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Light New Particles (where and why?)
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Hidden Sectors
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Accessing a Hidden Sector

Vector Portal:
[Rizzo, 18]

_iVW/VﬁW _ EBMVVMV _ m%/vj I/ H [Fabbrichesi, Gabrielli, Lanfranchi, 20]
[Caputo, Millar, O'Hare, Vitagliano, 21]

Higgs Portal:

(0u0)(0"¢) — ' (H'H)¢ — N'(H'H)¢'¢ — V()

[Bird, Jackson, Kowalewski, Pospelov, 04]
[Arcadi, Djouadi, Kado, 21]

[Boiarska, Bondarenko, Boyarsky, Gorkavenko, Ovchynnikov, Sokolenko, 21]

Fermionic/Mixing Portal:

— = . = [Atre, Han, Pascoli, Zhang, 09]
wzaw — LY, pH — mypip [Bondarenko, Boyarsky, Gorbunov, Ruchayskiy, 18]

[PDB, Deppisch, Dev, 19]

[Coloma, Fernandez-Martinez, Gonzalez-Lopez, Hernandez-Garcia, Pavlovic, 20]
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Example: Right-Handed Neutrinos

Common to consider y = Nj. Because Ny is a SM gauge-singlet, only U(1); tforbids a mass term:

| _
QNJ%MRNR h.c.

L D Lo iNRaNR — EY,/NRf{

Then obtain an extended neutrino mass matrix
1 _ T C 0 MD Vz B U

Diagonalise: Naturally generate the light neutrino masses it M, << My or U(1); is approximately conserved

_ . m
[My]ag — UaiU[g,,;mi ~ —[MDMRlMg]Oé@ UQNZ. — ZUajRjz’ /

TN,
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Example: Active-Sterile Mixing

Active-sterile mixing: heavy (Dirac or Majorana) states via charged and neutral currents

[UQN,L. vo L PrN; + Unpn, Uan, NZ'ZPLNJ‘}
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[Atre, Han, Pascoli, Zhang, 09]
[Bondarenko, Boyarsky, Gorbunov, Ruchayskiy, 18]

[PDB, Deppisch, Dev, 19
[Coloma et al., 20]




Beyond the Renormalisable: SMEFT + X

The scale of NP, A, is much above the scale of interest

L= Lsm+x + Z Ci(d) C’)gd) Cq;(d) ~ N4
1

A
E<A
SUB3), xSUR); x U(l)y plus X (SMEFT + X)

v =246 GeV \— X can only couple to invariant

E < myy, m,, m,, m, I— combinations ot SM tields
SUQ3). x U(1), plus X (LEFT/WET + X
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Belle Il and B —» Kuv
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Flavour: A Window to the Hidden Sector?

The so-called B anomalies have (mostly) persisted since the early 2010s
and NP explanations have been explored

0Thecharged-currentbﬁCz'yratigs %f\0.4_...|....,....,....,....,....,....,....,.._
% -m Ax* =10 contours -
_ : Summer 2023 :
R B(B — D(*)TV) 0.35 Bellc? BaBar —
D(*) J— — : ClIC :
B(B — D(*>€V) " Bellell 0 T N _
03| . - —
. — - Belle” o~ LHCb"
=3.20 tension between BaBar, Belle, LHCb and SM prediction - \ . ]
: . : : : o | LHCP® i ]
=Points towards violation of lepton flavour universality (LFU) 0.25 FoBole _
— . — World A -
® The neutral-current b — sZ¢7¢~ ratios 02|  $HFLAY M Prediction RD)=035720029,, —
B R(D) = 0.298 + 0.004 R(D*) =0.284 = 0.012,, -
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B(B % K(*)H u_) _l Ll I L. 1 1 I L1 1 1 I | I | I | I I I | I | T . | I 1 1 1 | T I | I 1 7]
Ry = 02 025 03 035 04 045 05 055
B(B — K®ete) R(D)

=R+ now in agreement with SM |
K 3 [Gubernari, Reboud, van Dyk, Virto, 22

. . . 4+ - / —
=Anomalies persist in B — Ku"u, Ps, B — du™p [Capdevila, Crivellin, Matias, 23
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Belle Il Experiment

Belle Il at SuperKEKB:

® ¢"e™ collider operating at Y(4S) resonance (e*e™ — B¥B7)

® Integrated luminosity & = 362 fb~!

