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Why looking at long-lived charged particles!?
(or heavy stable charged particels - HSCPs)

Atoms —,
4.9%

Dark

Energy
Dark o

= Most BSM theories motivated by Dark Matter "
Need for a stable candidate!

= Impose a Zy-symmetry: Dark matter Z;-odd

SM

= Only vertices with even numbers = no decay DM%

= Full theories: complete Z;-odd sector o

(R-parity, KK-parity) sM
= Cascade decays in the Z;-odd sector BSM%

BSM

= Lightest Z>-odd particle neutral

For prompt decays = missing energy signature at the LHC
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Why looking at long-lived charged particles!?
(or heavy stable charged particels - HSCPs)

SM

= Two situations in which not all decays are promt, BSM—<

charged particle can become stable (on collider time-scales): ~ Bsu

. Suppressed coupling of lightest Z;-odd particle
= SUSY: Axino/gravitino LSP — NLSP long-lived

ll. Decay of a heavier Z;-odd particle is kinematically suppressed

- SUSYWlﬂO/nggSan-LSP [e.g. Bomark, Kvellestad, Lola, Osland, Raklev, 1310.2788]
= Extra Dimensions [Byrne, hep-ph/0311160]

= SUSY: Stau-neutralino degeneracy (co-annihilation strip)
[e.g. Jittoh, Sato, Shimomura, Yamanaka, hep-ph/0512197]
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Why looking at long-lived charged particles!?
(or heavy stable charged particels - HSCPs)

SM

= Two situations in which not all decays are promt, BSM—<

charged particle can become stable (on collider time-scales): ~ Bsu

ll. Decay of a heavier Z>-odd particle is kinematically suppressed

- SUSYWlﬂO/nggSan-LSP [e.g. Bomark, Kvellestad, Lola, Osland, Raklev, 1310.2788]
= Extra Dimensions [Byae hep-phioaiiiso

i = SUSY: Stau-neutralino degeneracy (co- annlhllatlon strlp =
S — e,,|ttoh Sato, Shlmomura Yamanaka, hep ph/05|2|97]
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Qutline

» Introduction
HSCPs at the LHC
HSCPs in Cosmology

= Cosmological implications for HSCP searches
Gravitino LSP - stau NLSP scenario

= Simplified models for HSCPs

Why simplified models!?
Implementation into SModelS
Application to stau co-annihilation strip




Introduction



HSCP at the LHC: a prominent signature

= Pass the whole detector: muon-like signature
= Two disctinct features
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HSCP at the LHC: a prominent signature

= Pass the whole detector: muon-like signature
= Two disctinct features
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HSCP at the LHC: a prominent signature

= Pass the whole detector: muon-like signature
= Two disctinct features
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High sensitivity!
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HSCPs and Cosmology

Neutral Hydrogen Forms
Modem Universe

Nuclear Fusion Ends

Cosmic Microwave Background
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13.8 Billion yrs

= Very early universe:
Z>-odd particles in thermal eq.

= " < mpuscp: Long-lived Z>-odd
particle freezes out (like DM)

» Decays out-of-equilibrium
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HSCPs and Cosmology

Primordial abundances
" of light elements
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Big Bang Nucleosynthesis (BBN):
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HSCPs and Cosmology

-10 . . . .
= BBN sets constraints on the 1011 TR
live-time and abundance o [Jedamzik '08]
-12 |
of long-lived particles N
10—13 B
= ’Li-Problem: X ]
Li as [ 100 e
(1) = (4.68 & 0.67) x 10710, R
H theo 1010 | I
(E> = (1.6 £0.3) x 10710 wrp o Tseo)
H exp 10> 100 10" 100 10° 10" 10° 10’

» Proposed solution: Depletion of “Li via HSCPs

2w Li(Ho

52(1) U, "Be
_ _7,\:_ /7' /7T:|: T
A
Li

- 7Be (LD [see e.g. Jittoh, Kohri, Koike, Sato,
Shimomura, Yamanaka, 0704.29 1 4]

bound state
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Cosmological implications for
HSCP searches

Gravitino LSP - stau NLSP scenario



Gravitino LSP: Motivation

Standard particles SUSY particles
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Gravitino LSP: Motivation

