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WIMP (or thermal DM)

WIMP (Weakly Interacting Massive Particle) annihifation

DM

- has short-range interactions with the SM particles >

» correlation among various processes

DM SM
—_—

pair production
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WIMP (or thermal DM)

WIMP (Weakly Interacting Massive Particle) annihifation

DM

- has short-range interactions with the SM particles >

»n
0
- correlation among various processes =
g.
DM annihilation cross section is finite oM M
- energy density is determined by the freeze-out mechanism pair production

Oh2 ~ 0.12 x (2 x 107 cm’ S_l)

(o)



WIMP (or thermal DM)

annihilation

WIMP (Weakly Interacting Massive Particle)

- has short-range interactions with the SM particles
» correlation among various processes

DM annihilation cross section is finite
- energy density is determined by the freeze-out mechanism

2 x 1072%°% ¢m? S_l)

(o)

QOh? ~0.12 % (

DM-nucleon scattering is expected

- finite value of annihilation cross section and crossing
symmetry of Feynman diagrams imply that DM can scatter
ordinary matter

- direct detection experiments aim to detect the scattering

DM SM

Bulia)jeoss

DM SM
—_—

pair production

DM DM
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WIMP-nucleon og; [cm?]
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No significant signals (yet!)

v LZ Preliminary

I

AN

N
/ =

’O
.
 J
“
.

*
.
L
.
L
.
.
*
L
.
.
.
.
.
.
.
.
.
”
”
”
”
/’
”

.
.
.
.
.
S N4
. -
nt® -
.t -
-

’/
-
-
-
-
-
-
\\\\
———————

== Median 30 discovery potential |

-- Median expected upper limit |

Power constrained upper limit |

===+ Unconstrained upper limit
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figure from talk slide by Amy Cottle [link]

- The results give upper bounds on the
DM-SM scattering cross-section

-new result by LZ appears two weeks
ago


https://indico.cern.ch/event/1390649/contributions/6061507/

Direct detection experiments exclude simple DM models



Direct detection experiments exclude simple DM models

e.g SM + a gauge Singlet gscalar DM [Silveria et.al. (‘85), McDonald ('94), Burgess ('01)]

AS g1 ARS goprt

L= Longy g _ Hs g2
M H 9 24 9

-S : DM candidate
‘H : SM Higgs doublet



Direct detection experiments exclude simple DM models

e.g SM + a gauge Singlet gscalar DM [Silveria et.al. (‘85), McDonald ('94), Burgess ('01)]

1 1
L =Lsu + 50"59,S 25 S

S : DM candidate
‘H . SM Higgs doublet

AS

A
> g4 ;SSQHTH

-the only coupling connect SM and DM sectors
-determined to obtain QA =0.12

. Osl &« A

‘let’ see the current status from direct detection exp.

(see next slide)



g [cm?]

typical result with direct detection experiment

1074
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-the coupling is determined to obtain Qr* = 0.12

-almost excluded
-other typical simple models are similarly excluded



typical result with direct detection experiment

1041

-the coupling is determined to obtain Qr* = 0.12

I IIIIIII| I T T 11Tl
scalar singlet

10742 | .

3 -almost excluded
1074 -other typical simple models are similarly excluded
10-44 ;

This result implies that osi should be zero at the

10745 |
: tree level

10740 |
104/
10748

g [cm?]

DM DM DM DM

1 0-49 ; o .
10-50 f ALl AA A Y AAV, |.//§ /‘\
10' 10 10° 10* 10> ¢ ! ! ’

Mp\m [GeV]



Example w/o tree level DM-nucleon scattering amplitude (1)

minimal DM [Cirelli, Fornengo, Strumia ('06)]

