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Physics beyond the Standard Model

Problems of the SM — Physics beyond the SM

experimental

conceptual

» Dark Matter (269%)

» Dark Energy (699%)

» Matter-antimatter asymmetry

» Anomalies in experimental data

Neutrino masses
Strong CP problem
Vacuum metastability
NP flavour puzzle

Gravity

Hierarchy problem >

SM flavour puzzle
Family replication ... \
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Flavour Physics as a Probe of New Physics
> Flavour universal

flavour violation

_ _ g Y, 4 < h
» couplings o &; in flavour space %’ Q‘% \\’
4 q; N i
» example: strong and electromagnetic interactions - / ‘ 1 / -
. (]' (,’
» consequence of gauge invariance q/ : ( ) ( )
> Flavour ( )
» couplings /liél-j (diagonal, but not necessarily universal) | CKM matrix
» example: Yukawa interactions » Cabibbo-Kobayashi—-Maskawa matrix
> Flavour violation (changing) ' cizeiy sipeis sige 8
» couplings involve different quarks o126 012823813?;513 “12623 T 12523 813625.23 F25C13
| 812823 — C12C23813€"°18  —C12823 — S12C23813€"13  cCo3C13

»no flavour violation in lepton sector (m, = 0)
» 3 mixing angules and 1 CP phase

> example: W= interactions in quark section » CP violation in the Standard Model

» Flavour Changing Neutral Current (FCNC) ;
» absent at the tree-level not enough to explain the baryon asymmetry in our universe
» arise at the one-loop, but suppressed by GIM mechanism

new CP violation sources

» Why flavour physics
» New physics <= 0(10”) BB events at BaBar and Belle
» structure of CKM and mass
» CP violation
» strong interaction

penguin
diagram

experimental status

no evidence of NP Bkl
but, anomalies PESEY,; 3



Theoretically cleanest processes in heavy flavour physics

NP Effects < O0(20%)

b — S(d)l/17: B—- Kw, K — mvy, ... Signal: NOT measured yet !

B—->K+v+v
B —- K+ DM-+DM



ark Matter Detection
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Phys. Lett. B 788 (2019) 316

—— Boosted di-b-jet + ISR
80.5 fb™

AfLAS-CONF»201 8-052

—— Resolved dijet + ISR
79.8 &76.6 fb'

Phys. Lett. B 795 (2019) 56

Resolved di-b-jet + ISR
79.8&76.6 fb!
Phys. Lett. B 795 (2019) 56
—_— Dlj&et TLA
3.6&29.3fb"
Phys. Rev. Lett. 121 (2018) 081801

—_ Di-b-jet
243 & 139 fb™
Phys. Rev. D 98 (2018) 032016
JHEP 03 (2020) 145
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Phys. Rev. D 96, 052004 (2017)
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| Eur. Phys. J. C 78 (2018) 565
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arXiv:2005.05138
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95% CL upper limits
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Resolved di-b-jet + ISR
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Today

Light DM: a bottom-up view

DM is electrically neutral ! =— DM only have FC or FCNC couplings to fermions !

Cirelli, Strumia, Zupan
2406.01705
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Direct Detection (DD)
Belle II/CEPC
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example: 2 104 DarkSide
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U C t K+—>7Z'++DM+DM %10_43
D' - z°+ DM + DM O
\_ ) O 1044
1 BES/STCF | | LHC/CEPC =
S 1045
C BES/STCF | | LHC/CEPC = 1046
3 Neutrino fog
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C) means related to the DM relic density DM mass [GeV/c?] O’Hare, 2024
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Experimental Search

Observable SM Exp Unit
B(BT — K*vp) | 416+£057 | 23+£575 | 1076
B(B° — K%p) | 3.85 =+ 0.52 < 26 10~
b—s B(B*— K*vi) | 9.70 +0.94 < 61 106
B(B° — K*0vi) | 9.00 +0.87 <18 10~
B(B, = ¢vi) [9.93+0.72 | < 5400 10~
B(B, — vi) ~ 0 <5.9 10~ Bellell
CEPC
B(BT — 7tvp) | 1.40 +£0.18 < 140 1077 FCC-ee
B(B° — n%vi) | 6.52+0.85 < 900 108
b—d g+ ptup) | 4064079 <300 | 107
B(B® — p°vi7) | 1.89+0.36 < 400 107
B(B° — vp) ~ 0 <14 10~4
B(KT — ntvp) | 8424061 |10.6739+09 | 1071 NA62
s—d B(K;, — n%vp) |3.41+0.45 < 300 10~  KOTO
cou D= a"+inv, D’ - p’+iny, ... ... IZE?:III:I
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Low emittance gun

