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Dark Matter coupllng to SM
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Dark Matter Standard Model
Different possible portals between Dark Matter and Standard Model
depending on the dark mediator X:

Vector portal — Dark Photon
Scalar portal — Dark Higgs/Scalars
Pseudoscalar portal — Axion-Like Particles

Neutrino portal — Sterile Neutrinos
The physics program in this sector is very rich. Many models are present on the market.
In this presentation I'll focus on recent results from BABAR Belle and Belle2



B-Factories:the high intensity frontier

B-factories: dedicated experiments at e-e -asymmetric-energy colliders for the production of quantum coherent
BB pairs — CPV studies.  wouwsssse e, |

First generation of B-factories b quark and anti-quark:
(b
1200

>1ab™!
e 1 L TP | l On resonance :
—KEB  — the KEKB collider | Y(5S): 121 b '
Y(4S): 711 !
1000 - ! | (KEK, Japan) ¥ (38). 5 -t
Y(2S8): 25"
Y(1S):6 "'
Off reson./scan:
~100 "

t 513.7+ 1.8 fh!
On resonance:

Y(4S): 424 ', 471 M
. Y(3S):28fb', 122 M
at the PEP Il collider Y(2S): 14!, 99M

(SLAC, California)]  Off resonance:
| 48 fb!
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|
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SuperKEKB: an Intensity Frontier machine

SuperKEKB is a super B-factory
located at KEK (Tsukuba, Japan)

~ Belle Il

s
—

It's an asymmetric e*e" collider

operating mainly at 10.58 GeV
( Y(4S), but possible runs from Y(2S) to Y(6S) )

e*/e

damping ring i -
KEKB SuperKEKB NG inear injector
Cige
nano-beam
scheme
| (A): ~ 1.6/1.2 | (A): ~ 3.6/2.6 40x peak luminosity:

B*y (mm): ~ 5.9/5.9 B*y (mm): ~ 0.27/0.3 8-:10%*cm=st



Belle |l detector

KL and muon detector (KLM):
| Resistive Plate Counters (RPC) (outer barrel)
wo¢ Scintillator + WLSF + MPPC (endcaps, inner barrel)

Electromagnetic Calorimeter (ECL):
CsI(TI) crystals, waveform sampling to measure

time, energy, and pulse-shape. \

Magnet:

Slecty,
o) :
s 1.5 T superconducting

Vertex detectors (VXD): .» e Trigger:
1 layer DEPFET pixel detectors (PXD) ' : Y A ' Hardware: < 30 kHz

4 layer double-sided silicon strip detectors (S /‘ Software: < 10 kHz

DOsit,.OnS

| Particle Identification (PID):
Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Central drift chamber (CDC):

He(50%):C2H6 (50%), small cells,
fast electronics
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Data collected up to now and final goal

! - == bkpeaky] o 0 oro o oron o n o n
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50 ab! of data Tt=ed S /.

Goal: integrateup {0 werp T T T T
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SR Phase3 collisions
AR (25th March 2019)
X ,‘5 r\' %‘ig

2019

@
Peak Luminosi
[;

2021 2023 2025 2027

Phase 2: NOW: Phase 3:
0.5 fb? 6.5 fb-L 50 ab!

Full angular coverage Sl —
with PXD and SVD A ,‘“ S
installed iR R —

Full detector only in phase 3



Y(1S)— y DMDM

« BR(Y(1S)— inv) is well calculable in SM b o
« DM candidates could enhance the branching ratio, if Y(1S)—yy kinematics allows i
. New mediators (Z’, Ao) may also contribute b 7
* In absence of NP observation, Belle Il can measure the BR (Y(1S)—vv)! ;
X
BR(Y(1S)2vv) 27G My g &F ) X
(Y{15) - ,) = $ “,‘S'(—1+3sm29w) =4dx10 | 9009090 pemeemme
BR(Y(1S)2ee) 64ma 3 :
Adding one A X
- -6
2vV)~9.9X
BR(Y(1S)2vVv)~9.9x10 photon

‘e BR(Y(1S)— yinv)sm ~ 10 out of current experimental sensitivity

* Searches for processes Y(1S)— yxyx ( expected BR ~ 10°-10%)
. — investigate also Wilzcek production for on-shell scalar BR(Y(1S)— yAo ) X BR(Ao — %)

» Limit NP models involving light Higgs bosons and light DM states *

......................................................................................................................................................

