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T H E  S TA N DA R D  M O D E L ’ S  G OT  I S S U E S

v ≪ MPl

Δm2
H /m2

H ≫ 1

θQCD ≈ 0

mν > 0
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)<400 GeV ATLAS-CONF-2019-0401.9q̃ [10× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃

0
1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)=0 GeV ATLAS-CONF-2019-0402.35g̃

m(χ̃
0
1)=1000 GeV ATLAS-CONF-2019-0401.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃
0
1

1 e, µ 2-6 jets 139 m(χ̃
0
1)<600 GeV ATLAS-CONF-2020-0472.2g̃

g̃g̃, g̃→qq̄("")χ̃
0
1

ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃

0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 139 m(χ̃

0
1) <600 GeV ATLAS-CONF-2020-0021.97g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV 1909.084571.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 139 m(χ̃
0
1)=200 GeV, m(χ̃

±
1 )=300 GeV, BR(tχ̃

±
1 )=1 1909.084570.74b̃1b̃1 Forbidden

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden

2 τ 2 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV ATLAS-CONF-2020-0310.13-0.85b̃1b̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ ≥ 1 jet Emiss
T 139 m(χ̃

0
1)=1 GeV ATLAS-CONF-2020-003, 2004.140601.25t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 139 m(χ̃

0
1)=400 GeV ATLAS-CONF-2019-0170.44-0.59t̃1

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1 τ + 1 e,µ,τ 2 jets/1 b Emiss
T 36.1 m(τ̃1)=800 GeV 1803.101781.16t̃1

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

m(t̃1,c̃)-m(χ̃
0
1 )=50 GeV 1805.016490.46t̃1

0 e, µ mono-jet Emiss
T 36.1 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 1711.033010.43t̃1

t̃1 t̃1, t̃1→tχ̃
0
2, χ̃

0
2→Z/hχ̃

0
1

1-2 e, µ 1-4 b Emiss
T 139 m(χ̃

0
2)=500 GeV SUSY-2018-090.067-1.18t̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 139 m(χ̃

0
1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV SUSY-2018-090.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ 3 e, µ Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2020-0150.64χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 jet Emiss

T 139 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV 1911.126060.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0 1908.082150.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b/2 γ Emiss
T 139 m(χ̃

0
1)=70 GeV 2004.10894, 1909.092260.74χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden

χ̃±
1
χ̃∓

1 via "̃L/ν̃ 2 e, µ Emiss
T 139 m("̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1908.082151.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 1911.066600.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

"̃L,R "̃L,R, "̃→"χ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 1908.082150.7#̃

ee, µµ ≥ 1 jet Emiss
T 139 m("̃)-m(χ̃

0
1)=10 GeV 1911.126060.256#̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 139 BR(χ̃

0
1 → ZG̃)=1 ATLAS-CONF-2020-0400.55H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 36.1 Pure Wino 1712.021180.46χ̃±
1

Pure higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

χ̃±
1
χ̃∓

1 /χ̃
0
1 , χ̃

±
1→Z"→""" 3 e, µ 139 Pure Wino ATLAS-CONF-2020-0091.05χ̃∓

1 /χ̃
0

1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓
1 /χ̃

0

1 [BR(Zτ)=1, BR(Ze)=1]

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Z""""νν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃
0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′

323
=2e-4, 1e-2] 0.55t̃ [λ′′

323
=2e-4, 1e-2]

t̃t̃, t̃→bχ̃
±
1 , χ̃

±
1 → bbs ≥ 4b 139 m(χ̃

±
1 )=500 GeV ATLAS-CONF-2020-0160.95t̃̃t Forbidden

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→q" 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2020

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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CMS Preliminary

1
0χ∼t t→ g~,  g~g~ →pp May 2020

 (13 TeV)-1137 fb
Expected
Observed

)miss
T1908.04722, 0-lep (H

)T21909.03460, 0-lep (M
)J1911.07558, 1-lep (M

2-lep (same-sign)≥2001.10086, 
-11710.11188, 0-lep (stop), 36 fb

D EC A D E  O F  L H C  B S M  E XC LU S IO N S …
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• We have no answers to these 
problems after all this 
searching… 

