Dark sector search with hadrons

— Wish list beyond Belle Il Physics Book—
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Before start...

e Originally | wanted to overview many proposals for Belle |l
but | realize | already have many for given time. [Apologies!]

->My wish list for young exp colleagues. [5 modes]| \

B-factory is quite unique

v

Nttps://www.irasutoya.com/

e |'m attending only Mon/Tue/(Wed?), but feel free to interact/email or ZOOM.
Many collaborations with experimentalists started over corridor chats (for me).

ktobioka@fsu.edu not Qufl.edu...
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BSM wishlist beyond Belle |l Physics Book

16 Dark Sectors and Light Higgs 550
16.1 Theory 5ol
16.2 Experiment: Scattering Processes 558

16.2.1 Search for Dark Photons decaying into Light Dark Matter
(“Single—photon search”) 558
16.2.2 Search for Axion-like particles 566
16.2.3 Search for Dark Photons decaying into charged leptons and
charged hadrons 567
16.2.4 Search for Dark Photons decaying into Light Dark Matter in
ete™ — AL 568
16.3 Experiment: Quarkonium Decay 569
16.3.1 Searches for BSM physics in invisible 7°(15) decays 569
16.3.2 Probe of new light C'P even Higgs bosons from bottomonium
Ypo decay 571
16.3.3 Search for a C'P—odd Higgs boson in radiative 7°(3.5) decays 572
16.3.4 Prospects for lepton universality tests in 7°(1.5) decays 573
16.4 Conclusions 574

This list will be expanded [all the afternoon talks!]

Only electroweak boson couplings!!

» Many interesting channels
with hadronic/gluon couplings
Heavy QCD axion

|S. Gori’s talk for lepton couplings.]



Strong CP problem and QCD Axion

The strong CP problem a0 Gy Grapy

e The unknown of the SM: CP phase in the strong sector 87

e Neutron EDM sets a very stringent upper bound: 8 < 10719

® \\Ve expect the order 1 number because CP is violated in the CKM matrix
(thanks to Belle and Babar).

If we start from CP conserving theory for 6, we need to break it to explain CKM.

spin CP odd
E R T-Reversal b
\ '

spin



Strong CP problem and QCD Axion

The strong CP problem a0

Ga,uuéa,uv
e The unknown of the SM: CP phase in the strong sector 87

e Neutron EDM sets a very stringent upper bound: 8 < 10710

® \\Ve expect the order 1 number because CP is violated in the CKM matrix
(thanks to Belle and Babar).

If we start from CP conserving theory for 6, we need to break it to explain CKM.

QCD Axion solution
e Promote 0 to afield alf, dynamically settles the CP phase Y @ capapy

tO the m/n/mum 871' f;l after QCD phase transition

® Peccel-Quinn symmetry: Global U(1) that generates the axion
as a Nambu-Goldstone boson. fa is the breaking scale.

o Attractive dark matter candidate, typically ma<meV. (0) < 10719



From QCD Axion to Heavy QCD Axion

e Standard QCD axion has mass prediction

m 100GeV
m, ~ o/ ~ 0.1MeV "
Ja Ja e
: ; ' T 7 Models: additional QCD SU(3)’ to raise ma
e Heavy QCD axion, axion heavier than “standard mass” o a0 s o e
Dimopoulos et al(’16); Hook et al(’19); Valenti ('22)...
1/2 Another class: Agrawal and Howe ('17)...
2 mnfzz mnfyr
ma ~ mo | >
Ja Ja



From QCD Axion to Heavy QCD Axion

e Standard QCD axion has mass prediction

m 100GeV
m, ~ o/ ~ 0.1MeV N
Ja Ja =
' ; ' T 7 Models: additional QCD SU(3)’ to raise ma
e Heavy QCD axion, axion heavier than “standard mass” o a0 s o e
Dimopoulos et al(’16); Hook et al(’19); Valenti ('22)...
1/2 Another class: Agrawal and Howe ('17)...
2 mnfn myzfyz
ma oy~ mo | >>
Ja Ja

Why interesting”
1. Viable with lower fa . Should cover ma>100MeV.
2. Better quality of PQ symmetry

