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Outline

* Introduction:
Leptons are a very common signature of dark sector models

* What’s done:
Searches already performed by Belle Il

* Future opportunities:
Next steps in the search for dark sectors with leptonic signatures

- minimal models: dark photon
- non minimal models:
* Inelastic Dark Matter (IDM)
* Leptonically coupled axions
* Strongly interacting massive particles (SIMPSs)
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Leptons are a prominent signature of dark sectors
Minimal models
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The portals induce the decay
of the dark patrticle to leptons

Gauging anomaly free approximate symmetries of the Standard Model:
. e.g., Ly-L« the corresponding Z’ will decay to either muons, or taus, or neutrinos
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Leptons are a prominent signature of dark sectors
Minimal models
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Leptons are a prominent signature of dark sectors
Minimal models

Warning: :
large theory uncertainties in this calculation :
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Gauging anomaly free approximate symmetries of the Standard Model:
. e.g., Ly-L« the corresponding Z’ will decay to either muons, or taus, or neutrinos



Leptons are a prominent signature of dark sectors
Minimal models
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large theory uncertainties in this calculation :
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Leptons are a prominent signature of dark sectors
Non minimal models

Dark Matter (DM) models with DM excited states or additional dark particles:

e.g.,
* Inelastic DM: A" — x1X2, X2 — X1£7€~ (X1 is the DM state)

% Strongly Interacting Massive Particles (SIMPs): A" — x1Vp, Vp — £7£~
3k models with both a dark photon and a dark scalar: dark Higgs-strahlung

Axion/axion-like-particles (ALPs) with flavor-specific couplings:

e.g.,
(0,a

7

(Oua)

/'_‘I'YMPR/J/ or 2gee é7”PRe

my, me

29,
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Searches currently performed by Belle Il, invisible
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Searches currently performed by Belle Il, invisible

%k 1912.11276: 276/pb; 2212.03066 79.7/fb
ete™ s euZ’, ete” = uuZz’,

%k 2207.00509: 8.34/fb
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Searches currently performed by Belle Il, invisible

* 1912.11276: 276/pb; 2212.03066 79.7/fb el —
ete™ s euZ', ete” = uuZzZ', 7' — invisible 10 P
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Dark Higgs-strahlung
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Searches currently performed by Belle Il, visible

Belle Il [rdt=62.8fb!
% 2306.12294: 62.8/fb  Interpretation: W
ete” — ppX, * Lp-_LT Z’ gauge bosons w0f o
* Axion coupled to leptons . O

X =717

* |leptophilic scalar

10°F

107
ms [GeV/c?]

} World-leading bounds
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Searches currently performed by Belle Il, visible

%k 2306.12294: 62.8/fb
ete” = upX,
X = 71T

%k 2306.02830: 189/fb

B—~ KS, S—ee,ppu,nmrm, KK

BO and B+

Interpretation:
Dark scalar mixed with the SM Higgs

S.Gori

Interpretation:

* L,-Lr Z’ gauge bosons 107

* Axion coupled to leptons .
* |leptophilic scalar

charged states
(including leptons)
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Searches currently performed by Belle Il, visible

Belle Il [rdt=62.8fb!
% 2306.12294: 62.8/fb  Interpretation: M
ete” — ppX, * Lp-_LT Z’ gauge bosons w0f I
X * Axion coupled to leptons .. ,
=TT * |leptophilic scalar p
% 2306.02830: 189/fb U e e B

B—~ KS, S—ee,ppu,nmrm, KK

BO and B+ charged states
(including leptons)

Interpretation:
Dark scalar mixed with the SM Higgs

ms [GeV/c?]

% 2403.02841: 178/fb

Interpretation:
* L,-L Z’ gauge bosons
* muon philic scalar

ete” = upuX,
X = pp

——90% CL UL [ Expected UL + 16
[ Expected UL + 20
L]
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Additional new searches for
leptonic dark sectors?

Four examples:
1. Minimal visible dark photon
2. Leptonically coupled axions
<3_ Inelastic Dark Matter (IDM) reminders from this morning lecture
4.Strongly interacting massive particles (SIMPs)

Some additional missing signature?
Can one do a systematic (more model independent) coverage
of leptonic signatures?



