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Current LHC Searches: Simplified Models
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Generic Scenarios

J

LHC DM Forum, arXiv:1506.03116
LHC DM Working Group, arXiv:1603.04156
see talks by David Salek, Felix Kahlhoefer
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This Talk:
Exotic DM Signatures



Outline

@ simplified Models off the Beaten Paths: The Coannihilation Codex
9 Lepton Jets from Radiating Dark Matter

© Emerging and Semi-Visible Jets from Dark QCD

@ 750 GeV Diphotons and Dark Matter

e Summary
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Simplified Models off the Beaten Paths:
The Coannihilation Codex



What may we be missing?

A bottom-up exercise
in classifying simplified models



What may we be missing?

A bottom-up exercise
in classifying simplified models

Allow for coannihilation
— thermal relics even at weak coupling/heavy mass



One step beyond minimal simplified models

Assumptions:
@ < 3 new multiplets:

» Dark matter
» Coannihilation partner
» Mediator

@ DM is colorless and electrically neutral
» Not millicharged
@ DM is a thermal relic

» No axions or sterile neutrinos
» Not produced in late-time decays

@ DM annihilation/coannihilation is a 2—2 process
@ Tree-level, renormalizable interactions

» DM annihilation not dominated by loops
(these would suppress interactions)

@ New particles are spin 0, 1/2, or 1
» No gravitons/gravitinos

Baker et al., The Coannihilation Codex, arXiv:1510.03434
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Four classes of simplified models

Joachim Kopp

New Signatures of Dark Matter at the LHC

X SM» X SM» X SM,
M;
Ms
DM SM; M SM DM SM,
X SM, X,DM SM;
X, DM
SMs
DM M; DM, X SM; DM¢, X° SMg
\ :




Classification procedure

@ Choose DM in (1, N, 8) of SU(3) x SU(2) x U(1).
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Classification procedure

@ Choose DM in (1, N, 8) of SU(3) x SU(2) x U(1).
@ Choose representation of coannihilation partner X.
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Classification procedure

@ Choose DM in (1, N, 8) of SU(3) x SU(2) x U(1).
@ Choose representation of coannihilation partner X.
@ Allowed representations for mediator M are now fixed
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Classification procedure

@ Choose DM in (1, N, 8) of SU(3) x SU(2) x U(1).
@ Choose representation of coannihilation partner X.
@ Allowed representations for mediator M are now fixed

@ Choose spin of mediator M
» Determines the spins of DM and X
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Classification procedure

@ Choose DM in (1, N, 3) of SU(3) x SU(2) x U(1).
@ Choose representation of coannihilation partner X.
@ Allowed representations for mediator M are now fixed

@ Choose spin of mediator M
» Determines the spins of DM and X

@ Allowed couplings to SM particles now determined

Joachim Kopp New Signatures of Dark Matter at the LHC



Tables, tables, tables

D X a+ B M, Spin (SM; SMg) X-DM-SM3 | Mg-X-X
sU1 B (“RE)y(dR@v(ZRE) - v
(1,1,0) (QLQL), (L L), (H HT)
SuU2 0 F (Lp H)
su3 waonz | Bl Qr), (L L), (HHY) H1 v
SU4 N, o F (L, H)
SU5 Y (1, —2) B | (drwm), (HN HY), (LLLL) v
sue L v F (Lp HY) H2
sur N>2 | B (=Y HY), (L L) v (a=+1)
1,3, -2)V
sU8 F Ly HY H2
SuU9 —4 (1,1,-4) B (R LR) V(o= +2)
SU10 . L2 —1) B | (dr Q). @R QL) (T tr) H3
SU11 LN+ F (g H) H4
SU12 3 a,2,-3) B (LL¢R)
sSU13 F (er HY)
SU14 0 1.5.0) B | (@L Q) (L Ly), (HHY) V(a=0)
SuU15 F (L H)
(1, N £2,)
SU16 B =Y HY, (L L) V(a=+1)
-2 (1,3,-2)
suU17 F (L HY)
DM in (1, N, 3) representation of SU(3) x SU(2) x U(1)
X coannihilation partner
Ms s-channel mediator
SMy, SM>  SM particles in coannihilation DM + X — SM{SM,
SM3 Possible additional vertex DM—X—SMj

