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Status of LHC Exotic Objects

Displaced Leptons from 7gs in Gauge Mediation
HSCP Searches (CMS)
Disappearing Tracks Searches (ATLAS & CMS)
CMS Displaced eu Search
Recast Limits
Paths for Improvements

A Gap: Same-Flavor Displaced Leptons
Models: co-NLSPs, EGMSB, RPV, freezein dark matter
A Same-Flavor Displaced Lepton Search for 13 TeV

Comments and Perspectives
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The LHC Program

The LHC has constrained many new particles in many models

MSSM Signature Space
t/b

UED

GMSB

RPV
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2HDM

vV VvV vV V. V. VvV VY

These searches cast a wide net
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The LHC Program

The LHC has constrained many new particles in many models

MSSM Signature Space
t/b
UED
GMSB
RPV
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These searches cast a wide net — but there are gaps

Need comprehensive program that covers ALL new physics scenarios
An exotic object could be our ONLY pathway to BSM physics!!!
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What are Exotic Objects?
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What are Standard Objects?
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What are Standard Objects?

Object Very Rough Identification Criteria

1) Photon  Hard, isolated EM calo deposit, Ejacks < Ecaio
2) Electron Hard, isolated EM calo deposit, Eyack ~ Ecaio
3) Muon Hard, isolated track through muon chamber
4)  Jet Other hard calo/track/particle clusters

a) Tau Single or 3-prong hard, isolated track(s)

b) b-jet Secondary vertex, looks b-ish
5)  Er - Y Br

jon

—— Electron

Charged Hadron (e.g. Pion)

~ = ~ - Neutral Hadron (eg. Neutron)
=== Photon

sssssss

vvvvv

uuuuu
cccccccc
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What are Exotic Objects?

Object Very Rough Identification Criteria

Photon  Hard, isolated EM calo deposit, Eacks < Ecarno
Electron Hard, isolated EM calo deposit, Eyack ~ Ecaio

Muon Hard, isolated track through muon chamber
Jet Other hard calo/track/particle clusters
Tau Single or 3-prong hard, isolated track(s)
b-jet Secondary vertex, looks b-ish

ET —>.Pr

Loaded words: track, isolated, hard, cluster, vertex, b-ish ...

Exotic objects have properties that allow them to be

distinguished from these standard objects
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What are Exotic Objects?

Object Very Rough Identification Criteria

Photon  Hard, isolated EM calo deposit, Eacks < Ecarno
Electron Hard, isolated EM calo deposit, Eyack ~ Ecaio

Muon Hard, isolated track through muon chamber
Jet Other hard calo/track/particle clusters
Tau Single or 3-prong hard, isolated track(s)
b-jet Secondary vertex, looks b-ish

ET —>.Pr

Loaded words: track, isolated, hard, cluster, vertex, b-ish ...

Exotic objects have properties that allow them to be

distinguished from these standard objects

Two basic classes: Direct & Indirect
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What are Exotic Objects?

Direct vs Indirect

Direct Indirect

Observe the object itself Observe atypical SM decay products
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What are Exotic Objects?

Direct vs Indirect

Direct Indirect
Observe the object itself Observe atypical SM decay products
Examples: Collimated particles fail isolation
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What are Exotic Objects?

Direct vs Indirect

Direct Indirect
Observe the object itself Observe atypical SM decay products
Examples: Collimated particles fail isolation

Disappearing tracks
Heavy, stable, charged particles
Magnetic monopoles . . .

A-hadrons Particles that decay in flight

Quirks Long lifetime from an approximate
symmetry in the low energy theory

Non-isolated leptons/photons
Photon or lepton jets

High dimension operators

High mass scale
LHC searches exist Small couplings
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Long-lived / Displaced in SUSY

4
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T repostiony® m; (GeV)

Liu, Tweedie — 2015

Many displaced decays are well-covered: Most RPV

Liu, Tweedie — 2015
Csaki, Kuflik, Lombardo, Slone, Volansky — 2015 Zwane — 2015
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Long-lived / Displaced in SUSY

§—iii (RPV)
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Liu, Tweedie — 2015

Many displaced decays are well-covered: Most RPV

Liu, Tweedie — 2015
Csaki, Kuflik, Lombardo, Slone, Volansky — 2015 Zwane — 2015
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Long-lived / Displaced in SUSY

a) A—ZG (GMSB)
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Liu, Tweedie — 2015

Many displaced decays are well-covered: Most GMSB

Liu, Tweedie — 2015
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Long-lived / Displaced in SUSY

a) §—qqB, mB)=0 (mini-split)

T
charged stable

\'*AILAs HCAL [
ATLAS p spect

prompt jets + MET ~~ ..
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Liu, Tweedie — 2015

Many displaced decays are well-covered: Mini-Split
Liu, Tweedie — 2015 Coverage exceeds prompt signatures!
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Displaced Objects: pp — XX, X — 0102(03)

Searches

0201 | | b 7y e U T Er
J
b | X
v | X X
e | X X
p X X X X
T X X X X
Search arXiv Symbol Comments