• Let’s eke out as much 
sensitivity from our LHC lamp 
post as possible 

• Searches for Long-Lived 
Particles (LLPs) huge part of 
this program



Reminder: Particles have a: 

mass (M) 
and 

width (Γ)

Γ is determined by  
how the particle decays 

e.g.  lifetime: 

τ ∼ 1/Γ



Γ ∼ ε2 ( m
Λ )

2n

Φ

Small couplings 
(e.g. RPV decays) Effective Coupling 

(+Loop Suppression)

Small phase 
space

Particles can gain a large lifetime 
(small 𝚪) a number of ways
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And particles do in the SM!

[JPPNP 3695 (2019)] - LL, C. Ohm, A. Soffer, T. Yu

https://arxiv.org/abs/1810.12602
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And particles do in the SM!

A N D  I F  B S M  PA R T IC L E S  D O …  

T H E Y  C A N  E VA D E  M O S T  O F  

O U R  L H C  S E A RC H E S !

[JPPNP 3695 (2019)] - LL, C. Ohm, A. Soffer, T. Yu

https://arxiv.org/abs/1810.12602
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Small coupling Small phase space Scale suppression

S
U
S
Y

GMSB

AMSB

Split-SUSY

RPV

N
N

Twin Higgs

Quirky Little Higgs

Folded SUSY

D
M

Freeze-in

Asymmetric

Co-annihilation

P
or
ta
ls Singlet Scalars

ALPs

Dark Photons

Heavy Neutrinos

Table 1: Dominant feature that gives rise to long-lived particles in the theoretical models and mecha-
nisms discussed in the text.

were an exact symmetry, we would have a spectrum of superpartners that would be mass degenerate
with the SM particles. Since we have not observed these particles, we know that SUSY must be a
broken symmetry. Within the MSSM, one has a variety of options for breaking SUSY, which in turn
determine the phenomenology.

2.1.1 Gauge-Mediated SUSY Breaking

The simplest SUSYmodel that gives rise to LLP signatures isGauge-Mediated SUSY Breaking (GMSB) [27].
In GMSB, SUSY is broken via the gauge interactions of the chiral messenger superfields, �, which in-
teract with the goldstino superfield X through the superpotential

W = �ij�̄iX�j. (2)

SUSY is broken when X acquires a vacuum expectation value (vev) along the scalar and auxiliary
components,

hXi = M + ✓
2
F, (3)

where M is the messenger mass scale and
p
F is proportional to the mass splitting inside the super-

multiplet.
One feature of GMSB is that the gravitino, eG, is typically the lightest supersymmetry partner

(LSP), and that the attributes that give rise to LLP signatures depend only on F . In particular, the
next to lightest superpartner (NLSP) decays to the gravitino and a SM particle via higher dimensional
operators that are suppressed by 1/F . The mass of the gravitino is given by

m eG =
F

k
p
3MP l

, (4)

where MP l = (8⇡GN)�1/2
' 2.4 ⇥ 1018 GeV is the reduced Planck mass and GN is the gravitational

constant. The constant k ⌘ F/F0 < 1, where F0 is the fundamental scale of SUSY breaking, depends
on how SUSY breaking is communicated to the messengers. The suppression by MP l results in the
gravitino being very light.

8

LLPs are strongly motivated and are 
generically predicted in many DM solutions

https://arxiv.org/abs/1810.12602
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χ2 → χ1 + X

https://arxiv.org/abs/1810.12602
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Why is this hard?

ATLAS/CMS were not 
designed to look for 

displaced new physics 

Reconstruction algorithms, 
cylindrical geometry,  
trigger, all designed 

assuming particles emerge 
from the collision point

A Long-Lived Particle could break any of these! 
Existing mass limits may be much weaker!