SU(Z)L multiplet ()(0 %i ) 44 [Cirelli, Strumia, Zupan (2406.01705)]
¢ P 9 10_ E I [T T TTTTI I [ T T TTTTI I [T T TTTTI IIIII
.the neutral component »" is DM "~ Excluded
P X ,
."v’Z and y"4°h couplings are absent at tree level 1074 ¢ ot 4
B F S
- 0sl IS Induced at loop level [Hisano, Ishiwata, Nagata ('15)] L f Y
= 107 V
% 7 50 W 5 /
N N VAN O N P e
M 14 w 1074 £ T v background
W W W -/ 35 #3
E h q q y o
q I q q q g @ g 10—48 L1 1A AR Y Ll
DM mass in GeV
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Example w/o tree level DM-nucleon scattering amplitude (2)

suppression by momentum transfer

; DM q : SM
S - g ~ mpm @annihilation
3 . g ~ 0(10) MeV @direct detection
DM SM
—>
annihilation

It amplitude depends on momentum transfer from DM sector to visible sector,
we can suppress the scattering amplitude in direct detection while keeping the
annihilation process

— consider WIMP models that have momentum dependent amplitude



DM models with momentum dependent amplitude (spin-1/2)

-fermionic DM + a scalar mediator
-pseudo-scalar interaction

T . Y = DM
L D Yiysyhe ¢ = scalar mediator

Suppression in the direct detection



DM models with momentum dependent amplitude (spin-1/2)

-fermionic DM + a scalar mediator
-pseudo-scalar interaction

T . Y = DM
L D Yiysyhe ¢ = scalar mediator

Suppression in the direct detection Annihilation cross section is not suppressed
YDM YDM DM SM
\\“\\Qﬁi/ﬂr//
e« A ~ 7 ¥s p----{ x spPulp) = mow
|

SM SM UDM SM



DM models with momentum dependent amplitude (spin-1/2)

-fermionic DM + a scalar mediator (1) singlet-doublet model with CP violation
. pseudo-scalar interaction [Mahbubani et.al. (‘06), D’Eramo ('O7), Enberg et.al.

(’O7), ---, TA-Kitano-Sato (’15), TA ("17), TA-Sato (’19), ---]
e l-,U = DM
LD VIYs PP @ = scalar mediator

Suppression in the direct detection Annihilation cross section is not suppressed

YDM YDM VDM SM
i V5 w---- x v(p)y°u(p) = mpwm

SM SM UDM SM



DM models with momentum dependent amplitude (spin-1/2)

-fermionic DM + a scalar mediator
-pseudo-scalar interaction

e Y =DM
L D Yiysye ¢ = scalar mediator

Suppression in the direct detection

(1) singlet-doublet model with CP violation

[Mahbubani et.al. (‘06), D’Eramo (°O7/), Enberg et.al.
(’O7), ---, TA-Kitano-Sato (’15), TA (’17), TA-Sato (’19), ---]

(2) THDM+ a

[lpek, McKeen, Nelson ("14), Baek, Ko, Li ("17); Ghorbani (’15)
TA Fujiwara Hisano ('19), TA Fujiwara Hisano Shoji (’20), - ]

Annihilation cross section Is not suppressed

YDM SM

YpM SM



DM models with momentum dependent amplitude (spin-0)

pseUdO'NambU'GOldStOne DM [Barger+ ('09), Gross Lebedev Toma (*17)]
- DM is a PNG boson of a global symmetry breaking

- amplitude depends on momentum squared because of the NG boson low energy theorem

DM SM
& . t=¢g*~0  @direct detection
g ~ g*
@ . 5 = ¢g” ~4m; @annihilation
DM SM
el

annihilation

| will discuss pPNG DM model more In the rest of this talk
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a simple pNG DM model

[Gross-Lebedev-Toma (’17) ]
SM + a complex gauge singlet scalar (S)

AS
2

H is the SM Higgs field
S|+ s H HI|S|?

/LQ
L > 0"S*0,S 25|S|2 :

11



a simple pNG DM model

[Gross-Lebedev-Toma (’17) ]
SM + a complex gauge singlet scalar (S) 1 is the SM Higgs fielc

: A
LS 9"S%0,S “23|S|2 - SISIE + Aus HH| S|

U(1)global : S — €S

/odark - § — G

11



a simple pNG DM model

SM + a complex gauge singlet scalar (S)

2
LS 9"S%0,S “2S|S|2 =

[Gross-Lebedev-Toma (’17) ]

H is the SM Higgs field
A

S|* + AusHTH|S|?