Low emittance electrons
to inject



Experimental Search

Observable SM Exp Unit CEPC, FCC-ee \
B(B* - Ktvp) | 416+057| 23+5% | 10°°
B(B° — K%w) | 3.854+0.52 < 26 106
b—s B(B*— K*vi) | 9.70 +£0.94 < 61 10~
B(B° — K*%ui) | 9.00 £ 0.87 <18 106
B(B, — ¢v) | 9.9340.72 < 5400 106
B(B, — vi) ~ 0 <5.9 10~ Bellell
CEPC
B(BT — ntvp) | 1.40+0.18 < 140 107 FCC-ee
B(B° — 7vp) | 6.52+0.85 < 900 10~°
b—d g+ tup) | 4064079 <300 | 107
B(B° — p%vi) | 1.89+0.36 < 400 10-7
B(B° — vp) ~ 0 <14 10—
B(KT — ntvp) | 8424061 | 106739 +09 | 107" NA62
s—d B(K — m'vp) | 3.414+0.45 < 300 10-1*  KOTO
figure from Amhis, Kenzie, Reboud, Wiederhold, 2309.11353
c—o>u Dt—at+iny, D’ - o' +iny, ... ... zl.f.glll:l



Experimental Search

b —s

b—d

Observable SM Exp Unit
B(B* - Ktvp) | 416+057| 23+5% | 10°°
B(B° — K%®w) | 3.8540.52 < 26 106
B(BT — K*tvp) | 9.70 £ 0.94 < 61 106
B(B° — K*%ui) | 9.00 £ 0.87 < 18 106
B(B, — ¢vi) | 9.93+0.72 < 5400 106
B(B, — vi) ~ 0 <5.9 10~ Bellell
CEPC
B(Bt — wtvp) | 1.40 £0.18 < 140 107 FCC-ee
B(B° — 7vp) | 6.52+0.85 < 900 10~°
B(BT — ptvp) | 4.06 +0.79 < 300 10-7
B(B° — p%vi) | 1.89+0.36 < 400 10-7
B(B° — vp) ~ 0 <14 10~4
B(KT — ntvp) | 8424061 | 106739 +09 | 107" NA62
B(K — m'vp) | 3.414+0.45 < 300 10-1*  KOTO
Dt - 2t +inv, D’ - p¥ +iny, ... ... 25.3'::'

» 2021 Apr

Average

1.1+0.4

¥

Belle I, 2104.12624 [PRL]

—
Belle II (63 fb~!, Inclusive)

1.9M1% This work

Belle (711 fb~!, SL)

1.0+£0.6 PRD96, 091101

Belle (711 fb~!, Had)

3.0+1.6 PRD87,111103

Babar (429 tb~!, Had+SL)

0.8+0.7 PRD87, 112005
1 l 1 1 1 l

0 2

4

5 8 10

10° x Br(BT—K ™ vp)
» 2023 Aug: first evidence

SM Average

0.497 4 0.037 1.340.4

Ganiev@EPS-HEP, 23 Aug 2023/Belle 1, 2311.14647 [PRD]

+

Q

Q

Belle II (362 fb!, combined)

2.34+0.7 This analysis, preliminary

Belle II (362 fb!, hadronic)

1.1+ 1.1 This analysis, preliminary

Belle II (362 fb!, inclusive)

2.74 0.7 This analysis, preliminary

Belle IT (63 fb!, inclusive)

1.94+1.5 PRL127, 181802

Belle (711 fb'l, semileptonic)

1.04+£0.6 PRDY6, 091101

Belle (711 fb'l, hadronic)

29+1.6 PRDS87, 111103

BaBar (418 fb'l, semileptonic)

