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Motivation

Feb 22, 2019, 02:00am EST | 57.866 views

The "'WIMP Miracle' Hope For
Dark Matter Is Dead
Ethan Siegel Senior Contributor nature

Starts With A Bang Contributor Group ®

Science Explore content v  Journal information v Publish with us v Subscribe
The Universe is out there, waiting for you to discover it.

nature > news > article

NEWS - 02 OCTOBER 2020

Last chance for WIMPSs: physicists
launch all-out hunt for dark-matter
candidate

Researchers have spent decades searching for the elusive particles — a
final generation of detectors should leave them no place to hide.
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Motivation

« WIMPs are not dead!

* (Colored) coannihilation scenarios could explain the no-show
(higher expected DM masses)

* t-channel simplified models are perfect examples for colored
coannihilation scenarios

 effects of Sommerfeld enhancement and bound state formation
can be huge

— How do non-perturbative effects impact our understanding of the
fFavoured / excluded parameter space of t-channel models?
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Simplified t-channel model

X q;
LD Z(DuXi)T(D“Xi) + goM,ii X XPRAG + 9ii; Xe@ PLX X'
. [ |
X qi
SU3)e x SU((2) x U(1)y Assumptions:
Y (1,1,0) e dark sector odd under Z, symmetry
* X:Majoranasingles and lightest dark
(3,1,42/3) UR particle — dark matter candidate
» X,:scalar particle with 3 generations
X (3,1,-1/3) dr with same mass m,
(3,1,—1/6) qr. e gpw diagonal, democratic coupling
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Dark Matter fFreeze-out with coannihilations

dn +3Hn = —{(ov)(n® — nZy)
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Dark Matter fFreeze-out with coannihilations

X, : : SM
X SM 10 T -

j
N
dn
—p T3Hn = > —(ouv) (nam; — Tieqifieq ;)
1,7=1
N
n=>y n i Teat
1 n Neq
dn
— + 3Hn = —(0egv)(n® — ng,)
dt
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m; —m
neqai neq7j 5 = H
(OcffUrel) = Z<O'ij'0ij> My
» Neq  Teq
i
Xj SM DM SM DM SM
Mea,i i mpy > o g bod
o X exp X, SM X, SM DM SM
(§]
a Neg,i Teq,j Meq,i 4
— For small mass splittings: co-annihilation Neq Meq Neq 1-1
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Contributing processes to relic abundance

Am
-
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Effective Boltzmann description

With the effective dark matter yield

90 g _
yed — X 3/2 T
~ _l. X (27T)7/2 g«,s . c
2 X Xt (271')7/2 Js.S

Assumptions:
* Coannihilating particle will later decay in DM
* Coannihilating particle in thermal equilibrium with DM particle

I'X+SM+— x+SM)>>H
Ldec — mx/Tdec
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Towards new standards for the DM abundance

1

2. h?
X e o)

Tree level annihilation

X —>—T----- h
Y
X —e—L----- h
tree

Oeff Urel = O Urel

DM codes include only tree level
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Towards new standards for the DM abundance

1
2. h?
X e o)

Higher order corrections Tree level annihilation

_ X —F—p == h
\ ) ,/, Y
-y
a7 I
- — t
& T OcftUrel = O Urel

DM codes include only tree level

NLO
OeffUrel = O Urel

sizeable corrections to the DM
abundance

First study of theoretical error
on relic abundance

JH et al. (2019), JH et al. (2016)
JH et al. (2015b), JH et al. (2015a)
JHetal. (2013)
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Towards new standards for the DM abundance
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Higher order corrections Tree level annihilation

_ X —F—T === h
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>
X el
- — t
& T OcftUrel = O Urel