Xt it not dark matter
because It decays in cosmological time scale




ALPs:Axion-like Particles vs Heavy QCD Axion

» Typical ALPs » Heavy QCD Axion
- Ol C o C Cgasa AUl FIAULY
e couplings w2 oww 2L BR Must: — GG
87T 87t 37T fa
04 C , ~ ~ ~
];M LaFF = gzwaFF’ Optional: aBB, aWW, aFF
/A

mﬂf 7r

® Mass Completely free Heavier than standard one 7. > 7

a



ALPs:Axion-like Particles vs Heavy QCD Axion

® couplings

® MasS

> Typical ALPs

Ay Cy a;c; o~

aWWw aBB
ST ST
94 C _ ga _
MY FE = 2 oFF
ST 4

Completely free

10~

v
10~7 €RO ALBS-I ¢

108

< Polarisation X

> Heavy QCD Axion

Co s

3 |,

Optional: aBB, aWW, aFF

Must: ~ GG

mﬂf 7z

Heavier than standard one 7, > 7

Solar v

Gloebular clusters S,

2 Ay A0 9 % 1T 6 5% & 3 2 A O .0 a0 a0 L
xO/\G/\(BA 407407 407 1407 407 407 40740 407 100 407 407 407 407 407 40 40

m, [eV]
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Why Belle Il is unique? Resonance search

® [0 get ideas, consider resonance search, from LHC to lower mass
Using narrow width approximation with cy~Caq:

BR 1—‘prod 1—‘decay ) )

O i ~
I [

Prod BR 5 /

- a — hadrons

Gluon fusion

L

Photon fusion, brem

Ly

;‘1055"%"'% """"""

|||||||||||| R = -10 ©
= 10 "o
2 - ATLAS 10 ] =
— -1 - -~
WO 10* = Vs =13TeV, 138 fb @ B — Ka searches 21070 g)
-~ — Observed (this paper) @ Diphoton searches <
103 - - Expected (this paper) @ Dijet searches = —
= Expected = 10 @ Inclusive yy cross -section | 10

Expected + 2 o

1 LHCb diphoton

10° = Z— va(jj) searches = 1077
10 s lEchuded —107°
i M
15 pu—— =10
-1 _
_| 111 | L 111 | L 111 | | I | | L 111 | | I | | 11

10 20 30 40 50 60 70 80 90 100

m, [GeV]

A. Mariotti, F. Sala, D. Redigolo, KT,

1710.01743;

ATLAS 2211.04172]



Why Belle Il is unique? Resonance search

® [0 get ideas, consider resonance search, from LHC to lower mass

Using narrow width approximation with cy~Caq:

1—‘prod 1—‘decay

Mmabigyr Lot g EM ot " 8 y
;‘1055"'|""| """""""""""" IR HooL
1"‘ F O vAjLAS . ¢,=C,=c,=10 - j?)
g }/ o 104? s=13TeV, ::8 Dg—; }:a searchre]s _%10—9 D
Prod™_ BR . a — hadrons a - yy W Bt et e il
= Expected + 10 @ Inclusive yy cross -section |
F l’O l_ F Z_ O t 102%_ Expected + 2 o O ;Ilcsacz(l;ﬁr;()et;); . _é o7
Gluon fusion Difficult to trigger 10§ } Excluded Ar\’\//\/\fém‘6
i — =
£ = .5
?@ r ~ 1 ~ 1 I e )
8 CMS ma>50GeV E e 107
10 20 30 40 50 60 70 80 90 100
m, [GeV]
’JJJ-I" Photon fusion. brem | ~ Fy F}% A, Mariotti, F. Sala, D. Redigolo, KT,
..... ) 1710.01743:
I ~ ~ 10 F}/ ATLAS 2211.04172]
Y L,




Why Belle Il is unique? Resonance search

® [0 get ideas, consider resonance search, from LHC to lower mass

Using narrow width approximation with cy~Caq:

1—‘prod 1—‘decay

o-BR ~ az>az, >, ~T >T
maE%M lﬂtot > EM lot J 4
%'105?'%"'% """""" RN IS RN RN R %10_1053@
P d BR F g F}/ Eﬁ 104;_ %CLQSTGV’ 13-8 fb D:.:Cf(: :Z:r(::es _é 10°° <§)
© . a — hadrons a —yy o o sommee 1102
F l— O l- F l- O t 102 ;_ Expected + 2 o O ;Ilcsacz(ljﬁr;caet;)rr:: . _é o7
Gluon fusion Difficult to trigger Smaller rate, but trigger is Ok Excuged /_Q;A?W
-——— ~ r A~V F beﬁer 1P _— =108
% Fg 8 CMS mas50GeV Y ma>10GeV ATLAS/CMS 107§ 10
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Why Belle Il is unique? Resonance search