Dark photon decaying visibly to leptons

€ A~ ~
ZD VB v
2cos@ HTTH
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The Belle Il physics book, 1808.10567
S.Gori

Search done by Babar with 514 fb-1
1406.2980

Projected limits scaled from BaBar,
assuming:

%k twice as good mass
resolution

%k better trigger efficiency for
both muons (~ factor 1.1)

and electrons (~ factor 2)



Dark photon decaying visibly to leptons

€ o~ o~
— 7By
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Search done by Babar with 514 fb-1
1406.2980
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The Belle Il physics book, 1808.10567 see also Jaeckel | mm e 0
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S.Gori Bandyopadhyay et al., 2203.03280 di-electrons




“Weak violating axions coupled to leptons

This morning, we saw the most (8,a
general ALP EFT. K~
Let us focus on these couplings: e

[é,.),u (gee + gee‘)'s) e + guD')’“PLI/]
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This morning, we saw the most
(0.a

general ALP EFT.

Let us focus on these couplings: e

“Weak violating axions coupled to leptons

[éﬂyﬂ (gee + 966’75) e + 91,17‘7”PLV]

The SM SU(2) symmetry would lead t0  Gee — gee — g = 0

If SU(2) is violated by the axion interactions, gee — gee — g, # 0, SOMeE
meson, M, decay modes to axions are enhanced:

SU(2) conserving

3 p2
o My Iar
I'(M* = etva) x g2, 1
mW

Helicity suppressed

SU(2) violating
2 3 g2
myy o My ki
I'(M"™ — etva) « 59 3
‘e %%

No helicity suppression

Altmannshofer, Dror, SG, 2209.00665

New searches can be done at meson factories (PIONEER, NA62, KOTO, Belle Il)

S.Gori




’ The reach on the parameter space

Altmannshofer, Dror, SG, 2209.00665

1073

—— neutral current decays
e.g.,K—ma

107*
—— SINDRUM search for
T — evs, s —~ee
107 Physics Letters B 175 (1986),
no. 1 101-104
) Py —— Reinterpretation of the
10 E865 measurement of
K — evee, 0204006
1077
5 Weak-Violating
10 SN—I 1987A Axion g (8,0)
1 ) E— .10 . — IIOO . — 7;;8 [é'Y“ (gee + gee’75) e+ QVPW’#PLV]
m, [MeV] gee = gy — 0, Gee # 0
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’ The reach on the parameter space

Altmannshofer, Dror, SG, 2209.00665

1073

—— neutral current decays
e.g.,K—ma

107*
—— SINDRUM search for
i »ree
10_5 : ,? 1 lIII I' 1 1 I::IIIIII I g B 175 (1986)’
v [ = T Bre—105 i RN .
o - ] tion of the
SN s L 1 rement of
I - 3 At 13 204006
J Bt s e 3
7 © i :
10” : -
E137 E E
108 S 1oe Weak-Violating {k s
T, L Axion g Weak-Violating ]
1 10 100 | AxionI -
m, [MeV] 1 10
S.Gori ma [GeV] 9




- Beyond minimal models: inelastic dark matter (IDM)

Inelastic DM (IDM) models were initially proposed to explain the DAMA anomaly,

while being consistent with Dark Matter direct detection bounds from CDMS
Tucker-Smith, Weiner, 0101138

1 1 _ i
—LOmpné+=6,n%+ 5 5¢ €2 + h.c. 2-component Weyl spinors

2 with opposite charge under U(1)’
The only relevant interaction is inelastic: x1 = i(n—§&)V2,
ep mp I (< = x2 = (n+ 5)\/5
L: A H _ H
D \/m2D+(5€ —5,)2/4 p (X17*x2—Xx27"x1) N
The elastic piece is very small (4, < mp):
5 — 0 . ) X2
£o>——2 O — %) A, (2v"x2 —x17"'x1) Amy

VAm + (5 — 6y)?
Easy to get it small
K1 sinceitisa U(1)’

: My — M 0 + 0
Two states close in mass: A = — 1 %%

1 Db breaking effect
Abundance of x1 and ¥z is determined * X1 X2 co-annihilation,
by two coupled Boltzmann equations, ~ * X2 f = X1 f inelastic scattering,
that keep into account: * X2 = X1 + SM decays

S.Gori 10
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New opportunities for B-factories

