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NEW PHYSICS AND LONG-LIVED PARTICLES

e ——————

Long-lived exotic particles (LLP) with striking signatures predicted
by many extensions of the Standard Model

 Heavy, long-lived, charged particles (R-hadrons, Sleptons)
—speed<c
— charge not equal to tle

— lifetimes > few ns. Travel distances larger than the typical collider
detector and appear stable

e Particles decaying in the detector far from interaction point
(neutralinos in GMSB, mass-degenerate gauginos, particles of a
Hidden Sector)

— decay in displaced vertexes (jets, leptons, photons)

— delayed interaction with calorimeters due to extra flight-length
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TYPICAL LONG-LIVED ANALYSIS
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e Detector-based exotic signatures required:
— dE/dx
— time of flight
— displaced vertex
— disappearing tracks

— stopped particles

* Possible additional requirements to identify SUSY-like topology:
— MET
— large jet activity (Ht, pr(leading jet)>threshold)

— the less the extra requirements, the smaller the model dependence

e Specific control samples to model exotic signature in detector:
— non-trivial job. LLP signatures look like detector noise

— deep knowledge of detector performance
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SIGNATURES: DE/DX

e Large ionization left in tracker detectors by high mass R-hadrons or
sleptons

e Enhanced if charge # 1
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Neutral particles

e produced in flight (also from slow particles) and far
from beam spot

e time of arrival at calorimeter longer than for SM
contribution coming from beam spot

e tagged looking at measured timing

measured in muon system and calorimeter

stau traci’g |- expected

"x':_,’muon drift g 0, c¢ averaged over

L=flight distance
6 obtained as an average over the detector hits
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SIGNATURES DISPLACED VERTEXES

o Long-llved partlcles decaymg in charged partlcles (hadrons, leptons)

identified via vertexing

* Requirement of small activity along the track in detector sectors

closer to the beamspot

;\ CMS Simulation
400 GeV H
| 150 GeV X

HO —XX—4] MC event with a H® mass of
400 GeV and X boson mass of 150 GeV/c?

data event
with vtx in
muon detector
in H>mmy,

analysis

CATLAS

A EXPERIMENT
http: //utlus ch

Run Number 18
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e small activity in the calorimeter along
the propagated track direction

¢ track inefficiency need to be modeled
carefully

Electron failing to satisfy
identification criteria

reconstructed track
true particle track

Pixel SCT IRT
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FIRST SUMMARY ON LONG-LIVED SEARCHES
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e Several striking exotic sighatures

— some searches use more than one

e Very generic searches, driven by signatures
— open-minded searches

— models are used as benchmark to report results

e Limits are very model dependent

e Results are limited by detector acceptance and triggers (non-
standard signatures)

— difficult to find good control samples

e Experimentally challenging analyses

— look where background for SM analyses is
— implementation of ad-hoc triggers
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HEAVY STABLE CHARGED PARTICLES

e sleptons: massive, charged and SMP LSP Seemrio Conditons _ arXivihep-ph0611040
m eta Sta b | e i N G M S B ;‘ 1 Xy MSSM 7 mass (determined by m? _,pu,tan S, and A;)closeto X

G  GMSB  Large N, small M, and/or large tan 3.

® R' h a d ro n S : b O u n d Sta te S fo r m e d [ gMSB No detailed phenomenology studies, see [23].
o SUGRA  Supergravity with a gravitino LSP, see [24].
by squarks and gIUInOS T MSSM  Small m;, , and/or large tan 3 and/or very large A..

hadronizing with a light SM quarks MRS Sl fae |

gMSB Generic in minimal models. |

SySte m, severa | e | ectric Cha rges £y G GMSB :n;}.;s;(;c:nzb:c). é; and fi; co-NLSP and also SMP for
(and the electric Charge can #  §gMSB ¢ and ji; co-LSP and also SMP when stau mixing small.