Standard particles SUSY particles

ud cd ta .
di si ba

X

= |[f Supersymmetry is a fundamental symmetry: supergravity
= gravitino ¢

= Gravitino couplings Planck suppressed: Not in thermal eq.
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Gravitino LSP: Motivation

= Gravitino thermally
produced durin

»—‘h—\»\_\\\\\‘

N

—~—

reheating: {2~

Neutral Hydrogen Forms
Modem Universe

Nuclear Fusion Ends

[Bolz, Buchmiiller, Plimacher '98;

Bolz, Brandenburger, Buchmiller ’00;
Pradler, Steffen '07]

Cosmic Microwave Background
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Gravitino LSP: Motivation

= Gravitino thermally

= For mg Z mzo

gravitino decays late
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5 : £ : g

o & b £ . T
2 . < § g reheating: _Qé ~ =B
: : 1 s e
:

0.01s 3min 380,000 yrs 13.8 Billion yrs
Age of the Universe

Gravitino
108 produced 10°
Y 100 thermally 102 02
‘0 12 H ]00
104 { \ 102
10 16 4
4 llllll 4 A ' llllll l‘)‘l 1 llllll 4 1 ' lllll i ‘o
104 105
IR T (GeV)

Jan Heisig (RWTH Aachen University) |10 UCL Seminar, February 17th 2016


http://www.google.de/url?q=https://en.wikipedia.org/wiki/February&sa=U&ved=0ahUKEwiO9tnzvPrKAhVk8HIKHbeaA3AQFggVMAA&sig2=ZDaau9ejx3HuKYcgB6SnXg&usg=AFQjCNFDzocS5GM8iWBwz2-V54FgDmJGIw
http://www.google.de/url?q=https://en.wikipedia.org/wiki/February&sa=U&ved=0ahUKEwiO9tnzvPrKAhVk8HIKHbeaA3AQFggVMAA&sig2=ZDaau9ejx3HuKYcgB6SnXg&usg=AFQjCNFDzocS5GM8iWBwz2-V54FgDmJGIw

Gravitino LSP: Motivation

Neutral Hydrogen Forms
Modem Universe

Nuclear Fusion Ends

Cosmic Microwave Background
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= Gravitino thermally
produced during

1R
mea

reheating: {2~ ~

. ~ > M~
For .77.1G < Mz0
gravitino decays late

= Large TR = large G-

abundace = spoils BBN

Tr set by Inflation model

[see e.g. Martin, Ringeval,Vennin ’14; Domcke, JH ’15]

(Tr =107 GeV for th. Leptogenesis)

=> Gravitino problem
[Weinberg '82; Ellis et al. ’84]
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Gravitino LSP: Motivation

= _‘\—\\_\‘%\
°
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~n Alleviate problem
~__Gravitino stable DM _“

Nuclear Fusion Ends
Neutral Hydrogen Forms
Modem Universe

Cosmic Microwave Background
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Gravitino LSP: Motivation

= Alleviate problem:
Gravitino stable DM

= NLSP long-lived:
decays endanger BBN

Protons Formed
Nudlear Fusion Begins
Nudlear Fusion Ends
Modem Universe

Neutral Hydrogen Forms

Cosmic Microwave Background
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Gravitino LSP: Motivation

= Alleviate problem:
Gravitino stable DM

= NLSP long-lived:
decays endanger BBN
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Gravitino-stau scenario: pMSSM scan

[JH, Jorn Kersten, Boris Panes, Tania Robens, 1310.2825; JH, 1310.6352]

Monte Carlo scan over (17 + 1)-dim. pMSSM:

Ata Ab7 Ar; by tanﬁa ma, Mla MQ: M3; 9?7 mz, 6?7 nr m51;

= M-

i o = My

; M=
di2

my, ,» Me G

e My,
Impose constraints:

= Relic density Qéhz - Qpmh? [Planck13]

= Higgs mass 123 GeV < my,/py < 128 GeV [ATLAS, CMS '12]

= |Interpretation of the HSCP search at the 7 and 8 TeV LHC [cMs i3]

= MSSM Higgs searches (HB) [HiggsBounds '13]

