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Relic Density from Thermal Freeze-out
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Relic Density from Thermal Freeze-out
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Relic Density from Thermal Freeze-out
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Relic Density from Thermal Freeze-out
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Relic Density from Thermal Freeze-out
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Coannihilation

PHYSICAL REVIEW D VOLUME 43, NUMBER 10 15 MAY 1991
Three exceptions in the calculation of relic abund
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Center for Particle Astrophysics and Dep , University of California, Berkeley, California 94720

David Seckel
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Forbidden annihilation
Resonant annihilation
Coannihilation
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DM DM <« SM; SM;
DM X <+ SM; SM
X X & SM; SMp
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Coannihilation

DM DM < SM; SM,
DM X <+ SM; SM,
X X < SM; SM,
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Coannihilation in the literature

Bino-Higgsino: 1601.01569, 1510.06151, 1510.02760, 1509.08838
Bino-gluino: 1509.03613, 1508.04811

Bino-wino: 1509.03613, 1506.08206

Bino-stau: 1509.08838, 1509.07152

Bino-sleptons: 1506.08202

Bino-stop: 1509.08838

Neutralino-chargino: 1509.08485, 1507.02288, 1506.08202
Neutralino-sbottom: 1507.01001

Neutralino-gluino: 1510.03498

Radiative Neutrino Mass Models: 1512.07961, 1509.04068, 1507.067
Scalar DM & vector-like quark mediator: 1511.04452
Triplet-Quadruplet DM: 1601.01354

Lepton-flavored DM: 1510.00100

Kaluza-Klein DM: 1601.00081

Inert Zee model: 1511.01873

Elaviniirand NAM- 1540 NAOQA
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Theoretical Framework

Less complete

Dipole
Interactions

“Sketches of models”
More
complete

Dark
Photon
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Simplified Models of DM at the LHC

Simplified Models for Dark Matter Searches at the LHC
Abdallah et al. 1506.03116

...outlines a set of simplified models of DM for searches at the
LHC

Dark Matter Benchmark Models for Early LHC Run-2 Searches:
Report of the ATLAS/CMS Dark Matter Forum
Abercrombie et al. 1507.00966

...a minimal basis of dark matter models that should influence
the design of the early Run-2 searches. At the same time, a
thorough survey of realistic collider signals of Dark Matter
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Our Goal

A complete classification of simplified coannihilation models

The Coannihilation Codex

@ A bottom-up framework for discovering dark matter at the
LHC

@ LHC phenomenology testing DM freeze-out
@ |dentify lesser studied models & searches

@ In the event of a signal, gives a framework for the inverse
problem
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Assumptions

To complete a classification we need to make some
assumptions

@ DM is a thermal relic
@ DM is a colourless, electrically neutral particle in (1, N, 3)

@ Coannihilation diagram is 2-to-2 via dimension four,
tree-level couplings

@ New particles have spin 0, 1/2 or 1
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Coannihilation Diagrams

X SM,
DM SM;
X SM, X SM, X SM,
M,

DM SM; DM SM; DM SM;
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Classification Procedure

@ Work in unbroken SU(2)., x U(1)y
@ Given SM field content, iterate over SM; and SM, to find all
possible X using
e Gauge invariance
e Lorentz invariance
@ Z, parity (to prevent DM decay)
@ Then find all s-channel and t-channel mediators, using
same restrictions and
e Dimension four, tree-level couplings
e Gauge bosons only couple through kinetic terms
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s-channel classification - sample

DM in (1, N, 3)
D X a+B M, Spin (SM; SMa) SMy | M-X-X
ST11 7 3.2, T B (QL?R), (urLyL)
ST12 3 3 F (urH)
ST13 BN+ a) 1 3.2, 1) B (drLL), (QLdr), (urLL)
ST14 s § F (upHT), (dpH) QL
ST15 s | @03 B | (QLur), (QL’R): (dRLL)
ST16 8 1 F (drHT)
ST17 4 (5.3, 4 B (QLLR) Va=-2
STI8 |\ N ioa) 3 3 F (QLH)
ST19 2 | s 2 B (QLQL), (QLLL) va=g
ST20 3 S (QrHY)

SM,

oM SM,

DM SM,
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t-channel classification - sample

DMin (1,N,3)
D X a+ B My Spin | (SM; SM32) | SM3

TU26 (I, N+1,8—1) I (HH)

TU27 (1, N£1,8+1) 11 (Lp H)
- 0 (I, N+1,8-1) - (HLp)

TU29 (LN +2,a) B,N+1,8-3)| 1V (QLC,E)

TU30 (1,N+1,841) | 1V (LLTL)

TU31 (IL,N+1,8+1) I (HtHT)

