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Evidences — Dark Matter

* There are undeniable evidences for dark matter in a wide range
of distance scales
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Measurement of Bt - K vv

« The B* - K*vv process is known with high accuracy in the SM:
« Br(B* - K*tvv) = (5.58+0.37) x 107° HPQCD, PRD 2023

N
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where x, = m?/M3,.
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Measurement of Bt - K vv

. Belle Il, 2311.14647
* Two ways of tagging

« HTA: Better resolution, purity
 |TA: Better efficiency

Hadronic tagging (HTA) Inclusive tagging (ITA)
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BB* = K ub)yrp = (11793103 x 1072

BB+ - K*vb)py = (2.7£0.5£0.5) x 107>
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Measurement of Bt - K vv

M Ayerage Belle II, 2311.14647
15.0 - P
[ SM : i Belle 1I (362 fb!, Combined)
H Belle II preliminary ¥ : i 24407 This analysis, prelimbnary
12.5 [ Ldt=(362+42) fb~! — Hadronic ., . Belle II (362 b, Hadronic)
: —— Inclusive ; : ! I : mina -
T [ T : i —0— Belle II (362 fb!, Inclusive)
e r —— Combination : I 28407 This analysis, prelimi
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[ D me——
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H 1 0.8+£0.6 PRDST7. 112005
25F —_—— i Babar (418 fb™', Semileptonic)
- 1 0.2408 PRDST. 112005
\ / 4 _%3— Babar (429 fb!, Hadronic)
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$=B/B,, 105 x Br(B*—K * 1)
* Br(B* - K*vV)gy, = (231 0.7) X 107
 Prob(null signal from B* - K*vv) = 0.012%
« = Significance of observation: 3.5 o
* Prob(B* » KTvv) gy = 0.17% (2.80 tension with the SM prediction)

* Br(B* » K*Epijs)ne = (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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Solutions: EFT-approach

» Real/Complex scalar DM X. He etal, 2309.12741

O = (sb)(6'0), OYs® = (59"5)(61i0, 0), (

« Majorana/Dirac fermion DM o3 = b xv). 05D = (3) (RirsX).
Ont = 37D (X0x)s (%) Oy = (37"b) (X 15X):
OLY = (56"b) (X0 X), (%) 0Ly = (36"b)(XowsX), (%)

« Real/Complex vector DM

O = (3b)(X[X*),

ol — %(so“”b)(Xj:Xy—Xle)a (<)
Ofis = S (o ) (XX, — X[X,). (x)
OV = (57,b)d (X“fX"JrX”TX”)

(57
OYih = (#b) (X T X e,
OV = (57 #b)(xfz‘a_’X” (x)
(57
(57

A [TeV]
o «

O)s = (57,b)id, (X*TX" — X"TX*"), (x)

OVt = (57,b)i0, (XX, )P (x)
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Solutions: 2- or 3-body decay
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- Belle Il provides information on the g2, spectrum
* g2,.: mass squared of the neutrino pair
« A peak localized around g2,. = 4GeV?
» Two-body decay (B —» KX),my = 2 GeV

w(BDTh)

W. Altmannshofer et al, 2311.14629
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Solutions: 2- or 3-body decay

0.92 0.94 0.96 0.98 1.0
- ¢ : : Belle II preliminary v A
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- Belle Il provides information on the g%, spectrum
* g2,.: mass squared of the neutrino pair
« A peak localized around g2,. = 4GeV?
* Two-body decay (B —» KX), my = 2 GeV
 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 = 2.4¢

w(BDTh)

W. Altmannshofer et al, 2311.14629
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# Events (Data — BG)

Solutions: 2- or 3-body decay
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- Belle Il provides information on the g2, spectrum

* qZ..: mass squared of the neutrino pair
« A peak localized around g2,. = 4GeV?

