0805.4642.
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SOFT BOMBS

22FIG. 1. Schematic representation of a soft bomb event with ⇠ 100 tracks, showing electrons and

muons in blue and green respectively. The cylinder represents the inner boundary of the ECAL.

An O(1) fraction of the tracks are too soft to reach the ECAL, generating Emiss
T if the bomb itself

is recoiling against other hard particles in the event.

existing level 1 (L1) trigger. (For VBF and VH production of Higgs bombs, associated

hard jets or leptons permit the same.) Moreover, a sizable fraction of the final states –

so called ‘loopers’ – are too soft to reach the electromagnetic calorimeter (ECAL), as

shown schematically in Fig. 1. This means that a soft bomb recoiling against a hard

object can generate sizable Emiss
T , and thereby also pass the (L1) Emiss

T trigger with a

reasonable e�ciency.

ii) At the HLT level, we search for a highly localized population of hits compared to the

more di↵use background from pile-up interactions. To minimize the spreading of the

signal hits, we focus on the innermost layer of the tracker.

iii) In an o↵-line analysis it should be possible to fully reconstruct the event, and enhance

background rejection via requirements on track multiplicities. In addition, it may be

possible to extract extra information from the factorial moments and cumulants of

the multiplicity distributions [49]. Variables based on the track multiplicity are also

promising for more weakly coupled hidden valleys [50].

To explore the e�cacy of this strategy, we simulate soft bomb generation and propagation

inside a simplified model of the ATLAS detector for a number of representative benchmark

points and estimate the signal e�ciencies that can be obtained at both stages of the trigger.

We show that the triggering e�ciencies for bombs of mass several ⇥ 100 GeV could be as

high as ⇠ 10%. Further, the acceptance rate for Higgs bombs triggered in the manner is

5

If dark sector is approximately conformal instead of QCD-
like, hadrons will generate soft bombs instead of jets. 

Unclear what the best strategies are for this. 

Knapen, Griso, Papucci, Robinson, arXiv:1612.00850. 

Also called Soft Unclustered Energy Patterns (SUEP).
2222
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DARK SHOWERS
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P. Schwaller
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DARK SHOWERS

25

Tasks for the theorists
• Vary particle multiplicity in existing MCs and check effect 

• Benchmark models <= can we populate the 
classifications we have outlined above 

• What gives us wide jets? (Nf, Kinematics -- How to MC 
this?): (how to interpolate between Emergent Pencil jets 
and SUEP) 

• Pedro and Dan add multiple lifetimes for dark pions 

• Doodle a meeting for theorist discussion of these things.

Tasks for the 
experimentalists

• Secondary vertex efficiency in ATLAS and CMS 

• How Jet cleaning cuts (or a MET cut, if we were to 
do one) affect emerging jet efficiencies cuts  

• Get SUEP lhe files from Simon Knapen, et al., and 
simulate, estimate efficiencies 

• Investigate dedicated triggers (ATLAS: FTK, 
photon-jets, inner tracker hit multiplicity, etc.)

25
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MORE WORK TO DO
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If you are interested in getting involved, there is lots of 
interesting work to do.
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NOTE ON TRIGGERS

Csaki, Kuflik, Lombardo, Slone,  
arXiv:1508.01522.

5

Trigger m
⇡v (GeV) c⌧ = 1 mm c⌧ = 10 mm c⌧ = 100 mm

✏ggF ✏VBF ✏VH ✏Total ✏ggF ✏VBF ✏VH ✏Total ✏ggF ✏VBF ✏VH ✏Total

Displaced jet
10 0.01% 0.03% 0.03% 0.01% 0.3% 0.7% 0.6% 0.3% 5.5% 13.1% 10.8% 6.3%
25 0% 0.02% 0.02% 0.002% 0.1% 0.3% 0.3% 0.1% 6.3% 16.5% 13.4% 7.4%
40 0% 0.03% 0.03% 0.004% 0.2% 0.5% 0.5% 0.2% 6.6% 17.8% 14.2% 7.8%

Inclusive VBF
10 1.9% 15.5% 0.8% 2.8% 1.8% 15.5% 0.7% 2.8% 1.6% 15.1% 0.6% 2.6%
25 1.7% 15.3% 0.7% 2.7% 1.7% 15.3% 0.7% 2.7% 1.6% 15.2% 0.6% 2.6%
40 1.6% 15.2% 0.7% 2.6% 1.6% 15.2% 0.7% 2.6% 1.6% 15.2% 0.6% 2.6%

VBF, h ! bb̄
10 5.8% 20.3% 13.1% 7.2% 5.8% 20.2% 13.0% 7.2% 3.5% 13.3% 8.1% 4.4%
25 4.6% 16.6% 10.9% 5.8% 4.7% 16.7% 10.9% 5.9% 4.2% 15.2% 9.7% 5.3%
40 4.0% 14.2% 9.2% 5.0% 4.0% 14.2% 9.2% 5.0% 3.8% 13.9% 8.9% 4.8%