Joachim Kopp New Signatures of Dark Matter at the LHC



Tables, tables, tables

D X a+ B M, Spin (SM; SMg) X-DM-SM3 | Mg-X-X
sU1 B (“RE)y(dR@»(ZRE) - v
1,1,0) (QLQr), (L Iy), (HHT)

su2 0 B (L H)

SU3 (LaoNzz | B (@0, &y, (HHT) H1 v
Su4 T F (Lp H)

(1,N, @)
SUs PR B | (dr®R), (H' H'),(Lp L) v

In total 161 simplified models (defined by representations of DM, X and M)
49 s-channel, 105 t-channel, 7 hybrid

DULs _3 (1,2,—3) L \“L “R)
SuU13 F (er HY)
SU14 0 1.5.0) B | (@L Q) (L Ly), (HHY) V(a=0)
SU15 F (Lp H)
(1, N £2,)
SU16 B =Y EYY, (L Ly) V(a=%1)
—2 (1,3,-2)
suU17 F (L HY)
DM in (1, N, 3) representation of SU(3) x SU(2) x U(1)
X coannihilation partner
Ms s-channel mediator
SMy, SM>  SM particles in coannihilation DM + X — SM{SM,
SM; Possible additional vertex DM—X—-SMj3

Joachim Kopp New Signatures of Dark Matter at the LHC 10



LHC pheno classification
Another table ...

M, (= DM + X (= SM5°f sM5°* DM))

(SMy SM2) € p

PP — ... Prod. via Signatures Search
gauge int.
DM + DM + ISR or SMy € p | mono-Y + Ep [55,56,62,63,104]
for t-channel
g X(= SM5Ot SMeft DM) gauge int. mono-Y + E [55,56,62,63,104]
g + X (= SM°™ SM5°™* DM) + ISR or SMz € p | mono-Y + Ep+ < 4 SM Partial coverage [105]
for t-channel
3 3 mono-Y + 55,56,62,63,104
DM + X (— SME°f SM5°™ DM) + ISR (SM; SMy) € p Er [55,5 104]
mono-Y + Er+ < 2 SM Partial coverage [105]
M, (= [SM; SMa]™®®
s (= [SMy 2I"™) 2 resonances [106-112]
+ M, (= [SM; SM2]™®)
M, (= [SM; SMa]™®) . resonance + B No search
gauge int.
+ M, (= DM + X (— SM;°™* sMze* DM)) resonance + Ep4 < 2 SM No search
M, (= DM + X (— SM3°f sM5°'* DM
il ( + XA ! 2 2 Ep+ <4SM [113,114,114-124]
2 + M, (= DM + X (— SM;5° sM3°ft DM))
<
S| My (— [SM; SM]™®) 1 resonance [125-146]
S

Er+ < 2SM

[120-122,124]
[104,147-153]

SMy 2 + My (— [SM; SMa]™®%)

SM 2
+ M, (= DM + X (— SM;°™ sM3°™* DM))

SMz1 €p

1 resonance + 1 SM

Partial coverage [154,155]

Er +1<3SM

[114,120-124]
[147-153,156-158)

M, (= SM; DM)
+ M, (— SM; DM)

Er+ <2SM

[120-122,124]
[104,147-153]

achim Kopp New Signatures of Dark Matter at the LHC
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LHC pheno classification

Another table . ..

for t-channel

pp— ... Prod. via Signatures Search
gauge int.
DM + DM + ISR or SM; € p mono-Y + Er [55,56,62,63,104]

10n

X (—s Qnrseft qprsoft oanoe int

Frequent features
@ Cascade decays
L (1- or 2-step, involves MET)

@ Soft SM particles
(in coannihilation scenarios)

@ Resonances
mediator Mg — SMy SM»

mona-Y L H

[R5 RA A2 A2 1041

s-ct

SM; SMy) € p
M, (= DM + X (— SME® SM5°" DM)) (SM1 SM2)

Er+ < 2SM

[120-122,124]
[104,147-153]

SMi 2 + M, (= [SM; SMa]™®®)
SM. 2 SMz 1 € p
+ M, (= DM + X (— SM;°™ sM3°™* DM))

1 resonance + 1 SM

Partial coverage [154,155]

Er +1<3SM

[114,120-124]
[147-153,156-158)

M, (= SM; DM)
+ M, (— SM; DM)

Er+ <2SM

[120-122,124]
[104,147-153]

Joachim Kopp New Signatures of Dark Matter at the LHC
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Specific example: a leptoquark model