TU32 -2 (IL,N+1,8+1) (L HY)
| Tuss | (LN+1,8+1) - (HTLp)

oo LosSMy X~ _.--SM Koo _ooSMh X~ _.-SMs
Cow D | Wi M\L

oM Tesmy oM~ sy oM~ NsM, om- NS,

XM Xeo,_-SM: XSt XS e SM: X\'E:SMZ

1 M, ! M, % M, ! M, | M,

LN ~ .
pM-="" TT*-sMm, DM -SM, o= M, oM~ AsM, DM

SM;
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Classification: hybrid models

ID X a + B | SM partner Extensions

H1 0 B,wNZ2 | su1, sus, TU1, TU4-TUS
(1’ N’ a) L

H2 -2 Ly SU6, SU8, TU10, TU11

H3 Hf SU10, TU18-TU23

(1,N+1,a)| -1

H4 Ly SuU11, TU16, TU17

H5 2 up ST3, ST5, TT3, TT4
(3’ N’ a)

H6 -2 dp ST7, ST9, TT10, TT11

H7 | (3,N+1,0a) 1 Qr ST14, TT28-TT31

7 models
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Classification: s-channel

ois 5y V) ] s
o P T ETEE) £ o -
T, (@0 ¥ 5 (ol 7o T
su1 P R O T PR v O Gt (Qele) (nds) a=-%
(11,0 ). (HHT) { " CEE) =
o ¥ (LLH) s B @ulo) va=-%
03,0V22 [ o | @wen) uto) ah) | 5w v ¥ @ct) n
e i3 () ot B | (@LQL). ("Rin), (ur fr) (@ulL) a1
P [ (dpT). (HTHT) % ) d = @i i
N 5 [ n o _zver| B (RGN
el ® ) (L IO d v @ui) i
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22— : 5 4nTE) @cdm) (unkr)
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SU type - 17 models ST type - 20 models

U: Xuncoloured Ererimn  —
T: X SU(3) triplet N E—
O: X SU(3) octet N E—

. SO and SE type - 5 and 7 models
E: X SU(3) exotic
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Classification: t-channel

D X a+B SM; SMy) SMg TO1 GNE1LE-D) | v (QLTr)
(') | B wh2? —— o ~ o
et 03] GNw [N )
- ;ZL’ TO1 R )

o ) TO5 v (idR)
(drdR) v HLWJ
(Liln) (8,N£1,a) V| ©@udn)
(1,N,a) (¢rTR) v (QLTR)
(HTHT) v (TRQL)
(LLHT) ‘R (8N +2,a) 0 v (QLQL)
-2 - s [ )
(L'l 2 w | @wew)
T GNe) | 3 [ )
: s W[ )
(rH) Ly v (drdr)
) o A v (urQL)
TL) t ¢ v u,
(exTr) " @ NELe (@)
1 at 3 | (drQu)
- T INELA-L)| v (Qrdr)
(: 3
"t 6 Nx20) | 2 |GBN=1A-5 | v [ @Law)
z
TE t - 10 and 10 model
TO and ype an odels
.
o [anN=1s_ 1) | 5 9
: 3
GNELA-5)| v = 3

TU type - 33 models

TT type - 52 models
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We have written down all possible simplified models of 2-to-2
coannihilating dark matter! J
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Complete Classification

We have written down all possible simplified models of 2-to-2
coannihilating dark matter! J

LHC Phenomenology |
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LHC Production: Common

g XM X, M, DM R
q X, M, DM
v/Z q X, M, DM
q X, M q X, M, DM FJ
SM, X

if (SMlst) ep
SM; DM
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Decays: Common
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LHC Production: s-channel

Gauge boson production +

SM, X q
if (SM{SM>) € p % = >—M
SM; DM !

q
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LHC Production: s-channel

Gauge boson production +

SM, X q
if (SM;SM,) € p % = >—M
SM; DM !
q SM
if SM;/SM, € p §—<
g ! M



Coannihilation Codex
000000000000 e00

Decays: s-channel
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Decays: s-channel

DM Er

X SM; +
M } soft

SM,

SM,
M { } Resonance
SM,
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Decays: s-channel

DM
X SM;
M } soft
SM,
SM,
Ms{ } Resonance
SM,
DM Er
M DM
X SM;
Mg } soft
SM,
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Signature Table: s-channel

pp — . Prod. via Signatures Search
M; (= [SM; SM;,]'s) .
{M\ (- [SM; SMaJ=*) 2 resonances [106-112]
{M\ — [SM; SM,]s) int resonance + £ No search
i ft gauge int.
M; (= DM + X (— SMi°" SM3°" DM)) resonance + 7+ < 2 SM No search
_ | /M, (= DM + X (— SM$°" SMs°" DM)) ]
g { M, (= DM + X (= SMscﬂ SMson DM)) Er+ <4SM [113-124]
©
'5 M, (— [SM; SM,]"s) 1 resonance [125-146]
) (SM, SMy) € p 120-122,124
M, (~ DM + X (— SMEo!t SME" DM)) P Ert <2SM t 1
[104,147-153]
SM 5 + M, (— [SM; SM,]™%) 1 resonance + 1 SM Partial coverage [154,155]
SM, » SM,,; € p [114,120-124]
' Er+1<3SM
{M,\ (= DM + X (— SM{" SM5" DM)) T [147-153,156-158]
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Signature Table