B—K yy [Vector]

« Two-body decay (B - KX) my = 2 GeV W. Altmannshofer et al, 2311.14629
» Three-body decay (B - KXX), my < 0.6 GeV K. Fridell et al, 2312.12507
‘ N B-KX
— 3-body vector m, = 0.6 GeV - : ‘
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Solutions: 2-body decay

. Light partic|e X W. Altmannshofer et al, 2311.14629

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

 Light 2 on-shell: my < mg — mg: 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)
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Solutions: 2-body decay

B > K7' decay rate W. Altmannshofer et al, 2311.14629

Including couplings up to dimension 6, the interaction

* My = 2GeV Lagrangian is

4
' o, = oy 2 miy 2 (4) s e
BoKZ = Tgan 2, Tt Lz 5 {gL Z,(7"Pub) + -2, (50" Prb)
(5)2 2 -2
(5) gy | mpmz, mg 3 (6)
I5hkz = g a3 (1+ mB) A2 fr, +%a”2;w(§q“&b) + h.c.} + {L< R}, (2)
©) 9y 2 mihm%, s @ _ @, (@ @ _ @ _ (@
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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 Ay? = 2.3 and Ax? = 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
g1 — gr plane. One can see that (approximately) vectorial couplings of the order of 10~% are suggested by current data.
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Solutions: 2- or 3-body decay

- Dark Higgs on-shell decay or three-body decay "c<eenetal 2312.00982

LDM = YDOPXX
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Solutions: 2- or 3-body decay
- Dark Higgs on-shell decay or three-body decay "ceen etal, 231200962
LDM = YDPXX
g S .-.ﬁ-ﬁuﬂc__ﬁ ¥ 107 '
o m)m,nl(u 0
0.01 - nl1 - i Hlln | 10—*10_4 T
mp,, [GeV]
« Extremely Iarge relic density
. th ~ 1020( sin 6

)2 o) o) G

overclose the Universe
* Either mtroduce a new DM annlhllatlon or allow DM to decay
In that sense, fermion DM does not work
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Solutions: 2-body decay

* ALP portal

Lasy

2fa

Vv A ) _
f@ (Cfifj + Cf-zfjf}/‘r’) fj + ‘C'GXX —

Lorenzo Calibbi et al, 2502.04900

dua

2, XCL 15X

- DM freeze-in production: I'(b - sa), a(bb — ag),a(bg - ba)

o m, =2 GeV n, =2Gev,m1=3MeV
3 —
| — A o 9 -l
ok I Cylfa = C2, 1f.= 6x107° GeV
" A o~
0.001| =TT .
1075; [
! l\‘ ". Y
107 (o) > H 1 10-7]; T -
(o it y : \5 H ‘ .
10710k ’:q< ) > H 3 ! Vo Value of m, yielding Q, h* = 0.12 for m, = 2 GeV
" My < Ny 10_9 H | .'-. 10_4;
oo 0.1 I 10 100 0.0 0.10 1 10 100 10-5. WDM excl.
x=np/T x=my/T
0 —m™
L1077
BR(a — gg) ~93%, BR(a— s535) ~7%, BR(a—yy)~2x107", (17) 3 ]04{
which is consistent with the results in Ref. [45]. The decay into DM is subdominant for m, <& m,: o 10—9;_,_,_,_,——“‘1
= .
2 b —10
[0 me \2 TE1070 - =
=\ s —6 “xx X &) | S Belle I
BR(a — xX) =~ 2.6 x 10% x (cq) (1) (18) 101 Ll
. : 10712,
The resulting ALP decay length is | My, > Maf2 - 5
10- | |
108 GeV\ 2 107? 3x107° 6x10~? 107
€7, 2= 65m x ( ic, ) (19) | 5 Cylfa 1GeV™]

— m, =50 keV
— m, = 500 keV
— m, =5MeV
m, = 50 MeV
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Solutions: 2-body decay

- Dark Photon portal through kinetic mixing-°""0 “alibbi et al, 2502.04300

LD 51(;3 — mpg) + q—XLX Y5 — IR Y — —JR‘ P1ysPa

i
2 202 T 22

 Bellell excess (B - K + Dark Photon with 2GeV)

« The partial decay widths for decays to SM particles: suppressed by
kinetic mixing