Heavy CLLP

Muon

β<1
β<1 β<1

β~1
β~1 β~1

Anomalous
Ionization

ID ECAL HCAL MS
Displaced
Vertex (ID)

Displaced
Vertex (MS)

Primary
Vertex

ID ECAL HCAL MS

Indirect Detection 

Look for SM decay products of LLP

Direct Detection 

If LLP carries SM charge, look for its 
interactions with the detector

[JPPNP 3695 (2019)] - LL, C. Ohm, A. Soffer, T. Yu
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https://arxiv.org/abs/1810.12602
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Pheno Experiments

Plots that look like this have become stressful… 

But these represent something good: 
Excitement from our community!
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R
un

-1

R
un

-2

R
un

-1

R
un

-2

We found a golden ticket! 
The solution to all our worries!

Pheno Experiments
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ATLAS-CONF-2021-015

Disappearing Tracks

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-015/


16 [2011.07812]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14/


16 [2011.07812]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14/
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[1903.04497] - J Alimena, et al

28 lhc llp community

Production
Decay

gg(+inv.) g + inv. jj(+inv.) jj` `+`�(+inv.) `+
a `�

b 6=a(+inv.)

DPP: sneutrino pair † SUSY SUSY SUSY SUSY SUSY
or neutralino pair

HP: squark pair, q̃ ! jX † SUSY SUSY SUSY SUSY SUSY
or gluino pair g̃ ! jjX

HP: slepton pair, ˜̀ ! `X † SUSY SUSY SUSY SUSY SUSY
or chargino pair, c̃ ! WX

HIG: h ! XX Higgs, DM* † Higgs, DM* RHn Higgs, DM* RHn*
or ! XX + inv. RHn*

HIG: h ! X + inv. DM*, RHn † DM* RHn DM* †

RES: Z(Z0) ! XX Z0, DM* † Z0, DM* RHn Z0, DM* †

or ! XX + inv.
RES: Z(Z0) ! X + inv. DM † DM RHn DM †

CC: W(W 0) ! `X † † RHn* RHn RHn* RHn*

Table 2.1: Simplified model channels for neutral LLPs. The LLP is
indicated by X. Each row shows a separate production mode and
each column shows a separate possible decay mode, and therefore
every cell in the table corresponds to a different simplified model
channel of (production)⇥(decay). We have cross-referenced the UV
models from Section 2.2 with cells in the table to show how the
most common signatures of complete models populate the simpli-
fied model space. The asterisk (*) shows that the model definitively
predicts missing energy in the LLP decay. A dagger (†) indicates
that this particle production ⇥ decay scenario is not present in the
simplest and most minimal implementations or spectra of the um-
brella model, but could be present in extensions of the minimal
models. When two production modes are provided (with an “or”),
either simplified model can be used to simulate the same simplified
model channel.

a long-lived scalar that decays via Higgs mixing (for instance, X
could be the lightest quasi-stable glueball), then the process where
the SM Higgs h decays via h ! XX, X ! bb̄ would be covered
with the HIG production mechanism and a di-jet decay. Entirely
unrelated models, such as the case where X is a bino-like neutralino
with RPV decays h ! XX, X ! jjj could be covered with the
same simplified model because most hadronic LLP searches do not
have exclusive requirements on jet multiplicity. Similarly, a hidden-
sector model with a dark photon, A0, produced in h ! A0A0,
A0 ! f f̄ would also give rise to the di-jet signature when f is a
quark, whereas it would populate the `+`� column if f is a lepton.
Finally, a scenario with multiple hidden-sector states X1 and X2, in
which X2 is an LLP and X1 is a stable, invisible particle, could give
rise to signatures like h ! X2X2, X2 ! X1 jj that would be covered
by the same HIG production, hadronic-decay simplified model;
however, we see how /ET can easily appear in the final state, and