U(1)global : S — €S

SSB of U(1)global

1
[Sp——

V2

o9k § — §F
by (S)

(vs + s + 1))

.y is stable by Zzdark |7dek . g - 5 v — —x

.y has mass by explicit breaking (U(1)giobal = Z2)

11



a simple pNG DM model

SM + a complex gauge singlet scalar (S)

2
LS 9"S%0,S “23|S|2 =

U(1)global : S — PN explicit breaking

SSB of U(1)global

1
g -

V2

[Gross-Lebedev-Toma (’17) ]

H is the SM Higgs field
A

/odark - § — G
by (S)

(vs + s + 1))

/2
S|* + AugHTH|S|* + ( “45 S + (h.c.))

U(1)global = Z>
S—> -39

.y is stable by Zzdark |7dek . g - 5 v — —x

.y has mass by explicit breaking (U(1)giobal = Z2)

11



scattering amplitude

l

~~~rh‘¢ ~~Th‘¢ m ) | i t
: + 1 = Sp,Co, Ul > | >
q/\q q/\q

t ~ 0 In the direct detection experiments

- good to explain the null results in the direct experiments!

replace r with s ~ 4m; for the annihilation processes

- freeze-out mechanism works!

12



o sl at loop level in simple PNG DM model

loop calculation in the simple pNG model (ishiwata+ (18), Azevedo+ ('19), Glaus+ (20)]
- 0sl = 0 @ tree level thanks to the NG property

-DM = PNG # NG

.global symmetry is explicitly broken by m, U et
| -———- XenonlOT
. o —45] —— mp/2
- osiis induced at loop level o 500
‘most parameter points are in the neutrino fog o 10\\/
g 600
i ~ 0N
X _ X X\\ . X X ) B X X X )
\é’h’ h ~@, @h ) b 400
@ hi,h b ihl’hQ L8
107494 200
X y X X y X X\\ /’X X X :
o _/h h b, h N hy, b hl’hZ/,’/r\\\\hl’M hy, b b, h 1()—50101
C]/ (T \q QWQ@QQQQQ/Q q | ' | q gwg@g%g
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Pros and Cons in simple PNG DM model

Pros. -suppression in osi by the momentum transfer
-annihilation cross section is unsuppressed s-save — freeze-out works

14



Pros and Cons in simple PNG DM model

Pros. -suppression in osi by the momentum transfer
-annihilation cross section is unsuppressed s-save — freeze-out works

cons.

-Z2 symmetry (S - —S) is spontaneously broken — domain wall problem
.other soft symmetry braking terms (S, S°) are dropped

14



Pros and Cons in simple PNG DM model

Pros. -suppression in osi by the momentum transfer
-annihilation cross section is unsuppressed s-save — freeze-out works

cons.

-Z2 symmetry (S - —S) is spontaneously broken — domain wall problem
.other soft symmetry braking terms (S, S°) are dropped

=P motivates other realizations of oNG DM scenario
-no domain wall if a discrete symmetry is embedded in a gauge symmetry
-gauge symmetry also forbid dim=1, 3 operators

14



Models beyond the simple ONG DM model

Original
B-L (GUT) U(1)s-L
Dark U(1) U(1)p
Abe-Hamada U(1)p
Dark SU(2) SU(2)p

Dark Exch U(T)p

Refs
[ U(T1) x Z>51] dim 2 2> Z, real X [1]
U(T) x U(T) dim 3 2> U(1)g.L decaying real O [2 - 5]
U(1) x U(1) [ x Cp] dim 3 2 U(1)p decaying real O [6]
U(T) x SU(2) [ xCp] dim 2> U(1)p x U(1) U(T) complex O [7]
SO(4) dim 3 > SU(2)p x U(1) U(1) complex O 8. 9
U(T) x U(T) [ x S21 dim 2 2> U(1)p x S5 Z> real O [10]

G ETR =

table from the talk slide by Koji Tsumura [slide]

| Gross, Lebedev Toma (1708.02253)

1 Y. Abe, Toma, Tsumura (2001.03954)
1 Y. Abe, Toma, Tsumura, Yamatsu (2104.13523)

] Okada, Raut, Shafi (2001.05910)
] Okada, Raut, Shafi, Thapa (2105.03419)

o.