® [0 get ideas, consider resonance search, from LHC to lower mass

Using narrow width approximation with cy~Caq:

1—‘prod 1—‘decay

r, r,
Prod B~ . a — hadrons L a = yy
Ftot 1—‘l‘ot
Gluon fusion Smaller rate, but trigger is
r ~ [ ~ [ Dbeter.
8 / ma>10GeV ATLAS/CMS
5 CMS ma>50GeV ma>2GeV? LHCb
Using B-tfactory triggers
Photon fusion, brem | ~ [° Prob% mM..=0 5r§_/7(§;egv 2
Y 4= Y —2
1B ee—Y—ya,a—had. ~ —/ ~ 10 F},
Y Babar. Belle 11? L,
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Wish 1: e"¢™ — Y(1s,25) — ya,a — hadrons

4
e Upsilon(1S,2S) can decay to ya(Fy) ete™ — Y(1s,25) Wﬂ
and use a — hadrons with BR~100% thadmnS

o 1= ) [BABAR, 1108.3549] woublill =
L - {1 e e L
e B lem | ‘A"“I ¥ 10 m
o | = 1075
3 1OF 3
o — o
S = S
2 | =18
Nt 1:_ '
e = -
10> =
10 = =17
i ey
W ER
1: ]
g, CP-odd mode:-
0

A° hypothesis mass (GeV/c?)

11



Wish 1: e"¢™ — Y(1s,25) — ya,a — hadrons

4
e Upsilon(1S,2S) can decay to ya(Fy) ete™ — Y(1s,25) Wﬂ
and use a — hadrons with BR~100% thadmnS

g 1wk | € e (Calculate rate and rescale to Belle Il (x100)
iu-: - N E-t BR(T—)WCL) o2 Qem (T \? m?\3
3 g - BR(T = i) dn (sz) (1- m%)
o ~ - °c
> T 1 = - 5\
g [ 118 3 o s Mass coverage:
- , ‘ _1 gLe |
: : A LA | 0.5GeV-7GeV
102 & / Li-I-E‘.b oy 8 fo-] B 1074 .
A4 * === T e [HCbanalysis
g N g : .
0} =S PN Jos € IS on-going.
- it il _ 0.1 0/{:\\ S e : >
i ‘ [ WL i @9\\ ci 0
— - e e LEP Z—va(jj
1§ ‘ CP-odd mode: B_factory 003 B8 5, o
N B , , - AN ////Heavylonw
0 2 4 6 " C1=Cr=C3= ]
A° hypothesis mass (GeV/c?) S UNIQUE .. I I - =:=c:=10 | X. Cid Vidal, A. Mariotti, F. Sala,

D. Redigolo, KT, 1710.01743]]

11 m, [GeV]



MeV-GeV range, kaon and proton beam-dump
e | HC down to 10GeV(2GeV). K — m™a constraints ma<mk-mn~0.35GeV

mﬂo m,, mnv

10 | | |
[ [ [ IIIII| ‘ [ [ I I‘IIII“

K™ — mta(inclusive)

_/

12



MeV-GeV range, kaon and proton beam-dump
e | HC down to 10GeV(2GeV). K — m™a constraints ma<mk-mn~0.35GeV

mﬂo Wl,7 m

i
® Beam-dump search is limited to 10 T el
Ma<1GeV due to shorter lifetime.
1 K* — z*a(inclusive)
L T - _
: ] 107! § ~
! arXiv:2303.01521] - :

Y. Afik, B. Dobrich, :
J. Jerhot, Y. Soreq, KT

a—vhad.—;

v Short -
‘-\\\
1706 ™W/ ™\ ffetime -

7EJ-PARC 8KOTO |

1/f, [GeV™']

?CERN&SH'P I I . I I; 10—6 | | | L] | | | |||||1|
102 107! 1 4

(S ok S S (S (S o (S S
- - - - - - - - -
R S A S A S O

12


https://arxiv.org/abs/2303.01521

MeV-GeV range, kaon and proton beam-dump
e | HC down to 10GeV(2GeV). K — m™a constraints ma<mk-mn~0.35GeV

mﬂo Wl,7 m

n!
| |
|

e Beam-dump search is limited to 10, TN Eaakman

Ma<1GeV due to shorter lifetime.

my,  my

N Kt > 7 Ta(inclusive)

