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Thermal freeze-out Dark Matter

T > MDM TzMDM T K MDM
« o : Dark Matter

« o : Standard Model X )( SM
« Dark matter population in an expanding Universe y

SM
« Dark matter particles can no longer annihilate
 The number of dark matter particles “freeze-out”

« Standard calculation for WIMP DM relic density

 The Boltzmann equation % ol
. % +3Hny = —(ov) (n?, —n? ) g 7125

4

,5‘,

dt X eq

* Relic density: Qh? = 0.12 - (av)~10~°GeV 2



Measurement of B* - K*vv

*« The B* - K*vv process is known with high accuracy in the SM:
« Br(B* - K*vv) = (5.584+0.37) x 107° HPQCD, PRD 2023

N

Ly sy = _OVEL’Y/%LD/YNV

C, = g%if' g%ﬂfv:rv.rh I}E + 2x, 1 3,?(}1 - 6-"7; Inx, |,
M‘EF 1672 8(x,—1) 8(x,— 1)

where x, = m? /M5,
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Measurement of B* - K*vv

Belle Il, PRD 2024

SM Average
L 7_._‘ Belle 11 (362 fb', Combined
4 1 selle (362 tb™*, Combined)
Belle II preliminary SM : 1 2.4 This an iminar
—— Hadronic = O_,__I Belle II (362 fb!, Hadronic)
—— Inclusive : I This anialywis, prelimis

—— Combination

12.5 [ L£dt=(362+42)fb!
10.0 |
=i

t[{%

R

_QIOg(L/Lmux)
-1

il

RI

Belle II (362 fb'!, Inclusive)

2.8 7 Thi 1A relimir

Belle IT (63 fb
. *

Belle (711 fb!, Semileptonic)

L04£0.6 PRD9. 091101 *

Belle (711 fb!, Hadronic)

30416 PRDST7, 111103

Babar (418 fb!, Combined)

0.8+0.6 PRDS7, 112005

Babar (418 fb™!, Semileptonic)
0.2+ 0.8 PRDST7, 112005

25 : 7
\ - Babar (429 fb!, Hadronic)
P— | g 4 X i e L ) ) ) L ) ll I'Al 3 Il’"l):y l]"_'llll;l )

0.0 , ,
0 2 4 6 8 0 2 4 6

K=B/B,, 10° x Br(BT—K * v)
* Br(B* = K*vi)gy, = (231 0.7) X 107>
 Prob(null signal from B* - K*vv) = 0.012%
« = Significance of observation: 3.5 ¢

8 10

* Prob(B* » K*vv)gy = 0.17% (2.80 tension with the SM prediction)

* Br(B* » K*Epig)np = (1.8 £ 0.7) x 107°

* Indirect NP effects: The presence of heavy NP particles
» Direct NP effects: the presence of new invisible particles
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Solution: 3-body decay

« Singlet light scalar DM (m. < 2.1GeV)

,Jlg m2
—Lo=225+ 82+ AS’H'H
A 1 A
— ISS4 + E(m% + Avgy)S? ++ Eszhz’ By ~<S
Cpu ~44AM2
+ Belle mmm) 2 ~—5"0F

v A2 S £ ,q
* Relic denS|ty: TamViet = — 7 (lim mj; i) > h _<
Ii H’!h m - - -
S £t.q

» A should be large to fit the relic as well as Belle Il
* my < 1GeV is already excluded by BABAR limits (2004 data).

1072

Bird et al, PRL 2004

B —> K + missing E
-
<

Br
_
o
A

._,
o
&




CMB constraints

« Any injection of ionizing particles modifies the ionization
history of hydrogen and helium gas, perturbing CMB
anisotropies
DM annihilations to the charged SM particles

« Measurements of these anisotropies provide robust constraints
on production of ionizing particles from DM annihilation
products.

4.1 X 107*® cm®sec™ /mgy,
p-wave (o) <
f fF GeV Planck 2018

ov = a+ bv? + 0(v?) ¢ ’

— R. K. Leane et al, PRD 2018

s-wave 1078 g

—22 i
— 1 ...--u*"'“f}'."-"."'"":" 107
;m 10_23_: .................. ) _ 3
£ E Excluded by CMB .7 L n -
O, I o o E{E“ 102> §
ég'; 10724 3 3 o
- Fermi/HESS e e™ | = el
HE 10-2 i AMS/PAMELA positron fraction | 8 107" ¢
| & E E o
w f _———___Thermal cross-section ___________| E .