» Focused on pair produced, heavy decays inside the detector
» Only a selection of searches used, but fairly representative
» Cavalier about lifetime ranges and triggers; ignoring tops

» Bold is where searches are really optimized
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Displaced Objects: pp — XX, X — 0102(03)

Searches

0201 | | b Y e p T Er
] i ji ii ji ji ii ji
b | X i R R ji
v | XX
e | X X X
p | X X X X
T X X X X X
Search arXiv Symbol Comments

CMS Displaced Dijets 1411.6530 i my > 50 GeV
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Displaced Objects: pp — XX, X — 0102(03)

Searches

0201 | J b Y e p T Er
Ji jildv jj/dv jj/dv jildv  jj/dv jj/dv jirdv
b | X jidv jidv jifdv jildv  jj/dv ji/dv
v | XX
e | X X X dv dv dv
w | X X X X dv dv
T X X X X X dv
Search arXiv Symbol Comments
CMS Displaced Dijets 1411.6530 i my > 50 GeV

ATLAS Displaced Vertex 1504.05162 dv myx > 10 GeV
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Displaced Objects: pp — XX, X — 0102(03)

Searches

0201 | J b Y e p T Er
J |iildv jirdv jiidv jildv  jildv  jj/dv jirdv
b | X jijdv jjdv jildv ji/dv  jj/dv ji/dv
v | XX
e X X X dv/ll  dv av/Il
w | X X X X dvil dv/l
T X X X X X avl
Search arXiv Symbol Comments
CMS Displaced Dijets 1411.6530 i my > 50 GeV

ATLAS Displaced Vertex 1504.05162 dv myx > 10 GeV
CMS Displaced Dilepton  1411.6977 Il myx > 15 GeV
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Displaced Objects: pp — XX, X — 0102(03)

Searches

0201 | J b Y e p T Er

J lildv jjidv jildv/dA - jiidv  jiidv  jiidv jildv

b | X jiydv ji/dv/dA jiidv jiidv jj/dv jj/dv

v | X dA dA  dA dA dA

e | X X X dvil dv  dv/

w | X X X X dvil dv/l

T | X X X X X av

Search arXiv Symbol Comments

CMS Displaced Dijets 1411.6530 i my > 50 GeV
ATLAS Displaced Vertex 1504.05162 dv myx > 10 GeV
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ATLAS Delayed Photon ~ 1409.5542 dA my 2 100 GeV
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Displaced Objects: pp — XX, X — 0102(03)

Searches

0201 | J b Y e p T Er

j liidv jildv ji/dv/dA ji/dv  ji/dv  ji/dviem ji/dv

b | X jidv jjdv/dA jidv ji/dv jj/dviem jildv

v | X dA dA  dA dA/em dA

e | X X X dvil dv  dvi

w | X X X X dvil dv/l

T X X X X X dvilem em

Search arXiv Symbol Comments

CMS Displaced Dijets 1411.6530 i my > 50 GeV
ATLAS Displaced Vertex 1504.05162 dv myx > 10 GeV
CMS Displaced Dilepton  1411.6977 Il myx > 15 GeV

ATLAS Delayed Photon ~ 1409.5542 dA my 2 100 GeV

CMS Displaced eu 1409.4789 em Best at LFU
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Displaced Objects: pp — XX, X — 0102(03)

Models

0201 J b o€ Iz T Er
J
b X
v X X
e X X X
[ X X X X
T X X X X X
Models Symbol
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Displaced Objects: pp — XX, X — 0102(03)

Models

0201 J b vooe 1 T Er
Ji M M
b X M M
v X X
e X X X
u | X X X X
T X X X X X
Models Symbol
Mini-Split M
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Displaced Objects: pp — XX, X — 0102(03)

Models

0201 J b vooe 1 T Er
j | MG MG
b X MG MG
v X X G
e X X X G G
i X X X X G G
T X X X X X G G

Models Symbol
Mini-Split M

GMSB G
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Displaced Objects: pp — XX, X — 0102(03)

Models

0201 J b vooe 1 T Er
Ji MGR R R R R MGR
b X MGR R R R MGR
v X X G
e X X X GR R R GR
1 X X X X GR R GR
T X X X X X GR GR

Models Symbol
Mini-Split M
GMSB G

RPV/dRPV R
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Displaced Objects: pp — XX, X — 0102(03)

Models

0201 J b vooe 1 T Er
Ji MGRS R R R R MGR
b X MGRS R R R MGR
y X X S G
e X X X GR R R GR
1 X X X X GR R GR
T X X X X X GR GR

Models Symbol

Mini-Split M

GMSB G

RPV/dRPV R

Stealth S

Evans (UIUC) Displaced Leptons February 16, 2016 8/39



Displaced Objects: pp — XX, X — 0102(03)

Models

0201 J b vooe 1 T Er
Ji MGRS R R R R MGR
b X MGRSH R R R MGR
y X X S G
e X X X GR R R GR
1 X X X X GRH R GR
T X X X X X GRH GR