® Detector: Nearly 4z coverage, well suited for inclusive measurements

arxiv:2311.14647: Latest dedicated search for the rare decay B — Kvi

Two methods in the search for B — Kui:
® Hadronic Tag Analysis (HTA): Explicit reconstruction via partner decay
® |nclusive Tag Analysis (ITA): *New* inclusive reconstruction method

Background for ITA
e BB~, BBY and continuum

Patrick Bolton, BRDA 24, 04.10.24 10
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https://arxiv.org/abs/2311.14647
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BaBar Experiment

BaBar at SLAC:
® ¢"e™ collider operating at Y(4S) resonance (ee~ — BTB7)
e Integrated luminosity & = 429 fb~!

arXiv:1303.7465: Dedicated search for B —» KOup

High Energy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel

BaBar only used the hadronic tag method
Backgrounds classified as
® '‘Peak’ and ‘combinatorial’

0\

DIRC PID |
“"" w
.. Q \‘
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B — Kuv in the Standard Model

SM contribution described by:

4G e’ _
HS%}“ = \/gAtCEMOL +hec., Or= 1672 (53Vu PLO) (Vo™ (1 — v5)va)

A, =V,VEand CM = — X, /s7. (X, = 1.469 + 0.017)

dB(BT — KTvp) a2 |\ |° X2

2
dq? = e 32 Sk 2 (7)
B(BY = K*v.v;) | , = (6.09+0.53) x 10~
5 (BJr — K+Vﬂ) ‘QM (5 D8 + 0.37) x 107° [Kamenik, Smith, 12]

[Buras, Girrbach-Noe, Niehoff, Straub, 14]
[Parrott, Bouchard, Davies, 23

, [Becdirevié, Piazza, Sumensari, 23]
Patrick Bolton, BRDA 24, 04.10.24 12



Belle || and BaBar B = Kvi Measurements

Belle || measured BT — K+Emiss

B(B — KEmiss (27:

){ITA —

B(B — KEmiSS)‘HTA —

- B(B = K Eniss)|

BaBar placed the upper bounds

- 0.7) x 107°

(1.1+£1.1) x 107°

— (2.3 4+

comb

in both ITA and HTA analyses:

(2.90 w.r.t. SM)

0.7) x 107°

B(BT = KT Episs) < 3.7 x 107° (90% CL)

B(B" —» K™ Fis) < 9.3 x 107° (90% CL)

Patrick Bolton, BRDA 24, 04.10.24
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O

Belle II (362 fb™!, combined)

2.340.7 This analysis, preliminary

Belle II (362 fb!, hadronic)

1.1+1.1 This analysis, preliminary

Belle II (362 fb!, inclusive)

2.7+ 0.7 This analysis, preliminary

Belle IT (63 fb!, inclusive)

1.9+1.5 PRL127, 181802

Belle (711 fb"!, semileptonic)

1.0+0.6 PRD96, 091101

Belle (711 fb!, hadronic)

2941.6 PRDS87, 111103

BaBar (418 fbl, semileptonic)

0.2+0.8 PRDS82, 112002

BaBar (429 fb™!, hadronic)

1.54+£1.3 PRD&7, 112005
I | | | I

6 8

10° x Br(BT™—K *vp)

10

[Belle Il Collaboration, 23]



Belle || and BaBar B = Kvi Measurements

Inclusive Tagging Analysis (ITA) Hadronic Tagging Analysis (HTA)
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Aside: K™ = n7ur at NA62

: NAGZ2
Results in context e
BNL E787/E949 experiment ¥ .
[Phys.Rev.D 79 (2009) 092004] ¢ | BNL
B8 = (10.6t41) x 10711 | | -——-—- NA62 2016-18
[JHEP 06 (2021) 093]
B21-22 = (16.0+39) x 10711 i —e— NA62 2021 -22
B2 = (13.0433) x 10711 | -—-—H NAG2: 2016-22
e NA62 results are consistent E ESM [JHEP 09 (2022) 148]
e Central value moved up (now 1.5—1.70 above SM) SM [EP JC 82 (2022) 7, 61 |5]

e Fractional uncertainty decreased: 40% to 25%
e Bkg-only hypothesis rejected with significance Z>5

I N F N Joel Swallow

ve CERN Seminar

Patrick Bolton, BRDA 24, 04.10.24



Generic NP Contribution B+ )+

// Z X (Emiss)

To explain the Belle Il excess, other invisible states may be coupled to the flavour-changing quark current

Two options:

A) Flavour-changing heavy physics at A B) Heavy physics at A couples tto X,
coupling sand b to X FCNC comes from W exchange

[Kamenik, Smith, 12]
Patrick Bolton, BRDA 24, 04.10.24 16



Light New Physics: Field Content

Two-body:

U > U
o I () +
\B < Q g;
¢
U > U
I () +
2 watl
V

Patrick Bolton, BRDA 24, 04.10.24

> X €{p,V, 0,00, VV, 0T}

Three-body:

17

>K(*)-|- BTH

)+ B

¢ (x)+

U
\B < /_\ < §J
¥
Y
> U
\B < m < §J

¢ (6)+




Couplings to Vector Quark Current

BT+

!