30 lhc llp community

Production
Decay

` + inv. jj(+inv.) jj` `g

DPP: chargino pair SUSY SUSY SUSY †

or slepton pair DM* DM*
HP: q̃ ! jX SUSY SUSY SUSY †

DM* DM*
RES: Z0 ! XX Z’, DM* Z’, DM* Z’ †

CC: W 0 ! X + inv. DM* DM* RHn †

Table 2.2: Simplified model channels for electrically charged LLPs
such that |Q| = 1. The LLP is indicated by X. Each row shows a
separate production mode and each column shows a separate pos-
sible decay mode, and therefore every cell in the table corresponds
to a different simplified model channel of (production)⇥(decay).
We have cross-referenced the UV models from Section 2.2 with cells
in the table to show how the most common signatures of complete
models populate the simplified model space. The asterisk (*) shows
that the model definitively predicts missing energy in the LLP de-
cay. A dagger (†) indicates that this particle production ⇥ decay
scenario is not present in the simplest and most minimal implemen-
tations or spectra of the umbrella model, but could be present in
extensions of the minimal models. When two production modes are
provided (with an “or”), both production simplified models can be
used to cover the same experimental signatures.

1 one loses the discriminating power against minimally ionizing
particles, while for small velocities, b . 0.5, the reconstruction
becomes increasingly difficult due to timing issues. It is therefore
important to include the heavy parent production scenario which
covers a much larger kinematic range than direct production alone
and which may feature a much wider range of signal efficiencies
than the DPP scenario [90].

While the signatures in Table 2.2 form a minimal set, they also
encompass some scenarios that merit special comment. One of
these is the disappearing track signature [56–58, 92, 121–123, 187,
188], in which a charged LLP decays to a nearly degenerate neutral
particle. The lifetime is long in this scenario due to the tiny mass
splitting between the two states. Formally, these are included in
the chargino or slepton DPP modes in Table 2.2 with decays to
` + inv. or qq̄0 + inv. taken in the limit where the splitting between
the charged LLP and the invisible final state is of O(200 MeV). In
the case of a hadronic decay, X decays to a soft pion that is very
challenging to reconstruct and so the track simply disappears.
This is an important scenario that is already the topic of existing
searches [210, 211]. As the degeneracy between the charged LLP
and the neutral state is relaxed, other signatures are possible; this
parameter range is well motivated both by SUSY and DM models
with coannihilation [91, 129, 130].

searching for long-lived particles beyond the standard model at the large hadron
collider 31

Production
Decay

j + inv. jj(+inv.) j` jg

DPP: squark pair SUSY SUSY SUSY †

or gluino pair

Table 2.3: Simplified model channels for LLPs with color charge.
The LLP is indicated by X. Each row shows a separate production
mode and each column shows a separate possible decay mode, and
therefore every cell in the table corresponds to a different simplified
model channel of (production)⇥(decay). We have cross-referenced
the UV models from Section 2.2 with cells in the table to show
how the most common signatures of complete models populate
the simplified model space. A dagger (†) indicates that this parti-
cle production ⇥ decay scenario is not present in the simplest and
most minimal implementations or spectra of the umbrella model,
but could be present in extensions of the minimal models. When
two production modes are provided (with an “or”), both produc-
tion simplified models can be used to cover the same experimental
signatures.

Finally, we comment on the challenges of simulating the charged
LLP simplified models. Because the LLP bends and interacts with
detector material prior to its decay, the simulation of the LLP prop-
agation is important in correctly modeling the experimental signa-
ture. The subsequent decay of the LLP must either be hard-coded
into the detector simulation, or allow for an interface with pro-
grams such as Pythia 8 to implement the decays. We discuss the
challenges of simulating signals for LLPs with electric or color
charge in Section 2.5.2.

2.4.3 LLPs with Color Charge

An LLP charged under QCD is more constrained than even electri-
cally charged LLPs. Because of the non-Abelian nature of the strong
interactions, the gauge pair-production cross section of the LLP is
specified by the LLP mass and its representation under the color
group, SU(3)C. We do not consider LLP production via a heavy
parent particle because that cross section is unlikely to dominate
the total production rate at the LHC relative to DPP. The simplified
model channels are provided in Table 2.3.