% _

ek
[ TTTTHI

@rXiv:i2303.01521] =
Y. Afik, B. Dobrich, -
J. Jerhot, Y. Soreq, KT

a—»had.—; 104

1/f, [GeV™']

[ ek ek e ek [ ek [ e
- - - - - - - - -
R S A S A S O

‘, 70\68 “\\// \! ﬁgﬁrgﬁe N : K+ = mtainv) /
i Qe | e :
= J-PARC &KOTO ! I : 0.35-4 Ge\/, Belle |l
,;CERN&SHIP | B — Ka § EP
107 107! I 4
m, [GeV] m, [GeV]

12
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Production rate of B — Ka

e |f the optional aWW coupling exists, w e
there Is 1-loop contribution [finite due to GIM, diverge at 2-100p|. & Lagure Lin. B. Shuve

® Robust production is from gluon coupling: leading is at 2-loop!
|44

W PRD 104 (2021) 055036
S. Chakraborty, M. Kraus, V. Loladze, T. Okui, KT
b t S b }YN\/;,M/% S
%, Nuv EFT(Auv) 1 a . ~
,uu
g \\\ a Ogg G G

57 Jo

g N a
W
Renormalization a
b t S b t S Group Evolution@2loop (9 q
g ~_a

W ’ Ops = f Sty 500 + hec..
g as X
\ V¥ Matching to weak-scale EFT e2ioop
Need 2-loop to generate b — sa from aGG mwy Lpor = (Jwa 2 5 A Hysh,
e 1-loop QCD for agg 1 fa

® T1-loop with W-boson for flavor changing BR[B—> Ka]~1 0-5 (fa/1 OOGeV)-2



Heavy QCD axion decay patterns

e Chiral perturbation theory, Ma<] GeV/ 11811.03474, D. Aloni, Y. Soreqg, M. Willlams|
e Data-driven method, ma~1 QGeV [essentla\ forB — Kaj
AXIoNn-vector meson-vector meson | = | | | _ _
m@ E e — ' /l =TT -u;l;-c;(;l;;lted for (dashed) E
1 0_1 §_ ,. _§
10_2 ;_ . a—> K =
5[ | -
1() % ‘ a— n'nm %
107 & / : E
107 E [ E
10—6 __long-lived _
Pty s \/ E
10—7 B l l l l | l LI 1 |E | l l l |

!
E
Q
D
= W


spires-search://a%20aloni,%20daniel
spires-search://a%20soreq,%20yotam
spires-search://a%20williams,%20mike

Heavy QCD axion decay patterns

e Chiral perturbation theory, ma<1GeV
e Data-driven method, ma~1-2GeV [essential for B — Kal

Axion-vector meson-vector meson

m_ o

10—

® Recast 1—
Old (Babar) and new (Belle |l) analyses 3

B - KX(7'zntn~,nxtn~, KKz, g, vy),

B -

% 10725
©,
C : S 1073 &
® Need similar/dedicated analyses at Belle Il =
Also new searches. 107 -

m, [GeV]



Wish2: 5 - Kaanda — nan

e Babar [0304.0411) BT — K n( — nnr) search
3.9x108BB , 0.85 GeV <ma<1.5 GeV

PRD 104 (2021) 055036
S. Chakraborty, M. Kraus, V. Loladze, T. Okui, KT

® [ake axion peak smearing same asn’ peak .

1 |
2
require S < (D — B) + 2\/ |nS|de relevant 2 bins : {10
i
400 [ | : )
Q- —sa {10
§ ( f ) C\]O o : (lnlz:lusive) :
~ ! _
%300 i G : . B-Ka(pp) 110% 7
> PG : >
> B 10 10 . _ c
o S ' 110° 5.
— Z o I SiE
@ 2 %% 13 14 15 e By T
E 100 B g . ) ) T elle II Projectio ‘ 36;“00 __ 10-6
> BLE 104 Se-o T Be\\g“ 0 Ay =10 TeV
ol -510'7
1 1.2 L4 1075 1.0 15 2.0 T

Mprr (GeV/c?) e (GeV

17



Wish2: 5 - Kaanda — nan

e Babar [0304.0411) BT — K n( — nnr) search

3.9x108BB , 0.85 GeV <ma<1.5 GeV

® [ake axion peak smearing same as N’ peak
require S < (D — B) + 2\5 inside relevant 2 bins

a — Hrr
30 f ~ ﬁ
- | %
O
20 | 5 @
| 1 A — eXtrapolatiOn :
01 2 1|3 1'4 -
. . . : mr]T[r[ 3 Gev

18

107!