Models Symbol

Mini-Split M

GMSB G

RPV/dRPV R

Stealth S

Higgs Mixed H
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Displaced Objects: pp — XX, X — 0102(03)

Models

0201 J b ) 1 T Er
j | MGRS R R R R MGRD
b X MGRSH R R R MGRD
v X X S G
e X X X GR R R GRD
i X X X X GRH R GRD
T X X X X X GRH GRD

Models Symbol

Mini-Split M

GMSB G

RPV/dRPV R

Stealth S

Higgs Mixed H

Dark Photon
MD Freezein Dark Matter D
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Displaced Leptons in Prompt Searches

Prompt lepton-based searches:

» Quality criteria drop displaced electrons

» Displaced muons veto events (cosmics)

» Vetoes range from 50 pm—1 mm “

Prompt jets+£7 searches:

» Veto events with leptons

» Definition not always transparent
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Displaced Leptons in Prompt Searches

Prompt lepton-based searches:

» Quality criteria drop displaced electrons

» Displaced muons veto events (cosmics)

» Vetoes range from 50 pm—1 mm “

Prompt jets+£7 searches:

» Veto events with leptons

» Definition not always transparent
Very dangerous region!

pp — {7~ + X — {displaced muons} + X
lives in a prompt search blind spot!

Displaced electrons and taus =- reduced efficiency
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Gauge Mediation and 7r NLSPs

Lightning Review of Minimal GMSB

Messengers, ¢ susy
X

W ~ Xod 4 {MSSM yukawas}

_ 2 — A— A
(X)=M+62F, A=F/M, A=,
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Gauge Mediation and 7r NLSPs

Lightning Review of Minimal GMSB

Messengers, ¢ susy
X

W ~ Xod 4 {MSSM yukawas}

_ 2 — A— A
(X)=M+62F, A=F/M, A=,

M, ~ Ngig?A A-terms =0
m2 4 ~ 2NexCrg#A2  (C; quadratic Casimirs O (1))
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Gauge Mediation and 7r NLSPs

Lightning Review of Minimal GMSB

Messengers, ¢ susy
X

W ~ Xod 4 {MSSM yukawas}

_ 2 — A— A
(X)=M+62F, A=F/M, A=,

M, ~ Ngig?A A-terms =0
m2 4 ~ 2NexCrg#A2  (C; quadratic Casimirs O (1))

Mg = Neg3A Ny > 2 = 75 NLSP
Potential NLSP Masses: B efg /gv1 . eff d
mg, = \/991/\ (or large running)
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Gauge Mediation and 7r NLSPs

Lifetimes

GMSB is a very well-motivated source of displaced particles

100 GeV>5 ( VF )4

100 TeV

7

C’r%‘IOOum(

What is v F?
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Gauge Mediation and 7r NLSPs

Lifetimes

GMSB is a very well-motivated source of displaced particles

100 GeV>5 ( VF >4

100 TeV

7

C’r%‘IOOum(

What is v F?

F < M?; otherwise arbitrary

4
cr ~ 10 um <1OOGGV> <\y?> N12 (minimal GM only)

eff
LHC relevant range: 100 um < cr <1m

7

Measuring m;, & crz, probes SUSY breaking!
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Gauge Mediation and 7r NLSPs

LEP Limits on Slepton NLSPs

a) 7, (t; NLSP) b) pig, (@, co-NLSP)
w0 A S0
E 90 = 5 90 ?/ =
B 70 1 E OF E

60 |- 1 e 1
o so b
12 10 8 6 a2 10 -8 6
log(ty./s) log(t;;../s)

mz > 87 GeV mg > 94 GeV

OPAL placed the best limits on sleptons of all lifetimes
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Relevant LHC search: HSCP

At long lifetime: c¢7; = 1m = heavy, detector-stable, charged particle
CMS HSCP search 1305.0491 (expect similar from ATLAS 1411.6795)

Cuts so00}
Central: |n| <24
Hard: pr > 70 GeV

Isolated: Y p*8 s < 50 GeV
Icalo,track <03

2000+

1000+

¢t (cm)

500+

AR<0.3
Slow: 1/5>1.225 200
Large dE/dx: see 1305.0491 100 CMS HSCP Excusion. 1
260 460 660 860
Efficiency maps provided: 1502.02522 mg (GeV)
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Relevant LHC search: Disappearing Tracks

CMS 1411.6006

At slightly shorter lifetimes: 30 cm < ¢ < 3 m = disappearing tracks

Cuts
A hard jet:
Missing energy:
Hard track stub:

Particular eta:

Isolated:

pr > 110 GeV, |n| < 2.4
Er > 100 GeV

pr > 50 GeV
Few outer tracker hits

1.85 < |n| < 2.1
0.35 < |n| < 1.42
or|nl <0.15

Ega - < 10 GeV
trks,track
InrZ03 <0.05

cr (cm)

Simple efficiency map provided 1411.6006

Evans (UIUC)

Displaced Leptons

CMSDT Exclusion
Our Recast (+50%)

100

300 400 500

my, (GeV)