 The partial width for decays of the dark photon to DMs: Not
suppressed by the kinetic mixing

* DM freeze-out production

* The relevant process is the DM annihilation into dark Higgs bosons,
Yy — @@, which subsequently decay to SM patrticles

« The annihilation process is p-wave suppressed
- To satisfy BBN constraints, we require the dark Higgs lifetime to be
shorter than T < 0.1 s > mgp > 4 MeV

o . - . E ; 7 2 N9 2
Relic density: Quh? 7 0.1 X (n..nt el ) (mm_)

mpm ¥y
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Solutions: 2-body decay

Lorenzo Calibbi et al, 2502.04900

BR(B — K*inv)

10°F ‘
mpm = 100 MeV

i BR(B — K*inv) . mpy = 300 MeV

107! 10~
< <
3 3
1076 107¢
10°8 1078
070 | 10‘"‘[ ,,,,,,,,,,,,,,,,,
i 107 1074 107% 10—® 1p—48 107 1073
€ €

solid blue line corresponds to a dark Higgs with mass m, = 4 MeV and the blue shaded region displays
the range m,, € [4 MeV, mpy].
« DM scattering off a Xenon nucleus: five orders of magnitude below
the DM direct detection limit
» DM self-interaction cross section

os1  16maivdy wom(3 — 20z3,y, + 40xt,,)
mMpMm N mi (1 — dafy)?
~1.1x10 ( ax )2 ( v )2 wpm (3 — 20z + 402py,) cm®
102 103 km/s (1 —4a2,,)? g

FldvoOl FHysSICS IVITH=VVOIKSIIOP 2ULd (FED £, £ULD) 16



Solutions: 2- or 3-body decay

* B - (K, K*)xx decays via a scalar mediator * Bereznnoyetal, 250214313

Ling = —¥¢ tt — KOXX

B mpy 3V2G Em2V, Vi
Lb—sp = Gp—sp @ SLbRr + h.c., Jb—sp = Y Lt

v 1672
1.0Fg T T T T T T T T T T T T T T T ]
> 1.0f ]
& f
S*o.s— ]
[ 30 ]
06 . S ]
[ 20 | %0 ]
[«¥)
O
0.4F 1 &
I 1 60
53
F 4 -
02r ] 40
A k:
0.071 1 1 Il I 1 1 L 1 1 L n L 1 L N 1 L 17 20-
5 10 15 20
M, GeV
0

Figure 2: The Belle II data on the decay B — KMy fitted by the DM model considered for different parameter values:
My = 2.8 GeV, I'} = 2.8 GeV and m, = 0 GeV (red solid curve); M, = 20 GeV, I') = 0 GeV and m, = 0 GeV (green solid
curve). The corresponding predictions for B — K*Mx are also shown, assuming the same detection efficiency (red dashed and
green dashed curves). Only excess events over the SM expectations are shown.
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Can we find the integrated
solution of DM relic density
and BT - K7vv at BelleII?
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U(1)LM_LT-charged DM + Dark Higgs

* UMD gark = UMy,
» Let’'s call Z”U(l)L”—LT gauge boson, dark photon since it couple to DM

* UV complete U(1)L _.,~charged scalar DM model
« Dark photon Z' gets massive through ny)L _1, breaking
* A new singlet scalar (Dark Higgs), which mixes with the SM Higgs
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Evidences — Muon g-2
Muon g-2 collaboration, PRL 2023

« Muon g-2 experiment improves the precision of their previous

_ t & +— BNL
< 5.00 T | T
— - {1 + FNAL Run-1
ignifica ill likely de Fermilab 1+2+3
B aioc So¢ orocion (2023) ——t FNAL Run-2/3
+——+ FNAL Run-1 + Run-2/3
< 5.10 >
e, ——
SM: e+e- HVP World Average = Exp. Average
T.I. White Paper (2023)
(2020) 20.0 205 21.0 215 220 235
¥ a,x10° - 1165900
New results in tension &
Wil Witke Papar; (2020) SM: Lattice HVP
BMW Collab
(2020)
s 4
SM: e+e- HVP

using only CMD-3
data below 1 GeV

1775 180 185 190 195 200 205 210
a,x10° - 1165900

9p 107
S. Baek, Deshpande, He, P. Ko, 2001 1
S. Beak, P. Ko, 2008

10°

m,, (GeV)



Evidences — Hubble tension

» Large difference between early and late H, measurement

e Late-time: Hy = 73.2 + 1.3 kms™*Mpc~?
* Early-time: Hy = 67.4 + 0.5 kms ™ 1Mpc~!