ID X a+B M Spin (SM; SMy) X-DM-SM3 | Mg-X-X

ST1 0 (3,1,19) B (urIR) V(a=-8)
ST2 @14 B (dr?r), (Qr L1), (R dR) V(a=-%)
ST3 4 F (Qr H) H5

ST4 3 (5,3, 4)N>2 B (QrL L) Ve=-2)
ST5 @ N, @) 3 F _ Q) H5

ST6 31,-2) B | (@L QL) @R dR); (ur ¢r), (QL LL) V(e=3)

ST7 ., 3 F (Qr HY) H6

sTs i (8.3 _2)v22 | B (QLQr), (Qr LL) V=1

ST9 s F (Qr HY H6

3,1, -8 B ug

ST12 F (ug H)
ST13 B dr L), (QL dR, L

(B N£1,a) 1 G2, (dr L), (QL dR); (ur LL)
ST14 F (ug HY), (dg H) HT7
ST15 5 5 B (QLwR), (QL ¢r), (dr LL)

-3 (3,2,-3) T

ST16 F (dr H')
ST17 4 @54 B (@LLyr) Va=-%)
ST18 F H

(8, N+2,0) __ (@) <
ST19 _3 (3,3,-2) B (QrLQr), (Qr L) V(e=3)
ST20 3 F (Qr HY)

Joachim Kopp atures of Dark Matter at the LHC 12




Specific example: a leptoquark model
Lagrangian
L= éW&ﬁDM + iXDPX + |DMf?
oM 5N DM XX — V
—— — mxXX — V(Ms, H)
— (yDXMS DM + yogaLMsfﬁ + y[_uL_LMgUR T h.C.),

Joachim Kopp New Signatures of Dark Matter at the LHC



Specific example: a leptoquark model

Qh?

10.0]

0.1

0.01

—— mig=400, A=0.1,y=05
—— ma=1000, A=0.1,y=0.5
mia=1000, A=0.15, y=0.5

m=1500, A=0.1,y=05
Relic Density (30)

Yo=yai

1200

1100

1000}

5| [ A = 0.1, Br(LQ3Iq) |0 = 0.5
S
3|
2
£
3
XXxj (Leptons) [13 TeV] 8| (or() > 10 Gav)
g
XX+ (Leptons) [13 TeV] (pr() > 25 GeV)

Relic Density + APV (30 allow

|
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Baker et al., The Coannihilation Codex, arXiv:1510.03434
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Dark Matter Production at the LHC
Traditional DM searches: initial state radiation

f X

q
; X
f X q X
DM pair production Monojet

(invisible @ LHC)
How about final state radiation?

Joachim Kopp New Signatures of Dark Matter at the LHC
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Model Framework: Self-Interacting DM
Dark Sector Lagrangian

1 1 V€
Laak = X(10 — my + iga A')x — 2w = §mi/A’,,,A’ 2FWF“

Buschmann JK Liu Wang, arXiv:1505.07459

Joachim Kopp New Signatures of Dark Matter at the LHC 17
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Dark Radiation — Analytics vs. Numerics (1)

@ Number of radiated A’ follows Poisson distribution
@ Energy fraction Z carried away by each A’:

» Compute analytically the moments of Z distribution, Z¢
» Inverse Mellin transform yield A’ spectrum

* Fast numerical evaluation via FFT

Joachim Kopp New Signatures of Dark Matter at the LHC



Dark Radiation — Analytics vs. Numerics

0.24k L N T T T N L N L N L L L T ]
[ 1doc Benchmark A e
0.22-0gn  —o —— analytic —
. | e Pythia8 ]
0.2~ H Benchmark B —
Fo= : —— analytic ]
0181 L Pythia8 =
0.16— : 3
0.14 3
o1 | | b =
0.1 3
008 | 3
006 | 7 3
ooak- | | L i 3
0.02ffd L i =
0: ol b b ] T e -d.- ]

0 2 4 6 8 10 12 14

=}
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Dark Radiation — Analytics vs. Numerics

100 100
Benchmark A ---- Recursion Benchmark A ---- Recursion
x spectrum .- Mellin A A'spectrum  e-e Mellin
10 ----  Pythia8 10 \ ----  Pythia8
L A 2a — CalcHEP
1A 8
1 it
- R SAEAREEEII .
apsrrEle PILIS o E g .
N
5 0p T . o )
E el st VY Q
0.01f e BATTT : 0.01} "
g BATT :
0.001f o L o001
-al B NS -4 :
10 0.0 0.2 0.4 0.6 0.8 1.0 10 0.0 0.2 0.4 0.6 0.8
X=E/(V5/2)
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A’ Decay

narrow  resonance

A' branching ratio

@resonance

Joachim Kopp New Signatures o

k Matter at the LHC
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Phenomenological Results