New proposed search for Belle-lI:
(Photon) + displaced tracks + missing energy

11



New opportunities for B-factories

New proposed search for Belle-lIl:
(Photon) + displaced tracks + missing energy

my(GeV) “minimal signature”
1o 10~ 10° — 100/fb
......... 50/ab
1072
mono-photon
10-3E , ?
w -
displaced+photon -
10—4 = ' i X1 e, 4,7,
PR S - : !
ma=4m Sl 1 21 displaced TN 1
105 muy= 1GeV ?T\:&i /” " h
E 9=10"° g | ?*gez\—-_/,' N LA
A:mx1 8: E E % \\\ lI ptowt Kt rt
< '@ - . g
gt 5 s Higgs responsible —
1950 10° 10’ for the A mass  Hi9gs-strahlung
ma (GeV)

Duerr et al. 2012.08595

S.Gori Displaced vertex trigger is very important



(*) Hochberg, Kuflik, Volansky,
ek 1 Wacker, 1402.5143,
I\\L/ Hochberg, Kuflik, Murayama,
>% Volansky, Wacker, 1411.3727

(*) Needed to
maintain thermalization
between the two sectors

Aew scale for DM?

WIMP SIMP
( DMDM 2 — 2 SMSM ) DMDMDM 3 — 2 DM DM
MmpM ~ (Imm(Teq]\/fpl)l/2 ~ TeV mpmM ~ aann(qu]\/Ipl)l/a ~ 100 MeV

S.Gori 12



(*) Hochberg, Kuflik, Volansky,
ek 1 Wacker, 1402.5143,
I\\L/ Hochberg, Kuflik, Murayama,
>% Volansky, Wacker, 1411.3727

(*) Needed to
maintain thermalization
between the two sectors

Aew scale for DM?

WIMP SIMP
( DMDM 2 — 2 SMSM ) DMDMDM 3 — 2 DM DM
MmpM ~ (Imm(Teq]\/fpl)l/2 ~ TeV mpmM ~ aann(qu]\/Ipl)l/a ~ 100 MeV

Possibly realized in a QCD-like theory with
SU(Ny) x SU(N;) — SU(Ny) N

Nf2_‘| pions L|ght plOﬂS cWZW — 157‘_2‘1_‘5 e””p“Tr(WBuwB,,wapwaaw)

If the portal operator is not too small, the dark pions

can be in thermal equilibrium with the SM Detection?

*)
S.Gori

12



Spectrum and portal to the SM

A concrete realization for SIMPs o
Berlin, Blinov, SG,

Schuster, Toro, 1801.05805

€
Al BH
/20089W - \
DM is kept in thermal equilibrium T SM

| A
~ GeV m— prevent
nm — A'A Ni2-1 = 8 dark pions: :
_____ 2Mmn  (CMB) o N N
. 5 + % 07T K
Y 0
Mp V2 " ‘@_+ v
. : K~ 0 o %77

SU(3), x SU(3)r — SU(3)p D U(1)p
Nf — 3

S.Gori 13



Spectrum and portal to the SM

A concrete realization for SIMPs o
Berlin, Blinov, SG,

Schuster, Toro, 1801.05805

€
Al BH
/20089W - \
DM is kept in thermal equilibrium T SM

| N
~ GeV m— prevent
w — A’AY N2-1 = 8 dark pions:
_____ 2Mmn  (CMB) i o N N
— - - — ™ 0
e [FE | T R

SU(3), x SU(3)r — SU(3)p D U(1)p

Ny =3 o %t% O'OZ ) K;:
/2 . — s+ K
' K;_ K;«O (fb
SGori o



The dark pion relic abundance

Berlin, Blinov, SG, Schuster, Toro, 1801.05805
Several processes can contribute to the dark pion annihilation:

mw)lo 1

1. 37p = 27p annihilation ['3—2)= ngr ((71)2) : (02}2> ~ (f_

5
mx

S.Gori 14



The dark pion relic abundance

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

Several processes can contribute to the dark pion annihilation:
mw)lo 1

1. 37p = 27p annihilation '3—2) = ngr <O’U2> : <0v2> ~ <f_

ms
2. mpwp — Vpmp semi-annihilation
—

V Al* E‘I'

my < 2my

(If the dark vectors (V) have a mass

close to the mass of the dark pions)
e—(7nv—mﬂ-)/T e—nzﬂ/T

<U'U> ~ m% ~ m%.