* The discrepancy either arises because

» Our distance measurements are incorrect (AGy)

- Cosmological model we use to fit all those distances is incorrect (AN .¢r)

Ho [km/s/Mpc]

82.51 —
KP GW170817
80.07 T
SHLES
775 CPH nsT+ il HSTE
SHQES |GAIA2
75.0 { % i
7251 £ 8 %
70.0 :[
w3
w5 15 x BNS
67.5
i w wideZ
65.0 p13 1 BAC Eis
62.5 1 % Dist. Ladder e ACDM X Std. Sirens
2000 2005 2010 2015 2020
year

P. Shah et al, AAR 2021
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HoLiCow
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Gauged U(l)Lu—Lr Z' model

« Gauge one of the differences of two lepton-flavor numbers
* Le— Ly, L, — Ly L
contents

« Symmetry including L, is strongly constrained

e — L. anomaly free without extension of fermion

X. G. He et al, PRD 1991

 Charge assignments: QL N ( U,y T ) _ (1, _1,1’_1)

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

1 2 2 2
my — x(1 —x)q egu—r m: Gu—r
¢ €= ——— lez(l—x)l a —log — ~ — .
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Gauged U(l)Lu—Lr Z' model

e Hubble tension

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

M. Escudero et al, JHEP 2019

* The expansion rate of the universe departed from the predictions of

standard ACDM cosmology at early times

* 0.2 <ANggr < 0.5 « BP:my =11.5MeV, gy =5x107*
) e B AR R
Nei, With v-oscillations AN >0.5 {/éi’}
. &

g 10-3¢ CCFR
U i

/

7

BaBar 4u

'.'4— Hubble tension
10-10 | Ho | | ‘ : A Negg>0.2
5 10 15 20 25 30 {0 S A A
mz: (MeV) 10_3 10—2 10—1 100
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

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

H = L 0 v h)T, & = L
_E( ath), —E(’U@‘Fﬁb)

 Dark photon Z’ gets massive:[mzr = gX|Qq)|Uq)]

« Two CP-even neutral scalar bosons mix each other due to non-
zero of Aye

H, = ¢cos@ — hsinf@ , Hy = ¢sin0 + hcos6
dark Higgs boson SM-like Higgs boson mixing angle
my < my ~ 125 GeV
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U(1)LM_LT-charged DM + Dark Higgs

« Additional interactions with the dark Higgs

Ao H

vopoh® —

1 o o, o | , A )
Ly D 5 9% Q37 Hz;',,@?[Jr 9% Q3veZ" 2,6 — Aoved® — Agvph® — = -:,fH(,t:Bh.]

« The SM-like Higgs invisible decay
«H, > HH{,Z'Z' XXT
« SM Higgs mainly decays into dark photon and dark Higgs

. 2 3 22 v2 .2
sin BmH2 sin 9)\@(1).1,

Uv,»mH, = TUH,— 220 X 5 > Iy, xxt o
U‘I' mHz
’ —_— EAIZU:U
o -l- \ eqz =72 x 1078
ZZ*>ay , ~H1H1 zZ'z XX 6t N | -- ear=72x10° m,=mz ]
_ THy ~ 0y, " +Th, T, 0 \
* Br(H, — inv.)= < 13%

SM , +H1H1 | +7'7' | ~xxT
Loy +Tp 4TH, +TH,

» sinf < 0.01 to satisfy the Higgs invisible decay <

Planck

12 14 16
25
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U(1)LM_LT-charged DM + Dark Higgs

« UV-complete U(l)Lﬂ_Lr-charged scalar DM model

v
Lon = [DX [P =m | X["=Aax| X[ ('q)‘g B _(I))

Baek, JK, Ko, 2204.04889

2

2

« DM annihilation channels

. A
)--1.’2.{
o .