Isolated Lepton
10 3.6% 3.7% 14.7% 4.1% 1.0% 1.0% 12.5% 1.5% 0.1% 0.2% 11.8% 0.6%
25 1.0% 1.5% 13.0% 1.6% 0.3% 0.4% 11.9% 0.8% 0.05% 0.07% 11.7% 0.6%
40 1.0% 1.4% 12.6% 1.6% 0.3% 0.4% 11.9% 0.8% 0.05% 0.07% 11.6% 0.6%

Trackless jet
10 0.02% 0.04% 0.04% 0.02% 0.8% 1.5% 1.3% 0.9% 2.0% 2.4% 2.2% 2.0%
25 0.02% 0.04% 0.06% 0.02% 0.5% 1.0% 0.8% 0.6% 3.6% 5.9% 5.0% 3.8%
40 0.01% 0.02% 0.03% 0.01% 0.1% 0.2% 0.2% 0.1% 2.1% 4.1% 3.3% 2.3%

TABLE II. A comparison of trigger acceptances for m
⇡v = 10, 25, 40 GeV and c⌧ = 1, 10, 100 mm. The acceptance is given

for Higgs production via ggF, VBF and VH. The rightmost column for each lifetime is the total acceptance, ✏
Total

, weighted
by the cross sections for the various production mechanisms.

VBF and lepton triggers are less efficient for ggF produc-
tion which dominates the Higgs cross section. Therefore,
these triggers generally provide the best efficiency for
short lifetimes but are weaker than a dedicated displaced
trigger for long lifetimes. For this reason, it is most effi-
cient to implement a search with a combination of trig-
gers, one of which is efficient at short lifetimes and the
other which is efficient at long lifetimes. In this study, we
present results for each of two such triggers separately to
make clear the distinction between the regimes in which
each trigger is most efficient. For long lifetimes, we uti-
lize the “displaced jet” trigger and for short lifetimes the
“VBF h! bb̄” trigger. We find this combination provides
the best sensitivity over a wide range of lifetimes, how-
ever background considerations may lead to the use of a
different combination such as the “displaced jet” trigger
together with the“isolated lepton” trigger.

The acceptance of each of the triggers described above
is given in Table II for signal events which follow Higgs
production via ggF, VBF and VH. For jet clustering, we
use the anti-kt algorithm with �R = 0.5. The vertex
reconstruction efficiency is expected to be approximately
independent of the trigger acceptance for a given decay
length and choice of vertex selection cuts. However, the
displaced jet and trackless jet triggers preferentially ac-
cept events with longer decay lengths which have lower
vertex reconstruction efficiency. It may be possible to
reduce vertex requirements as a result of using a lower
background trigger, e.g. a lepton trigger together with
reconstructing the W/Z boson in VH events is known to
cut down on multijet background [31].

Event Reconstruction

Provided events pass the triggers, the next difficulty
in detecting displaced ⇡v decays is to reconstruct the DV
and apply event selection requirements to remove back-
ground events. The details of DV reconstruction and
selection will be very important for signals with long-
lived particles with masses below ⇠ 20 GeV for which
tracker vertex reconstruction efficiencies depend strongly
on m⇡v . Due to the light mass of the ⇡v particles, the
signal vertices have characteristically low invariant mass,
mDV , and track multiplicity, Ntracks, even with perfect
tracking efficiency. Combining the low track multiplicity
of the signal with reduced tracking efficiency for displaced
tracks makes displaced vertex reconstruction within the
tracker difficult. For example, with m⇡v . 20 GeV, a 5-
track, mDV > 10 GeV single multitrack DV search would
have very limited sensitivity. A search which requires two
reconstructed 5-track DVs within the tracker would also
have weak sensitivity due to the low probability to re-
construct multiple 5 (or more) track vertices in the same
event. A primary goal of this paper is to weaken the ver-
tex mass and track requirements by requiring additional
objects associated to the DV or other event selection cri-
teria in order to achieve sensitivity to light signals. If
these selection criteria are not able to reduce backgrounds
to zero, it may be necessary to search for the signal as
an excess in background events.

Background vertices can arise from heavy flavor de-
cays, interactions with material in the detector, and ac-
cidental crossing of tracks. Background DVs typically
have small invariant mass and low track multiplicity [32].

Exotic

Standard

Standard triggers can be very  
effective for exotic searches.
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• More searches for distinct collider objects. 

• Searches for different SM states originating  
in all different places in the detector.  

• More general use of triggers, including  
multi-jet and VBF. Also, a published list  
of available triggers and thresholds. 

• Keep searches as model-independent as possible. 
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