/]
3]
9
i

Liu, Chi, Jian, Yu, Zhang (2208.06653)
TA, Hamada (2205.11919)
Otsuka, Shimomura, Tsumura, Uchida, Yamatsu (2210.08696)
Chiang, Tsumura, Uchida, Yamatsu (2311.13753)
O] TA, Hamada, Tsumura (2401.02397)
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https://conference-indico.kek.jp/event/248/contributions/5061/attachments/3440/4684/Tsumura-Hokkaido%20Koji%20TSUMURA.pdf

Models beyond the simple ONG DM model

Original [ U(T1) x Z51] dim 2 2> Z, real
B-L (GUT) U(T)s.L U(T) x U(1) dim 3 2> U(1)g. decaying real
Dark U(1) U(T)p U(1) x U(T) [ x Cp] dim 3 2> U(1)p decaying real

Abe-Hamada U(1)p U(1)xSU((2) [xCp] dim2-=> U(1)p x U(1) U(T) complex
Dark SU(2) SU(2)p SO(4) dim 3 2> SU(2)p x U(1) U(T) complex
Dark Exch U(T)p U(T) x U(1) [ x S2] dim 2 > U(1)p x S> Z real

table from the talk slide by Koji Tsumura [slide]

-various PNG DM models are proposed
-(gauge) x (global) symmetries

-no domain-wall problems

+0sl =0 @ tree level

O O O O X

O

Refs

[1]

[2 - 5]
[6]

[7]

3, 9]

[10]

16


https://conference-indico.kek.jp/event/248/contributions/5061/attachments/3440/4684/Tsumura-Hokkaido%20Koji%20TSUMURA.pdf

Models beyond the simple pNG DM model

-I
Original [ U(T1) x Z51] dim 2 2> Z, real X [1]
B-L (GUT)  U(1)s. U(T1) x U(T) dim 3 > U(1)s. decaying real O [2 - 5]
Dark U(1)  U(T)p  U(1) x U(1) [x Cp] dim 3 > U(1)p decaying real O 6]
Abe-Hamada U(1)p U(1)xSU(2) [xCp] dim 2> U(1)p x U(1) U(1) complex O [7]
Dark SU(2) SU(2)p SO(4) dim 3 > SU(2)p x U(1) u(1) complex O 8. 9]
Dark Exch  U(1)p  U(1) xU(1) [xSz]  dim2-> U(1)px S Z; real O [10]

table from the talk slide by Koji Tsumura [slide]

-various PNG DM models are proposed Is it possible to make
(gauge) x (global) symmetries neutrino fog < osi < current upper bound

-no domain-wall problems in PNG DM models?
+0sl =0 @ tree level

16


https://conference-indico.kek.jp/event/248/contributions/5061/attachments/3440/4684/Tsumura-Hokkaido%20Koji%20TSUMURA.pdf

Models beyond the simple pNG DM model

-I
Original [ U(T1) x Z51] dim 2 2> Z, real X [1]
B-L (GUT)  U(1)s. U(1) x U(1) dim 3 > U(1)s.L decaying real O [2 - 5]
Dark U(1)  U(1)p  U(T) x U(1) [x Cp] dim 3 > U(1)p decaying real O 6]
Abe-Hamada U(1)p U(1)xSU(2) [xCp] dim 2> U(1)p x U(1) U(1) complex O [7]
Dark SU(2) SU(2)p SO(4) dim 3 > SU(2)p x U(1) U(1) complex O 8, 9]
Dark Exch  U(1)p U(T)xU(1)[xS2] dim2> U(1)p x S; Z> real O [10]
table from the talk slide by Koji Tsumura [slide]
-various PNG DM models are proposed Is it possible to make
-(gauge) x (global) symmetries neutrino fog < osi < current upper bound
-no domain-wall problems in PNG DM models?
-0sl =0 @ tree level Yes, though it depends on model details

16


https://conference-indico.kek.jp/event/248/contributions/5061/attachments/3440/4684/Tsumura-Hokkaido%20Koji%20TSUMURA.pdf

loop Induced osi in a PNG model

U(] )gauge X SU(Z)gIobaI — U(] )global PNG DM model

[TA, Yu Hamada ('22)]
10~ I SR P (g
I A gD>VZ4n |
2
| <
10746 | Lz .-
[ Neutrino Floor
% 1075
O,
o
107°°
7
mv =3 My, é
1071 mn = 300 Gevg
sin6=0.1 [/
50 100 500 1000
m,[GeV]

-osl =0 at tree level
+o0sl #+ 0 at loop level
-new gauge boson V runs in the loop and gives

new contribution to the process