0.24+0.8 PRDS82, 112002

BaBar (429 fb'!, hadronic)

1.54+£1.3 PRD87, 112005
I 1 1 1 I

4

6 8 10

10° x Br(BT—K T vp)



Experimental Search

Observable SM Exp Unit
B(BT — K*vp) | 416+0.57 | 23457 1076
B(B® — K%w) | 3.85+0.52 < 26 106
b—s B(B*— K*vi) | 9.70 +£0.94 < 61 10~
B(B® — K*Ovi) | 9.00 + 0.87 < 18 106
B(B, — ¢vi) | 9.93+0.72 < 5400 106
B(B, — vD) ~ 0 <5.9 10~4
B(Bt — ntvp) | 1.40 £ 0.18 < 140 107
B(BO — 7TOI/I7) 6.02 + 0.85 < 900 1078
b—d pp+_ptup) | 4064079 <300 | 107
B(B° — pv) | 1.89+0.36 < 400 107
B(B° — vp) ~ 0 <14 10~4
p B(KT — ntvp) | 8.42+£0.61 | 10.613% £0.9 | 10~
S —

B(KL — 7TOI/I7) 3.41 +£0.45 < 300 10~

c—o>u D'—zt+iny, DY - p%+iny, ... ...

Expected sensitivities at future Belle II, CEPC, FCC-ee

, 5fb~!

,5fb~1; 3.37%, FCC-ee, Tera-Z

75%, Belle Il, 5fb~!: 0.53%, FCC-ee, Tera-Z

40%, Belle II, 5 fb~!

2%, CEPC, Tera-Z; 1.2% FCC-ee, Tera-Z

< 1.1 %107, Bellell, 5fb~!, Y(55); < 7.2 % 1077, FCC-ee, Tera-Z

19%, Belle
87%, Belle
e

Belle II snowmass white paper, 2207.06307

CEPC flavor white paper, 2412.19743

Ambhis, Kenzie, Reboud, Wiederhold, 2309.11353

Cartelle, Kenzie, Mangrulkar, Wiederhold, Wood, 2508.04471
see also talks by Lorenzo Calibbi, Xunwu Zuo, Sen Jia



Today

Light DM: a bottom-up view

DM is electrically neutral ! =— DM only have FC or FCNC couplings to fermions !

Cirelli, Strumia, Zupan

d S 2406.01705
d NA62/KOTO Belle II - ‘ Direct Detection (DD)
g ) 1038
S Belle I example: T
B* - K* + DM + DM g 107 e
O 1
b Belle II/LHC K* - 7" +DM+DM | Z10* CDMslite)
D’ — 7°+ DM + DM S 10-4 DarkSide
\_ » rF

future exp uncertainties:
020 ~ 40%)@Belle Il with 5ab— '8 10~

b

~
I' G EI

~ - O 44
1 BES/STCF | | LHC/CEPC O(2 ~4%)@CEPCTera-Z 2 10
§ 10—45
QO
C BES/STCF | | LHC/CEPC | future theo uncertainties: Z10*H
less than 10 % 2' 10—47 Neutrino fog
{ LHC/CEPC A g )
N
10—49 -
DD:DireCt DeteCtion 10—50 N Rl O L1 am i1l Ll L1 1l L1 11111l
10~ 10 10! 102 10° 10%
C) means related to the DM relic density DM mass [GeV/c?] O’Hare, 2024

Light DM
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Today

Light DM: a bottom-up view

DM is electrically neutral ! =— DM only have FC or FCNC couplings to fermions !

Cirelli, Strumia, Zupan
2406.01705

d ) b
d NA62/KOTO Belle Il . — Direct Detection (DD)
. A 10-38 A
S sefle Sxample; 1039
B™ — K" + DM + DM g 107 i
& s
b Belle Il/LHC K* - 7zt + DM + DM E‘ 1040 CDMSlite
DO —> 71'0 + DM + DM .9 10-41 DarkSide
\— )

It’s natural to ask:

1. By combing the direct detection, flavour measurements, and relic
density, is It possible to obtain the flavour structure of interactions
between light DM and SM particles ?