* Fernandez, Seong, Stengel, PRD93, 054023, (2016)




Y(1S)— vy DMDM: Results

° C T v T . ; | .
: C | ]
o
&  —pselle Off-shell -
.102; -
H i - BaBar :
U i —
af i a
g 10; .
8 FE TV E
& 7] 1 | 1 | N \ ) ; | X
m 0 2 a
DM Mass (GeV/c?%)
? il | ! LA T T : | i
— ‘
Ty —selle gnshell  |:
'—": I BaBar i
'l':.
©10F J,”,f] i
o? = £t 3
= P B -
o = 4 : ,.‘."I lY‘J:—‘ b 'ﬂ,_." N
®@ [ - il i
a 1F o -
o) - :
= R PR [ e S BT R T =

AOQ is a light higgs

A0

Mass (GeV/c?)

Searched range:

0=m,<45GeV,0=mwn=92Gev Statistically

f . 0=m,<444GeV,0=mw=897GevV [imited!

» Tag a clean sample of Y(1S) exploiting bottomonium transitions with 2 soft pions

10‘33

81: Belle Y(18)

81: Belle Y{18) b oaly

_—
Ns = ~
- 10"7p \ a3
— P ‘
m -
< - - CoM LT (Billicon) - DAMA (w/ lon Ch.)
. |
10 42 -Mfl.'n lon Ch,) CRESPTII(3013)
s N
F [ covexr 2013) Lux{201y) X
- — wx{2017) —— Xenon 1T{3017) o
= SuperCoMs CRRSSTI (2018) -E
10.45 = ATLAS and CMS -
i .. LAL‘ll ' ' e ALL‘AI LA
102 107t 1 10
m, (GeV)

E + Select events with 2 tracks + one single photon + missing energy

(nothing else in the detector)

PRL122, 011801

Based on 15 fb! BaBar @Y(2S)
25 fb1 Belle@Y(2S)



Y(lS)_>y DMDM: Belle Il prospects

A0 Mass (GeV/c?)

Process L,,,t(ub SR N(Y(15)) | Ny(s)=vs | Nnp
T(25) - 7T+/._T(IS) (.2 Tj]b 0.1-0.2 | 2.3 x 10® 230-460 6900-13800
T(3S) = nt7 T(15) ( 2.Y(3S))| 0.1-02 [ 32x 107 | 32-64 945-1800 | Statistically
T(4S) = 77~ Y(185) .\n~’r(1§) 0.1-0.2 | 5.5 x 10° | 5.5-11 165-310 -
Y(5S) = 77 Y(19) 50,T(55) | 0.102 | 7.6 x 10° | 7.6-15.2 | 228-456 Iimited!
15T (25) = (vsp)m T Y(1S) | 50.0,Y(4S) | 0.1-0.2 | 1.5 x 105 | 150-300 | 4500-9000
YisrY(3S) = (rsp)m T~ Y (1. 50.0,T(4S) | 0.1-0.2 | 3.5 x 10° | 35-70 1050-2100
— =
m 10 > EEtddebe *  Statistics
” | | _ DM %‘al“" '(G'e‘:'/ * l’ -~ A  Better background rejection
e i E 107 %%} by exploiting MVA method
—=10* — Belle T w = f kina back d
4 o On-She" | & ::m :. B cosesrrsiiicony [ one v/ ton en.) ‘\ or pea ’ng ac groun )
a [ “ BaBar fii 10-42f Moo ton ) B cxmserss osa) signal separation
@] &‘ 3 M I cooerr 2010y - LUX({2013) '.
= 10 §_ rf! _§ - —— wx(201m e Lenon 1T{2017) \5
o = ,-..,_3 | = = Supe rCIME CRESSTII {2015) '
P e B o ST
g E RS £ 10°2 10° 1 10
e, I (A A i . R VA T T Ll J] m, (GeV)
s 0 2 4 6 8 .