A complication of the QCD-charged LLP is that the LLP hadronizes
prior to its decay, forming an R-hadron bound state. The model-
ing of hadronization and subsequent propagation is directly re-
lated to many properties of the long-lived parton, such as electric
charge, flavor, and spin. Event generators such as Pythia 8 have
routines [212, 213] to simulate LLP hadronization, although it is
unclear how precise these predictions are. For a point of compari-
son, using the default settings of Pythia 8 yields an estimate of the

Especially since the beginning of the LLP boom, wide signature coverage 

We’ve looked in most of these places now and see nothing.
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https://arxiv.org/abs/1903.04497
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Where to look for long-lived particles?

CODEX-b

Feng, et al 1710.09387

Gligorov et al 1708.09395

Chou et al 1606.06298

We propose to 
instrument the ATLAS 
service shaft

Bauer, OB, Lee, Ohm 1909.13022

ANUBIS

M Bauer, O Brandt, LL, C Ohm 1909.13022

• LLP searches continue 
into the HL-LHC era 

• Also dedicated LLP 
detector ideas! 

• FASER is funded and 
under construction! 

• Going to push the HL-
LHC program heavily in 
the direction of LLPs

MilliQan

AL3X
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• Building new detectors -> Opportunity to not 
preclude LLPs in detector designs 

• Starting to see lots of LLP projections for future 

• Session at Snowmass community planning 
meeting in Oct 

• We outlined important considerations for 
next generation of experiments 

• Detector readout constraints, timing 
resolution, detector granularity 

• Now that the Higgs is found, the primary goal of 
any future collider is BSM 

• So LLPs can carry real monetary priority

https://indico.fnal.gov/event/44870/contributions/198859/
https://indico.fnal.gov/event/44870/contributions/198859/
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• LLPs are no longer the 
golden ticket they once 
were! 

• Yes, let’s not preclude them 
in the future… 

• But there’s no long-lived 
zoo that was waiting to be 
found at ~O(100 GeV) 

• Can not sacrifice finding a 2 TeV stop or a 500 GeV Higgsino 
WIMP to increase one LLP signature 

• When it comes to building experiments, it’s sometimes a zero-
sum game…

Paramount Pictures
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3rd ever Paper from CMS Exotica!

3rd ever Paper from ATLAS SUSY!

4th ever Paper from ATLAS Exotics!
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Because the time of 
decay is exponential (in 
rest frame), getting the 
largest, closest detector 
is important. 

Requiring pair-produced 
LLPs to both decay in far 
away detectors doesn’t 
make sense…

[1810.12602] - LL, C. Ohm, 
A. Soffer, T. Yu

https://arxiv.org/abs/1810.12602


W E  W E R E  A  B I T  O P T I M I S T I C …

ATL-PHYS-PUB-2010-01026
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Figure 2: Missing transverse energy distributions for the 4 jet channel with 0 leptons.

10

σ(SU4) ∼ 100 pb
m(q̃, g̃) ∼ 410 GeV

https://cds.cern.ch/record/1278474
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Charged hadrons from jets

Escaping WIMP DM

But R-Hadrons 
carry SM charge!
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-g
lu