= Flavor and precision observables (FP) (rew Group12; HFA Group '12; LHCh *12]

= Constraints from vacuum (meta-)stability (CCB) [kiwhara et al.'13; Casas et al. '96]

= BBN Constraints [Jedamzik '08]

=> Search for parameter points with high reheating temperatures
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Gravitino-stau scenario: pMSSM scan

DH,1310.6352]

10" F—m AL I Points with largest Tr:
1010 E _Q h2 (ZDMhZ

= To match DM density:
= large gravitino mass

= small gaugino masses

3 M?
h i
~~E Ci( %>”'E7R

[Pradler, Steffen;’07]

= To pass BBN bounds:

TR [GGV]

PV I R R large stau annihilation xs
10% 107 10° 10" 10* 10° = resonant annihilation
me [GeV | via s-channel H:
I o constraints -
T1 N b, t
passed HSCP search 7 and 8 TeV LHC [CMS Collaboration "13] Ny H <
B (additionally) passed FP-+HB+CCB 0 b, t
I (additionally) passed BBN bounds [jedamzik ‘0] My > 2m7,
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Gravitino-stau scenario: pMSSM scan

Points with largest TRr:

= Production close to threshold
» Production via heavy Higgs

-> Low velocities
=> Challenging for trigger

= HSCP stopped in the detector

» Life-times 103-107 sec

Jan Heisig (RWTH Aachen University)

#staus/bin for 1 N

[Lin

dert, Steffen, Trenkel;’ | 1]

LHC14
----Point a, DY
— Point o, all

(pp — H — 7’:1’72/1

T7 [ sec]
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Gravitino-stau scenario: pMSSM scan

[Lindert, Steffen, Trenkel;’ | 1]

LHC14
----Point a, DY —
— Point o, all

Points with largest TRr:

» Production close to threshold &P

#staus/bin for 1 N

» Production via heavy Higgs

—> Low velocities

=> Challenging for trigger

= HSCP stopped in the detector

» Life-times 103-107sec m_q_g__,}
)
. . @
Intriguing test for E

supergravity!

T7 [ sec]
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Simplified models for HSCPs



Why Simplified Models!?

[ MC Simulation !
\ Exp.Analysis
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Why Simplified Models!?

Simplified )
Models

Pros: todel) P 2
N A ~ S .
= Applicable to any BSM \ TN + Limited by d?tabése
e N A B A NP B = Uses approximations
mOdeI *:‘:1\ —d ATDPes™  sesamessaesamenses® A .
= No MC simu — Fast! Y : (only masses, topologies)
Tool ibal T Coe [see e.g. Edelhauser et al.
0% avalbale TE T 1 1410.0965, 1501.03942]

[SModelS: Kraml, Kulkarni, Laa, Lessa, Magerl, Proschofsky, Waltenberger, 1312.4175]
[Fastlim: Papucci, Sakurai, Weiler, and Zeune, 1402.0492]
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Simplified Models

= So far: Missing Transverse Energy (MET) searches only

= But: HSCP signatures can be very important!

This work:
Implement HSCP searches into SModelS
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Implementation into SModelS
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Decompose into topologies

Jan Heisig (RWTH Aachen University)

Combine topologies

ding SModelS
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Compare with UL
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Extending SModelS
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Decompose into topologies = Combine topologies Compare with UL
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Add step to

decomposition! \ T AL [ e S’ Extent
\\ yay database!
\ -
N~ || I
Decompose into topologies = Combine topologies Compare with UL
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Extending SModelS

= Add step to decomposition:
Probability to decay prompt:  Fipromps = 1 — 1 linner/(75),

or appear metastable: Fi,,, = e~ ! louter/(75),

A B

—_— fﬁng l.{ o FAompe X BR(A = B) x FB__
A y A A\ / B/ D
i X Fitompt oc FA oo X BR(A = B)
A — A /C X BR(A = B) x FB ot X BR(B — D)
)
( - ocj:;éompt
x BR(A — C)

= End up with:
pure MET, mixed MET/HSCP and pure HSCP
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Extending SModelS