X --n--MNVvZ’ X == Z' X \
X o e = wmz’ X*-.....- zZ’ X*'

X --h-l'l ----- Hl X --.—-* 'Hl X
ot \
X! X' e N ’)(
P @ TR B S—— H| X = === &+’ SoH, X*e SsH,

X ----wvvwz’ X mmp—a A
o
XY X‘Lﬁ"{’
X*--*-* ----- Hl --*- L)
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U(1)Lﬂ_Lr-charged DM + Dark Higgs

* Thermal WIMP DM relic density Baek, JK, Ko, 2204.04889

1.75 X 10~ 1°GeV ?z;
V3, (o)

Q— R

« DM direct detection

. U(l)LH—LT DM model without dark Higgs boson, DM-nucleon/electron
scattering is highly suppressed: aé(l"p o 10‘46cm2,a§1‘e ~ 10~51cm?
* We can have a sizable DM-nucleon scattering

4p2 f2X2 sin’0 (('m,, > Vg /1 1Y
Te — —
el T my ) \vg /) \m3, — my,

2 2.2 72 2
[ e gy L€

T AQm%/

X-n ~J
el —
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Bellell excess: 2- or 3-body decay

* When my, < mpg — mg, H; is on-shell b W S

|Kep|2sin?@ (sz+ — m%(

2
I'p+km, = +> [fo(m%rl)}Q sind <1 t t

) form factor

3
64mmy., my — m,

2 2 2
><\/IC(mB+,fm,_,ﬁ,fm,H1

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

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

* When my, > mg —my, H, is off-shell > three-body decay

- AL (mzm - mK) 2 —ml ) —at AR A
~ m —m
Bt K+tXX1 10247r3m%+ m, —m, H, Hy . ¢
2
[ g T T K e ) 1) X
y q H* 2 .
Jamd (g% — m3;,)*(q* — mi;,)? L2 X
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Bellell excess: 2-body decay

* When my, < mpg — mg, H; is on-shell

 The gray shaded area is excluded by Bellell B® - K*%vv,
KOTO K —» n%vv & NAG2 Kt - it + inv.

b %% S m, = 11.5MeV, g, = 5x107%, Q, = 0.4
oL" il

t< ;t 107 :

i i

“~~H, 10~ Higgs invisible decay (LHC) 1

B(H2—>IIIV.) > 0.13
* H, decay process
« H > XX1,2'7",ff

sin @
[—"
S
[\]

| Belle HH+BaBar(10) 1

Belle IT+BaBar (20) |
13
-

* Allowed value -, B K H) +—i]

. 10-3 : -3 L e — S — —

1072 <sinf <5 X 130 0.01 0.05 0.1 05 1 5
 take sinf = 6 x 10 my; (GeV)

Flavor Physics Mini-Workshop 2025 (Feb 22, 2025) 29




Bellell excess : 2- or 3-body decay

* When my, > (<) mp — mg, H; is off(on)-shell - 3(2)-body decay
» Two-body decay: my < 1.2 GeV (my, < mp —my)
* Three-body decay: 20MeV < my< 60MeV (my, > mpg —my)

my,, = 11.5 MeV, x = 5X10_49 Qq)z 0-4389= 6X10_3 X o z'
\ H; 2 2
| e T y L my > my,
10 E k AQ:,X>47T (B_E:l{(‘;';:u)u; XT,’ {Z’
i 0—)- *Ol'}lj : Az 2
100 L (3) B(Belflfall) | 4 (o”u) X 5 (I);(W:X z >
3 (2)§ (myy, — 4mx)? + Ty my,
10-! ; F%iqm%n X Apx Vg \/1 — 4m% /mi3
KOTO K? — n%w MAax <1 & fm_z,(>>m§1,1
) 2
-2
1077 3 = (ov) o —2X => Ay ~ const.
3 X
> exp. :
10_3 Uel UDM T ] (2) A@X<< ]_ & miirl >> sz
e ssssemsm- g A2 m2
(1) . = (ov) x ¢X4 X = Apx X m%{l
104 Bt KTXXT - my,
i TR AU A A e d 2 2
_ _ p B)Aax>1 & mj >m
102 107! 100 10! 104 i X