NP couplings to vector quark current:

" b

 J¢ () +

SRR

Hi o b B VI 4 it 5o 4 LY iy o VA Gy

For axial-vector quark current: H%:  (5v,,b)

hy — 0 it V, charged under dark gauge group

<

\/\\/S’

Z X (Emiss)

Fyy Gr

— (57,75b) hy — ha,

gVV—>Oforgb=g/)T, fXV—>Ofor1//=y/C,FXV—>Ofor‘I’ﬂ=‘I’;

Patrick Bolton, BRDA 24, 04.10.24
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Couplings to Scalar Quark Current

U > U
()
Bﬂ\ b — % §/>K +
AEX (B
NP couplings to scalar quark current:
Hep o sblaso + S5 oto + Mvtym 4 IS gy ISPy TS ey, TSP goy g,
For pseudoscalar quark current:  Hig (5b) — (575b) gs = gp, fss — fps,...

g¢ — 0 if ¢ charged under dark gauge group

Patrick Bolton, BRDA 24, 04.10.24 19




Couplings to Tensor Quark Current

NP couplings to tensor quark current:

Hgﬂ‘ D gO_,UJ/b

X
BT«
" b
hr L fTT -
P

For axial-vector quark current:  H 1.

(50ub) = (50,.,775D)

Jxr = Otory =y*, Fxp > O0tor¥ =¥

Patrick Bolton, BRDA 24, 04.10.24

TP, -

I'rs \T;[M \I/V] |

» J¢ () +

Z X (Emiss)

20

A2

hr — hgy, o — fpp, ...




NP Rates

The NP decay rates are computed as follows:

) . ) 2 B — KMXX 1
[(B — K' )X)Z‘pK(; (K™ X[ Hert | B) | ( ) K
8Tm5 dg?ds’ 25673 M,

KOXX|Her |B) [

With the factorisation
(KW X(X)| Herr |B) = (K| 5T | B) (X (X)| Hig |0)
/

Hadronic form factors calculated on the lattice (high qz) and with light cone sum rules (low qz)

For the relevant form factors, we use the BSZ parametrisation of Gubernari, Reboud, van Dyk and Virto

[Bharucha, Straub, Zwicky, 15]

[Gubernari, Reboud, van Dyk and Virto, 23]
Patrick Bolton, BRDA 24, 04.10.24 21



Form Factors

B—K:f.,foandfr

JE; —> _I§f5k . -‘/:,1%‘() , ‘4‘fll 1“51:2, ]{jl’ ]{22, ]r2235
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NP Rates
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1/B x dB/dq* [GeV ™
-
o1

=
-

Patrick Bolton, BRDA 24, 04.10.24 23



Belle Il and BaBar Signal | .

Hadronic (x10)

Number of events in the reconstructed g*:

dBSM(X)
2

dNsm(x)
d
dqrec q fqrec q

>

Number of B¥B~ BOBO pairs

SM or NP differential
— KYE .  branching ratio

miss

Smearing function accounting

2 2
for irue — Yrec

Efficiency

0 10 20
Patrick Bolton, BRDA 24, 04.10.24 24 . [GeV?]



Constructing the Signal

Number of events of events in each bin is then constructed as follows:

2
qrec,z’—l—l 5 dNSM(X)

st = | Grec — g3 ey = 1 (14 05y) s&y + (1+0%) s’ (mx,ex) + ) (1 + 6)b
qrec,i rec / \ b \
. . Backgrounds
SM signal NP signal
N f 30
2000 . SM . S\ BaBar, B® — K™ B,
¢ ¢ s BB 0 Combinatorial | o
N BB 25 B DPeak
| B Continuum
1500 .20
= =
= =
< 1000 < 1o
av) <
O @) 101
500
5_
0 | 0
0 5 10 15 20 0 D 10 15 20

2. [GeV?] 2. [GeV?]
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Constructing a Likelihood

Nuisance parameters @ = (6, 1)

néxp (14 0gy) ssu + (1 +0%) sy (mx, ex +ZTb 1+ 6)b*
b
SM signal strength \ / \
SM and NP nuisance parameters Bkg. nuisance parameters
accounting for stat. and theory accounting for MC stat. uncertainties

uncertainties

Nuisance parameters for overall

bkg. normalisation

Now we construct the binned likelihood:

Nbins
Loviyx = H Poiss [ngbs,néxp(u,mx,CX,Hx,Tb)] H N(Om;O,Zx)H/\/(Tb;O,Jg)
1 x=SM,X,b \ b

Covariance (i.e. correlations between bins)

Found via Monte Car
Patrick Bolton, BRDA 24, 04.10.24 o6 Carlo



Re-scaled SM Fit 2000 Pt B K e
£ 1500 1
To check our likelihood method: =
. S 1000-
Set sy, = 0 and perform a fit varying SM signal strength u S
500
Find (4, 6A’) at the global minimum of the likelihood 0 w
| ith Belle Il result /i ~ 5.4 ! o,
= In agreement with belle Il result 4 ~ J. ¢2. [CeV?
20
| —— Belle II, x*/dof = 0.98
Then profile over the likelihooa : - Belle I Collaboration
A i = 5.26 & 1.53
Ly (s, @
_2 ln (lf’ ,\)
Lgn (:uv 9)
Fix o), to reproduce Belle Il protile likelihood slope _
6 8

Patrick Bolton BRDA 24 04.10.24 57 [PDB, Fajfer, Kamenik, Novoa-Brunet, 24]



B, — Invisible

B - KYE .

IM1SS

also contribute to two-body B, = E_;

he NP operators contributing to three-body decays

IM1SS

No constraint on B, = vv has been set until recently

The ALEPH (LEP) search for b — 7i_X can be recast onto

the bound

B(B; — inv.) < 5.4 x 107* [90% CL]

The constraint can be adc

simple gaussian likelihooc

Patrick Bolton, BRDA 24, 04.1

ed to the global likelihood using a

0.24 28

B :Q(} 2. X (Emiss)
" b

o0 |

: ALEPH signal region
40f——=======-- _-

Eb — 17U X -
30F ? ;

I Bs — invisibles [Br = 10~°]

' Ax? ~ 6.5 _
20| (Ax ) _

:b, Cc — €17;X i
10} _-

Y :

-Background re————— Feimitetele

%O 35 20 25

Emiss [GeV]

[Alonso-Alvarez, Escudero, 23]



B, — Invisible in the SM

In the SM, the decay B, — v is heavily suppressed:

2 2 r2 3
GFCV qumBS

)‘SM B 167TBS%UFBS

B(Bs — v Vi Vi |? X (2)%22 ~ 10724

While it has a smaller phase space, B, = vovp avoids helicity suppression

B(B, — vivp = (5.48 £0.8) x 107 '°

)‘SM

Therefore promising avenue for NP searches

[Bhattacharya, Grant, Petrov, 19]
Patrick Bolton, BRDA 24, 04.10.24 29



Results

Patrick Bolton, BRDA 24, 04.10.24 30



NP Fit (Profile Likelihood)

1) To see what masses are implied by Belle Il excess:

Lsvitx

— —2In
/ LSM

Minimise Lgy,x With respect to NP couplings ¢y and @

Minimise L¢y w.r.t. @ with u =1
with fixed my and p = 1 M

2) To see what couplings are implied at the best-tit my

tx =tx — t x | min
_— AN

Minimised with respect to @ for tixed cy and yu = 1 Minimised with respect to ¢y and @ for u = 1

Patrick Bolton. BRDA 24 04.10.24 31 [PDB, Fajter, Kamenik, Novoa-Brunet, 24]



Results

Example fits to the Belle Il data: Vector two-body and fermion three-body scenarios

SM

/_i; 20() - *, iljb r;—scaled
a™ y JVV
| \ * V. hy
21004 L el *

; 'y L
% -_I_J ‘ “_L""r___
D 041 ' 9=
s Ut L +r Pyt

Patrick Bolton. BRDA 24 04.10.24 30 [PDB, Fajter, Kamenik, Novoa-Brunet, 24]



Two-body Scenarios: Masses

| Belle I, BT — KT¢/V
E N B mqb/V — (2.1 T 0.1) GeV
3
T~—
>
4 U > U
E ____________________________________________ B—|—< >K(*)‘|‘
E \\\
a\ ¢7 gs ¢
‘ SM V’ hv U > U
—201 ---- SM re-scaled 450  ---- V', hr | |
Bt /_\ ¢ (6)+
0.0 1.0 2.0 3.0 4.0 b % i
myx |GeV] v

Patrick Bolton. BRDA 24 04.10.24 13 [PDB, Fajter, Kamenik, Novoa-Brunet, 24]