S.Gori 14



The dark pion relic abundance

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

Several processes can contribute to the dark pion annihilation:
mw)lo 1

1. 37p = 27p annihilation '3—2) = ngr <O’U2> : <0v2> ~ <f_

ms
2. mpwp — Vpmp semi-annihilation
—

V Al* E‘I'

my < 2my

(If the dark vectors (V) have a mass

close to the mass of the dark pions)
e—(7nv—mﬂ-)/T e—nzﬂ/T

<U'U> ~ m% ~Y m%.
., (—
3. TDTD — £+£_

e Al* [+
S.Gori 14



The dark pion relic abundance

Berlin, Blinov, SG, Schuster, Toro, 1801.05805
Several processes can contribute to the dark pion annihilation:

e ~\10 1
1. 3=p = 2xp annihilation '3 = 2) = n2 (6v?) , (ov?) ~ (m_) —
fﬂ' m’n‘
2. mpmp — Vpmp semi-annihilation
{— Thermal Dark Matter, Q, = Qpu
£ 107'g T - T

4 A* /+ 10_2;5 2, 3
C Semi—lAnni‘hilation E
my < 2my 107 3

Me | fz=3

ma [ myz= 3|3

(If the dark vectors (V) have a mass « 10—4;
close to the mass of the dark pions) '

_5:

o= (mv—me)/T  g=mn/T U rEET—

ov) ~ > — e e <18 — |
oy~ 2 [ _] |

C o) my/m, =1.6
10—7 T Lol L Lol L L1111
x. /- 1072 107! 1 10
3. mprmp — LT € m, [GeV]
o £
e A s Broad range of values of m are possible

S.Gori 14



A

Collider experiments

: 1) Drell-Yan production:

) p>AA;<M
e, p \" A
eg., D" DA

2) Associated production:
: AN Y

e,p

2 .2
e,

E2
Good for low
energy colliders

o X

3) Meson decays: 5

“Dark photon production to access SIMPs

(At low mass) Z’ couples proportionally to the electric charge
|=> Whenever there is a y, there will be a A

From my lecture
of yesterday

brems- E

strahlung :

N """y :
z ;
z ' meson i
P.—’.';ofn‘ decay :
A’ =

2 i

3 9 :

s € :

o~ en; 72 electron :
m45, :

15



Dark photon decays to SIMPs

e,p

e, ™

AI

-

N
N
™

m» A’ — npm, (DM)

ep T
“F A ‘,/o*
‘ ’ ' x « mamy
A = o Vi I
S.Gori

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

/N

-

10°

0 10—1

~

<

SN——"

s
an

102
103
104

mass

|

—A'

VI)

D
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Dark photon decays to SIMPs

— mass
A’ - i, (DM) —
e.p /WB I :rfﬁ
’ Invisible
“P Al Sk A, decay Berlin, Blinov, SG, Schuster, Toro, 1801.05805
Z S 100
0 10~1!
- -2
&P 7IF(I)) €~ < 10_3
Eﬂ/ 10
Missing Visible
ener ’ 10%
T Tg:y A decay 'g' 102
€,p ) 1)// D S 100
ep . > 1072
4 © 104 . o e,
) 102 10~1 10° 10!
~ ap =102, e=10" my [GeV]
A" 5 mp Vo — 7 (£Te7) 1) New —

Displaced decays of the dark vector
— 7o (£ m) 2) P y

S.Gori Similar to the IDM X1X2 — X1(X1£+£—) 16



DarkQuest and LDMX

Let us focus on two proposed experiments:

M, 1
LDMX @ SLAC Y,

o Beam Fed \ 4 x 1014 electrons on target, 4 GeV beam (phase 1)
Nt 1016 electrons on target, 8 GeV beam (phase 2)
A —» 7wim, \ AX)_(
A = mpVF \
Vo — mp ete can also look for visible decays

DarkQuest @ Fermilab . 2.

Top View (Bend Plane)

St-4 muon ID

,1 120 KMag sc2cracking  St-3 tracking _
: 1 GeV =y
'E\M ' et . Experiment || Proton energy POT Dump | Decay volume
%l H\““%\ "u DarkQuest|  120GeV 10"
EET s T e ; I l | TTTCHARM | 400GeV 2.4 % 100 | 480 m | 35m |
G, -\ L R o " LSND 800MeV 102 | 30m 10 m
) ‘ zllo(m‘) e . \ D NAG2 | 400 GeV 108 100 m 250 m
d £ A\ \ SHiP 400 GeV 1020 65 m 125 m
ecay o VE o wlete
the dark vector VO Py g
S.Gori D 7 17



” The reach for SIMPs (2+3 body decays)

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

2- and 3-body decays, m,/fr =3

102

1077

1071 10° 10!