"o Prod.via__| Signatures Search
gauge int.
DM + DM + ISR orSM cp | monoY + £y (55.56,62,63,104]
for r-channel
21 (x (- supr st ow) gaugeint. | mono-Y + £, [65.56,62,63,104]
§ | 4% (- swr swiet o) orSMycp |monoY+Fr+<4SM | Partial coverage [105]
1SR for r-channel
no-Y + 7 55.56,62,63,104
DM + X (- SMS" SME" DM) + ISR (smy s <p | T4 E ! !
mono-Y + £+ <2SM | Partal coverage [105]
M, (- [SM, SMLI™) .
{M‘ [ 2 resonances {106-112]
{M,l S [SM, SV gaugoins | o50n0 7 No search
M, (> DM + X (> SMe* SMz=" DM)) resonance + £+ < 2SM No search
| M (5 DM X (- Swet szt D - .
g {M, (-5 DM + X (- SMs" SMEt D) Fre<asM (13124
5 [ M 1sme smr) 1 resonance 1125146]
(SM, SMy) < p (120122124
M, (- DM+ X (- S ShAzst D) Erec2sm
: [104,147-153)
SMi2 + M (- [SMy SM=) 1 resonance + 1 SM Partal coverage [154,155]
M2 SMyi e p [14120-124]
: ot Gyt Fre1<3SM
{M, (= DM + X (— SME°" SME" DM)) [147-153,156-158]
M, (- SM, D) (120-122,124]
Err<2sm
{M, (- SM; DM) 1104,147-153)
M, (~ SM; DM) (106-112]
ot Shggon Er+<asm
{M,( » SMy + X (- SM" SME®" DM) gauge it (114,119-124)
{M, (5 SMs + X (— SME" SN DM)) e <OEM (113,114,120-124]
M, (-5 SM + X (- SM M D)) ! [116-118,159-163]
H 155.56.62.60]
§ | DM+ M, (- SM, DM) Err<1sM
£ [104,149]
2 smep
om 114,120-124]
g Ert<3SM
{M‘( » SMy + X (- ST SMEt DM)) [152.153,156-158]
M, (- SM, DM) [1a.120124]
ot Gt Fre<3sm
{x (- SMi" SME DM) [152,153,156-158]
smep
M, (- SM; + X (> SM" S DM)) oo [13.114,116-124]
(K st o e 55 161189
X (> DM+ SMEPY) gauge it (120122124
N Ere<2sm
2 {X(< DM + SME*") orSMi e p [104,147-153)
2 128,129,149)
DM+ X (- DM+ SM) SMicp | Eecism ! !
(55,56,62,63,104]
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Bino-gluino Coannihilation

Label  Field Rep. Spin assignment
DM Bino (1,1,0) Fermion
X Gluino (8,1,0) Fermion
M Squark (3,1,-4/3) Scalar
t-channel: IV
DM ~ (1,N, 3)
X~ (8,N,a) X SM:
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Bino-gluino Coannihilation

XN(S,N,Oé) 0“"5:0
M~ (3.N.5 —4/3)  Spin: IV

1D X a+ B My Spin | (SM; SM») | SM3
TO1 B,N£1,8-3 | 1v ©.00)
TO2 0 (B3,N,8— %) v ——
TO3 (8, N, ) (3, N, + %) v Ands)
TO4 . (3,N,B+ 2) v p—
TO5 (3, N,B + %) v (Tmdr)
TO6 (3,N,B+ %) v And5)
o7 e Nt1,a) | -1 (5_”7N:|:1,5+ O 1w Tedn)
TOS B,N+1,8-2%)| IV @L7E)
TO9 (3,N,B + %) v =)
TO10 | (8, N £2,a) 0 B,Nx1,8-1)| 1V QL0




Bino-gluino Coannihilation

DM ~ (1,1,0)¢ X~ (8,1,0)f
M~ (3,1,-4/3)5 (SM;SMa) = (uig)

Using the Codex
[e]e] o]
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Bino-gluino Coannihilation

DM ~ (1,1,0)¢ X~ (8,1,0)f
M~ (3,1,-4/3)5 (SM;SMa) = (uig)

pp— ... Prod. via Signatures Search Strength
gauge int.
DM + DM + ISR orSM, €p | mono-Y + £r [55,56,62,63,104] giai
for t-channel
g X (s SME S DM gaugeint. | mono-Y + Fr [55,56,62,63,104]
g {i(sf; SMot SME°ft DM) orSMy € p | mono-Y + E;+ < 4 SM | Partial coverage [105] || a?ai, g3ai

for r-channel

mono-Y + £, 55,56,62,63,104]
DM + X (— SM$o" SM3 DM) + ISR | (SM; SM) € p

mono-Y + E;+ < 2 SM | Partial coverage [105] gie3ai
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Bino-gluino Coannihilation