. X7 X! MSSM mg. —mg Sm,.. Very large M; 2 22 TeV > || (Hig-

change due to nuclear scattering gsno regon) or o universal gaugino masses My 241

with the latter condition relaxed to M, = M, for M, < |u/.
Natural in O-1I models, where simultaneously also the g can |

in the detector) : st/ g

AMSB M, > M, natural. my, not too small. See MSSM above.
— e— — e ————— g X{  MSSM  Very large m? » My, e.g. split SUSY.
G GMSB SUSY GUT extensions [25-27].

| composition notation
| q MSSM  Very small My < M, 5, O-1l models near dgg = —3.
' R-mesons R = gqq, (4q) R*,R~,R° GMSB  SUSY GUT extensions [25-29)]. |
R_baryons R = gqqq, (q’qq) R++, R+’ R-, RO £ x!  MSSM  Non-universal ?qumk @d gaugino masses. Small m? and
R- luinoballs R =G RO M3, small tan 3, large A,.
g g 9 Small m.g and Ms, large tan 3 and/or large A, > A,.
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HSCP: ANALYSIS
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e Information from dE/dx and pr (tracker) used to calculate mass

* Time of flight from muon detector and calorimeters to measure 3

— calibrated using cosmics and Z—p

e Background dominated by high prt, mis-reconstructed muons

S [ [Tracker -Only CMS (S =8TeV,L =188 15"
(@) . o L : 5 RE EoE o E® L= T Gy
S gol ATLASPreliminary ! N % 10 A * Observed -
; - Calorimeter + MS P 8 10° L \ | A | Data-based SM prediction 2
- - : = : i 3
S - fL dt=d7 " . Q % [ Gluino (M = 1000 GeV/c?) -
= 40__ b - <~ 10°F 2 ” E
wn = =
| Data2011 (Vs=7TeV) * X - 2 . gl :
- ~+~ Mean = 1.000 : §10°F I, =K—=+C -
30 ©=0035 L - = f L, P :
- - 10%}) 2 E
! MC, Z — uu | ) x A
20— Mean =0.996 . -
' o =0.033 ¢ | )
10;— Calo-MS combined ., , -
- forZ - p*y events 3 .
;111111]|1IL“‘JI_A_‘_A_M‘. “— 10‘2j
02 04 06 08 1 12 14 0 500 1000

8 Mass (GeV/c?)
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HSCP RESULTS: ATLAS

* No indication of signal above expected background

e Cross-section limits at 95% confidence level - translating into limits

on the R-hadron/slepton mass
http://arxiv.org/abs/1211.1597

Y]'YY‘[IYI]YYUIUY!]‘I'T[' GMSB'Ns_sm

o) =250 TeV, >0, C__ =5000
S tamas \ 0 s a 40 FrTTTTT ' ;
Za ] Expected Limit < 10 - @ . ATLAS '::
2? ) Soocmstima 2 35: Data 2011, Vs-ZTeVILdt-AHb i &
Q10_1 s Prediction § § (NLO#NLL) - : a- ”%c'_l"”m ; :
Q —+— Observed Limit(10%39) 30 / ! ]
5 [ F o
25
10—25_. = - .
20
10.3:_ JL«:aJm“ V5= 7 TeV _ 15:
- R-Hadron exclusion : 10f
- Full Detector 1 : : :
qot b b s s L : : ‘ i : : 2
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Limits on rhadron ~ 95% CL limits on m.. [GeV]
containing mass exclusion 9 _ A [TeV]
. > 300 - 268 GeV,
gluino 985 GeV m(GMSB 7) 5<tanB<40
stop 683 GeV
m(directly produced
sbottom 612 GeV sleptons) e
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e Results with ~19fb1. No excess observed

e Results for fractional/multiple charge too
http://arxiv.org/abs/1305.0491
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* In scenarios with mass-degenerate gauginos (predicted by AMSB)
— chargino lifetime O(0.1 ns), decay to neutralino and low E pion

e Selected as tracks with missing hits in transition radiation trk (TRT)

e Triggered with ISR jet For Am ~ 160 (170) MeV (most
probable in AMSB), m(chargino) up to
e No excess 103 (85) GeV is excluded
http://arxiv.org/abs/1210.2852 A
g1()7 R e e e e e e e e o BELARAa a o a  a e
< . ATLAS
------ M MC prediction \s=7TeV, |Ldt=47
105 Enl = 100 GeV, T, . 1 ns (Decay radius < infinite)
10 -h «100GeV.t = 1ns (Decay radius < 863 mm)
.’“" 1E } 4
10° H 7 ATLAS
- nTRT<5 -
- | 7 ILdt=4.7fb.\S=7T9V~
- ——— Observed 95% CL limit (:10525")
T e N 0 Expected 95% CL limit ¢10,,,)
v 31 B | e ATLAS (7 TeV, 1.02 fb", strong prod.)
T : P LEP2 exclusion
. B PR i 108, | | ZZ= swei
25 30 35 100 150 200 250 300

ter
RT mi; (GeV]
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e Dedicated calorimeter trigger to
selected events in gaps between