DM codes include only tree level

NLO
OeffUrel = O Urel

, . Sommerfeld enhancement
sizeable corrections to the DM

- -
abundance . “a_
Q [N N ]
(Urel) &~
e - -

. . tree
First study of theoretical error ToffUre] = O U] X S
on relic abundance

JH et al. (2019), JH et al. (2016)
JH et al. (2015b), JH et al. (20153) JH et al,, (2019), JH, Petraki (2018)
JH et al. (2013) JH et al. (2015b)
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Sommerfeld enhancement

(1)
r . _
g E x 33=108
) =3
- 3 R®3=3D6

. | S (% Cmy
S Vi )] dc(r) = & dulr) with w() ="
1 A
C[R] = i[CQ(Rl) + C3(R1) — C3(R)]
( & ( 2a° _
_éo‘_s [1]  attractive _2%s [3] attractive
- 3 r . 3 r
V(r)sgs = 105 V(rses = ¢ 1a?
\+878 (8] repulsive \+§TS 6] repulsive
QSSC[R] 27TaSC -
1Bl SO Vrel 70 = 'Urel(l — 6_27TaSC /Urel) °
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Towards new standards for the DM abundance
1

2. h?
X o)

Tree level annihilation

Higher order corrections Bound state formation

. ) X —>—----- h
LN {
g Y el h -‘::
— —“\\.‘ Oeff Urel = O-treevrel
DM codes include only tree level

Oeff Urel = O'NLO’Urel <O-effvrel> — <0-ananrel> + <UBSFUre1>ef—f

&

Sommerfeld enhancement ,
sizeable corrections to the DM bound state formation and
subsequent decay open up a new

abundance ( N )n _.%_ é\'\@ effective DM annihilation channel
Urel ’)’

First study of theoretical error TofilUrel = 000 X So
on relic abundance

JH et al. (2019), JH et al. (2016)
JH et al. (2015b), JH et al. (20153) JH et al,, (2019), JH, Petraki (2018) JH, Petraki (2019),
JH et al. (2013) JH et al. (2015b) JH, Petraki (2018)
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Bound states formation and decay

g
)((’r) > g /;_\ iOn‘?a.t‘.‘o.n
\ / eqm\\b\"um"

()

X > > decay domj > w::
N = depletiop, o';a;::

(X +XT)ig) = BXXT)) + g bound state Formation

(XXM)ay + gis) = (X + X)) bound state ionisation

B(XX") = 98] 98] bound state decay

(0BSFUrel)eft = (OBSFUrel) X Ldec
BSF Urel / eft BSF Urel Fdec ‘I‘Eon

— additional “annihilation” channel alters the relic density prediction
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Contributing processes to relic abundance

LD Z(DMXi)T(D“Xi) + gDM,z’jXZ'T)_CPRQj + 9pm,i; XG5 PrX

Am,
-«
X Cj; X?’ 9 X,' q; Xj q; 4
'y - . X, g
\/ A\ 4 a4 1
| | > g
Xi # XZ :' : e x
| /\ ,’/ ; /‘ Xzf g
X % X qj
X qi X di A 9216 'y 22 ,—228 4216
gpme (agpm + Bys)e gse
4 2 2 _—x6
9 s€
oM oM l[g] n 2[6] f1 (gpm, gs) [1] 2 1] 5} 8]
3 3 +fs (9pm, gs) [8] 7T 7
no BSF / SE no BSF /SE BSF /SE
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Impact of non-perturbative effects on mass plane

XX} = g9 gae 2 M2~ 2[1] + 2[8]
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Impact of non-perturbative effects on mass plane

Collider Search

2 DM sM
Qcpmh? = 0.120 + 0.001
Direct
detection
1007 ‘ w
: prellmlnary ' """" Perturbative i DM SM
i E ----- Sommerfeld
i BSF i Indirect detection
80| i i
i . !
i W gpy=10"2 !
i : W gon=1 i
— | 60" e /
Z |
O,
<]S 10l Non-perturbative effects change
, S expectation on DM mass and the mass
/A splitting of coannihilating particles
- -..:::::~~
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Impact on parameter space of t-channel model