_ —27
E 107 i AMS anti-proton excess 3 10 E
v ] Fermi Galactic center excess [ : CMB 1

10727 LA L LA | v T v T LA EL L | v v v v LA | v v v v LI B 10_23- . N 1||1||1 . N ||||||| L o ’
10? 102 10° 10* 1 10 10% 7 103

m,, [GeV] my [GeV]



CMB constraints

« DM dominantly annihilates to neutrinos

* WIMPs of m < 20 MeV will generically alter neutrino

decoupling and hence impact AN, ¢, V. Escudero. JCAP 2019

X. Chu et al, PRD 2024
Bosonic Thermal Dark Matter

4.0p==

B i ' : _ \ S — :
3.6 E—=x———% - ___________________PJ@D@K;F_B_A_\Q_‘F_HQ: Y ‘\ Complex Scalar (s-wave)
Ve Vel : N
I S N . 36k \
3.4F N\ ] | A
S O, NI NS Planck+BAQ; Ner > 3.3\,

s

Brgy : Br,= 1:0

Netr < 2.66 -==- Brgy:Br.= 10!
- Brey:Br,=1 —
=== Brgy:Br,= 107
Brgy :Br,= 0:1
| L |
1 5 10 20 30

mg [MeV]
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Solution: 3-body decay

» Singlet light scalar DM (m; < 2.1GeV) Bird et al, PRL 2004

A m}
—Lg="25+ 08 + AS’HTH
4 2
e \ t t
A 56+ L + aug)st +{rugesti A5t s

....

4 h
Cpu _ 44AM5,

: : f SU%WAE
* Relic density: cumVi = o (mhlggmmf Liix): b

» A should be large to fit the relic as well as Belle Il
* my < 1GeV is already excluded by BABAR limits (2004 data).

A n=21

* For m, < 20GeV, CMB bound (DM annihilation @ T~eV )
excludes the thermal DM freeze-out determined by s-wave

annihilation
 This model does not work anymore.

0 0.5 1 1.5 2
M(GeV) 9



Alternative solution: 2-body decay

0.92 0.94 0.96 0.98 1.0
: Belle II preliminary B Bt oKt
3000 3 Belle IT preliminary pl B* —K tw 100 F % fl:‘“ =362fb! O BB

S JL£dt=(362+42)fb' = BORB° é i .
= 2000 ' : N BB = I L0
;.g I Continuum = | { Data
= t Dats S SO0R Hadronic tag
& 1000 ‘ O . : !

0 0

5 5
= i B 0
5 0F : : : ol
A~ _5E 1 1 i L 1 i 1 1 i | I -5 Ir L - . . .

-1 4 8 951 4 8 251 4 8 251 4 8 25 0.4 0.5 0.6 0.7 0.8 0.9 1.0
4(BDTh)

Grec [GeV? /]

- Belle Il provides information on the g%, spectrum
* g2,.: mass squared of the neutrino pair
* A peak localized around gZ.. = 4GeV?
» Two-body decay (B - KX), my = 2 GeV W. Altmannshofer et al, PRD 2024
» 2.80 tension under the assumption of heavy new physics
« No excess was found in the BaBar measurements of B - K*vv

» A global analysis of the Bellell and BaBar data leads to Br(B — KX) =
(5.1 + 2.1) x 10~° with a reduced significane of ~ 2.40
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Solution: 2- or 3-body decay

McKeen et al, PRD 2024

» Dark Higgs on-shell decay or three-body decay

LDM = YDOXX
b S 1 T ] 1 '
W 0.1 " _
\\\ . 001 ¥

= 001 F 3 Up 0 L
= HI-LHC 3 3
* % """""" - 1 i

b S — :..'..‘..‘...'..'...-..!..'..?..'..'...-...'..'..?..'..I..-...‘..'...-..'...'..-...'..'...-..!.E.(E‘.(.:.(.E.,..: 1-074 E_
107° EROTO K 5 abw fiveh i
t t E NAG2 ] 105 B
N L K r winu. 1 3
> X :
hn w0t e E i