LHC beam crossings
— pr(jet)>50GeV

e Search interval of 246 hours

Selection based on jet pr (>70GeV) «}
and criteria to reject residual

STOPPED PARTICLES

= e

http://arxiv.org/abs/1207.0106

F

aaanld gl o | aaand o ad e ol el oo T | o | P

g F ‘aal
8 5L S&0F cmszom 95% CL Limits:
=k ae ] fLa=som’ .
X é ] $ tExpected 210 ]
T1o2r 11025 s=7TeV -.«Expected =20 1
=" ©@ | Eu.>100GeV,E_>125Gev
o | w I
X m10‘
E 10 X Oecry (M, = 400 GeV)

: o
r | B
Q R 3
2 I Q
= O - S | Nt T et

- ®

10

107 10° 10® 10* 10° 102 10" 1 10 10° 10° 10* 10° 10°

t [sl]
backgrounds T S '
—beam halo, cosmics, out-of-time &= oo0 P22

pp collisions, detector noise ]
e Limits presented in a long-lived o e e
gluino or stop in R-hadrons z }ﬁ"’jjm.
scenario AR ez
00 100 200 300 400 500 600
m.: [GeV]

10

3

o x BF x e, x g4 [pb]

del Re - Policicchio

Long-Lived Particles at the LHC


http://arxiv.org/abs/1207.0106
http://arxiv.org/abs/1207.0106

DISPLACED PHOTONS THEORYAND ANALYSIS

e In models like Gauge Mediated ' '
Supersymmetry Breaking, Neutralino
decays to Gravitino (lightest susy particle)
— Missing ET

— high pT jets and one or two photons z °
[ ] [] q
¢ Neutralino can be long-lived N Y
— displaced/delayed photons
e Tagged using em calorimeter time and = oL [T o]
pointing direction = | © emezal
— design time resolution: 100 ps or better

CMS 2008 |
— 1.5 cm pointing resol. with ATLAS calorimeter ’

] [ oftyt) = AHG“@\EC
e Topology requirements N=35.1202ns
10"} C=0.02020.004 ns
~ >=1y pr>100GeV CMS, 2 y pr>50GeV ATLAS Il 173 160
— large Missing Et Sowe o

Aglon
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. : : : T - gt
e Additional requirement of 3 high pr jets 3 N Fl Y
) E —  CT=250 mm
e No excess observed -y e/ 2000 men:
. . . . 102 & 3
e Limits are set varying Neutralino masses and 1 ;-
lifetimes ool -,
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.E. 1w s, T ,e ; ) []”“ 0
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g 10° | . i * *
3] B Do with prompt yy + E_ (6.3 fb") 5 10° [ aco mtet cata) [ + sets )
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Q@  Eoaeseansse: £ 10 —— GMSSB (100, 2000)
Q =
g 103 Z Lm0 GMSS (100, 250)
8 \ SPS8 104 Teaw >05n8
5 10° GMSBE~v& 102 T R—
45 M, =2A, tan(ﬁ)=15§ 103
g 10 Np=1,u>0 - 10 L o o] . g
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DISPLACED PHOTONS: ATLAS RESULTS

e Use of distance of closest approach of the projected photon direction
—timing also as a crosscheck

* Requirement of two high pr photons

e No excess observed

? _l LEBLEL l LA l KR K% KA | I LB l R S IH | LB I | X O B9 l LI l | P R EE ' R0 0 '-d
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"’lg{ (s=7TeV ; Data 2011 - Ts;‘aocov (2011 Data)
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[} E —4— Stat. uncertainty =
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ke - Voot
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¢ Hidden Sector weakly coupled to SM

- motivated by (g-2), and Pamela results

* Communicate through heavy mediator
particles (Higgs, Z’, loop of SUSY particles) =

A Conceptual Diagram

Entry into Valley
| Over/Through

* Heavy particles (e.g. Higgs boson) decay to Ll
particles of the hidden sector and back to
the standard sector via: \

' Multiparticle
Production
in Valley

- hadronic jets

_.o¢”".-="" | Some Particles |
i Unable to Decay
= V Within Valley |
>

Slow Decay Back to
SM Sector
Through Barrier

- collimated jets of leptons: lepton-jets

Inaccessibility

* Hidden particles can be long-lived and
neutral

¢ |dentified reconstruction displaced
vertexes

del Re - Policicchio Long-Lived Particles at the LHC



DISPLACED HEAVY FERMIONS

e Pairs of back to- back neutral partlcles decaylng in the muon system
(2 vertices in muon system, isolation in calorimeter)

e Signature of H>mym, where m, is a long-lived pseudoscalar from
Hidden Sector decaying to heavy fermion pair (mainly b-bbar)