Goal: Lower bound on g, in order not to overproduce DM

X X! = gg gge 2% IM|? ~ 2[1] + 2(8]
a0 BSF+SE 02 04 06 08 1.0 12 14 1.6
. T e I R R XiX; = gy abe M ~ 18]+ 316
X Xi = qiqi gbye > |M|? ~ [6]

IM|* ~ f1 (90m, gs) [1]

XzX]T — qiq; (agdu + ﬁgg)Qe_%é +fs (9o, 9s) [8]

suppres

colored

processes with g_
dominant

Am [GeV]

relic abundance we can obtain
bound on gy
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Impact on parameter space of t-channel model

Goal: Correction on g,,, due to BSF and SE

x T 4,—2x8 2 .2 5
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Am [GeV]

oniperturbative effects result in
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Interplay with direct detection

Spin dependent (SD) direct detection: Spin independent (SI) direct detection:
 at tree-level due to Majorana nature * only at one-level
* Most stringent constraints from SD proton * Most stringent limits from Xenon1T
scattering

* PICO-60 limits \ / N K

i & M §<%

q
i ). s

yq;‘

— upper limit on gy

Mohan, Sengupta, Tait, Yan and Yuan (2019)
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Interplay with direct detection

Spin dependent (SD) direct detection: Spin independent (SI) direct detection:
 attree-level due to Majorana nature * only at one-level
* Most stringent constraints from SD proton * Most stringent limits from Xenon1T
scattering
* PICO-60 limits
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Interplay with direct detection

Spin dependent (SD) direct detection: Spin independent (SI) direct detection:
 attree-level due to Majorana nature * only at one-level
* Most stringent constraints from SD proton * Most stringent limits from Xenon1T
scattering
e PICO-60 limits Combination of limits allows us to
2000 exclude parameter space
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Interplay with direct detection
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Interplay with direct detection
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Interplay with LHC searches

* mono-jet + ETmiss search by ATLAS .
[arXiv:1711.03301]

>4~
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= 1 2 - I " | -
prellmlnary: preliminary]
3 - 3 3 - 3
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% 2 2 % 2 2
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g ] g ]
< 4
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10 10" 10'; j10*
100 — 10V 10° s —100
102 103 104 102 103 104
mpmMm [Ge\/} mpmMm [Ge\/]

perturbative only + Sommerfeld enhancement

multi-jets + ETmiss search by CMS
[arXiv:1704.07781]
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+ bound state formation

Becker, Copello, JH, Mohan, Sengupta, in preparation
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Interplay with LHC searches
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Interplay with long-lived particle searches

Goal: Could e.g. a freeze-in mechanism account for the missing dark matter?
HSCP

First check: is the long-lived parameter space already excluded?

100;

10E
: * Colored mediator sufficiently long-lived:
Heavy Stable Charged Particle (HSPC)

¢t [m]

» decay outside the tracker (tracker only) or
muon chamber (tracker + TOF)

0.10;

OMS 3213 Tev. Tot2o it | 13 TeV CMS analysis 12.9 fb [CMS-PAS-
] EXO-16-036 (2016)]

0.01 —
500 1000 1500 2000

my [GeV] ~ Upper boundong_,,

Becker, Copello, JH, Mohan, Sengupta, in preparation
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Interplay with long-lived particle searches

Goal: Could e.g. a freeze-in mechanism account for the missing dark matter?

First check: is the long-lived parameter space already excluded?
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Interplay with long-lived particle searches
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Conclusions

« WIMPs are not dead!

* (Colored) coannihilation scenarios could explain the
no-show (higher expected DM masses)

 effects of Sommerfeld enhancement and bound
state Formation are sizeable in t-channel models

502 103

SI XENON1T -

“\ | SD Pico-60

For conclusive exclusion of DM freeze-out in such
a scenario, non-pertubative effects have to be

taken into account!
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Thank you for your attention!
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