200

February 16, 2016
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Relevant LHC search: Disappearing Tracks

ATLAS 1310.3675

At slightly shorter lifetimes: 20 cm < ¢z < 2 m = disappearing tracks

Cuts
Ahardjet: pr>90GeV, |n <25
Missing energy: Er > 90 GeV 500

Hard track stub: pr > 75 GeV
highest pr track in event %}
< 5 hits in TRT Sor

Eta: 01<|n <19

cr (cm)

10+
Isolated: /XS "a% < 0.04 5
ARt >0.4Vpr > 45 GeV

Veto leptons:  es, us, & R T TR
u calo tracks > 10 GeV m, (Gev)

ATLAS Exclusion

No efficiency map provided
Evans (UIUC) Displaced Leptons February 16, 2016 15/39



Relevant LHC search: Disappearing Tracks
Recast Caveats

Isolation requirements are hard on long-lived staus

Even with wide opening angles, .
effective AR can be very small o . \\
5

(We model this, but very uncertain) ____.-"

NN
S |

Evans (UIUC) Displaced Leptons
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Relevant LHC search: CMS Displaced ey (1409.4789)

Cuts

Cut Summary of CMS eu

Preselection

1 0S et uT pair
—> d; > 100 um
pre > 25GeV, |n] < 2.5
Reject 1.44 < |ne| < 1.56
1895 5 < 0.10, [G04 , < 0.12
ARy > 0.5V jets with pr > 10 GeV

AR, > 05

vrg<4cm, vy ; <30cm
Veto additional leptons

Evans (UIUC)

0.1F

0.05-

0.02-

Displaced Leptons
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0.02 005 0.1 1 2
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Relevant LHC search: CMS Displaced ey (1409.4789)

Cuts

\ Cut Summary of CMS eu

Preselection

1 0S et uT pair
d; > 100 zm
—> pre>25GeV, |n| <25
Reject 1.44 < |ne| < 1.56
1895 5 < 0.10, [G04 , < 0.12
ARy > 0.5V jets with pr > 10 GeV
AR, > 05
vrg<4cm, vy ; <30cm
Veto additional leptons
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Relevant LHC search: CMS Displaced ey (1409.4789)

Cuts

\ Cut Summary of CMS eu 2|

Preselection n
1 0S et uT pair
dy > 100 um
pre > 25GeV, |n] < 2.5
Reject 1.44 < |ne| < 1.56 d
> 135 5 < 0.10, [F04 , < 0.12 oal
ARy > 0.5V jets with pr > 10 GeV
AR, > 05
vrg<4cm, vy ; <30cm
Veto additional leptons

0.05-

0.02-

I I I I I 1
0.02 005 0.1 1 2
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Relevant LHC search: CMS Displaced ey (1409.4789)

Cuts

Cut Summary of CMS eu

Preselection

1 0S et uT pair
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pre > 25GeV, |n] < 2.5
Reject 1.44 < |ne| < 1.56
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Relevant LHC search: CMS Displaced ey (1409.4789)

Recast

| Cut Summary of CMS ey

Preselection

1 0S e T pair
d, > 100 um
Pr.e > 25 GeV, |77@| <25
Reject 1.44 < |ne| < 1.56

/calo, e

ARe, > 05
vr g <4cm, v ; <30cm
Veto additional leptons

s < 010, [T , < 012
ARy > 0.5V jets with pr > 10 GeV

¢t (cm)

Extensive recasting details provided!

Evans (UIUC)

Displaced Leptons

100

0.1+

CMS ey Exclusion
Our Recast (+25%)

400

500

600 700 800
m; (GeV)

February 16, 2016
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Relevant LHC search: CMS Displaced ey (1409.4789)

Impact Parameter

T — UV

Impact Parameter is not the location of parent
b and 7 decay products are more collimated
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Relevant LHC search: CMS Displaced ey (1409.4789)

Backgrounds & Data

19.7 o' (8 Te! 19.7 b7 (8 Te
E103§HH_H‘_HD“HH‘(H‘; E1o3§uu_H‘_HD“HH‘(‘H!
S F ata k| S F ata E|
S L CMs é Stat. & syst. errors ] = L Ccms é Stat. & syst. errors
= = Z—tT < S 102 = Z—>tT <
=z CJHF 3 g B CHF 3
» == Other EW 3] P £ == Other EW 3]
K] == Top quark o ko] & == Top quark A
£ B (cr = 0.1 cm) £ 10p wenf(ct=01cm) K
] H(ct=1cm) [T S (cr=1cm) 2
o T (ct=10cm) o
1 15
107 107
102 1024
-3 nnndhlnnnnllonnnllonos -a: e e
09 01 02 03 04 05 99 03 .
Electron d, [cm] Muon d, [cm]
Event source SR1 SR2 SR3
Other EW 0.65+0.13+£0.09 (0.89 +£0.53 +0.12) x 102 <(89+534+12) x 1074
Top quark 0.77+£0.04+0.08 (1.25+£026+0.12) x 1072 (24+13+£02) x 107*
Z—TT 3.93+042+039 (0.73+£0.73+0.07) x 102 <(734+734+7)x 1074
HF 12.7+02+38 (98 £6+£30) x 1072 (340 £ 110 £ 100) x 10~*
Total expected background 180+£05+3.8 1.0140.06 +0.30 0.051 4+ 0.015 £ 0.010
Observed 19 0 0
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Recast Limits on 7r

Only HSCP limits on direct 75 production!
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Recast Limits on 75

Only HSCP limits on direct 75 production!