* No excess. Limits assuming 1, assuming 100% BR of h—>m,m,

* Ongoing developments to use also inner tracking and to search for i,
decaying in calorimeters

N
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e Signature: two isolated boosted pairs of muons with displaced
vertex (reco’ed only with Muon System)

e Benchmark model: H = 2 f42, fa2 = LSP + yq

— yqis a dark photon (long-lived) and fq42 an hidden fermion

* No excess: exclusion limit as a function of proper lifetime

Phys. Lett. B 721 (2013) 32

Ranges of y, proper decay lengths excluded at
95% CL for both Higgs masses

expected = 20 (stat.+syst.)

. expected = 1o (stat.+syst.)

expected imit

observed limit BR (%) ct (mm) ct (mm)
Sl my=100GeV m,=140GeV
................ ATLAS Preliminary B | 400 | 11674 127431
MODEL PARAMETERS & y
_ mp = 100/140 GeV 10 (s=7 TeV,det =1.94 b
-Msq2=5 GeV
= 140 GeV
M =2Gev ff R ... ] 50 15:455  1.6+286
- myq = 400 MeV =
- BR(yq = ee) = 45% L
“BR(VE D M) =45% || e Sl . 20 2.4+260 3.3+156
-BR(ya=>mm) =10% | | b e - 10 4.5+159 7.3+87
- ct(ye) =47 /36 mm 0 :
1 10 10° 10°
& J Dark photon ¢t [mm])
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DISPLACED LEPTONS CMS

e Signature of opp05|tely charged Ieptons orlglnatmg at a separated
secondary vertex within the inner tracker volume

e Benchmark model: Higgs - 2X, X =& I*I
e Main selection variable: transverse decay length significance L,,/oxy

e NoO excess

CMS\s=7 TeV L=5.1 fb" http://arxiv.org/abs/1211.2472
s=7 TeV L=

CMS \s=7TeV L=5.1fb"
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¥ — === QCD ’ = | m, = 125 GeV/c?
[= =t : =402
L =54’Ev ey = £ 100 Observed 95% CL limits
= : T | —=— m =20Gevic? i
® Data . g 10} —®— m, =50 GeV/c? E
i ;y'z‘ : Expected 95% CL limits :
E B
: U 3 3
M E - ;
Loy o T T 3 ;
: | | LI - Ao :
E 107 =
. B X
1[11111- 1 111111111111111LL—3 : 'S LJLLLll ; L LlL'lLl | ‘1LJL11 1 Rl J'Ll :
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DISPLACED VERTEXESWITH TRACK+MUON

= e — = = —

e |n RPV SUSY, neutralino can decay in muon + jets
— muon good for triggering, jets for vertexing
— dedicated vertex reconstruction

e NO excess seen

ATLAS

1.4
1.2

Vs=7TeV

ATLAS I Ldt=44fb"

Vertex mass [GeV]
U

Signal region

10E= .08
. 0.6
: é sz @ Data 2011 -

1 P - _[Ldt=4.4fb" 1704

W Signal MC

{s=7 TeV 0.2

Lol

INO 1.5 TeV squark pair prod
N N N R N,

S o

0000000 AR AR RS, PR00NK R O ) A RS SR AL S AN
o O ot )

g gt 2 L L N
4 5678 10 20 30 40 1 10 10° 10°
Number of tracks in vertex ct [mm]

“
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SUMMARY

— =

* |n several SUSY and Exotics Models interesting signatures with
long-lived particles

— extend phase-space of searches

e Searches for long-lived particles very challenging
—look where background for SM analyses is

—full understanding of the detectors and “non-standard” analysis
techniques needed

e So far, no evidence of new physics

 Most of the analysis being updated and improved with full
statistics

— we still have 20 fb1 2012 data to look at

¢ Lots of space for new ideas
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COMPARISON BETWEEN THE TWO EXPERIMENTS

— = - — — - e = g — = = = e ——————
= e = = =

Analysis ATLAS CMS
HSCP 4.7 for! (7TeV) 5 fb! (7TeV) + 18.8 fb! (8TeV)
Disappearing tracks 4.7 fb! (7TeV) work in progress
Stopped particles 31 pb! (7TeV) 4 fb1 (7TeV)
Displaced photons 4.8 fb! (7TeV) 4.9 fb! (7TeV)
Displaced heavy fermions 1.9 fb1 (7TeV) work in progress
Displaced leptonjets 1.9 fb! (7TeV) 5.1 fb1 (7TeV)
Displaced vertices + muon 4.4 fb' (7TeV) -