0

10" E

10°

PRD 104 (2021) 055036
S. Chakraborty, M. Kraus, V. Loladze, T. Okui, KT

Ui

| : n I J
Y | {107
- Light'Meson : f
= Bounds |
)< : | | |
\ \\ | | | b—sa - 10-3
L | | I lusi :

N | 5 (inclusive)

=1 QB

S| )
: ;] I | B—Ka(¢p) {10
;/\/ L Al | (K ;

I : : : | | K 1

| | _
S | 4 {10°
i L :| | B—»Ka(nrm) B
AN A st g =T
[ 11 liIP i t'\l\ | \’ ”\ /// }
L R e 10°
>E13 I Be\\&} > o™ Ay =10 TeV |
| {107
[CHA ]

0.5 1.0 1.5 2.0 2.5

m, |GeV]

[GeV ']

C
A



Wish 3: B — Ka, prompt/displaced a — 37

e Belle [13711.6666] BYY - Kt09%( - 777~ 7%) search

® 7.7x108BB pairs, 0.73 GeV <ma< 0.83 GeV PRD 104 (2021) 055036

S. Chakraborty, M. Kraus, V. Loladze, T. Okui, KT

0 0 + _ —_0 —6 TN
=Recast BR(B” — K'a,a - n"n ") <49 X 0" s ,
0 |
IR
[ ' : : i 5 10
- Light'Meson j
— 10° ZBo:unﬂs:
NQ -
2 I \\ }: b—sa 1107
8 ) ! (inclusive) :
o) 107 BN :
S , L
S . | B—Ka(¢p) {10*
~ D) 5 I K@&KK“\ ] :>
-'UE) 9, 10 : . : I | | 8
O S I I 3 ! q / 5 N~
> “= A 11~ =% BKa(m) I T
8 2 el;e ;I Pro'ecti:)\ | ’ “ -7 - |
2® I (a—>37rJ) \ ! _ - Q’ﬂ:\oo E 10_6
<3 + T : \\__”___-—’“?(036)
<@ 073 075 0.77 0.79 0.81 0.83 | [ 107
M,_[GeV/c” _ 5
105 N | | | | |
0.5 1.0 1.5 2.0 2.5
19 ma [GGV]



Wish 3: B — Ka, prompt/displaced a — 37

® 7.7x108BB pairs, 0.73 GeV <ma< 0.83 GeV
—Recast BR(B® —» K%, a — nt77 7% <4.9x 1076 .,

c'\JO'
a — 3rx >
O
O
o
S
O,
@
[=
~
extrapolation W
QO
0.4 GeV M3 g |
he i
5(0,3 i L | I | I | +I I ]
Z@C 073 0.75 0.77 0.79 0.81 0.83
M,_[GeV/c”

20

falGeV]

e Belle [13711.6666] BYY - Kt09%( - 777~ 7%) search

PRD 104 (2021) 055036
S. Chakraborty, M. Kraus, V. Loladze, T. Okui, KT

/
Ui

|
l | |
: | 5 10_2
- Light!\ ]
10° ZBo:u] d
! | ;o3
[ \\ b—)SCL = 10
: , (inclusive) E
10l | 1
Co
B I 1
- B—Ka(égp) 410*
;/\/ | \ ] |
102F ol >
| _
| T | 4 . 1()'5 Ig'
_ | :| | B> Ka(nmr) ; OF |<:
- | n , _ -~ ]
10° E I\ - \J: | \’ "”:;*‘ -
| . A \ | -~ - ]
D R R < ecio® {10°
\ \\__,——"’”XX?(OS) f
10* >E13 Be\\a}%m‘ﬂ AUV =10 TeV -
| 1107
'CHA :
105 NS | | | | |
0.5 1.0 1.5 2.0 2.5
m, |GeV]



Wish 3: B — Ka, prompt/displaced a — 37

e Displaced decay is also possible because 2 charged pions reconstruct vertex.

e Very low background due to >1cm DV
B — K K >I<( — n.() K ] KL — 7Z'+7T_) Ehése.rlz’jﬁc\)/.lgtjgé éigirza)lbl_c())rgz/(.)?_oladze, T. Okui, A. Soffer, KT

My

80cm & 50(7?’ )

(GeV ™!