But . .. a 7 is not expected in isolation

1000
500

Near degenerate slepton limits

Mg, = Mg = Mzy + 10 GeV

lp — Tr + {soft}

¢t (cm)

OPAL Limit

Tonly Tr/fig/er |

usce HH HH

pr R B

« R

1 6() 1 ‘25 1 50 1 7‘5 2(5() 2‘25 250
mz (GeV)

(Better limit from both disappearing track searches shown)

0.1
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Recast Limits on 75

Only HSCP limits on direct 75 production!

But . .. a 7 is not expected in isolation

Higgsino production limits

Mgo = Mgy = Mgy

¢t (cm)

~0 ~t ©t ot
Xi2 ™ TRTT, X§ — TRV

mz=100 300 J

Hsce 1IN

pT I |

N | F

1%() 2(‘)0 2&() 3(‘)0 3%0 4(‘)0 4;0 5(‘)0 550
my (GeV)

(Better limit from both disappearing track searches shown)

Limits are very sensitive to mz,
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Recast Limits on 75

Only HSCP limits on direct 75 production!

But . .. a 7 is not expected in isolation

1000
500

Stop production limits

mg = m; — 50 GeV

t— bHT — bm"',; ?

05 mz=100 300 500 ]
usce I
0.1 T I |
005 ' |
200 300 400 500 600 700 800 900
m; (GeV)

(Better limit from both disappearing track searches shown)

Limits are very sensitive to ms,
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Recast Limits on 75

Only HSCP limits on direct 75 production!

But . .. a 7 is not expected in isolation

1000
500F

Giluino production limits

m; = mg — 200 GeV
my, = m; — 50 GeV E

~ ~— - - ~ i j
g— tt — tbH* — thT,:—; 05F =100 300 500
~ ~ -~ — nsce W
g — t't — tbH™ — tbiTg o1 or N
005F o« NI
400 500 600 700 800 900 100011001200 1300 1400
mg (GeV)

(Better limit from both disappearing track searches shown)
Limits are very sensitive to m:,
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Potential Improvements?

HSCP

CMS heavy, stable, charged particle search does very well!
Using “tracker-only” signal region could improve sensitivity

Currently no efficiency maps provided

1000
500

¢t (cm)

OPAL Limit

Tonly Tr/iig/er |
|
DT |
eu |
0.1 , , \ \

100 125 150 175 200 225 250
mz (GeV)

HSCP
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Potential Improvements?

Disappearing Tracks

ATLAS hurt by lepton vetoes and hardest track requirement

1000

500

100

50

¢t (cm)

1000

—

~ 101
/ )

CMS DT

5001

100+

50+

¢t (cm)

Folfig/er m:=100300 ]
| |
|

cvspT HIH

mz=100 300 500 1

1 I 1 I 1 I I I
100 150 200 250 300 350 400 450 500

mzor my (GeV)

Both disappearing tracks searches are hurt by isolation requirements

1
200

I
600 700 800

Could similar pre-selection capitalize on kinked track?

Evans (UIUC)

Displaced Leptons

February 16, 2016
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Potential Improvements?

CMS Displaced Lepton Search
There are several lessons from GMSB 7xs to improve sensitivity

et T + X) = 6%

BR(7t7~ —
BR(7"7~ — ete” + X) =3%
BR(7T7~ — utu~ +X)=3%

1) Add same-flavor lepton channels
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Potential Improvements?

CMS Displaced Lepton Search

There are several lessons from GMSB 7xs to improve sensitivity

BR(77#~ — e*uF + X) = 6%
BR(7"7~ — ete” + X) =3%
BR(7T7~ — utu~ +X)=3%

1) Add same-flavor lepton channels

BR(7tF~ — ei + X) =23%
BR# %~ — u* h —|—X) 23%
BR(7t%~ — Th T+ X) =42%

2) Include hadronic 7,5

Experimental feasibility of displaced ,s7?
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Potential Improvements?

CMS Displaced Lepton Search

i

TR TL

3L ]
1dr 5 ]
Fdx

1L ]

B0 o1 o2z o3 o4 os

X = Ez/m;—

Right-handed polarized 7s from 7z decays give softer leptons

3) Lower pr thresholds can capture a lot more signal
Additional triggers — E1 + ¢4, E, 000, etc
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Potential Improvements?

CMS Displaced Lepton Search

Search vetoes additional leptons.
Why?

Displaced multilepton background
should be very small
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Potential Improvements?

CMS Displaced Lepton Search

Search vetoes additional leptons.

Why?

Displaced multilepton background

should be very small
(CDF ghost muons???)