Two-body Scenarios: Scalar Couplings

5 x 10~ 2.X=9¢
| | | i my =21 GeV
1.0- - -
0.5+
S 0.0 | ] | ] 9s5(5b)¢ + gp(575b)¢
....................... IEE,: qgv ,_ ga ,_
sl T > T WD+ T o
_ 104 - Bellell | i i
I BaBar : :
Combined i i
~15 SO
—4 —2 0 2 4

Patrick Bolton, BRDA 24, 04.10.24 34 [PDB, Fajfer, Kamenik, Novoa-Brunet, 24]



Two-body Scenarios: Vector Couplings

hv(Evub)V“JrhA(E%%b)V“ hTT(SU/Wb)V‘“/ |

h7
A

(50'/“/}/5 b) VHY

x10~° x10~* SX=V

1.0

_ i i i i i i my = 2.1 GeV
4 | | ] A =10 TeV
. . 0.5- - |
2 - P P | t
____________ n N o AN /R
............ UM /e \W
— - L L) ] /|
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—41 Combined i i i i i i
. I I . I I . _10’ |I I . I —
—1 0 1 —1.0 —=0.5 0.0 0.5 1.0

hy x 1078 hr x 107
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Three-body Scenarios: Masses

Belle 11, Bt — KTy Belle II, BT — KT ¢¢/VV /U
= o
P,
~
~—
-
_|_
=
3
= | o~ 4 fss | = R Qb%, gss
r&‘ ] ¢¢7 qgvv
| —— VV, hg
340 — \qu’ FVV
. . —15 . .
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
my, |GeV] myx |GeV]
my = 0.607) 15 GeV me = 0.387013 GeV  my = 0.521) 11 GeV
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Three-body Scenarios: Scalar Couplings
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Three-body Scenarios: Fermion Couplings

TV (5u) (94) + L2 (7,) 50
————— Belle 11

......... giiiined | fig/ (§fy5”ylub)(@;’}/'u¢) | f/f; (5%1,755)(1;7“751?)

Combined (Majorana)

@B
my = 0.6 GeV
\\\__// A =10 TeV
@@J
(”f} )_i_:'_::'_;:'_:'_:@i::ﬁ
—9 0 2 _5 | 0 | 5 _5 | 0 5
fvv fav faa
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onclusions

Patrick Bolton, BRDA 24, 04.10.24 39



Conclusions

Belle ll result: B(B — KFEniss) = (23+£0.7) x 107> vs.  B(B" — K'vp) = (5.58 £0.37) x 107°

sm

Find viable scenarios to explain excess: Full binned likelihood fit w. Belle Il (ITA), BaBar and ALEPH data

® Two body decay with scalar or vector (4.56)  my/v = (2.1 £0.1) GeV
® Three body with scalars (3.46) or fermions (3.70) my = 0.60791; GeV mg = 0.387717 GeV/mqs = 0.527 14 GeV

Much theory activity: we are in good agreement with previous works

While the excess may be an unknown background on inclusive Belle || method (ITA):

® Exploring NP scenarios which may solve other outstanding SM issues (e.g. dark matter)

and perform the tirst measurement of B — K(*)EmiSS

® Upcoming data will verity B - KE

miss

Patrick Bolton, BRDA 24, 04.10.24 40



Future Prospects?

S5 S Circular

~Euture

-

7= '-15‘\

s

'100 km

2 %
_

- Collider -

Particle production (10°) B9 / B’ Bt / B~ BY/ E‘j Ay /Ay cc 7 /77
Belle 11 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150
Patrick Bolton, BRDA 24, 04.10.24 41



Thank you for your attention!
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Bonus
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EFT + X Example: SMEFT + Np

For the SMEFT extended with Ny, plethora of operators of internet phenomenologically

¢2H2 ’l,szQD ¢4
. O LYV ETE) oW | (5D L H) (M O Lovils) (kL
For example, so-called dipole portal w| GedDUE) (O | (HEPuE)rts) 1| Oul o Gals)lr™s)
On |(Ng Nr)(H'H)| Oy | (H'iD{H)(lam'v"1g) | O | (lavulp)(€ryy* ers)
<=2 _ _ _
V2 H? One | (H'i D ,H)(eraY*erps) | Oinie (laNRrt)e(lgery)
—_ ~ _ ~ (—) _ - _
LDOdrplo VNRHB’MV O |(laNpe) H(H'H) | Onn | (H'i D yH)(Nrsy*Npe) | Oiv | (layulg) (NrsY Nie)
K Oen (éRa'YueRﬁ)(NRS’YMNRt)
w2H4 ¢4H
. OlH (l_af{)(ﬁTlc)(HTH) OllleH (l_aeRﬁ)E(l_ lg)]zf
Interesting phenomenoloqgy: . B i e
. I P . Iy Onu| (N Nr)(HTH)?*  |Omnir| (lavulg) ($v* Nre) H*
® Neutrino upscattering (CEVNS) W2H3D Ounizt|(Erauens) (A" Nig) H*
® Collider and beam dump (LLPs) Onu (l_mget)e(iD“H)(HTH) Owverr|  (laNrs)(Nfers)H
Onio| (H' D ,H)(IEv* Npe) H* |Oann| HT(Erals) (N Nge)