Neutrino fog

Compared to DM direct detection, what’s the advantage of hadron
decays ? which DM scenario is more sensitive to ? Can they

R O 1 2 o O T Iy N L rrned M A O O W 1 [l L Ll

3 10Y 10! 102 10°

Light DM

provide other information ?

10*

DM mass [GeV/c?] O’Hare, 2024
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Theoretical Framework

New Physics Model

Simplified

Model

12



Eﬂ:eCtive Field Theory approach to combine the various experimental searches

In EFT, DM is just a singlet under the SM gauge group. for light DM

direct
detection

HEW

' hadron decay @

Dark SMEFT SUQ).® SU(2); ® U(1)y, all the SM particles
2009 H.Zhang, Q.H.Cao, C.R.Chen, C.S.Li
B 0 2011 Kamenik, Smith
Qug> = (Gpd-H) ¢ 2014 Duch, Grzadkowski, Wudka
d.) (v 2017 Brod, Gootjes-Dreesbach, Tammaro, Zupan
2021 Criado, Djouadi, Perez-Victoria, Santiago
X XH 2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
2023 Song, Sun, Yu (basis@dim-8)

_ (5 p
— a
Qq“ qpfy“q"")a Axion-like particle, see also H.Y.Cheng, Phys.Rept 1988

2020 Bauer, Neubert, Renner, Schnubel, Thamm
2023 Song, Sun, Yu (basis@dim-8)

Dark LEFT  SUQB).® U(1)

(3 2
Od¢2 — (dedR'r)¢ 2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
OV L _ jL dr) (Xa V"X 2022 He, Ma, Valencia (basis@dim-6)
(_p Vuddrr) (Xa7"X0) 2023 Liang, Liao, Ma, Wang (basis@dim-8)

W, Z, h, t have been integrated out

cm’

example

2010 J.J.Fan, Reece, L.T.Wang
2011 Hill, Solon

NRET/HDMET/Chiral EFT 2012 Fitzpatrick, Haxton, Katz, Lubbers, Xu
() = M (1, (x) + X, () 2013 Hill, Solon
e A ’ 2013 Anand, Fitzpatrick, Haxton

2016 Bishara, Brod, Grinstein, Zupan 13




H 1 — H2 + DM theoretical calculation and experimental searches

2011 Kamenik, Smith
2014 Bird, Jackson, Kowalewski, Pospelov
2019 G.Li, J.Y. Su, Tandean

A—>n+¢d 3" - p+dph, E0 - A+ g,
5o X, QT > X7+ o

2020 X.G. He, X.D. Ma, Tandean, Valencia

2020 C.Q.Geng, Tandean, K — 7z + ¢¢

2021 G. Li, T. Wang, J.B. Zhang, G.L. Wang
2022 Kling, S. Li, H. Song, S. Su, W. Su

2011 Kamenik, Smith

2019 J.Y. Su, Tandean

2020 G. Li, T. Wang, Y. Jiang, J.B. Zhang, G.L. Wang
2021 Felkl, S. L. Li, Schmidt

2011 Kamenik, Smith
2021 G. Li, T. Wang, J.B. Zhang, G.L. Wang
2022 X.G. He, X.D. Ma, Valencia

»d; > d; +a

2020 Camalich, Pospelov, Vuong, Ziegler, Zupan,
2021 Bauer, Neubert, Renner, Schnubel, Thamm
2022 Guerrera and S. Rigolin

form factor
»theoretically clean: A «x C - (H,| O|H;) - DM current

»no GIM suppression

| } enhancement
» possibly two-body decay

Observable >C —> U + DM

B(B* — K™vb) 2022 C.Q.Geng, G.Li
B(B” — K vv) 2023 G.Li, Tandean

+ *+. el " “ - -
B(B™ = K=vo) , longitudinal polarization ™

B(B’ - K*vp) r y DY — sg
o S P 0 —
D® — n%s§’
B(Bt — nvp) Dy b
B(B° — 7o) Dt - K+s§
BUE™ = p22) DY — pYss’
B(B° — p'vi) Dt s ptsg

B(K+ s 7r+1/17) Ab — A + DM + DM D;l' — K*+_S§’
B(K; — 7vp) AS — pSS’

=F — X*ss

B(Bs; — vp) =0 — »0sg’
B(B° — vi) Ee — ASS'
v — DM based on complete EFT basis (Dark LEFT)

HadronToNP:a package to calculate decay of hadron to new particles

B.F. Hou, X.Q.Li, H.Yan, Y.D.Yang, XBY to be finished

14



b — svv: DSMEFT

~

Can DSMEFT operators explain the Belle Il excess,
while satisfy other b — s bounds ?