Evans (UIUC)

Muons / (0.008 cm)

Displaced Leptons

CDF 0810.5357

i

rﬁ )
W

Wﬁl‘m\‘“ﬁu

0.5 1 15 2
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Potential Improvements?

CMS Displaced Lepton Search

CDF 0810.5357

Search vetoes additional leptons.
Why?

10°

Displaced multilepton background g
should be very small 10

(CDF ghost muons???)

Muons / (0.008 cm)

WWA

0 0.5 1 1.5 2
d (cm)

Gluino & Higgsino model have additional leptons often ~(45%, 30%)

If pair-produced object is not charged under lepton number,
additional leptons are generic

4) Don’t veto additional leptons
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Potential Improvements?

CMS Displaced Lepton Search

Gluino & Higgsino models have Majorana particles in chain
= same-sign displaced leptons

5) Include same-sign displaced lepton signal regions
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Potential Improvements?

CMS Displaced Lepton Search

Gluino & Higgsino models have Majorana particles in chain
= same-sign displaced leptons

5) Include same-sign displaced lepton signal regions

5’) Same-sign possibility fairly generic, be wary of CR contamination

SS¢ can appear in the T — ¢ b benchmark of CMS 1409.4789
Mesino oscillation allows up to 3/8 of events as SS/  sarid, Thomas - 9909349
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Potential Improvements?

CMS Displaced Lepton Search

Extend reach in ¢7?

¢t (cm)

mz=100 300 1

Hscr IR
pr [l

i o | E

Il Il Il Il Il Il Il Il
150 200 250 300 350 400 450 500 550
mj; (GeV)

Prompt
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Potential Improvements?

CMS Displaced Lepton Search

Extend reach in ¢7?

6) Allow dy above 2 cm 2
(Even just for muons) 2

g o I
Il Il Il Il Il Il Il Il
150 200 250 300 350 400 450 500 550
Prompt m, (GeV)

mz=100 300 1
Hscr IR
pr [l
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Potential Improvements?

CMS Displaced Lepton Search

Extend reach in ¢7?

6) Allow dy above 2 cm 2
(Even just for muons) 2

7) Relax isolation in high dy bins

:=100 300 ]
(Backgrounds are small there) "

Hscr IR
pr [l

g o I
Il Il Il Il Il Il Il Il
150 200 250 300 350 400 450 500 550
Prompt m, (GeV)
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Same-flavor Displaced Lepton Models

Slepton Co-NLSP in GGM

If mg, — Mz, < 10 GeV or Mg > Mz,

then (/g — ¢775) < (g — (G) = Slepton Co-NLSP

Events have displaced ete~, u*pu=, or 77~
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Same-flavor Displaced Lepton Models

Slepton Co-NLSP in GGM

If mg, — Mz, < 10 GeV or Mg > Mz,

then (/g — ¢775) < (g — (G) = Slepton Co-NLSP

Events have displaced ete~, u*pu=, or 77~
Small splitting can happen for low tan g3

In GGM, M; and m?

= are independent
R

pp~ and et e~ searches would be more sensitive to this model
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Same-flavor Displaced Lepton Models

Slepton Co-NLSP in GGM

If mg, — Mz, < 10 GeV or Mg > Mz,

then (/g — ¢775) < (g — (G) = Slepton Co-NLSP

Events have displaced ete~, u*pu=, or 77~

Small splitting can happen for low tan g3

In GGM, M; and m?

= are independent
R

pp~ and et e~ searches would be more sensitive to this model

Can one get 100% ete™ or pu+pu~ without 7r7=?
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Same-flavor Displaced Lepton Models

71 with LLE RPV

RPV can do almost anything
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Same-flavor Displaced Lepton Models

71 with LLE RPV

RPV can do almost anything

SM

W = I\ LLES + X, L:Q;DS + 1N/ UPDDS + p,LiH
superpartner 2 Nijk FikjEk ijk SIS T g Aje Vi P e T JikiPu
SM i,J, k = generation indices
Lk Lij U
I G T G
v vji P
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Same-flavor Displaced Lepton Models

71 with LLE RPV

RPV can do almost anything

SM
W = 3\ LiILES + A,]k L,Q;Df + Afj’k UCDCDc + wiliHy
superpartner
i,J, k = generation indices
100 GeV ~ ~
CT~1cm 20~ (0 =0=7 =171)
)\232 mz

Ao3o COS 07 > other RPV = BR(# — uv) =~ 100%

Evans (UIUC) Displaced Leptons February 16, 2016
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Same-flavor Displaced Lepton Models
EGMSB

Extended GMSB (EGMSB) models can generate large A;

for maximal f mixing and decreased tuning of the MSSM Higgs

Craig, Knapen, Shih, Zhao — 1206.4086; Evans, Shih — 1303.0228; others

EGMSB can also give a 1st- or 2nd-gen slepton NLSP  shadmi, szabo - 1103.0262
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Same-flavor Displaced Lepton Models
EGMSB