® Supernovae

[Fernandez-Martinez, Gonzalez-Lopez, Hernandez-Garcia, Hostert, Lopez-Pavén, 23]
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Chiral Basis

The couplings we use (gg, fyv, fip etc.) are in the ‘parity basis’ of the WET + X

Keep in mind that these are matched onto SMEFT + X with SM fields Q, d, u, L, e

Cok Coft
A¢ drH'q¢ A¢ qHdrp = gs(sb)¢, gp(sysb)¢

Matching looks something like:

Patrick Bolton, BRDA 24, 04.10.24 45



Two-body Decay Rates: Scalar

_ lgsl® [Px|mBok o

2
F(B — K¢) Q7T (mb —m )2 O(mqb)
(B ) — ‘9P|2 ‘ﬁK*|3 A2 (12
(B = K9) = - B s AR (m})
5 _ m%(*) S _ Al/z(mévm?b?m%((*))
K > Pro| =
m 2mp

A(ZE,y,Z) — (aj —Y— Z)2 —4yZ
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Two-body Decay Rates: Vector

F(B%KV): |ﬁK‘ ’h ’2’ﬁK|2 2( 2)+4’hT‘2‘ﬁK’2 m%/ 2(m2)
27 m2, TtV A2 (mp+mg)2’ Y
* ’ﬁK|2
— 4 R[hy hyp] (mp +mK)Af+(m%/)fT(mV)
P(B%K*V) _ ‘ﬁK ‘ 2’hV’2 ’ﬁK ‘2 V2(m2)—|—‘hA‘2 (mB+mK*)2A2(m2) 16777%( A2 (m2)
2T (mB +mK )2 v QmQB 1 v m%/ 12 v
2\]01(*!2 2/ 2 2m%/ sz(S%( 2/ 2 Sm%( 2/ 2
+ 8|hr| A2 17 (my,) + 2|hz| A2 m2, 15 (my,) + (mB+mK*)2T23<mV)
— 2
* PK~*
8 Rlhyhf] PV ()T )
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Three-body Decay Rates: Scalar

dI'(B — K¢p) _ By k| |3 UL Pk’

_ o 2 2 2 2 £2 (2 U > U
dq2 o 967’(’3 A2 4|gSS| (mb _ms)2 O(q )—l_ |gVV| A2 ﬁgbf—k(q ) —I_ ( )
_ I ] 3 > I Uk )+
0B K08) _ B Wil 0 P BTy N I
dq? 9673 A2 _ s (mp + mg)2 " ° - < < g
2 2 2 \_/<L =
20" o ((mp+mi=)" o o 16mi. o 9 ~
- A A \ ~
+lgav]® S5 585 ( 2m?. 1(q7) "> 12(q7) . ¢
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Three-body Decay Rates: Fermion

dl'(B — Kyy) By |Pkle?
dq? 2473 A4
— |2
X ((\fvv|25;5+|fVA|253)f+(q2)+12§R[fvvf%ﬂ mBT:L_mefT(QQ)) ‘quQ’ f+(@”)
3 2 B . 2 . . 2 52
+ 2 (4’fVA‘2mw(ml;4 i + | fssl?B) + | fsp|? + AR [ fvafép] m¢(qu;2 " )> (mTf ,,7[;)2 fo (@)

Pk |?

+ 2(‘fTT‘254ZQ T ‘fTT‘Qﬁi) (mp +mk)

- f%(qQ)}

For B — K*yy, see Appendix B of arXiv:2403.13887

5)(—\/1

Patrick Bolton, BRDA 24, 04.10.24

4m% AV2(m%, g2, My () )

5 P

2mB
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Three-body Decay Rates: Vector

dl'(B — KVV) _ By |hs|® Pk |g*
dq? 51273 m#, A2

2 S2 U
MpOx

Jv 2f§(q2)

(mp — ms)

 J¢ () +

)‘1/2(m2B7 q°, m%{(*))

\pK<*> ‘ — o
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Three-body Decay Rates: Spin 3/2

dq? 21673 myg, A*

X

(<|FVV|2jVV + |FVA‘25\%~7VA)JB+(C]2)