D E Lol Lol Ll = 10—6 MR R ! L L

X 0.01 0.1 1 10 1074 107% 0.01 0.1 1
mn, [GeV] sin

* Extremely Iarge relic density
« Qh? ~ 1020 (

sin 6

) (10 3) (100M3V) (
* Either introduce a new DM annlhllatlon or allow DM to decay
* In that sense, fermionic DM does not work

)2 overclose the Universe
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Solution: 2- or 3-body decay

McKeen et al, PRD 2024

» Dark Higgs on-shell decay or three-body decay
LM = YpPXX

mp, =1 GeV

[ Belle ] 3 E ' ! ! E
B" — K™ 1 [ “ ]

Fermionic DM seems to be disfavored. \
- Could scalar DM with a dark Higgs provide a
viable alternative?

 How can one evade the CMB constraints?
\_ J

* Extremely Iarge relic density

+ h? =102 (2 ) G Goore (o

* Either introduce a new DM annlhllatlon or allow DM to decay
* In that sense, fermionic DM does not work

)2 overclose the Universe
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U(1)LH_LT-charged DM + Dark Higgs

* U(l)dark = U(l)Lu—Lr
» Let’s call Z’,U(l)Lﬂ_LT gauge boson, dark photon since it couple to DM

* UV complete U(1),,-.,-charged scalar DM model
 Dark photon Z' gets massive through U'(/f)Lu_LT breaking
* A new singlet scalar (Dark Higgs), which mixes with the SM Higgs

8th CUBES (Gurye) 13



Gauged U(l)Lu—LT Z' model

« Gauge one of the differences of two lepton-flavor numbers

*Le—1Ly, L, — L, L, — Ly anomaly free without extension of fermion
contents X.G. He et al, PRD 1991

« Symmetry including L, is strongly constrained

 Charge assignments: QL”_LT (y”, V_, [, q-) = (1, —1,1, —1)

« No kinetic mixing between Z' and B @ high-energy
« Kinetic mixing is generated through

Ju—1
70

8th CUBES (Gurye) 14



Hubble tension

* Large difference between early and late H,,
* Late-time: H, = 73.2 + 1.3 kms~*Mpc~!
« Early-time: Hy = 67.4 + 0.5 kms~*Mpc~?

* Increasing AN ¢f

Early | 674707

flat — ACDM

Nature Astron. 3 891
=T

ccccc

66

68

70 72 74 76 78 80
Hy [kms ' Mpc )

 ~10MeV Z' reached thermal equilibrium in the early Universe
and decays, heating the neutrino population.

* The expansion rate of the universe departed from the predictions of
standard ACDM cosmology at early times

e 0.2 < ANeff < 0.5
M. Escudero et al, JHEP 2019

Neii, with v-oscillations
-

10~4
1077
10 6 ]

L 107

10-8]

10—9,

1071

10'25

gx 107}

1074

NA64p

i«— Hubble tension
! ANeff > 0.2

BaBar 4

1073 1072

m,, (GeV)

107!

100
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U(l)LH_LT-Charged DM + Dark Higgs

« After electroweak and U (1) Lu~L, Symmetry breaking

1 1
H:E(O vy +h)" @:E(’U@-l—fﬁ)

 Dark photon Z' gets massive: [mZ’ — Q'X|Q(D|Uq)]

« Two CP-even neutral scalar bosons mix each other due to non-
Zero Of AH¢

H, = ¢cosO — hsin , H = ¢sin0 + hcos¥6
dark Higgs boson SM-like Higgs boson mixing angle
my < my >~ 125 GeV

8th CUBES (Gurye) 16




U(l)LH_LT-Charged DM + Dark Higgs

« Additional interactions with the dark Higgs
» Dark Higgs kinetic term & potential

Ao H Ao H

vpph® —

1, . , ,
LoD =g5xQ32Z™ Z;L@?[Jr 9% Q3ve 2" Z), ¢ — Aoved® — Agupgh® —

- vy q,ﬁ'Eh.]