...and in the continuum: invisible dark photon

« Apossible extension of the SM include a new massive (ma) gauge boson A’ of spin = 1 coupling to the SM

through the kinetic mixing with strength € — the dark photon & 100F " T TS
< - |cos(6* )| < 0.933 : (A
. Ate-e- colliders we investigate the ISR production ese. —» y A’. 7 80 g=1 1 9
YA " cA’ JH o 60| 16
- | £ Ay : | &2
e //;/’I € \ -~ l‘.i 20 E__ .: g
‘l o r e [ |
* If m, < 1/2 ma — A decays into DM particle, e-e- >y + A, A — yyx 0 & 4
« ANALYSIS STRATEGY: C N
- Nothing in the event but a single high energetic ISR photon :‘l """"""
- Look for a bump in the recoil mass spectrum Mz, = s -2E*\'s E 53 fb-1 ~10 fb-' data needed!

- Background contribution from e+e- — ee-y(y), e+e- —yy{)

10




Invisible dark photon: Results

. Belle Il advantages: w 1072

T _smm g | :

E787, EB49

v No ECL cracks pointing to the
Interaction region

[N
o)
O
o
—_
=)
01
»
N

v KLM can compensate ECL photon

(g-2), vs a
detection gap |

v Better hermeticity

-1
. 0_3 53 fb n|
v Improved L1 trigger lines =
« Complementary to dark oo = 0.5, mX: ma/3 a
searches in bottomonium: L I
Expected sensitivity Belle Il 20 fb™' (simulation
- Different mediator type (spin) - PR X ( ) -
+ - I Al -
- Different contaminating €€ = }’A ; A - invis.
backgrounds 10—4 — SPEPIPEY | s 2 2 4 aaa.] s 4 2 2 2aaal s 2 2 1 22231
- Different experimental challenges 1 0-2 1 0-1 1 10

m, (GeV) |



Z’. Invisible decay

It's possible to consider a gauge boson Z’
that couples only to 2"4 and 3"
leptonic generation (Ly — L+ model)

1: o g 1y Z;:l”' + g T Z;IT
f = I di ! = N d
— 4 I*’;;.,IJF}J Z“_L";.ﬂ..]; + g IJT,IJTI Z””T.L
Shuve et al. (2014), arXiv:1403.2727

Altmannshofer et al. (2016) arXiv 1609.04026
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Branching ratios:
M., < ZMU —>I(Z —inv.)=1
2M <M, <2M_— [(Z —inv.) ~ 1/2
K/IZ, >2M_— I[(Z — inv.) ~ 1/3
Could help in explaining the b anomaly
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Z’ . invisible decay results 1

E 102; Belle Il Preliminary . |20180;ata _

- J.L(Zrz 276 pb™

Invisible decay: reconstruct the recoll o et W (y)

mass =

w.r.t. the two opposite-charged muons - e T |
and look for a peak in the mass spectrum e L
Additional request:
~ nothing in the rest of the event 10- N

"o 1 2 3 4 5 6 7 8

LWL Recoil mass [GeV/c?]



o(e’e” - ut uw Z', Z' — invisible) [fb]

1000
900
800
700
600
500
400
300
200
100

Z’ . Invisible decay results 2

Belle Il 2018 - Preliminary
J Ldr =276 pb’

90% CL

|||||||||||||||||||||||||||||||||||F

1 2 3 4 5

6

7

8

Recoil mass [GeV/c?]

U.L.on g' (90% C.L.)

107"

Belle Il Preliminary - 2018

J.Ldr = 276 pb’

1072

107°

______ Ly-L;, BF(Z'—= inv)=1

(g-2)u band

-2) 2
(8-2) 20

(R )

-=
-
-
.........

1074
1078

1072

107"

]
M, [GeV/c?]
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LFV Z’ in invisible 1

We are also considering a different model,
in which a Z’ boson couples to all leptons
and we allow for Lepton Flavour Violation

Final state:
e'M + miss. energy

See |. Galon et al.: arXiv:1610.08060, arXiv:1701.08767

Complementarity with searches for:
- low mass Z
- charged LFV

Final states:
e'e’Uy; eTe Ty

15



Counts

Dark Sector and LFV 2

_l T T T T | T T T T | T T T T | T T T T T T T T T T T T | T T T T | T T T T E‘ 80_| 7T | T T | T T | T T 1 | T T T | 7T T T T T T T
= Belle Il Preliminary ¢ 2018 data S 70~ Bellell 2018 - Preliminary
- der: 276 pb’” B = J Ldr =276 pb™
~ + = 60__
- $ = -
= S 50
- ere— WH(y) } ko -
eomnn 40 .