in
o
b
a
ll

g~
0

ρ-g~
+

ρ-g~

ω-g~
0

-K
*

g~
+

-K
*

g~

φ-g~
+

-D
*

g~
0

-D
*

g~
+ s

-D
*

g~

Ψ
-J

/
g~

0
-B

*
g~

+
-B

*
g~

0 s
-B

*
g~

-
∆-g~

0
∆-g~

+
∆-g~
+

+
∆-g~

- *
Σ-g~

0
Λ-g~

+ *
Σ-g~

- *
Ξ-g~

0 *
Ξ-g~

-
Ω-g~

0 *
c

Σ-g~
+ *

c
Σ-g~

+
+

*
c

Σ-g~
0 *

c
Ξ-g~

+ *
c

Ξ-g~
0 *

c
Ω-g~

- *
b

Σ-g~
0 *

b
Σ-g~

+ *
b

Σ-g~
- *

b
Ξ-g~

0 *
b

Ξ-g~

-hadronR

6−10

5−10

4−10

3−10

2−10

1−10

1

-h
a

d
ro

n
s

R
F

ra
ct

io
n

 o
f 

 Simulation PreliminaryATLAS  = 13 TeVs

g~1400 GeV  

g~2400 GeV  

-g
lu

in
o

b
a

ll
g~

0
ρ-g~

+
ρ-g~

ω-g~
0

-K
*

g~
+

-K
*

g~

φ-g~
+

-D
*

g~
0

-D
*

g~
+ s

-D
*

g~

Ψ
-J

/
g~

0
-B

*
g~

+
-B

*
g~

0 s
-B

*
g~

-
∆-g~

0
∆-g~

+
∆-g~
+

+
∆-g~

- *
Σ-g~

0
Λ-g~

+ *
Σ-g~

- *
Ξ-g~

0 *
Ξ-g~

-
Ω-g~

0 *
c

Σ-g~
+ *

c
Σ-g~

+
+

*
c

Σ-g~
0 *

c
Ξ-g~

+ *
c

Ξ-g~
0 *

c
Ω-g~

- *
b

Σ-g~
0 *

b
Σ-g~

+ *
b

Σ-g~
- *

b
Ξ-g~

0 *
b

Ξ-g~

-hadronR

6−10

5−10

4−10

3−10

2−10

1−10

1
-h

a
d

ro
n

s
R

F
ra

ct
io

n
 o

f 
 Simulation PreliminaryATLAS  = 13 TeVs

g~1400 GeV  

g~2400 GeV  

• SUSY Gluino is a color octet (like a gluon) 

• Hadronization process is just SM-dynamics 🙂  

• (Unfortunately it’s QCD 😬 ) 

• Gluino picks up SM spectator partons to form a 
color-singlet  

• Population of R-Hadrons can vary w/ model 

• Using different constituent quark mass assumptions, 
we assemble space of RH spectra 

• Giving their frequency and mass spectrum 

• The properties of the lightest R-Hadron are 
particularly important

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-019/
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• As R-Hadron travels through material, lots of 
hadronic interactions 

• Many interactions will change species, and many 
will even change electric charge! 

• R-Hadron-to-nucleon interaction cross section 
using “Triple Regge” model

496 Eur. Phys. J. C (2010) 66: 493–501

Fig. 1 Cross sections for the interaction of stop-based and
gluino-based R-hadrons off a stationary nucleon within a nucleus as-
sumed to contain an equal number of protons and neutrons. The predic-
tions are shown for the triple regge model (solid lines) and the generic
model (dashed lines)

Fig. 2 Feynman diagrams representing oscillations of neutral
stop-based R-mesons

50% greater than that for stop R-hadrons owing to the ex-
tra light quark in the gluino R-hadron. Similarly, since the
gluino meson contains a light quark and antiquark, then both
regge and pomeron-exchange processes are available. The
scattering cross section for gluino mesons at a fixed value
of γ is the sum of the cross sections for a stop meson and
anti-stop meson. Following Ref. [16], a gluino-gluon state
is assumed to scatter in the same way as a gluino-based R-
meson. Again, a baryon number transfer probability of 10%
is used.

3.2 Generic model

The generic model is already available in GEANT-4 [15] and
is an update of earlier work [16]. In view of the inherent
uncertainties associated with modelling R-hadron scatter-
ing a pragmatic approach is assumed in which the scatter-
ing rate is estimated with a constant geometric cross-section
of 12 mb per light quark. All 2-to-2 and 2-to-3 processes are
allowed if they are kinematically feasible and charge conser-
vation is respected. The proportion of 2-to-2 and 2-to-3 re-
actions is governed by phase space factors while no explicit
constraints are applied to the probability of baryon number
exchange. The constant cross sections for stop and gluino
R-meson and R-baryon interactions are superimposed on
Fig. 1 (top and bottom). This model assumes R-hadron mass
hierarchies which differ from those used in the triple regge
model and predicts that the majority of baryons which are
produced in scattering processes are electrically charged.