 The SM-like Higgs invisible decay
«H, > HH{,Z'Z' XX'
« SM Higgs mainly decays into dark photon and dark Higgs
sin’@ m3H2
U, —mm =~ UH,— 220 X 5 > Iy, s xxt

Vg My,

©2av2 .2
sin 9)\@(1;@

— €4z =0
€pz = 7.2 x 1076

\
6l \ -- eaz =72%10"% m, =mz |
4

* I~/ -|-
r2Z —>4v+FH1H1+FZ Z' XX
* Br(H, > inv)=—2_——"2 2

2 YT pSM pHiH1 7'z nxxt
Hy " " Hy H3 H>

 sinf < 0.01 to satisfy the Higgs invisible decay

<13%

Neﬁ

Planck

2 : ‘ - . . .
8th CUBES (Gurye) @z 4 8 n:zr[Mé\ﬂl] TR LI



Local Z; scalar DM model

Baek, JK, Ko, 2204.04889

* Local Z5; scalar DM model

* QX = 1 QCI) =3
- Belle Il excess: 2-body decay (B* - K H;)
2
Lom = D'XTDLX —mi XTX —dax X'X (<I>T<1> = %)

2 Py <X3<I>T % H.c.)

 Boltzmann equation
dYx s(z) (U’U>XX—>SM 2 eq\2 1 s(z)(0v) xx s xy 2 e
A Yi— (VA — — Y — Yy VA
Iz Ha) o ox - OXV ) =gy O —¥a0%)
 Semi-annihilation DM channels [ Semi-annihilation }
/\'\\‘ ’,’)( X__.)._T_.(.__‘):’ Y-—')'—T\\ /,//\ X % }/’X
S o, A Y X \X:
A i st R
X “HyH, x~~¥®» """ ~""" Hi/Hy Hi/H» X~* N Hy/H
(a) (b) (c) (d)
X X-=->»-T-=<--X el X
RN K | | ,
A Y



CMB constraints

 For my < 20GeV, CMB bound (DM annihilation @ T~eV )
excludes the thermal DM freeze-out determined by s-wave
annihilation

« DM annihilation should be mainly in p-wave
DM dominantly annihilates to neutrinos (my = 20MeV)

p-wave
. oy - . — 2 4
« Dominant DM annihilation channel oV = %"‘ bv? + 0"
« XXT > Z'Z',H,H,: s-wave annihilation s-wave
« XXT - Z'H,: p-wave annihilation 103 e
« Z' decay 1074}
 Apair of v 2 100
« H, decay S 10,
* A pair of DM (open when my, > 2my) ol
« Apairof Z' (Z' - wv) s g
« SM patrticles 1 e

8th CUBES (Gurye) 19



Belle Il excess: 2-body decay

* Whenmy = 2GeV, 2-body decay occurs __2 W S
Keb|2sin0 /m2, — m2 \?

ok |64b1|rm33+ ( Tf,,b _ mI: ) [fo(m3,)]" sing <1 & . ¢
. \/K(m]z%, m2,, m%,l) form factor "'--..Hl

|kep| =~ 6.7 X 107%  K(a,b,c) = a® + b* + c — 2(ab + bc + ca)

« Dark Higgs decay process: Br(H; - Z'Z") = 1, Br(Z' - vw) = 1
* Local Z; scalar DM model

mz=10MeV, gyx=10"*

mz=10MeV, gx=107"

0.100 ¢ 0.100 ;
¢ Higgs invisible gdecay @ LHC ,—
oS o ) ) HL-LHC _--1
.S 0.010 £ 0.010}
= Ie decay @ LHCJ— ” L CwY XN ﬂFxgc-ee- 5 ‘r:-“ :
Bl s 200D o0 S HL-LHC _,-~ =
L s 001 . Bellell+BaBar (20)
FCCee - E
. T T T o \j—L
10 100 1075.01 0.10 1 10 100

mp, [GeV] mp, |GeV]

