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Plan of talk
» The WIMP paradigm & its drawback

» Freeze-in: a possible alternative

» DM freeze-in in Effective theory (based on arxiv: 2007.08768)

Relevant operators

DM vyield via annihilation & decay

Comaprison with scale of neutrino mass generation
e DM from radiative inflaton decay

» Concluding remarks
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The WIMP paradigm

The Canonical story of Dark Matter
Standard lore:

» DM in thermal equilibrium with SM at T' >> mp.
» Before npy — 0, DM is rescued by ‘freeze-out’' T' < H.

> ppm ~ a3, eventually dominating over radiation.

Yom = npm/s, © = mpwm/T

105 <ov> increases WIMP merCle
a new particle with

F100 weak-scale inferaction
4 freezeout  \ can account for DM

10 density in the universe!
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Alternatives to WIMP

=

Direct Search: The Grim Rea O E (mage:1709.00688,1611.06553,zhao Yu TOIE)

WP Naclews _O{IMP » Canonical WIMP scenario
“““‘:gal““‘“ o Q“ Blasc WiMp -~ is getting cornered by DD
4_’ T 0
scatterin,; |
(v~250 km/s) (V=0 km/s) ¢ Nucleus ,/’()R““"
treoiy20kev | NO significant excess @
107 colliders ~ TeV scale.

—— PandaX-11 2016

— LUX 2016

> A possible alternative:

= CDMSLite 2015

» avoid thermal eq. with
SM by extremely tiny
DM-SM coupling —
Freeze-in.

S AL AL ML maL e

Doomed!

> Also: WIMPZIlQS (nep-ph/9siossty,
1L e SIMP (12025143, ELDER

10% s gl P aaaisl Lol (]706.05381)...
: § 10 10° 10°
WIMP mass (GeV/c?)
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Freeze-in

Z Ji.

FIMPs: C

.’ .
I'LL MAKE,YOU 4@
N OFFERN  {

YOU CANT;REFUSE

» DM-SM coupling O(10~1%) = DM can not freeze-'out".

» Initial DM abundance — 0 (by inflation or other mechanism).
» Produced via bath-particle annihilation/decay.

» Two classes: IR (Hall et.al.1402.5143,...) & UV (Elahi et.al.1410.6157....).

Thermal Bath

Temp 7 > My

X is thermally decoupled and we
assume initial abundance negligible

(Image: Talk by Stephen West)
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Freeze-in Classes

IR freeze-in (Image: 1706.07442)

DM-SM renormalizable coupling: AX B; By (B — B2 X).

A ~ O(10719) gives right abundance avoiding thermal eq.
Yom ~ )\2@ = IR dominated process favoring low T
Dominant production at T' ~ m, T < m ~ exp(—m/T).
Caveat: Unnaturally small coupling.
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Freeze-in Classes

UV freeze-in (Image:1410.6157)

1
o Dark sector == visible sector.
e Small coupling is natural when A is very large.
o Ypu % if TRH >> my.
e DM production dominated at highest T i.e., T ~ Try.
e DM freezes in immediately.

0.001 ¢
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Effective theory of freeze-in Set-up

Freeze-in in EFT framework with b & RR, arxiv: 2007.08768)

e The DM y is a singlet Majorana fermion (no tree-level
coupling with SM):

Lpm = ix°dx — My x°x
e No other dark sector particle.
. _
v~ Scalar, pseudoscalar and axial vector DM bilinears.
e All our ignorances dumped into A.

e For simplicity we only consider scalar ops. for DM analysis.

o A>T

~ 2T
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Effective theory of freeze-in Set-up

Relevant Operators (wih bs & RR, arxiv: 2007.08768)

o XI'* (1,7°,4"+°) x itself makes up dim.3.
e 13dim.4, 1 dim.5, 63 dim.6 & 20 dim.7 SM invariant ops.

(1008.4884, 1410.4193).

e DM-SM scalar ops. up to dim.8: £ = Loy + Lpom + La>4.

DM A1 A2 A3 A4
bilinear
(dim.3)

X, XMV X, XHV

|HYH|?
o | HH Dy H? (om) (ee)
X(:i"/BX ’LZ%L, ZR?R
LHR,LHR
XM S x L(R)y.L(R) L(R) YuL(R) (HH)
iHID, H iH'D, H (H'H)
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Effective theory of freeze-in DM abundance

i

kS
e

Annihilation & decay channels witn b8 & rRR, arxiv: 2007.08768)

o T'>Trw: 2—2,3—2(2—3),4— 2(2— 4) channels (massless

SM) = UV.

o T <Tpw: 1 — 2,2 — 2channels (massive SM) — UV+IR.

x>

SM % SM X
X SM X
>€Sl\l ,S‘I\I%S‘” h h
SM X SM x
X SM X
Before EWSB After EWSB

SM SM sm. SM X 5 X v x
N h h
>< >< m i < > T <
. P SM
SM sSM sSM X s X v X
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Effective theory of freeze-in

DM abundance

Out of equilibrium  (witn b8 & RR, arxiv: 2007.08768)

12 r=H:
— dim5
dim.7
— dim.8
10
EFT
>
~ 8 8 breakdown
S (A<T)
5]
-
6
4
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Reaction rate:

na\]l <0”U>nﬁ\m

Fn—)m -
decay

# density of SM particles:

n gsm (1) %%Tg ,
= 3
M gown () (7)™ emmow/ T
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Effective theory of freeze-in DM abundance

Parameter space: {Mpw, A, Tru}
o 47MeV <Tpy < 108 GeVv

BBN (1511.00672) model dependent
T 5, [T 2 PLANCK
o Y, ~ / [IMp—sml| +/ [Mis2252]" = Q% ~ MYy (To)
Tew To
before EWSB after EWSB

o Thy > Tpw = Yield after EWSB is small.

e dim.5 interactions always dominate.