Extended GMSB (EGMSB) models can generate large A;

for maximal f mixing and decreased tuning of the MSSM Higgs

Craig, Knapen, Shih, Zhao — 1206.4086; Evans, Shih — 1303.0228; others

EGMSB can also give a 1st- or 2nd-gen slepton NLSP  shadmi, szabo - 1103.0262

Add EGMSB MSSM-Messenger coupling: W O «,Efoy®p
i = (0, k2, 0) gives Amy ~ —25k3m;
kp ~ 0.1 = figr NLSP

i < 0.1& 42 $0.3no CMS ey sensitivity and safe from flavor
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Same-flavor Displaced Lepton Models

Freezein of Dark Matter During a Matter-Dominated Era

Minimal models of lepton-flavored DM

Model Mediator DM Lagrangian
1 Scalar  Fermion y,.j@D’V’é,.Cg—X,-ergngg—+mX,,-/-X,->‘<j

2 Fermion  Scalar  yfPMecyS;+ myih + m?SJ.jS,TSj

ytPM for er ~ © (1mm — 1m) = Qpy too high!
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Same-flavor Displaced Lepton Models

Freezein of Dark Matter During a Matter-Dominated Era

Minimal models of lepton-flavored DM

Model Mediator DM Lagrangian
1 Scalar  Fermion y,}D’V’é,Cg—X,- + m§§+_§— + my XX
2 Fermion  Scalar  yPMeeyS; + myapn + m2 ;SIS
ytPM for er ~ © (1mm — 1m) = Qpy too high!

accexp(Hit) T~ aoctfs T oca 38 aoct?

Inflaton decay :
u Pr = const PR :

proca?

early matter-dominated era

1

Tay < Myc = less Qpuy
due to entropy injection

\/

T Tag a

Co, D’Eramo, Hall, Pappadopulo - 1506.07532
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Same-flavor Displaced Lepton Models

Freezein of Dark Matter During a Matter-Dominated Era

Minimal models of lepton-flavored DM

Model Mediator DM Lagrangian
1 Scalar  Fermion y;PMeP¢x; + mECt (™ + mX,,-,-?i)Z/
2 Fermion  Scalar  yPMifyS; + myyi + mg ;S!S

ytPM for er ~ © (1mm — 1m) = Qpy too high!

For Model 2:

Qpwm N< 20 >7<500GeV)2< ms )<1cm>
QDM,obs mw/TRH m¢ 1 MeV CTw

For 100 GeV<my;, S1TeV and 100 pm Scer S1m

ms < my, and Try can be chosen to give Qpy = Qpwm obs!
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Same-Flavor Displaced Lepton Search

Backgrounds

How can we estimate 13 TeV backgrounds?

3 19.7 1b 8 TeV) 19.7 fb @8 TeV)
e 10— g e 10T T Ty
S E G Data E
S CMs :| Stat & syst. errors ] > :| Stat. & syst. errors ]
S 102 4 3 ==Fgd E
< I:I ER HF 3
Py = Other EW @ = Other EW
,g :|Iop quark _g) (] Top quark
£ 1058, 0 e H(ct=0.1cm) £
wf uw

] 3l o | O |
0 0.1 0.2 0 3 0. 4 0.5 0 0.1 0.2 0.3 0.4 0.5
Electron d, [cm] Muon d, [cm]

. Use 8 TeV backgrounds to estimate 8 TeV SF backgrounds
2 Rescale backgrounds by "((13)) (supported by HF MC)
3. Assume displaced Z — ete~/utu~ is small or can be controlled
4. Artificially low trigger, but have a background we can estimate
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Same-Flavor Displaced Lepton Search

Backgrounds

How can we estimate 13 TeV backgrounds?

| Sample | SR1 SR2 SR3 \
etu* 8 TeV (CMS actual) | 18.0+3.8 1.01 +£0.31 0.051 +0.018
et T 8 TeV (estimate) 19.8+41 0.92+0.28 0.055+0.024
et 13TeV (20 b~ 1) 341+65 1.49+0.44 0.086+0.038
ete” 13 TeV (20 fb~ 1) 252+3.6 1.43+0.33 0.314+0.06
ptp~ 13 TeV (20 fb—1) 13.0+3.1 0.50+0.15 0.012+0.006

1. Use 8 TeV backgrounds to estimate 8 TeV SF backgrounds
2. Rescale backgrounds by ff((g) (supported by HF MC)
3. Assume displaced Z — eTe~ /utu~ is small or can be controlled

4. Artificially low trigger, but have a background we can estimate
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Same-Flavor Displaced Lepton Search

13 TeV Same-Flavor Search

1000 : ; 1000 T
500F ehoet G ] 500 Yt S g
fir—>p" G Ut uts
100} Tt G oS
50 Tp > 7" G (eponly) 3 Yt > 7" S (eponly)

01 L L L L L L 01 L L L L 1
100 150 200 250 300 350 400 450 100 200 300 400 500 600 700

m; (GeV) mg, (GeV)
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Same-Flavor Displaced Lepton Search