* * * my 2 ’pK 2
25)%[17 (6F 2R BL 4 F : )]
+ VvV TTjVV,TT + TSB\IJ + TPjVV,TP mp + mx fT(q ) 2 f-|-(q )

3 — myg)? U > U -
>k
+ |Fss* 83 T4 + |Fsp|*Tu + AR[FvaFsp|J m‘l’(m”_mS)> B0k p2 () = /_\ A
S S VATSPIIY q° (my —mg)2 'O \ B < < g
1 1
+ 2(|FTT|2jTT + Z|FTS|25$jTS + Z‘FTPPB?IJJTP
3 5 , \
+ |Frp[*Bo v + 12 |Frsl "By (1 = Bo) Trs + 16 [Frpl "By (1= Ba) N7
5 1
+ %[FTT (FqisﬁéjTT,Ts + 1 s Z(1— 5%)) — §FTPF%55\21;(1 — B3)
* 2 1 * 2 2 ‘ﬁKP 2/( .2
+ FTT (FTPB\Ifj’fT,TP - ZFfsﬁxp(l - 5\1/)~7T~T,:Fs>]> (mB n mK)g fT(q ) )
A/2(m2, %, m2 ., : :
Pre| = I, &7 M) For definition of £, factors, see Appendix B of arXiv:2403.13887

QmB
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Fermion Constraints in Chiral Basis

101

..... Belle I V.LL ~V,LR ~V,RL ~V.RR
......... BB Fvvs fvas Javs Jaa) = (de ,de »de ,de )

——  (Combined

V,RR
-

> X =y
My = 0.6 GeV

V,RL

V,LR

10
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B. — B_ Mixing

S

Neutral meson mixing can be induced by the scalar ¢

a) c) d)
a
,’_\\ _
70 . 70 KO / \ KO KO KO
—_— - - - e—— v —
', n

[Camalich, Pospelov, Vuong, Ziegler, Zupan, 20]
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Comparison with other Analyses
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1.0

. e o —— Best fit
Comparison: Invisible Scalar(s) |z
S
An axion-like particle (ALP) has been considered via the couplings é%-
oHa ~
Het D 57,(9v + ga7s5)b o7 02|
0.0 - - - ' :
0.0 0.5 1.0 1.5 2.0 2.5 3.0
These couplings are directly related to g¢ and gp Mx [GeV]
Result of their fitis also m, ~ 2 GeV o2 | coryy E
- (;E Belle II
I Ql n
Aside: Belle Il has also looked for ALPS via eTe™ — va

m, [GeV/c?]
Patrick Bolton. BRDA 24 04.10.24 - [Altmannshofter, Crivellin, Haigh, Inguglia, Camalich, 24]



Comparison: Invisible Scalar(s)

The scalar ¢ via Higgs portal has been considered before as a DM candidate:

Patrick Bolton, BRDA 24, 04.10.24

1
Hoz D ngqggmb(gPRb)ng

SR _ N 397 ViV mi
dod m% 3272 m%/v

(1.07 x 10%)  myg

B — K + missing E

Qpnvh? =
gi/szlGeV (OUrel ) 1%

B(h — inv.) < 0.107 (90% CL)

56

1072}
1077

107%

[Burgess, Pospelov, ter Veldhuis, 01

[Bird, Jackson, Kowalewski, Pospelov, 04



Comparison: Invisible Scalar(s)

The scalar ¢ via another UV model: @ ~ (3,2,1/6) D ~ (3,1,—1/3)

0.20F] T
| — Qi =0.12 |
dr L. dgr qr I
\BL DR QL QR/ \\_'DL dr / 0'18__
x wk b1 6 LH B
' > 016\
t -
dr dL dpg qr i s 0.14 i
N N2 <o
Hk ¢ ¢ o Hh 1 ¢ 0121
0.10L, | | | |
0.5 0.6 0.7 0.8 0.9
' my [GeV)
S,L(R) S,L(R)
Cdcbcb ) Cucbqb

[He, Ma, Schmidt, Valencia, Volkas, 24]
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Comparison: Invisible Fermion(s)

The invisible fermion scenario includes the (massless) SM neutrinos (mw

= () via:

off O C;QLL(E/V,UJPLI))(EL’VMVL)‘F D C;/;RL(E”}/MPR[?)(EL”}/“VL) + h.c.