= oo eem T m l l u T = Model independent
E &= cte o eteutu '@ = i
- erte— T (Y) Iﬂ FF @/ 30:— =
T M ete o eteete i © - .
= S e () R ey © 20F E
; VY|

! | : L1 1 | I I | | I | | I | | I I | | I I | | I | | 11 I_

o
_
N
w
N
O_

5 6 7 8 { 2 3 4 5 6 7 8

eyl Recoil mass [GeV/c?] Recoil mass [GeV/c?]

16



Axion-Like Particles

Axion-Like Particles (ALPs) are pseudo-
scalars and couple to bosons.

Unlike QCD Axions, ALPs have no relation
between mass and coupling.

| will focus on the coupling to photons:

a

Belle Il will study the ALP-strahlung case
(low sensitivity to photon fusion production)

Garyy .
LD — 1 al,, F* T, ~ l/gg,wm?’

a [pb]

Hook (2015), arXiv:1411.3325

-2
Y

ALP-strahlung Y

s =10.58 GeV, gay, = 10 GeV™'

Photon fusion
ALP-strahlung

0.1 0.5 1 5 10

m, [GeV] 17



Axion-Like Particles (sensitivity)

We expect to improve
the current limits for
ma > 100 MeV

=
~~—_——

SN1987A




Summary

First generation B-factories still can provide competitive results constraining light dark matter models,
involving dark sector Higgs mediators, through the search for invisible decays of bottomonium

Main limit is statistics —currently upper limits only

>200 fb! collected at Y(3S) @Belle Il may lead to observation of 30-300 events of Y(1S)—invisible
( assuming 10-° (SM) < BR(Y(1S)—invisible) < 104 (NP) + Bellell efficiencies).
Exploiting the same statistics we could set limits on Z’ into invisible and u* pw or u* e in the final state.

— Interplay with theory needed to connect direct and indirect searches and effectively
constrain dark sector models!

A rich dark sector program is under investigation @Belle Ill, both at bottomonium resonances and in
continuum Dark Photon, Invisible Z’, ALPs and much more. (The Belle Il Physics Book, arXiv:1808.10567).
New results are coming out right now, allowing us to constrain dark sector models.

19



BACK up slides



Ve (km/s)

Dark Sector: Introduction

« Many astrophysical observations provide evidence for the existence of a kind of matter that almost does not interact with

the Standard Model (SM) particles (mostly gravitational interaction) — Dark Matter (DM)

DISTRIBUTION OF DARK MATTER IN NGC 3198

Flat rotational

curves

o 10

v(r)=VYM(r)/r

20
Radius (kpe)

/ — In this presentation | will focus on the search at electron-positron colliders

\\\. e
“Lensing

2) Detect the flux of visible particles
produced by DM annihilation and decay

3) DM weakly couples to SM particles
and it can be produced in SM-particles
annihilation at colliders

21



Y(1S) invisible decays

BR(Y(1S)— inv) is well calculable in SM b v

DM candidates could enhance the branching ratio, if Y(1S)—Yxx kinematics allows ~ »>ccccoaoo-

Z
New mediators (Z', Ao) may also contribute b 7
In absence of NP observation, Belle Il can measure the BR (Y(1S)—vwv )! ;
X
BR(Y(1S)3vv) 27G’M, X
rlis) \‘\ - ’,"’ (—-1+£sm 6“) =4a%10" | 900090 e
BR(Y(1S)%e’e) 647« 3 .
b
BR(Y(1S)2vv)~9.9x10™"

22



First period of data taking: Phase 2

During the Phase 2 run (2018)
Belle Il had partial VXD detector w [ ek

10 L) T rrrrr 7 rrr 1Tl L)
35—| : : | : B B B : I : : : : : : : : : : : : : : : :
Xl@ - B : T T T T T : : : : : : : : : : : : : : : : : : : : :

|\/|amg0a|S SR - S Y S

- accelerator commissioning 00 5 O O O O O S N 48 T O

- measure beam background o r A ]

- detector commissioning 7= N O O O et O 10 O O W

—darksectorphysics S P T O O N O S 7 R O D B

BEREELANEE 4RSS
2019 2021 2023 025 027

Phase 2: Phase 3:
0.5 fb1 50 ab!