20




Local Z5; scalar DM model

« DAMIC-M: DM-electron elastic scattering
 DM-nucleon elastic scattering

* CCFR: neutrino trident production

* NA64: uN —» uNZ',Z" - vv

* Muon g-2 mz=10MeV

100

e AN off \ DAMIC-M
1071 L
1072
t?f) 10-3; . CCFR \

(9-2),

1074 £

1079
C ANeﬁ’
106

OX-n

L1 phiins | R | L1l | | |
102 102 101 100 101

21




Local Z5; scalar DM model

« Semi-annihilation:
* Cross section is independent of the choice of v
27 A3

(U?J>XX—>}E’Z’ = <U”)XX—}-}_{H1 — 64n sz

« CMB bound
« Dark Higgs, Z' predominantly decays into neutrinos

mz=10MeV, my,=2GeV

10 — p—
B XX>XZ' | XX~XH;
| | XX>XZ'
E 1

1071 E

= 1072 L

1073

1074 L

10—57 Lo Lo Liam Lo Lo Lo | NN
10-2 10~1 1 10 102 103 104 105

my[GeV]

22




Conclusions

« Bellell data shows a excess of BT - K*tvv over the SM
prediction

* This excess can be interpreted as B* —» K* + light dark sector
particle (2-body decay)

« CMB constraints can be evaded because of semi-annihilations

* We can subsequently relax the tension in the Hubble constant
with extra radiation




Thank you very much

arXiv: 2511.20430
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Hadronic tagging (HTA)

Candidates/0.1

Pull

Measurement of B* - K*vv

125

50

* Two ways of tagging
« HTA: Better resolution, purity
* ITA: Better efficiency

Belle II preliminary
J £dt=362fb~1

Bt%K*uﬂ 3000
BB
cc

u B

w

B ui, dd, s5 % 2000
Data =
=

C 1000

Inclusive tagging (ITA)

Belle Il, PRD 2024

Belle II pre.liminary :
D [Cdv=(362+42)f! EEE Bt oK T
: 0 B'B’
= B'B
E Continuum
{ Data

I | I I ! I | OE

Pull

i | ] i ! ! i ! I

0.4 0.5 0.6 0.7 0.8 0.9 1.0 b
n(BDTh)

o

BB* — K ub)yra = (L1795 x 107
BBT — Ktud)ps = 2.71£0.5£0.5) x 107
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14 8 2501 4 8 251 4 8 231 4 & 25

Gec [GeV? /]
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Solution: 3-body decay

« Real/Complex vector DM

X. He et al, PRD 2024

0% = (3)(X[X"),

Ot = 5 (XX, ~ XIX), ()

0,55 = %(EJ””%Z))(X;X,, — X)X, () e

Oy = (37,b)0, (XM X7 + XIX*H),

Ot = (37,b)(X] 0, X, )e”,

O = (7)(X[i5,X"), (x) ;|

O}k = (b0, (X" X7 = X1IX¥), (x) .
(

5v,b)i0,(
= (37,0)10, (X X, )e"? . (%)

« DM annihilates to a pair of the SM quarks
* Required large A - small self-annihilation cross section

8th CUBES (Gurye) 27



Solution: 3-body decay

« Majorana/Dirac fermion DM X. He et al, PRD 2024

Oqsislb = (sb)(Xx), Ofﬁ’ = (3b)(XivsX),
O = (570) (X3 (<) 0L = (58) (¥0)
og;’c? - (go-”vb)(yguv)(): (x) og;:'gb = (S0"b) (YJ“V'}/E;;)O’ (x)

" Vs
oi oy
z Z :
= = g
< 3 3
[] Allowed by Belle II
[ Excluded by
—— B o Koy
m, [MeV]
oy
5 = 2
< J <u
[1Allowed by Belle Il
[] Allowed by Belle Il
[T Excluded by
—— B Koy
m, [MeV] i, [MeV] my MeV]
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Solution: 3-body decay

X. He et al, PRD 2024
* Vector DM
O = (3H)(X[XP).
& ?' 1
Og;’ci) = i( sot b)(Xle - X;tX.u): (%) 3 g 3
) 1 , 5 Z <
055 = §(scr“ ) (XIX, — X[ X,), (x)
;,;?!2’ - ( ’Tl'-" ) (XPTXU + X"}TX)U‘) 1, [MeV]
OV = (59,b) (X} 6, X, ),
OV = (57 b)(X%?’X” :
;‘,;?g ( 7 ) (X#TXV - XUTXP‘)? (x) ;. 2 2 [T Allowed by Belle Il
Oue = (37,b)id, (X)X, )7 (x)

iy [MeV]
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Alternative solution: 2-body decay