20-

Two possibilities: 1) Lepton flavour universal or 2) non-universal

1) Belle Il and BaBar: Large contribution needed from CC};’RL
= Constrained by B » K" utu~and B, —» utu~

B (BO — K*Ow?) . 10°
=

2) LFU favoured with CC};’XL foru, O

Patrick Bolton, BRDA 24, 04.10.24 58 [Allwicher, Becirevié, Piazza, Rosauro-Alcaraz, Sumensari, 23]

llllllllllllllllllll

B LU region
EFT region

excl. B (BO — K*OI/D)
B (B+ — K+1/17)
¢ SM

Bellell I

llllllllllllllllllllllllllllllllll

B (BjL — K+I/I7) . 10°
[Bause, Gisbert, Hiller, 23
[Athron, Martinez, Sierra, 23




Comparison: Invisible Fermion(s)

Massive SM neutrinos (mw < 1] eV)via

2% V. XL /- _ S, XL,/ _
o O C 77 (57, Pxb)(vpyfvr) + C 7 7 (5Px b)(
4.0 XlQ_Sr — T T T T
vector
3.5 - scalar ]
3.0 _ tensor _
sl : -
5 | \
~_20F ]
% : :
1.5 F .
1.0 - ‘
0.5 - |
E E
00 | ] | ] | | | | ] | | ] | |
0 5! 10 15 20
2 2
q° |GeV~]

Problem: Large corrections to m,,

[Fridell, Graf, Harz, Hati, 24]
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|Csr. + Csg|

|Cri

------ true model
— 362 fb~!
—— 50 ab~!

[Gartner et al., 24]



Comparison: Invisible Fermion(s)

Massive SM neutrinos plus Np in EFT picture

v S OV (5, Pxb) (pyt ) + C H (5Pxb) (D5 vr) + Co " (5roubr ) (PS 0™ vr) + hc.

0.20-

Now with vz, = Ng,_3 fora >3

— B 5 K*0 4 inv
—— BY 5 KO 4 inv

0.15-
mi; = 1.5GeV

0.10-
0.055

0.001

Csal1 (TeV™2)

—0.051

—0.10-

—0.15-

020 F—
202 —01 00 01 02

[Felkl, Li, Schmidt, 21]
[Felkl, Giri, Mohanta, Schmidt, 23]
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Comparison: Invisible Vector(s)

: : : h
Massless dark photon (V = y,) via dipole operator has been considered ~ H g D L (50,,b)V" +h.c.

A

The rate for B = Kyp vanishes (but not B = K*y;) due to angular momentum conservation

0B~ KV) = 226
A2 (mB -+ mK)2 v
. . . A =9.56 x 10* TeV, Ng = 3
Consider ¥ coupling to dark fermions Q:
Fit to Belle Il my, ~ 0.6 GeV e
o
lP) Ol P~
e ;
N
é — mQ:O.5 GeV
% S mQ:OS GeV
10—6: e szl.O GeV
0.1 0.2 - 05 10

ap

Al Marola M .
Patrick Bolton, BRDA 24, 04.10.24 51 [Gabrielli, Marzola, Mirsepp, Raidal, 24]



Comparison: Invisible Fermion(s)

Other results for generic termions -

Fridell, Ghosh, Okui and Tobioka perform a binned fit using only B — Kvi Belle Il and BaBar data:

= Only couplings that do not contribute to B — K*vv

B— K yy [Vector| B— Kv; y [Scalar]
XX X

Belle II [ 2, =105]
Belle I1+BaBar SR [122] |

Belle II [y2. =115]

Belle 11+BaBar SR [132]

B(B— K+inv)-10°
B(B- K+inv)- 10°

00 02 04 06 08 10 12 00 05 10 15 20

[Fridell, Ghosh, Okui, Tobioka, 24]
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Comparison: Invisible Fermion(s)

Other results for g

Massless bino in R-parity violating (RPV) supersymmetry: B — Ky)?(l)

eneric fermions y:

Warzo0 = NjjpLiQ; Dy

~0

X1

V;

 — ¢/
bL

U > U

Patrick Bolton, BRDA 24, 04.10.24

10

> 30
- :20’, 30’
= |lo,20]

(]

3 | | . : _ _

T 0. e e S e = 00, 10
\4 1 I | I 1

/
- >\123

/ /
---- )\2237 )\323

(). () ] [ S RTTIIETIEINUTTRN PRI I A, )\;32

0.001 — |
1 6 7 8 910

[Dreiner, Glnther, Wang 24]
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Comparison: Invisible Vector(s)

A massive vector boson (V = Z) has also been considered

Conversion between couplings:

(4)  _
Iy (a) = 2hv(a)

2\ B — K7

combination

(87 + 81 mz/A?) x 10°

[Altmannshofer, Crivellin, Haigh, Inguglia, Camalich, 24]
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