C
A

_40cm B|— Ka 120cm

21



Wish4: b — Kaanda — yy

e Babar [2111.01800] (B. Shuve) dedicated ALP search. Reinterpret.

® Same/better analysis can be done at Belle |I.

bk

BF(B* — K*a) x BF(a — yy)

=N

=
o

<
)

Q
N

1 1 1 1 I 1 1 1
90% CL limit
—ct, =0 mm
uuuuu ct,=1 mm
--Cct, =10 mm
---Ct, = 100 mm

e

l—

o

05

=

a

N Lol ™
(8)]

@
®
S

22

Phys.Rev.D 105 (2022) LO71701
E. Bertholet, S. Chakraborty, V. Loladze, T. Okui, A. Soffer, KT

02 0.4 0.6 0.8 1.0 12

(GeV ™!

C
A



Wish4: b - Kaanda — yy

® or long-lived axion distribution smeared, mesons and axion don’t overlap.
Gap regions can be covered.

Phys.Rev.D 105 (2022) L071701

Sreor E. Bertholet, S. Chakraborty, V. Loladze, T. Okui, A. Soffer, KT
...................... 8 [ BABAR
» 50: ] %oo:—preliminary I |
0: " ' Ty H".-"a'f‘ R ﬁ.':::‘?i‘*_ lj%805— + + ,|i"li.l IH I l I T
50 _ 60; | l I."' [
o 5_ 3 R Ky ol '5 f.sl..,__ 40 “ H !m
0 RS e A e T T e -
-1 - . TR 20—~ Mg = 1 GeV
-50_ 1 é 3I le. _5 EllﬁTq’llﬁlllIQQIIIIIIlIIl?IIIIIlIIIIIIIIll T
ma (GeV) 8.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.r9T§|YY1(Cj|.gZ\/1)O4 T.—|
https://indico.cern.ch/event/868940/contributions/3814877/ %
O
® Further improvement [2311.01837] S
NAG2 K—ma with long-lived a—yy.
- 2 2
Basically look at (pg+ — p,+)” not my,

Report signal efficiency as f(Ta).

23



Wish 5: B — Ka, a — hadrons

e Exclusive BR calculation is unstaple for ma>2GeV
but inclusive mode can be used. Similarto ete™ = Y — ya( — hadrons)

- . -+ - .

unaccounted for (dashed)

e Nass reach ~4 GeV Q

® Sensitivity 77 102

f a— n'mw

long-

6L i
-7 L | | | | | | |
10 3

| | IIIII I IIIIIIII I IIIIIIII I IIIIIIII WILUARNN . IIIIIII RN

b
3
Q
@D
=

24



Excess In B — K + 1nv and inclusive tagging

e | atest Belle Il data shows an excess around minv~2GeV [2311.14647]
e \\Vith only this data 3-body decay (vector current) and 2-body are reasonable.

e But combining past Babar analysis disfavors 2-body kinematics.

L S |
70: R T T ) 8— — 3-body vector m, = 0.6 GeV Ba bar HTA
sof — 3-body vector m, = 0.6 GeV : Cla 6 3-body scalar m,, = 0
) : 3-body scalar m, =0 _ %3 4
50 ¢ - I ' *
: | 2-body my = 2 GeV = 2_3 + ’ ’ |
- ) o
% 40 _ l — SM § 25 _l_
A T | = TEr - ! ]
\Uj 30 - |_. Belle IT ITA n(BDT;y) > 0.98 H* 4 BaBar BT — K™ + invis +
+ i __l 1 —ttt 1
§ 20 - I_ s . o) 6°  BaBar B" — K° + invis
£a i o ) R 4
4 10 . -i s 2
F T . | s < | - ' t
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5 o Al 2-body mx = 2 GeV ]
2 = [ 7
Urec [Gev ] = - = SM |
Belle Il ITA e S |
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. . ‘ 2 2
K. Fridell, M. Ghosh, T. Okui, KT (‘23) q"[ GeV7]
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e | atest Belle Il data shows an excess around Minv~2GeV

Excess In B — K + 1nv and inclusive tagging

e \\Vith only this data 3-body decay (vector current) and 2-body are reasonable.

e But combining past Babar analysis disfavor 2-body kinematics.

B(B— K+inv)-10°

0.0},

Profiled x*—x7i,

1.5

—
(@)
: :

B—- KX

Belle IT [y2,,=107] -
Belle II+BaBar SR [128] |

02 04 06

08 10 12 14
B(B>K+inv)-10°

B(B— K+inv)-10°

Profiled y*—x%:.