@ Recast ATLAS prompt lepton jet search (arXiv:1212.5409)
@ Recast ATLAS displaced lepton jet search (arXiv:1409.0746)

@ Conservative projections for 13 TeV
» Type-0 (muonic lepton jets only) — cannot estimate multijet background

=
Q
3

(B R e A A AR
Benchmark A

displaced search

Lnd

prompt search

=y
=
=
>T< ——— @8 TeV (all events) — @7 TeV
N 102 @8 TeV (excluding 2-2 events) _
T @13 TeV (0-0 events only) @13Tev 7
[ E B
N r ]
N [ ]
g 10 =
] E 3
c F 1
S [i1sTeve®R ]
E \\
o lEsTevalmr \y/ A
3 E 3
= F77eV s8R 3
n L 4
o

10 E

102 T Vi WA NI IR ETTT! RRRETTY R

10 107" 1 10
ct [mm]

s
<

T L R
Benchmark A

displaced search

——— @8 TeV (all events) —
@8 TeV (excluding 2-2 events)

@13 TeV (0-0 events only)

=
Q
R

- @13 TeV

prompt search
@7 TeV

[-13.TeVaBR

o

8TeV.a[BR

X

ﬁ)wzp

95% CL Limit on o(pp - Z')BR(Z' - XX) [pb]
=
o

107 3

E e _p resonance E

C broad p resonance’ ]

Rarrow a resonance

r hadron model  quark model b
1—2\\\\\ L T A | EN

5x102 107 2x107t 1 2 3 45678

m, [GeV]
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Phenomenological Results

@ Recast ATLAS prompt lepton jet search (arXiv:1212.5409)
@ Recast ATLAS displaced lepton jet search (arXiv:1409.0746)
@ Conservative projections for 13 TeV
» Type-0 (muonic lepton jets only) — cannot estimate multijet background

01072 g 01072
3 3

[} Q

£ =

o I

] [}

(=5 o

g g

2 2107
E E

8 £10°®
g 2
<107 <107 .~

Y

10°® 1078

N

10—9 Benchmark A excluded at 95% CL 10—9 Benchmark B excluded at 95% CL

displaced search prompt search
I @38 Tev (alllepton jet types) [ @ 7 Tev

[ ] @13 TeV (muonic lepton jets) [ | @ 13 Tev
1071~ Ll Ll Ll L

1072 107 1
m, [GeV]

displaced search prompt search
I @38 Tev (allleptonjet types) [ @ 7 Tev

[ ] @13 TeV (muonic lepton jets) [ | @ 13 Tev
1071l — Ll Ll Ll L

107 107 1
m, [GeV]

107 107
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Emerging and Semi-Visible Jets
from Dark QCD



Dark QCD

General Idea: Analogy with SM
DM as the “proton” or “neutron” of QCD-like dark sector

TeV ——

GeV —

)

QCD

K,...

Dark QCD

asymmetw

sharing
Pd; Nd, -
annihilation |
Tdy Pd, -
deca‘!

Schwaller Stolarski Weiner, arXiv:1502.05409
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Dark Sector Lagrangian
Dark QCD

_ 1 y
LD Od,(lz) = md,,)Od, = ZGZ le’d

Mediator Sector

L. = (D, Xa)(D"Xa)' — MZ Xa X} + rjQqqiXq + hec.

The mediator Xy
@ is a bifundamental of SU(3)qcp x SU(3)dark
@ transfers baryon asymmetry to the dark sector
@ mediates dark meson decays
@ can be pair-produced at the LHC

v

Schwaller Stolarski Weiner, arXiv:1502.05409

Joachim Kopp New Signatures of Dark Matter at the LHC
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Emerging Jets at the LHC

Joachim Kopp

@ pp — XaXa — QQQq
@ Q creates dark parton shower
and hadronizes

@ Dark baryons: £+
@ Dark mesons: Emerging Jet

Schwaller Stolarski Weiner, arXiv:1502.05409

New Signatures of Dark Matter at the LHC
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Semi-Visible Jets at the LHC