Instant luminosity

achieved: 5.5:10%3 cm=2 s
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SuperKEKB: an Intensity Frontier machine

1
-t
&

»
(=)

SuperKElTj N | E— __ Bellell
located at ' &

24

2
Peak luminosity (cm
sk sk
= &
2 r
?

(-

&
78]
¢

SuperKEKB

| wsL T T o]
It's an asy : -

operating
(Y(4S), but posg

7,& etle
., linear injector
KEKB

(-
(—

w

[y
\

' . " . ~ H
B - - B B
H - B : H
' » H H '
- | - 1 H |
B - . . B
H - . :

= B . < e ..
- - B H B H
- PR H ' H '
r - | 1 | H |
- B B B . B
= - H B H : H

10 29 , _____ - | _______ — | ______ — | ______ R l _____ B |
1970 1980 1990 2000 2010 2020 _ _
Year (Slatllalel]1aY%

| (A): ~ 1.6/1.2
B, (mm): ~5.9/5.9 B, (mm): ~0.27/0.3 8-10>cm~s
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Dark Matter couplmg to SM

] Lol L P
{nmw m : #ylw & :
/‘;;x.:;j" LIy b
4 X o S Bygppt e
S "/ &y o
Dark Matter Standard Model

Different possible portals between Dark Matter and Standard Model
depending on the dark mediator X:

25



Dark Matter couplmg to SM

GGGGGGG

RRRRRRRRRRR

Different possible portals between Dark Matter and Standard Model
depending on the dark mediator X:

Vector portal — Dark Photon

26



Muonic Dark Force: invisible decay

Invisible decay: reconstruct the recoll i — Belle li phase Il (expected, frequentist)
mass | ————— Belle Il phase Il (expected, Bayesian) USSR Y |
w.r.t. the two opposite-charged muons
and look for a peak in the mass spectrum
Additional request:
~ nothing in the rest of the event

....................

| —— —— — Belle Il phase Il, BF[Z y ¥]=1 (expected, frequentist)|

Belle Il phase II, BELZ

¥ ¥]=1 (expected, Bayesian)

Considered several Co
mass hypothesis for mai

Z e

with full simulation e

and reconstruction ete

Trigger + tracking + PID + mass resolution systematics already included here (10%)
Possible additional systematics on background estimate not included (0-30%)

27



Dark Matter Coupllng to SM

NGC 8503

RRRRRRRRRRR

Different possible portals between Dark Matter and Standard Model
depending on the dark mediator X:

Vector portal — Dark Photon
Scalar portal — Dark Higgs/Scalars

28



Dark Matter Coupllng to SM

o T J. L er i
100 _{}Lhﬂmmhw m . :W i L E
i
/ = X > gt be
. ) .
Dark Matter :  Standard Model

Different possible portals between Dark Matter and Standard Model
depending on the dark mediator X:

Vector portal — Dark Photon
Scalar portal — Dark Higgs/Scalars
Pseudoscalar portal — Axion-Like Particles

29



B-Factories:the high intensity frontier

B-factories: dedicated experiments at e+e -asymmetric-enerqy colliders for the production of quantum coherent

T e vugmossenaes|
= b quark and b anti-quark

First generation of B-factories

« Clean environment — lower background,
high resolution

capability — efficient reconstruction of

|

1

i1

1

i

.« Hermetic detector with excellent PID
.

|

' neutrals (o, n, ...), recoiling system and
i
kil

missing energy final states
at the KEKB collider atthe PEP Il collider i e o T R G L W LTI A AT

(KEK, Japan) (SLAC, California)

30



Y(1S) —y DMDM: Analysis Strategy

« Tag a clean sample of Y(1S) exploiting bottomonium transitions with 2 soft pions

 Select events with 2 tracks + one single photon + missing energy (nothing ]
else in the detector) 25 fb' — ~ 157x10°Y(23)

— Experimental challenges: ! BABAR Y(1S)

1) low-momentum pions (CDC information only, ~10% contamination)14.4 fb-' — ~ 98x10°6Y(2S)

2) dedicated hardware trigger lines for low-multiplicity events (efficiency 4.4%
depends on the mass region) Y (2 S)

« Define the squared recoil mass of the dipion system as:
2 2 C MS
M>=s+M> -2 x

« Extract the signal from an extended unbinned maximum likelihood scan in my , Mao
of the 2D distributions:

= | Signal: excess of events peaking in:
!?7 Mzr Vs Mamiss, with Mzmissthe square missing mass of the system Mzamiss =(Pe-e- the Mr distribution at Y(1S) mass,

P Py )2 s
Pren- Py) | 9.460 GeV

M: Vs E* B S ey



Y(1S)—vy DMDM: Background

Bremsstrahlung contamination .