Improving a 13 TeV Same-Flavor Search

1000 T T
500F Goe' G ]
fg-ut G
pt ~ ot G |
& — eTG = hard leptons P F ot G (et only)
fit — ptG = hard leptons ol ]
7T — 717G = soft leptons E 5t ]
8) SF search can be improved with ~ ** ]
higher pr 4, lower background bins 0.1 1
0.05 B

100 150 200 250 300 350 400 450
m; (GeV)
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Comments and Perspectives

Recasting

Efficiency maps and recasting instructions are an essential facet
to all searches for exotic objects

500 B 500+ B

100+ B 100+ B

= 50t 18 50t R
e e
& &

10+ B 10+ B

50 R 50 R

ATLAS Exclusion CMSDT Exclusion
X Our Recast (+£50%)

100 200 300 400 500 600 100 200 300 _ 400 500 600
my, (GeV) my, (GeV)
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Comments and Perspectives
Recasting

Clear information about applying the search beyond the benchmark

are valuable for recasting to new scenarios s

.
(Admittedly, tricky to assess in advance) 4 { L \H\

H‘h. TI__
ol ;

S R
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Comments and Perspectives
Known unknowns. ..

What more is wanted from theory?
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Comments and Perspectives
Known unknowns. ..

What more is wanted from theory?

» What is the status of displaced photons without £7?
Is there a gap at ATLAS? Does CMS fill it?
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Comments and Perspectives
Known unknowns. ..

What more is wanted from theory?

» What is the status of displaced photons without £7?
Is there a gap at ATLAS? Does CMS fill it?

> Quirks
What regions of parameter space (mq vs Ajc) are constrained?

What new search strategies could fill the gaps?
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Comments and Perspectives
Known unknowns. ..

What more is wanted from theory?

» What is the status of displaced photons without £7?
Is there a gap at ATLAS? Does CMS fill it?

> Quirks
What regions of parameter space (mq vs Ajc) are constrained?

What new search strategies could fill the gaps?

» Hidden valleys (high mass and Higgs portal)
What classes of models are constrained by existing searches?
Can model-specific details be distilled to a simplified framework?

Minimal set of searches to cover all observable possibilities?
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Comments and Perspectives
Known unknowns. ..

What more is wanted from experiment?
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Comments and Perspectives
Known unknowns. ..

What more is wanted from experiment?

» Displaced same-flavor leptons
» Displaced taus

» ATLAS displaced leptons
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Comments and Perspectives

Known unknowns. . .

What more is wanted from experiment?

v

Displaced same-flavor leptons

v

Displaced taus

v

ATLAS displaced leptons

v

Non-isolated |ept0ns Brust, Maksimovic, Sady, Saraswat, Walters, Xin - 1210.3657

v

Photon jets Eiis, Roy, schottz - 1410.0362
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Comments and Perspectives

Known unknowns. . .

What more is wanted from experiment?

v

Displaced same-flavor leptons

v

Displaced taus

v

ATLAS displaced leptons

v

Non-isolated |ept0ns Brust, Maksimovic, Sady, Saraswat, Walters, Xin - 1210.3657

v

Photon jets Eiis, Roy, schottz - 1410.0362

v

Eme rg i ng jetS Schwaller, Stolarski, Weiler - 1502.05409

v

Quirks (straight tracks & anomalous bending) kang, Luty - 0805.4642
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Comments and Perspectives

Known unknowns. . .

What more is wanted from experiment?

v

Displaced same-flavor leptons

v

Displaced taus

v

ATLAS displaced leptons

v

Non-isolated |ept0ns Brust, Maksimovic, Sady, Saraswat, Walters, Xin - 1210.3657

v

Photon jets Eiis, Roy, schottz - 1410.0362

v

Eme rg i ng jetS Schwaller, Stolarski, Weiler - 1502.05409

v

Quirks (straight tracks & anomalous bending) kang, Luty - 0805.4642

v

Unknown unknowns {insert your paper here}
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Conclusions

» Many exotic objects are covered, but there are gaps

v

Displaced 7s from GMSB: well-motivated and weakly constrained

» Sensitivity to 75 can be improved in the CMS et search

» Add SF/ bins » Add SS/ bins (CR contamination)
» Add 7, bins » Allow extra /s

» Lowered pr thresholds » Relax isolation in high dj bins

» Extend dp > 2 cm » Add high pr, bins

v

Disappearing track searches should consider this benchmark
» Kinked tracks?

» Several models with displaced ee/ . uncovered at LHC

» A lot of exciting work needs to be done on exotic objects!

Evans (UIUC) Displaced Leptons February 16, 2016 39/39



	Status of LHC Exotic Objects
	Displaced Leptons from Rs in Gauge Mediation
	HSCP Searches (CMS)
	Disappearing Tracks Searches (ATLAS & CMS)
	CMS Displaced e Search
	Recast Limits
	Paths for Improvements

	A Gap: Same-Flavor Displaced Leptons
	Models: co-NLSPs, EGMSB, RPV, freezein dark matter
	A Same-Flavor Displaced Lepton Search for 13 TeV

	Comments and Perspectives