3.3 Implementation of triple regge model in GEANT-4

In the dynamical picture of R-hadron scattering used by
GEANT, the light quark system is decoupled from the heavy
spectator parton before interacting with a nucleon according
to GEANT’s parameterised model for light hadrons. In this
way secondary particles and so-called black tracks are gen-
erated. Following the interaction, the light-quark system is
recombined with the heavy parton.

To implement the triple regge model in GEANT-4,
the software architecture used for the generic model was
adapted. The scattering cross section was adapted from Ref.
[9]. The pomeron (σP ) and regge (σR) parts of the cross
section per nucleon are (in mb):

σR = 3
2

exp
[

2.17 + 0.147
γ

− 0.961 ∗ logγ

]
, (1)

σP = 4.14 + 1.50
√

γ − 0.0545γ + 0.000822γ 3/2. (2)

The scattering cross sections for squark and gluino R-
hadrons5 become:

σ (q̃q̄ ′) = σP + σR, (3)

σ (q̃ud) = 2σP , (4)

σ (g̃qq̄ ′) = σR + 2σP , (5)

σ (g̃uds) = 3σP , (6)

5Gluino antibaryons are not considered here for several reasons. The
probability of the formation of an antibaryon following the hadroni-
sation of a gluino is predicted to be small (∼1.5%) [4]. Furthermore,
the probability of a gluino-based R-meson acquiring negative baryon
number state in an interaction in matter would also be expected to be
strongly suppressed.

arXiv:0908.1868

Triple Regge model

Generic model

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-019/
https://arxiv.org/abs/0908.1868


E N E R G Y  L O S S

• R-Hadrons will lose energy as they 
traverse the detector 

• Both EM and hadronic effects 
contribute 

• Interacting LLPs could lose all 
momentum and come to rest in 
detector material 

• Depending on τ, could decay 
much later 

• (Keep an eye out for an updated 
ATLAS search…)
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I M P L E M E N TAT I O N

• Simulating any charged LLP is 
a technical challenge! 

• Complex dance between 
GEANT and Pythia 

• Breaks default MC data flow 
paradigm 

• Every ATLAS search for a EM/
strongly charged LLP has used 
this setup
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L A R G E  R A D I U S  T R A C K I N G

• Default tracking on ATLAS turns off at d0 > 10mm 

• In order to retain reco efficiency at larger d0, 
additional tracking step run 

• Uses unused hits from nominal tracking 

• Even reasonably modeled in simulation 

• Computationally expensive, so run on a subset 
of events from special Raw data stream written 
out at Tier0
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ATL-PHYS-PUB-2017-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-014/


• We use these tracks (and standard tracks) 
to form displaced vertices 

• Retains efficiency at large radius 

• Finds 2-track seed vertices 

• Merges them into multitrack vertices 

• Merges compatible vertices and attaches 
compatible tracks

D I S P L A C E D  V E R T E X I N G
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Proper Lifetime

Remember: The proper time of decay always sampled from an exponential 

Getting the largest, closest detector is important.

~Decays
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Where to look for long-lived particles?

CODEX-b

Feng, et al 1710.09387

Gligorov et al 1708.09395

Chou et al 1606.06298

We propose to 
instrument the ATLAS 
service shaft

Bauer, OB, Lee, Ohm 1909.13022

ANUBIS

From OB
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ANUBIS
 

3 

 

 
Figure 1.     The caverns, access shafts and service tunnels that surrounds the ATLAS experimental 
cavern (UX15). 

 

 
Figure 2.     Cross section of the ATLAS experimental hall UX15, the electronics cavern USA15 and 
the US15 hall. 

18m

cranes can support up to 270 t

•Existing geometry 
allows for minimal civil 
engineering costs 

•Projective decay volume 
optimises acceptance 
for different lifetimes

!12

IP

PX14

56 m

18 m

From OB
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ANUBIS

Current proposal: 
Four evenly spaced tracking stations with 
a cross-sectional area of 230 m2 each

!13

18 m

image mirrored!× 4

From OB
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ANUBIS
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From OB



4141

ANUBIS

Sensitivity study for exotic Higgs decays

L = �s
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