Alternatively: for prompt decay:
@ pp — dark hadrons
@ Dark mesons: Decay to QCD
jet
@ Dark baryons: £ within the jet

@ For DM particles from
resonance decay:
use transverse mass to
suppress QCD background

@ unstable mesons

stable mesons

=]

Cohen Lisanti Lou, arXiv:1503.00009

Joachim Kopp New Signatures of Dark Matter at the LHC 26
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750 GeV Diphotons and Dark Matter



Decay of 750 GeV Diphotons to DM

C C: v _
Lo+ = %SBWB*“’ + Wzsww W,, + WSSGfL,,G’; + 9o SXx + My Sxx J

@ S mediates DM—SM interactions
» Sets relic density
@ S — xy could explain large S width
» But requires huge S production x-sec

Mambrini Arcadi Djouadi, arXiv:1512.04913

Joachim Kopp New Signatures of Dark Matter at the LHC 28
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Dark Matter-Mediated S(750) Decays

Idea: DM y as part of electroweak multiplet that mediates S — ~~.

Joachim Kopp New Signatures of Dark Matter at the LHC



Dark Matter-Mediated S(750) Decays

Idea: DM y as part of electroweak multiplet that mediates S — 7.

Relic density: two windows of opportunity

@ m, ~ 100 GeV
» Annihilation, in particular yx — WW
» Fast S — y decay
» Difficult to achieve large prodution rate to compensate small BR(S — 7).
» May require many new colored particles

e m, >TeV
» Coannihilation
» Difficult to generate large enough BR(S — 7).
» May require many such multiplets

Baker Bauer Neubert JK Thamm, work in progress
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Dark Matter-Mediated S(750) Decays

Idea: DM y as part of electroweak multiplet that mediates S — ~~.

Relic density: two windows of opportunity
@ my, ~ 100 GeV
e m,>TeV

Constraints:
@ S — vy via Y = 0 multiplet: in tension with Run | (mainly Z~)

10% 700 . i .
F . "
: y 7 ) Triplet, Nygsy=3 | ®
- 2
i e e e = \ I
10 | 600} i @]
; 1
F 1
F750 GeV preferred i _ [
[ . .
§ 1 9. v
x
=
I )
RN\
) Zy
10352 107! 1 10 102 200

cww Cag
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Dark Matter-Mediated S(750) Decays

Idea: DM y as part of electroweak multiplet that mediates S — 7.

Relic density: two windows of opportunity
@ m, ~ 100 GeV
e m, >TeV

Constraints:

@ S — yyvia Y = 0 multiplet: in tension with Run | (mainly Z~)
@ Y +# 0 multpilet:

» Relic density still difficult

» Difficult to avoid Z-mediated DM—nucleon scattering
@ For m, > TeV: Gamma ray line constraints

Scenario that may work:

@ Several multiplets — multi-component DM
@ Mixed doublet—triplet DM
° ...

Baker Bauer Neubert JK Thamm, work in progress

Joachim Kopp New Signatures of Dark Matter at the LHC 29



Summary

Dark Matter can leave very strange footprints at the LHC

@ Look for the mediators!
@ Many searches sensitive

(though not yet interpreted in terms of DM)
@ Huge simplified model space

» But don’t take simplified models too serious!
— talk by Felix Kahlhoefer

@ Very conventional dark sectors may lead to

very unconventional signatures

Lepton Jets
Emerging Jets
Semi-Visible Jets
750 GeV diphotons

v

vYyy

Joachim Kopp New Signatures of Dark Matter at the LHC
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Dark Radiation Showers — Semi-Analytical Results

Notation, notation, notation, ...
@ Incoming (off-shell) DM particle: p, in = (E, 0,0, p)

@ Outgoing DM particle: py out = (XE, —ki, 0, \/X?E2 — ki — m2)

@ Outgoing dark photon: k = ((1 — x)E, ki, 0, \/(1 — X)2E2 — kZ —m3,)
o Virtuality: t = (pyout + k)2 — m?

X

Probability for a collinear splitting:

px,au‘r
QA dt
o dx TPXﬁX(x, t)

with the splitting kernel

14+ x2 _2(m§+m§\,)
1—x t

PX%X(Xa t) =

Joachim Kopp New Signatures of Dark Matter at the LHC 32



Dark Radiation Showers — Semi-Analytical Results

Average number radiated dark photons

Xmax tmax
(na) = A / dx / o (0.
2 Xmin tmin t

™

Splitting is a Poisson process.