----------------------------------------- -

ATLAS SUSY Searches" - 95% CL Lower Limits
Direct y"pair prod. (AMSB) : long-lived f LA 710", 7 TeV 1210285

5’(* mass (1 <t(%’) <10 ns)

Stable g, R-hadrons : low B, By |E=47ib% 7 Tev 2111597 g5Gey| U mass
GMSB, stable T : low B L4z’ 77ev 1211.157 300 GeV Tmass  (5<tanp<20)
GMSB,'i?ayG:non-pointing photons | L=471b",7 TeV [ATLAS-CONF-2013-0161 30GeV| % Mass  (0.4<(,)<2ns)

7. =.qqu (RPV) : . + heavy displaced vertex GeWll Gmass (1 mm<cr<1mgdecoupled)

CMS EXOTICA ss% cLexcrusion Lnms (Tev)

1 2 3 B
gluino, Stopped Gluino

stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV

neutralino, ct<50cm
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ISSUES FOR DISCUSSION

e — _ — — e —————— - e P ——

e Current activities

— extend analyses to the full statistics

e Model-independent approach
— to help theoreticians in the interpretation

— does it make sense to have a “rivet”-like approach
e Better definition of control samples

e Next LHC run
— upgrade of the detectors (phase two / sLHC): keep in mind the LL signatures
— develop more ad-hoc triggers
— larger use of data parking (delayed data stream)

— take advantage of a much larger statistics (~100 fb™)
e.g. search for rare Higgs decays

* In general, invest more in these analyses (once most of SUSY/exotica phase space will
be explored, investigate LL)

— lot of space for master degree and PhD theses
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LEPTONJETS: CURRENT ACTIVITY

® Investigate more complex decay modes — 5 5 | |
higher particle multiplicity in the final state : pﬂé 5 eptonjet

and final states with electrons, muons and \
pions
® Extend search to be as more model O
independent as possible = constrain many / AL
theoretical models ‘
leptonjet
electrons “ons | hadrons | esaront - - work in progress

Very
challenging
search!




DISPLACED VERTICES/JETS:

® Extend previous analysis to the entire collected statistics
® Search for displaced vertices in Muon System
® Search for displaced vertices in Inner Tracker

CURRENT ACTIVITY

® Search for two TIy's decaying both in the Hadronic Calorimeter (well advanced)

: . , 0.4
® Signature of a TT, decaying in the HAD calorimeter: <~ |
'= 0.3
® narrow energy deposition in HAD calorimeter 8 3
0.2}
® anomalous log(EHaD/Eem)
: : : 0.1F
® isolation (no tracks) in ID E
0
=
:
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HSCP: CURRENT ACTIVITY

* Update of the analysis on the 8 TeV data expected soon
* Interesting planned improvements:

|. possibility for R-hadrons to decay or to interact with the detector material
and to change charge (charged — neutral within a certain lifetime O(ns) only
detected by ID; neutral = charged no track in the ID but detected by MS)
* for the current analysis, only a simplified study of variation in efficiency with R-
hadron lifetime — perform the new analysis as lifetime dependent (particularly
sensible for |D-only approach)

2. investigating different triggers, both for muons and for R-hadrons



BACKUP



Combination of several detector inputs to be sensitive to slepton
(slow muon-like) and R-hadrons (maybe with short lifetime)

ATLAS EXAMPLE

Muon
Spectrometer

R-Hadron

* Muon Spectrometer + ID (B,u-like)

(sleptons)
 ID + Calo + Muon Spectrometer

(R-hadrons, full-detector analysis)

*Pixel + Tracker + Tile Calorimeter ()
(R-hadrons, p-agnostic analysis)

Electromagnetic
Calonmeter

mmq{ Tracker 7S * Pixel Detector(dE/dx,p)+SCT(p)
(R-hadrons with short lifetimes, ID-only analysis)
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BECHMARK SCENARIO FOR STAU IN HSCP

= = < — e e =
e — == =

Description 30-160GeV depending
SUSY breaking scale on stau mass

Messenger mass scale 250TeV
Ratio of Higgs vev 1 0

Number of SU(5) messenger
multiplets 3

u from Higgs sector pOSitive

OB ST e 104 (lifetime to avoid
slepton decaying in det)
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