2

m
= (ov) x X = Mgy = const.
my (GeV) - 22l




[em3s1]

-1
off My Pann

f

{ov)

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 patrticles

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

4.1 X 1072 cm3sec™! /'m
(ov) < ( 2l

feff GeV) Planck 2018,
R. K. Leane et al, PRD 2018

1072 ey
102 4 :
...--'.'.""H.:.:: ....... . 10724 L
wo-2 4 e g g
E Excluded by CMB 7 L
10724 _; .......... i
Fermi/HESS e~ et |
10-25 il AMS/PAMELA positron fraction |
] - ———__Thermal crosssection ___________ ¥
1072 == ;
AMS anti-proton excess ]
1027 ] . ‘ . Ferln:n Galactic center excess | _ [ CMB ]
1 2 3 4 10—28 ol el L
10 10 10 10 1 10 102 103

m,, [GeV] M, [GeV]



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

p-wave
ov = a + bv? + 0(v?)
1

« Dominant DM annihilation channel srwave

« XX > Z'Z' H;H,: s-wave annihilation
« XXT - Z'H,: p-wave annihilation 1072,

« 7' decay L0

10_23§ T T T T T LR | T Ty

» H, decay 0
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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

p-wave
ov = a + bv? + 0(v?)
1

« Dominant DM annihilation channel srwave
+ XXt - 7'7', H,H,: s-wave annihilation S S
« XXT - Z'H,: p-wave annihilation 1072
« 7' decay Pl
« A pair of v élo-mg
* H, decay 1097
. . CMB ]
A pair of DM (open when my, > 2my) ] SRS SIS i

« Apairof Z' (Z' - wv) M LGeV]
« SM patrticles (suppressed due to small Yukawa coupling & sin 6)
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CMB constraints

« DM dominantly annihilates to neutrinos

« WIMPs of m < 20 MeV will generically alter neutrino
decoupling and hence impact AN, ¢
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CMB constraints

« DM dominantly annihilates to neutrinos

« WIMPs of m < 20 MeV will generically alter neutrino
decoupling and hence impact AN, ¢

M. Escudero, 1812.05605
X. Chu et al, 2310.06611

Bosonic Thermal Dark Matter

4.0

N AY ' ' ] ~ ) ™ |
3-6—_—\———J?— ———————————————————Eﬂ@ngkjﬁi&g&t&b: Y \ Complex Scalar (s-wave)
AESEIAN= \ o 1 : :
RN\ | 36f
3.4¢ \ \ .
S Planck+BAQ,

__________ SN P AIVAT DA
N; 0 ]

~~

===- Brgy:Br,= 104
— Brgm:Br,=1
=== Brgy:Br,= 107*
—— Brgm: Br,= 0:1
L |

S
3 10 20 30
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Conclusions

 Bellell data shows a excess of B¥ - K*vv over the SM
prediction

* This excess can be interpreted as B* —» K* + dark sector
particles

« CMB constraints can be evaded because DM pair annihilations
into H,H,,H,Z',Z'Z’, all of which are invisible

« We can accommodate the muon g-2 and subsequently relax
the tension in the Hubble constant with extra radiation




Conclusions

 Bellell data shows a excess of B¥ - K*vv over the SM
prediction
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Evidences — Muon g-2

 Muon g-2 experimental data from CMD-3 & BMW

 consistent with the combined experimental data from BNL and
Fermilab muon g-2.