M,=50GeV M,=500GeV
" , - . -
10"|[5 Before=60% 10"\ Gpserved abundance
+ After260%
UV dominant 1078}
- \ = Only UV
2 1016 3 Yy
9] . (0]
= IR d?rnlnant = 10l
10'® 10
1000 10* 105 10® 107 10°  10°

1000 10° 107 10°
Tru[GeV]

) TrylGeV]
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Effective theory of freeze-in DM abundance

Connection with v-mMass SCAle  with DB & Rr, aniv: 2007.08768)

. %(ALZQ)_WLVN% — A, > 10" GeV.
)
R %(AL:Q)HT)’LVN% — A, > 10° GeV.

e DM-SM ops. of same dim. can produce right relic.

Only dim.5 interaction Only dim.7 interaction
1x10"7 Ob: « Observed abundance
. served abundance

5x10'6 1015
> 1x10'8} Ewm,
<5x10" Neutrino mass < Neutrino mass

bound
10°
L 1 T
T AN | [P
5x10' - - ‘ ; ‘ ‘
1000 10° 10 10 100 10° 10° 100 1027 104
TrulGeV] Tru[GeV]
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Effective theory of freeze-in

Radiative inflaton decay

DM from inflaton decay with b8 & rRR, arxiv: 2007.08768)

-5

-6

-10

’ ~
. A
or | \
’
A ’
So_ o
H X
M,;=10"2GeV.

12.0 12.5 13.0 13.5 14.0 14.5 15.0

A
L0810 Gov

M
Logio ey
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o No direct inflaton-DM

coupling.

Inflaton decay via 1-loop
can produce DM
(1709.015649, 1901.04449, 2004.08404).

Q2 = f (Br, My, Tryy) With
FIoop

Br= 21 —
Por—nhtlo,—rr +F$?p

Small branching to avoid
over abundance.

Can account for fotal DM
abundance.
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Effective theory of freeze-in Remarks

Conclusion

» We provide the simplest possible operators connecting DM
and SM relevant for freeze-in scenario up to and including
dim.8.

» {A, TRy} can be simultaneously constrained from DM relic
and neutrino mass generation from operators of the same
dim.

> It is also possible to obtain right DM relic from inflaton decay
even in the absence of DM-inflaton coupling.

» Connection to neutrino mass can be made more profound
in a UV-complete set-up.
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Effective theory of freeze-in Remarks

Conclusion

» We provide the simplest possible operators connecting DM
and SM relevant for freeze-in scenario up to and including
dim.8.

» {A, TRy} can be simultaneously constrained from DM relic
and neutrino mass generation from operators of the same
dim.

> It is also possible to obtain right DM relic from inflaton decay
even in the absence of DM-inflaton coupling.

» Connection to neutrino mass can be made more profound
in a UV-complete set-up.

Thank you!
Questions/comments/critique?
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Backup Slides

3asabendu Barman with Debasish Borah, Rishav Roshan (IITG) 16/15



Scalar kinetic term
Before EWSB:

|D,H|? D (auwa“qr + amoaﬂ@) - “fBMB“ (¢+¢* + ¢0@)
S W (oo 4 09).
i=1,2,3

After EWSB:

1 2 2
2 g - g
[DWHI D 50uh"h+ (h+ o) {ZWJW o SCZQZHZ“}.

w
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BEQ for 3 — 2 process

3
. —2
=1

—
= /dLlPSgdH4dH5|M‘123*>45f1f2f37

N |
dLIPSy = d®pyd®ps = (4 |p4l) (47 |p3|) id cos 0.

Chonge Vvariables nucl.physs 360 (1991) 145-179:
Ey =E;+ Es,E_ = Ey — Es,s = 2M} + 2E4E5 — 2 |p3] |p3| cos 0:

E? —s 2
1 AM
dlldIls = - 1 - —2XdE,ds,
4
(2m) 4 s
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Continued...

, T 5 AMZ N
nX + 3an = W 4M2 4 ’M’1234>45K <T> dLIPS3

as B+ B>+ Es = Ey+ Es.

Performing all the integrals for overall rotations:

d823 1 5923 d cos (923 1
dLIPS; = R b N
/ 3 o 877( s ) 2 87

where
523

1 =1— 22 . S . S

1 s E, = T1 75 Ey = T2 5
1

T9 = — (2 — x1 + 21 cos a3 Vs
3 ) By =3 (2— 21— 12)
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BEQ for 4 — 2 process

6 4
. ——2
ny + 3Hn, = /H LT[ M 534,56 (2m)" 5" (pr — i) H fi

i=1 i=1

—2
_ / ALIPS, dTTsdTTg [ M| g s f1 fo S f 1,
Use energy conservation:

\[

ny +3Hn, = ——
X X (27T)4 4M2 4

S
’M|1234—>56K <\7(> dLIPSy,
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Continued...

For massless initial states:

1 Vs
/dLlPS4 = 47‘(2(871')3/(; d812

_ 2
/(\/g v d834\/1 + 5Ty _ 28172;34 + S _ 2 2w
0 S

52
/dC08912 / dcos O34
2 2

BEQ in terms of yield:

dyi—2 1 1 > AWVIE Vs
X X
~ — d 1-— M K| —
aT s(T).H(T) 64 (27)° ~/4M>2< sv/'s . [M]125456 K1 ( T )
Vs (\/5*\/512)2 82 2312334 82 2812 2834
ds dszaf[1+ 222 — 434 ==
/0 12/0 o 52 52 82 s s

/dcos@lg /dc05934
2 2
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