T — R

ap = 10_2, mar/mr = 3

S.Gori
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The reach for SIMPs (2+3 body decays)

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

Gray:

2- and 3-body decays, m,/fr = 3
w08 1 - ~ . reach of past experiments:

E - Babar:
: ete” > ~vA’, A" — inv

- E137:

past electron beam dump
experiment. Search for
visibly decaying A’

Relic
line
(our goal)

A — WDVD

VE o niete

S.Gori

VO s ete-

Bound from DM ap = 1072, ma//mx = 3

self-interaction
18



nd 3-b

ody decays, m,/fr =3

Relic
line

(our goal)

S.Gori

Bound from DM 2 ma/my =3

self-interaction

The reach for SIMPs (2+3 body decays)

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

In color:
reach of future experiments:

- Belle Il: (same Babar signature)
ete” > ~A', A’ — inv

- LDMX: invisible A’
- LDMX: visible A

- HPS: electron beam
dump experiment. Search
for visibly decaying A’
DarkQuest

A — mpVp

VE & niete

VB — 0T
What about searching
for this at Belle I11? 18



101

mar [GeV]

S.Gori

ap = 10_2, mar/mz = 3

If the charged vectors are
heavier than 2mr,
then only the neutral vectors

will appreciably decay visibly:

A" 5 mpVp — mp(£T07)

\ E137 (past) bounds are

relaxed since the
experiment had a long
baseline (~400 m).

» Larger regions of
parameter space are open

19
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Outlook

Many different leptonic signatures arise in
dark sector models

Several searches have been already
performed at Belle Il probing new interesting
regions of parameter space

Several new signatures to look for
2 1photon + 2 charged tracks (prompt or

displaced) dark photon
2 3 charged leptons from B meson .
axions
decays
P broader coverage of 1 photon+missing IDM + SIMP

+ 2 (or more) displaced charged tracks

20




Rewriting the ALP interaction

“Standard”

8uJba = Gee(LiysL) vertex 7 ‘
e .

2

n 62 Gee — Qeze + G, Wt Vi —a |
16m2m, 483y, \ W+
2 @, — ap(l — 452 ~ i » Anomaly
+ c gee gee( SW)FU/ZI”/ - ngZFu./F/”/ M’f @==°
167'('2mg QCWsW ! ! termS .
N e®  Ge(1l —4s3,) — gee(1 — 483, + 8s3,) + g"Z,,,Z’“’
1672my, 8s2, ¢t "
€
i 2v/2m, (gee = Gee + gu) (V" PLv)W, { CaKk | W ---a
- vertex |
(only present for
weak violating models)
Our work: p
- importance of the weak vertex (9ua) [E7* (Gee + Geeys) € + guiYH Pry]
- new bounds on the “standard” vertex e

S.Gori Backup



SU(2) violating models

LD —yHLN® — Me/faNN¢ + h.c.

|
o
o)
N
3
I
[y
)
X
[y
3
(5]
~~ N
RS
N———
(&
N
P
o
<
N——

92 gu * 01
2 — I fa 0. fa
# £ D fa a“a(ye'y PLVe) # {gee = Gee =

Batell, et al, 1709.07001

1072
= -5
0% = E‘& 10
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Complementarity with neutral current decays

Neutral current meson decays are also generated at the 2 or 3-loop level
(suppressed by CKM elements as well)

K — ma
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Similar diagrams for B — K(*)a
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Dark sector decays
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Kinematics of the decays

Electron Bremsstrahlung Proton Bremsstrahlung
1 I T T T T I T T T T I T T T T I T T i [ T T T I 1 T T T I

103

Arbitrary Units
%
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Ey [GeV] Ev [GeV]

Berlin, Blinov, SG, Schuster, Toro, 1801.05805

for the darkquest experiment
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The stability of pions

Pions need to be long-lived on timescales compared to freeze-out. A

However, the neutral pions:

%k SM %k additional qr
: contribution:
A7* A
SM
e mmmn " qr pion
A% o matrix
xp . o3 . . S A
N Il et P Al AL TrQ Tr (QM,UT) + hec.
2 2 4 11
7 € m
It Q2 X I3xs C—"{> ['(m — 40) ~ D ~em i

2048 5 f2m5,
e.g. Q= (+1,—-1,-1)
no contribution to the neutral pion
decay from the chiral anomaly.

Lifetime can be comparable to the time
of recombination.
OK |f mr[O > mr[+

U(1)o charged pions are stable =) they can be DM
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