DM ~ (1,1,0)¢ X~ (8,1,0)f
M~ (3,1,-4/3)5 (SM;SMa) = (uig)

pp ... Prod. via | Signatures Search Strength
{M, (— SM, DM) ot <25M [120-122,124] v
M: (- SM, DM) - [104,147-153] '
M, (= SM; DM) [106-112] R
o+ < 4SM
{Mr (= SM, + X (— SMs°ft SMseft DM)) gauge int. Ert < [114,119-124) oF
M, (— SM; + X (— SMs°ft SMS°ft DM)) [113,114,120-124] s
{Mr (> SMy + X (— SME! SM DM)) Ert <6SM o

[116-118,159-163]

£ 55,56,62,63] ,
S| DM+ M, (—+ SM, DM) Ert <1SM asg?
& oM e [104,149]
= 1E€P
DM [114,120-124]
<3SM 2
{Mr (— SM, + X (— SM!t SMSOt DM)) Ert < (2153156158 |
M; (= SM; DM) [114,120-124] i
! it Er+ <3SM g
{XH SMP=! SMEE™ DM) o ’ [152,153,156-158] :
b €p
M, (= SM; + X (= SM=!t SMSOt DM [113,114,116-124]
{x’(i St sm(gof' oM ) Ert <5SM aye}

[159-161,164]
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Summary

@ Coannihilation Codex gives a complete list of simplified
models of coannihilation
@ Guaranteed kinetic & coannihilation vertices — signatures
@ Classify signatures of a wide range of models
o Identify new signatures
e Identify interesting models, e.g., leptoquarks and DM
@ Huge number of coannihilating models of DM

e with interesting collider signatures to study
e at the LHC and future colliders



EWSB |

The main effect of EWSB on our models is from mixing:

@ Due to Z, symmetry, in t-channel models the effects of the
mixing will be entirely in the dark sector

@ Mediators in s-channel models may mix with SM particles,
giving hybrid model like signatures



EWSB I

It is also possible to construct new 2-to-2 diagrams exist thanks
to EWSB

E.g.: mixing between W;(1,3,0) and V;(1,5,0) in the 3—3-1
model

w+ DM (H) (M) DM wt
WO Vo \ ./ Vo
+ + vo NS owo =
ANANN~
- X W~

w X

However, all diagrams are built from verticies present in our
tables and LHC signatures (almost always) differ only by mixing
angles and group theory factors



Cut-flow table - Mixed decay

QCD W+1,2f 1t Zy+j  Zee+j WYWT O WZ,, 4+ WZ;; signal
pr(it) >50GeV | 2.1x10'2  44x108 1.3x10% 7.0x107 1.3x107 12x10° 1.3x10° 3.1x10° 600
N'=1,N, <2 | 48x10° 88x107 12x107 8.6x10* 48x10° 2.4x10° 1.9x10* 6.1x10* 415
b-jet veto 40x10°  82x107 50x10° 82x10* 4.6x10° 22x10° 1.9x10* 54x10* 395
Nhard jets < 3 39x10°  82x107 43x10° 82x10* 4.6x10° 22x10° 1.9x10* 54x10* 335
Z veto 39x10°  82x107 1.7x10° 82x10* 4.6x105 22x10° 1.9x10* 54x10* 326
Er > 700 GeV 133 1738 15 19 9 10 27 2 75
my > 150 GeV 132 16 1073 18 0.005 0.01 10 0.001 67
mass window 3 0.2 0 0.3 10°3 10°3 0.1 10-3 24




Cut-flow table - XXj

it Zw+j Diboson Wy, +j t+j Signal
Fr>50GeV | 1.9x 107 7.9x10° 1.1x10° 1.9x10% 5.6x10° 8.5 x 10*
ped > 50GeV | 1.8 x 107 6.1 x10° 59x10° 1.5x 108 4.6x10° 7.1 x 10*
Adjjy <25 | 1.2x107 42x10° 50x10° 1.1x 108 29x10° 54 x10*
Zandpveto | 85x10° 27 x10° 4.0x10° 86x107 1.9x10° 5.2x 10*
b veto 3.6 x10° 2.6x10° 3.7x10° 82x 107 1.1 x10° 2.0 x 10*
N >2 25%x 104 4371 1076 9.8 x 10* 382 1748
Er > 400 GeV 12 11 0.07 780 2 118
PTi _ 1‘ <02 1 11 0.07 148 0.2 85
v
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