< 5.00 >
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
—_— —o—
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
K
New results in tension &
with White Paper (2020) SM: Lattice HVP
BMW Collab
(2020)
®
SM: e+e- HVP
using only CMD-3
data below 1 GeV
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,%10° - 1165900

1073 102 107! 10°
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sin@

Bellell excess : 2- or 3-body decay

*my, = 10MeV, gy = 10™* (my = 9x1Qa|ve
« Hubble tension can be relaxed
* Aa, = 1071% (BMW & CMD-3 collaboration)
* Belle Il (2-body decay): my <
- Belle Il (3-body decay): ~90MeV < my< 450MeV (my, > mp

1.2 GeV (my, <mg —

mg)

- Larger vg)

— Mmg)

m,, = 10MeV, g, = 1X 1074, Qs=0.4 m,, = 10 MeV, g5 = 1><10—4, Q,=04,s,=6x10""
1005 i; 10 Apx > 4T k E(‘;—e»nrg'l"lu)u A o
lo-11 Higgs invisible decay (LHC) 1 l B
B(Hz;—Inv.) > 0.13 10-! [ B(H;—1Inv.) <0.13 B
L 3 K
_2 87
10 £ Aex KOTO K¢ — =i @Qv
: : 102 >/
BelleII+BaBar(lo )" i & !
Belle II+BaBar (20) |] i
--------------- -E 1073 Oy > Oppry ==== i E
- I3 ]
B+—> K+H1<—| o+ Bt— K+H, -|—!—> B+—>K+XX'f:
1l 1 L1 1 1 T E, 'R Lo, Nl | b 13
0.01 0.05 0.1 0 5 1 5 1072 10! 100 1()1 102
my (GeV) my (GeV)
40
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Evidences — Dark Matter

« Dark Matter as a particle must be
* Non-baryonic
Massive

Have existed from early Universe up to now
- Stable or lifetime longer than the age of Universe - new symmetry

Dark : No electromagnetic interaction = EM charge singlet

27% of the present energy density of the Universe = 2h?% = 0.12
Planck 2018

 Cold : non-relativistic at the time of formation of the first
structures

26.8%

* Cold Dark Matter
* Weakly Interacting Massive Particle

BETSTIC Y 68.3%
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U(l)LM_LT-charged DM model

* U dark = U(Dp,1,

« Let's call Z/, U(l)L#—LT gauge boson, dark photon since it couple to
DM
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U(1)LM_LT-charged DM model

. U(1)LM_LT-charged scalar DM model
Ling = igx Z), (X*OMX — XOMX*)+ gx 20 Y Qulry*!

 Free parameters: {m,, gx, myx, 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
- - r - - ’ X -
X ==pm= AN Z' X = Z ‘\ 7 £y,
Xy Xy »
X mmtem AT X m et md zZ' X% £y,

» Consider Z' boson only & gx~(3 —5) x 10~* for the muon g-2
* XX > foufem - dominant annihilation channels
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U(1)LM_LT-charged DM model

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

density
P. Foldenauer, PRD 2019 I. Holst, D. Hooper, G. Krnjaic, PRL 2022
Relic density for le = 50 MeV '

107k
10t 103
0
107 Q, = Qpy 104
'} \ A
10!
B 10
_ 5 e
e & et 1073
104
10—5<
10°°
i 10-7
1076
1077
16 18 2.0 2.2 2.4 26 2.8

myfm,
« Large DM charges Asai, Okawa, Tsumura, JHEP 2021

my [MeV]

M. Drees, W. Zhao, PLB 2022
ﬁx=15Mev| gx=5-10"*

—_—% f
+ —— (ov)-10'MeV?
—— relic density
2 3 4 5 6 iz 8
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U(1)Lﬂ_Lr-charged DM model

* Muon g-2
* myz~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: aé(l_p ~ 10~46cm?

» DM-electron scattering: agl‘e ~ 10~*5cm?
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U(1)Lﬂ_Lr-charged DM model

* Muon g-2
* myz~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: aé(l_p ~ 10~46cm?

» DM-electron scattering: agl‘e ~ 10~*5cm?