B— K yy [Vector]

+~ (@)
— ——

\]
—T

Belle IT+BaBar SR [122] |

T

Belle II [ y2,,=105]

m, [GeV]

B(B—K +inv)-10°

B(B- K+inv)-10°

Profiled x*—xi:,
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B— Kv; y [Scalar]

Belle II [y2 =115]

Belle I1+BaBar SR [132] |

B(B-K +inv)-10°

X2 — 100 2b V. V. S T [SM
Belle 11 6.8 152 4.7 15.1 11.9 |44.6
+ BaBar SR 27.6 30.4 22.1 31.8 29.8 |61.0
+ BaBar sp < 0.8 | 73.3 78.8 72.9 90.2 86.9 |106.7

K. Fridell, M. Ghosh, T. Okui, KT (‘23)



Summary

e Unique possibilities to probe Heavy QCD axion @ Belle Il based on hadrons.
® \Vishlist

1. ete™ = Y — ya, a — hadrons [previous work: Babar recast]

2. B = Ka, a — nnr[Babar recast]

3. B— Ka, a — n 7 7" prompt [Belle recast] / displaced [new]

4. B — Ka, a — yy [Babar dedicated analysis, possible to improve further]

5. B - Ka, a — hadrons [new]

e CP even scalar =i, KK would be interesting too.
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Thank you!






Excess In B — K + 1nv and inclusive tagging
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Two-loop calculation from the EFT

“two-loop is the leading order!

0,a

s.yYH 50, + h.c. .

Renormalization Obs —
Group Evolution f a

L Matching to weak-scale EF T @zioop

W W

g g RN mw Losa = Cow a;“m%bL
Need 2-loop to generate b — sa from aGG a, [a,\° m; 5 )
. 1-loop QCD for aqq RGE is essential Cy, ~ e (4_77) thV;;m_‘%, [n[Agy/Myy]

e 1-loop with W-boson for flavor changing
Two boundary conditions at Auv

1. Size of Auv (> 4xf,)— require Auyv >TeV
2. Size of C, (Ayy), Cp(Ayy)—fix as big as the counter term

Previous estimate: Ref[Yotam, etc]
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3 2 \2
I'Boka = ‘CW‘Q s (1 m§> AKa [fo(mg)f

/ 64 f2 m

our result

e Form factor

folm2) =

" 1—m2/37.5 GeV?

 Phase space

Ao = |(1 = (£ ma)) (4 (me = ma)” z
K mp )( m )]

Two boundary conditions
1. Auv 1TeV. Larger Auv, more BR[B->Ka]j

2. Size of C, (Ayy), Cp(Ayy)—here set to O

Kohsaku Tobioka, Florida State University

falGeV]

107
10° |
10!
10°
10° |
10¢ |

10° :

Axion Production Rate from B — Ka

' BR[B—Ka]~10 (f./100GeV) 2 |-

[new results: S. Chakraborty, M. Kraus, |
V. Loladze, T. Okui, KT] 1107
10t
Br(B—Ka)=10" : %
| ) g
10~ -510 2|
10°" |
T 1107

0|.5 II.O 1|.5 ZI.O 2|.5 3-.()
m, |GeV]
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Updated bounds from B — Ka
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| | ] | | ] |
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~ | N i | \‘
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\ | - - - ] S [ | ] S <
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| \ - Be“ﬁ“ P — | e TS . S—
- e - === X Giisas Ui A S A
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s Jona o5 e - Larger Log, more B—Ka
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Kohsaku Tobioka, Florida State University 33



Updated bounds from B — Ka

Inclusive bound

PRD 104 (2021) 055036
* Jest untagged BR by S. Chakraborty, M. Kraus, V. Loladze, T. Okui, KT

BR(BT — ¢X) = 97 £+ 4%

110
 Require BR(b—sa) <11%
‘C'W| m2 — m? o L
BR(b — SCL) ~ 5 ( B ¢ | \ B=Ka(¢p) {10* 7
I'g fa 32Tmpg ol BET 3 =
_ O
| : : : : B—>Ka(777r7r)f ) 107 QI§_I|<:
e Change UV boundary conditions D\ T
: elle 11 Projectiog | | _ - - 0 | 6
- — | IMISt] 1St == ] (@=3m =Ty '360“0 ] 10
3<A.B <3 =3lineg| opt|mlit|c2>, pesmistic, A=B=0] - o Be\\&}ﬁ% A 10TeV
Cyq(Auv) = ACF <—S> : | 1107
47 ; 105 CHA I I I I I
Crs(Auy) = BCF(Z;-) Z;} ZV;? K Vi 0.5 1.0 1.5 2.0 2.5
k ma [GGV]