° Light partide X W. Altmannshofer et al, PRD 2024

« Light neutral vector boson Z’
» Flavoured axions and ALPs

 Light > on-shell: my < mg — myg: my = 2 GeV

« Undetected particle X is stable, long-lived or decays invisibly

» Couplings to electrons, muons, and light quarks should be absent or
sufficiently small

 For B — K*vv, only BaBar data is available, there is
seen

* Use the B —» K*vv measurements of BaBar to set an upper limit on
Br(B = K*vv)

8th CUBES (Gurye) 30



Alternative solution: 2-body decay

B —» KZ' decay rate

* my = 2GeV

W. Altmannshofer et al, PRD 2024
Including couplings up to dimension 6, the interaction

Lagrangian is

9012 m s ; ) 4
64r m%, 1t Lz > {g_(,; 'Z! (59" Prb) + "7, (50" Prb)
192 mpm%, mir\ 3 (6)

- g [a — .
or a2 ) AT 2800z (59 Pb) + he + {Le R}, (2
v [* mbm%, 2 CI R C)EC) R CO T
641 A4 AZfss gy’ =9r tgp and gy’ =gp —g -

BR(B — K'Z")

107

107

—_— B K7 (g

B— K9Z' (g

B — K" (Exp)

[S)

3
B— KZ'
B—K'Z'
combination

sl L o3 sl . A
(g‘,:’wtg;:”nx%,//\z)x 10

1 P o I N . <
1076 107 =3 <3 41 0 1 2
BR(B — KZ') (&) +gm2 A% x 10°

FIG. 2: Left: Correlations between B — KZ' and B — K*Z' (colored lines) for the different sbZ’ operators considered
in this work. These are compared to the experimental data stemming from the combination of Belle-II, Babar and Belle
measurements,which is represented by the red regions correspondingto Ayx? = 2.3 and Ay? = 6.18. Belle’s upper limit
(hatched region at 20) and the new Belle IT measurement (blue vertical band at 1o and 20). Right: preferred regions in the
gz — gr plane. One can see that (approximately) vectorial couplings of the order of 10~ are suggested by current data.
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Bellell excess: 2- or 3-body decay

* Whenmy < mg — myg, Hy Is on-shell b 144 s

|Kcp|2sin?0 (sz+ — m2

2
I'prykrm, =~ +) [fg(mirl)]Q sinf < 1 t t

647m3,.
) form factor Sea, H,

mb—ms

2 2 2
><\/IC(mBHmK+,'mH1

3.07

1 ="}

|Ken| =~ 6.7 X 10°°% K(a,b, c) = a’+b®>+ ¢ — 2(ab + bc + ca) 259 — £@

fr(¢® n = 4.8 GeV)

2.0
1.53

1.0

W. G. Parrott, C. Bouchard & C. T. H. Davies, ORD 2023

R T AAAr A
¢*[GeV?|

* Whenmy > mg — myg, H, Is off-shell > three-body decay

I rrxxt =~ AdxV3|Kcp|*sin’0 (m23+_ miﬁ)z (m2, —m? )2 > ~ -
1024w3m%.  \ my,—m, ) o . :
y /(mﬂ+_mK+)2d ) V11— 4m§(/q2\/K(sz+, Mcvs @%) [fo(qz)}z ';-.‘_.V"X
- q (g% — m%h)z(q2 _ m%b)z 1,2 e % ‘gl
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U(1)LM_LT-Charged DM model

. U(1)LH_LT-charged scalar DM model
Ling = igx 2}, (X*OMX — XOHX*)+ gxZ Y Qulr*!