@ Probability for m splittings

e*(”A’) <nA,>m

Pm = m!

@ Probability for no splitting (Sudakov factor)

A= Po = e’<”A’>

Joachim Kopp New Signatures of Dark Matter at the LHC 33



Dark Radiation — Energy Spectrum of DM Particles
Compute first the moments of the E spectrum f, (X = E, / Ey):
@ Events with one emission

) max s fmax dt
pi(X%),, =€ (nar) 2’;/ dx x /z TPXHX(X)

min 'min

= e (W) (ny) X
@ Events with two emissions

s B , o Xmax fmax dt *Xmax , /S dt’
pe(X),, =e " >( : ) . / ax — Pxosx () Py (X)
i

t/
Xmin min Xmin tmin
2 rx & Xi tma
1 o max max dt ‘max max dt
~ o (Na A s /IS /
~ e >§ 5 dx x — dx’ x - Py oy (X) Py—x (X))
v Xmin tmin 7 Xmin tmin

_ o) <n£v> G

@ Events with m emissions

—{ny <n />m7m
pm<Xs>mA/ =e <A> ;:’Il X,
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Dark Radiation — Energy Spectrum of DM Particles

@ Summing over all m
p(s+1) = (X%) = D7 pm (X5) = @ (W05,
m=0

Mellin Transform

Mf(s +1) = p(s +1) = (/:odXXSf(X)

Inverse Mellin Transform

1 Cc+ioco
f(X):%/ dins()O(S)
C

—ioco

Efficient numerical evaluation using Fast Fourier Transform (FFT)

Joachim Kopp New Signatures of Dark Matter at the LHC
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Dark Radiation — Energy Spectrum of Dark Photons
With Z = E» [ Ey:

Pm(Z%) pp = ! e () <nA/>m732m:7sk71
m (nar) m! =
with
o 1 op Xmax tmax dt
s = (nﬂg dx (1 fx)s/t TPx—>x(X)
Xmin min
Therefore,

Joachim Kopp New Signatures of Dark Matter at the LHC



Phenomenological Results

@ Recast ATLAS prompt lepton jet search (arXiv:1212.5409)
@ Recast ATLAS displaced lepton jet search (arXiv:1409.0746)

@ Conservative projections for 13 TeV
» Type-0 (muonic lepton jets only) — cannot estimate multijet background

=
Q
3

(B R e A A AR
Benchmark A

displaced search

Lnd

prompt search

=y
=
=
>T< ——— @8 TeV (all events) — @7 TeV
N 102 @8 TeV (excluding 2-2 events) _
T @13 TeV (0-0 events only) @13Tev 7
[ E B
N r ]
N [ ]
g 10 =
] E 3
c F 1
S [i1sTeve®R ]
E \\
o lEsTevalmr \y/ A
3 E 3
= F77eV s8R 3
n L 4
o

10 E

102 T Vi WA NI IR ETTT! RRRETTY R
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Phenomenological Results

@ Recast ATLAS prompt lepton jet search (arXiv:1212.5409)
@ Recast ATLAS displaced lepton jet search (arXiv:1409.0746)
@ Conservative projections for 13 TeV
» Type-0 (muonic lepton jets only) — cannot estimate multijet background
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Prompt Lepton Jets

For short A’ lifetime:
@ Consider only muonic lepton jets
» other categories difficult to implement without full detector simulation
@ Selection criteria

1 muon with pr > 18 GeV

or 3 muons with pr > 6 GeV

In| < 2.5

Track in the inner detector

Small impact parameter |dp] < 1 mm

\4

v vy vy
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Displaced Lepton Jets

For long A’ lifetime:
@ Type 0 (“muonic”) LJ
» > 2 muons (and no calorimeter jets) within AR = 0.5.
@ Type 1 (“mixed”) LJ
» > 1 muon + exactly 1 calorimeter jet
@ Type 2 (“calorimeter”) LJ
> All other calorimeter jets with small EM fraction
» Includes A' — ee with large displacement
» Includes hadronic A" decay modes

Detector A — ete~ A—=utpy A —-rtn  /KTK™
LJ type 2 (calorimeter) 0 (muonic) 2 (calorimeter)
ID track track track
ECAL EM fraction v v
HCAL v v v
Detector A —nir a° A — K)KS
LJ type 2 (calorimeter) 2 (calorimeter)
ID track (v)
ECAL EM fraction (v)
HCAL v v
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