QED background with charged escaping  syppression
detection: ete- —»y ntm gl

Continuum

Neutral hadron radiative decays (nhot detected * .
in EM calorimeter): Y(1S) — yYKLKL .

« 2-photon events, e*e —, e*e" yxyx —ete 1, N’

Multivariate method to reject continuum using _ ¢
dipion system kinematics variables ’

Angular isolation: minimum angle between photon
direction and the charged tracks/dipion system

Require clean 20° cone in the direction opposite to
the primary photon

Selection optimization

— YTTT BaBar ths Rev. Lett 103:251801 (2009)
NY 2 s(xf | Maximized figure
=« Y(2S) - TT(—nw) % 7004t - : L :
= S Uk of merit: Signal efficiency:
& 500} i €/1.5 +\B 2-11% (MVA method)
« Y(1S) — yhh SN0t seen SB 0.001-14% (linear cuts)
= 2005

— Estimated from MC

: SO
0

simulation, irreducible background

9047 944 946 948 95 ' d | h
. (G : masses due to low energy photons

Lower trigger efficiency at high

9.52

R e et A o A T o e et i



Other possibilities at Y(3S)

« The decay to third generation leptons of the b T

scalar bottomonium Xwo — TT Is highly
suppressed in the SM

* Sensitive to s-channel exchange of CP-even

S

—

neutral Higgs bosons via Y(3S) — yXwo — YTT QED, BR < 6 x 10
b T
b T

SM Higgs, BR < 10-12



Rare leptonic decays

B(xpo = 77) =~ 10 B(xpo = 77) = 107
40 v &

« BR depends on 45 | Courtesy of

U. Tamponi

Mnew and tanf3

30
* [ts measurement 25 B(xpo — 77) ~ 108
can constrain type-ll g 20
2-Higgs-Doublet- 15 oo S
Model* 10
5
% 50 100 150 200 250 300

Mpew [GEV/C?]

rH(xO_»fv-):—*ﬂ[l- '"f] ( g ‘) £2. X [1+ L ..
M Gew

2 2 M2
8 M, v-M7,

* Phys. Rev. D 93, 0565014 34



* 95%CL sensitivity curve,

assuming to reject all reducible
background

BF[Y3S — yx,, (nP)] ~5.9 %
olete — yy,, (nP)] ~ 0.2 nb

* Phys. Rev. D 93, 055014

Belle Il prospects(ll)

DEL PHI
25

o0 |

15 f

tan

10 f

Y(3S) = yypo(2P) = yr't”

.........

allowed by direct searches

Fig. 212: 5o discovery and 95% confidence level (CL) exclusion reach in the Type-11 2HDM

from 250 fb~! of data on the 7(3S). The sensitivity is to the regions to the left of the solid
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Dark Sector and LFV

Final state:
e'M + miss. energy

- charged LFV

Final states:
e'e’yy; ete Yy

36



Axion-Like Particles (sensitivity)

We expect to improve
the current limits for
ma > 100 MeV

NO systematics.

Only (dominant) ee - yyy background included m [GGV/C ]
37

135fb -1 assumes no yy trigger veto in the barrel



x

ALP decays outside of
the detector or decays
into particles:

Single photon final state.

Axion-Like Particles (signal)

~J

~
e |

| 2 3
Two of the Ty~ 1/ m
T a

- L photons overlap ga/')/")/ a

L or

For resolved case:
3 clusters with E,, > 0.25 GeV

Peak in Yy mass spectrum

Resolved

1073

- Three resolved,

2 107 high energetic

2, 105 photons.

>
1076
1077
J. High Energ.Phys.(2017) 2017: 94. The searches for

1078 ul invisible and visible

— y 3 s gl s s 3 sasusl AT L 5 3 rasas y 3 a™sain
104 103 102 101 109 101

ALP decays veto this
m, [GeV]

region. 38