= Add step to decomposition:
Probability to decay prompt:  Fipromps = 1 — 1 linner/(75),

or appear metastable: Fi,,, = e~ ! louter/(75),

A A\ / B
— flong o Fihompt X BR(A — B) x FP

long

A X/ y
= i ]:éompt A B/ D o FA X BR(A — B)

x BR(A — B) promp

C{:)/A /C R X Fo ompt X BR(B = D)
X BR(A = C)
= End up Wlth U — ~
pure METmlxed MET/HSCP and pure HSCPV Extent

database!
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Extending SModelS: Considered Topologies

Pure HSCP:

MHusCcP

M1
MHASCP
MT
MHASCP
M3
MHuscp
M8
M5

Jan Heisig (RWTH Aachen University)

MHSsCP

mMuscp

MET/HSCP:

M2

muscp

M4

MHSCP

M6
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Extending SModelS: Efficiencies

= Extent database:
Compute efficiencies for 8 topologies

= Simulation: MadGraph/Phythia 07—
= CMS HSCP analysis: "

0.5r

Novel methode based on

W 04 r

probabilities passing cuts . |
[CMS: 1502.02522] — CMS-EXO-13-006 -

0.21 — — Our simulation
®» Validation GMSB model

= | ess than 5% deviation
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Extending SModelS: Efficiencies
/

Mprod

TMHSCP

Exemplarily for m3

Mprod

\ mMmyuscp

8TeV LHC
= Signal efficiencies up to 70%

so0E = Efficiencies drop for

2000 = 3 — 1(muon-background)

» 3 < 0.45 (trigger)
[cf. JH, Kersten, 1203.1581]

1500

1000

Mmyascpe [GGV]

— Use efficiencies for
general model

500
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500 1000
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Application to stau co-annihilation strip



The Tip of the CMSSM Co-annihilation Strip

[see also: Desai, Ellis, Luo, Marrouche, 1404.506 1 ]

» CMSSM with neutralino LSP, stau NLSP
= Require 0m = mz — myo < 0.1 GeV, 77 2 1 — 100s
— possible solution to the ’Li-Problem [Konishi et al. 1309.2067]
= Monte Carlo scan over
mo, My /2, Ao
for fixed tan 5 and p > 0

» Stau abundance (before its decay): Y£ > 1013
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The Tip of the CMSSM Co-annihilation Strip

= | HC sensitivity:
= ~70% signal: MET signatures (dominant ¢4 — Xi X} + 27 )
= ~20% signal: mixed MET/HSCP (dominant Xy X5 — 71 X; + v+ Z )
= ~10% signal: pure HSCP (dominant X/liili — ?li?li + 2v7)

= For HSCP and mixed: Efficiency database (8 topologies)

= For pure MET:Apply UL from most sensitive topology
from SModelS MET-database
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The Tip of the CMSSM Co-annihilation Strip

s | HC: HSCP versus MET sensitivity

[JH, Lessa, Quertenmont, [ 509.00473]
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The Tip of the CMSSM Co-annihilation Strip

» LHC sensitivity (for tan 8 = 10):

R T T B
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[JH, Lessa, Quertenmont, [ 509.00473]
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The Tip of the CMSSM Co-annihilation Strip

= Simplified models versus full simulation:

[JH, Lessa, Quertenmont,1509.00473]

= SModelS conservative

", B it = Signal coverage: ~90%

o ¥, ¢ Full Simulation
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Summary

» Heavy stable charged particles (HSCP) occur
- very weakly interacting DM (axinos/gravitinos)
- mass-degeneracies (co-annihilation scenarios)
= Strong connection between cosmology and LHC

» Gravitino-stau scenario: Large TR in distinct corner

= SModelS extension: automatically test HSCP signatures
» HSCP highest sensitivity although only ~30% of signal

= Tip of stau-coannihilation strip excluded (from

LHC or Planck) for low tan S
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Outlook

= SModelS: Extension for colored HSCPs
Gluino can become long-lived in parts of the pMSSM

= |nclude other exotics
(like displaced vertices)

= SModelS website:
smodels.hephy.at
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Thank you for your attention!



The Tip of the CMSSM Co-annihilation Strip

= Scan (for tan 8 = 10):

[JH, Lessa, Quertenmont, [ 509.00473]
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