X X X X
~N / N - N I s N I 7
X X - . X N - e N - e
YN x \f
\l/ N
AR RS
|
|
I

D‘ D\/\
>
o0
>
//\(
-4
\
< A
o0
o0
gf;)i
<

| h, R
I

a

+ 0sl > neutrino floor is possible
-testable by Darwin/XLZD experiments.
‘It depends on the parameter choice
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‘PNG x is stable by U(1)global

VAl

two-component example

SU(Z)gauge X SU(Z)gIobaI — U(] )global

, V> xi

can only decay Iinto yy

)

]
+/012

on-going

[TA, Ichiki (

ly suppressed
It Vis subdominant component of DM

Ve

— two-component DM
.¥ (PNQG) does not scatter nucleon

Iso DM if my, < 2m,
ffect

IS a
*0OslIIS e

VY
. VY scatters nucleon
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Summary

WIMP is not dead (though the direct detection experiments give strong constraint)

>~ 0si = 0 @ tree level is necessary
> wino, Higgsino, minimal DM, singlet-doublet, THDM+a, PNG, ---

Pseudo-Nambu-Goldstone boson DM

- utilize low energy theorem of NG boson
>~ gauge symmetry is introduced to avoid domain wall problems
> 0si = 0 @ tree level

> 0sI > heutrino fog @ loop level or two-component scenario
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Continuous symmetry in the dark sector

SU(2)global X SU(2)gauge X Z29ark — U(1 )global X Z29ark  [TA Ichiki (24xx.xxxxx)]

scalar field

(2x2 matrix)

1 @T oawge 1 g

| lJ!(l)[’ein*!D | @ T30

21



particles

particles
SM fermions
SM gauge bosons

h,h',h"” . CP-even scalars (h = 125 GeV higgs) (1), global

v - PNG (complex scalar) ¥ — ety

V* : new gauge boson VE = e*0V*
a, . CP-odd scalar (real scalar)

VY : new gauge boson

my+ = my @ tree level (SU(2)global)

ZZdark

X = =X
VE - — V7

ay — — d

VO—>—VO

23



U(1)o global

x— e
Vi S eii@vi

szark

X = =X
VE - — V7

Vo= — VW

DM candidates

.PNG (v) is DM if m, < my,.
.We assume m, < rmy.

.V* decays via V' — yh, yh', yh"

suUppose m, > myq
.ay — V°h, Vo', VOn" 2 o«
. d —=—=-=--- \VAY W\/\/\J/\/
VO = i it myo>2m, »
.V is stable if m, < 2m, and DM

VY or q, are the second component of DM
24

.depending on my., m
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scattering amplitude

Wv W
/\ /\

V()

VO-quark scatterlng |s NOT suppressed

VO

e
L

PNG-quark scattering is suppressed by small momentum transfer

mq {
= —l—uu; RyRy >
J ]
I O QOh ?Oh' QOh!! : I.I h
| 1$ — R1ih Rip th”$ h'$
I 2 ?2[’] ?Zh' ?Zh!! h”




\/O
and
Evolution of x

I"1#
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I"1#
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8%
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18
& |
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I"% E ‘
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01 &HH ()

$ (1 Yo+&HH()

"% E

1"

| HH#

| HHH
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- |m, =15 TeV

- |m,, = myo+200 GeV

VO |s subdominant component

.¥ (bNG) is dominant DM

-V is the subdominant component of DM
-O(1) % of DM is VY in a large region

- 0sV0 is sizable and V' can be detected
In direct detection experiments

-the number density of v’ is small
+ 0s1V0 can be consistent with direct

detection experiments
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