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

« B - KXX'(3-body decay)
=> suppressed by kinetic mixing and g,~10"*
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Gauged U(l)Lu—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
* Recrr = CCI _ (.82 + 0.28.
0sM

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

. 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 ¢
. ANeff <0.5

e BOREXINO R. Harnik et al, JCAP 2012
* v — e Scattering
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BaBar, LHC 4u channels

cete o ,Lt+,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
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Neutrino trident production

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

JCCFR _ (1,89 4 ().28.

* Reorr =
Osm

W. Altmannshofer et al, PRL 2014

« The leading order Z' contribution:

v,

N
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Borexino: v — e scattering

« Borexino is a liguid 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
ij=17Ji pell )ij e s or Lu—Le »
01 il UTQuel)yP| o for  U(1)
2 3 ] AR
ohop = | S0 FUTQu )52 T a2, for U(1). 1. ,
[ 3 + 9 1/2 9
> i Ji [(UTQurU )i oy €ur(q7) for U(1)r,r.
L 1J

Qur = diag(0,1,—-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 ¢

 Taking into account kinetic mixing

L, — L, Gauge Boson

10-°}

——

—

1074}

mz [MeV]
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U(1)Lﬂ_Lr-charged DM model

- Conventional U(1)LM_LT-Charged fermion DM model

1 1
LD Loy — ZZéﬁZ’aﬁ + §m2Z,Z(’xZ’a + XY OaX — My XX

+IxQZLXY X + 9x 2L Y | Qi

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

» Dark Photon mass is generated by hand or Stueckelberg mechanism

- New parameters: {gx, mz, m,, Q,}

» Consider Z' boson only & gx~(3 —5) x 10~* for the muon g-2
« x7(XX) > foufsy : dominant annihilation channels
* gx~10~*is too small to get O, h? = 0.12
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Measurement of Bt - K*vv

« Two ways of tagging

Hadronic tagging (HTA)

*
\K ' G
s
owa
tracks and clusters

in the event

R

Efficiency

E—

Inclusive tagging (ITA)

Ki
L2
\ - Grec

+ —_
— sy —
-__—_-—b\
e Rest of event
- B?ﬁ;f_ (ROE)

Purity, Resolution

* q%.c: Mass squared of the neutrino pair

* Inclusive tagging: It allows one to reconstruct inclusively the decay B* —
K*vv from the charged kaon
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Solutions: 3-body decay

« Singlet scalar DM model (m, < 2.3GeV)

A b w

mg 2t
— = —S5"+—=8"+AS°H'H
=2 54 + = (m + Avgy)S? + AvgwSPh |+ 2S h?, t t

Com ~44AM2
i Be”e ‘ - gw,mh '

8ur,A?
* Relic denS|ty: TamnVrel = —

4

( lim m:-! Uiy).
my mi—2mg

h

» A should be large to fit the relic as well as Belle Il

* m, < 1GeV is already excluded by BABAR limits (2004 data).

H
o
b

B — K + missing E
[
S

Br
-
o
A

H
o
&

Bird et al, PRL 2004
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Solutions: 3-body decay

* Singlet scalar DM model (m, < 2.3GeV)

* For m, < 10GeV, CMB bound (DM annihilation @ T~eV )
excludes the thermal DM freeze-out determined by s-wave

annihilation
e At that time, the authors did not consider the CMB bounds.

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

1072

B — K + missing E

Br

Bird et al, PRL 2004
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Solutions: 3-body decay

McKeen et al, 2312.00982

« Dark Higgs decays to dark Photon
« Dark Photon can be long-lived - appear missing energy at Bellell

LD g%’UDA;A’“(—h sin@ + hp cosf)

« Two-regions for sub-GeV dark photon that unconstrained by
existina experimental searches:

1072 g

103 E

10 &
€ 10°°
0% )

1077 &

1. ma, > 100 MeV with 1078 < ¢ < 107

1078 | .
0.01 0.1 1 2 'mAD 2 L-)D B\IQV W'lth 10_6 SJ € E 10_4‘
my |GeV]
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