* Free parameters: {m,, gx, My, Qx}

« Dark Photon Z' plays a role of messenger particle between DM and the
SM leptons

« Dark Photon mass is generated Proca or Stueckelberg mechanism
——— ! X mmp— rX "
X ==pmm MW Z X Z ‘\ 7 £y,
>4 | Xy )
X¥mmtem dAAAAAZ X =t md Z' X' £,

« Consider Z' boson only & gx~(3 — 5) x 10~* for the muon g-2
« XX - foyfou : dominant annihilation channels
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U(1l) Ly ..-charged DM model

« XXT - 7Z'* - v : dominant annihilation channels
* my,~2my With the s-channel Z’' resonance only gives the correct relic

density
P. Foldenauer, PRD 2019 |. Holst, D. Hooper, G. Krnjaic, PRL 2022 M. Drees, W. Zhao, PLB 2022
Relic density foan,t:SD MeVI - —c. -4
102[ F;X 15MeV|gx 5-10
10t 1034
0} 0, = Oy / 1014
w0t Ar
2 0 1071
:9 Ul GX 1079 103 4
1071 1054 |
0t — xf
) 1077 f — (ov)-1011MeV?
1075t —— relic density
- 2 3 4 5 6 7 8 9 10
my/MeV

16 L8 2.0 22 24 2.6 28

Mg [T

fmy
» Large DM charges Asai, Okawa, Tsumura, JHEP 2021

10°

T T
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U(1)LM_LT-charged DM model

* Muon g-2
* my~0(10)MeV, & gx~10~*is too small to get Qh? = 0.12
* my,~2my With the s-channel Z' resonance
* Only sub-GeV DM available
« Tight correlation between DM mass and Z' mass

« No DM direct detection bound

« DM-nucleon scattering: aéfl_p ~ 10~46cm?
« DM-electron scattering: aé‘l‘e ~ 10~45cm?

« Bellell excess
« B - KZ' (2-body decay)
=> disfavored by g% spectrum

* B - KXXT(3-body decay)
=> suppressed by kinetic mixing and gx~10"*
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Gauged U(l)Lﬂ—Lr Z' model

 Neutrino trident prOdUCtiOn W. Altmannshofer et al, PRL 2014
 Production of a muon pair from the scattering of a muon neutrino with
heavy nuclei v
* Reorr = 2SR _ .82 4 0.28.
OSM

e NAB4 Y. Andreev, 2401.01708
u"N->uNZ',(Z' - inv.)
« Upper limit on gy for 1IMeV < m;,, < 1GeV

o ANeff M. Escudero et al, JHEP 2019

« 7' will reheat the neutrino gas, resulting in a higher expansion rate
* Increase the effective number of neutrinos N¢f

. ANeff <0.5

e BOREXINO R. Harnik et al, JCAP 2012
* v — e Scattering

8th CUBES (Gurye) 36



BaBar, LHC 4u channels

cete” o ,Ll+,Ll_Z’, 7 ‘u_|_‘u_ BaBar Collaboration, PRD 2016
« Upper limit on gy for 200MeV < M,, < 10GeV

CMS Collaboration, PLB 2019

» The lowest order Z' production process at collider
* Produce a charged lepton pair through Drell-Yan process
7' is radiated from one of leptons

q

 Final states
* two pair of charged-leptons
A pair of charged-lepton plus missing energy

a
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Neutrino trident production

 Production of a muon pair from the scattering of a muon
neutrino with heavy nuclei

__ OCCFR

* Rocrr = = 0.82 £ 0.28.

OSsM

W. Altmannshofer et al, PRL 2014

* The leading order Z' contribution:

v,
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Borexino: v — e scattering

« Borexino is a liquid scintillator experiment measuring solar
neutrino scattering off electron

* Probe non-standard interactions between neutrinos and target

* Limits from Borexino for the U(1)z_; gauge boson have been derived.
R. Harnik et al, JCAP 2012

* Rescale the constraints on U(1)z_; boson as

£ -

. 11/2
S FilUTQu) | e, for U1z~
2 3 f 212 o
-1 = Z?':J:'l f"’: |(U QETU)'-’:jl } Qer for U(l)Le—LT )
3 ] 2] 1/? 2
Ll Zi,j:l fi|(U Q,LLTU):"-,jl } QO f—,ur(q ) for U(l).{,u—br ;

Qp,’r — {hag({]. I, _1)
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CMB & Hubble tension

M. Escudero et al, JHEP 2019

7' will reheat the neutrino gas

« Resulting in a higher expansion rate
* Increase the effective number of neutrinos N¢f

 Taking into account kinetic mixing

L, — L; Gauge Boson

10774

ed

_ Tfavor

CMB.g .'

CCFR

ANg = 05

—

1

| I
I : M? phase 1

107}

-

BABAR 41 =

mz [MeV]

102
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