Kohsaku Tobioka, Florida State University 34



80cm

More on B decays at Belle |l
for prompt decays and displaced decay (hanosecond lifetime)

m_o

T

Kohsaku Tobioka, Florida State University

120cm

Phys.Rev.D 105 (2022)

E. Bertholet, S. Chakrabo




Other channels

a — KK Babar|0804.0411]

B™ —» K*ny( - KK* — KKr) search

» 3.9x108BB , 1.4 GeV <ma<1.8 GeV

» take 2 bins around the axion mass (45MeV)

S<(D-B) +24/D

c

>

%940 ~ L -
230 IR -
NAn L / 4 1
+~ ’,—'~..-./--;'L"'"’ . L= - T T
2100 LB :
> .' ’/_,./'

|

] 0 < ¥ | |
14 15 1.6 1.7
Mo (GeV/c?)

Kohsaku Tobioka, Florida State University

1.8

a — ¢¢) Babar[1105.5159
B — K¢¢ search

e 4.6x108BB, 2 GeV <ma<3 GeV

* take 1 bin around the axion mass (125MeV)
require 2\5 inside relevant bins

A~ 60_ | | | | | | | | | | | | | |
O B © 10 ' T ' T ' N
N - i : N
N 50_— (2 I T | ]
A ‘ - HH : -
= w0 R T
o . F S 7 5
Z 30__ =) ..+ + i
~ E ** ; 0_, .............. +++—+— E
\ B S _
8 - 2 3 4 5
R -
ch ?_ +— R A S S . . . -
> O__. ................................................................................................................................ - S —
i I
— I I |1 I L |
2 2.5 3 3.5 4 4.5 5
m,, (GeV)
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Typical axion search

1. Photon coupling is probed in most searches.

4 a, ad _ ~ G a a
S—JTGG — 8_]7FF +(a-hadron couplings)
], T,
@riginal gluon coupling Photon coupling W,

* Hadronic coupling is often ignored.

2. Axion dark matter is the most popular. Acp~Abpm
Often assume it’s 100% DM and extremely light.

» Mass ma~10-4-10-6 eV

Kohsaku Tobioka, Florida State University



Typical axion search
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based on
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Another class: Agrawal and Howe ("17)...
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LEP
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MeV-GeV QCD axion|
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Impact of other couplings

. We’ve considered aGG coupling. B — Ka is from 2-loop (our work).

* Other reasonable couplings — Production from 1-loop, more signal rate.

a a ; ; ;
Y WW d; ufeft 4 1611.09355 , E. Izaguirre, T. Lin, B. Shuve
31 |,

W \

. For axion-quark coupling example, see 2002.04623
~_a J. Martin Camalich, M. Pospelov, P. N. H. Vuong, R. Ziegler, J. Zupan

* As long as the strong CP problem is concerned, can’t drop aGG
=Hadronic decay modes are still dominant (a—vyy can be enhanced).

“Many ALPs can’t solve the strong CP because aGG is omitted.

 Lepton-axion couplings are optional. Cleaner signal as B — Ka( — uu)
but other bounds become more stringent too (e.g. LEP, LHC)

Kohsaku Tobioka, Florida State University 41



Additional motivation: Quality problem

« Parameter for axion DM: fa=109-1013 GeV
* With such high fa, known theoretical issue: “axion (PQ) quality problem” Refs

* Any global symmetry including U(1) pq expected to be broken by the gravity

Even tiny breaking easily ruins axion-solution for the strong CP problem
oDt f
Y
Mo Mo (6) > 107101

Need model building—going to non-minimal is necessary

 The heavy QCD axion has no issue because fais much lower.
fa below 10TeV is generically OK.

Kohsaku Tobioka, Florida State University 42



Lifetime

10% —

BG: ee->ssbar,

ST ) S Ak S A . —

BR[B—Ka]=107°

->K K +hadrons(2pi0) 100 *—*
B->K*gamma->K+2gamma

Kohsaku Tobioka, Florida State University
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2.0
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Decay modes

Kohsaku Tobioka, Florida State University

10

107!

1072

1811.03474, D. Aloni, Y. Soreq, M. Williams
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