~

\—

Observable SM Exp Unit
B(B* — K*tvp) | 416+057 | 23451 10—
B(B° — K%w) | 3.85+0.52 < 26 10—
B(BT — K*tvi) | 9.70 +0.94 < 61 10—
B(B° — K*%up) | 9.00 4 0.87 <18 10—

B(B, — ¢v) | 9.93+0.72 < 5400 10—

B(B, — vi) ~ 0 <5.9 10—
B(BT — wtvp) | 1.40 £0.18 < 140 10~7
B(B — nvp) | 6.52+0.85 < 900 1078
B(B*T — ptvi) | 4.06+0.79 < 300 10~7
B(B° — p°vi) | 1.89+0.36 < 400 10~7

B(B° — vD) ~ 0 <14 10—
B(KT — ntvp) | 8424061 |10.6739+0.9 | 107!
B(K; — n%vp) |3.41+0.45 < 300 1011

HEW

Hp

K+
. @i B* Y(45) 6
/

Dark SMEFT

Qqa = \9pYuqr
Dark LEFT
_ _ R
Odqb — (dedR'r)¢ + h.c,, Oéd — LpW’udLr) (7/¢1 o" ¢2)7
Oy = (drpYudir) (Xa¥*X0), O = (drpYudrr) (Xa¥"X5)

(
(

Oix = (drp0udre) X1 Oixx = (drpvudir) X X,
O, = (dryyudrr)0*a, (

15



Dark SMEFT: Scalar
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Dark SMEFT: Fermion, ALP
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One example
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Summary of the numerical analysis

All the operators survive from the constraints of the various FCNC decays.

In the future, all the parameter space to explain the Belle |l excess can be covered by combing
» B, — inv
»b —>s+inv(B, = ¢ +inv, B - K" + inv, ...)

» Belle ll, CEPC, FCC-ee
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Dark SMEFT: dB/dg?

/r

Q bg —— Opgx?

Qg Qx>

Qo — Qunx?

Qoxx Qags Lamx, Lgx QS@?B, Qu

Quxx — SM
——\

mpy = 700 MeV \ \

Difficult to distinguish the DSMEFT operators by considering only the B~

2 [GeV?]

dB(BT —K™* +DM)/dg* [GeV ]
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mpmy — 1500 MeV

—— Opgx?
Qx>

— Quux?

ngba QdHX) Qar QS&?(), Qqa

SM

5

(GeV?]

— K*uv decay. However,



Dark SMEFT: dB/dq?, F, iy = 1500 MeV
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All the operators are distinguishable from each other by combing these observables



Eﬂ:eCtive Field Theory approach to combine the various experimental searches

In EFT, DM is just a singlet under the SM gauge group. for light DM

direct
detection

HEW

' hadron decay @

Dark SMEFT SUQ).® SU(2); ® U(1)y, all the SM particles
2009 H.Zhang, Q.H.Cao, C.R.Chen, C.S.Li
B 0 2011 Kamenik, Smith
Qug> = (Gpd-H) ¢ 2014 Duch, Grzadkowski, Wudka
d.) (v 2017 Brod, Gootjes-Dreesbach, Tammaro, Zupan
2021 Criado, Djouadi, Perez-Victoria, Santiago
X XH 2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
2023 Song, Sun, Yu (basis@dim-8)

_ (5 p
— a
Qq“ qpfy“q"")a Axion-like particle, see also H.Y.Cheng, Phys.Rept 1988

2020 Bauer, Neubert, Renner, Schnubel, Thamm
2023 Song, Sun, Yu (basis@dim-8)

Dark LEFT  SUQB).® U(1)

(3 2
Od¢2 — (dedR'r)¢ 2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
OV L _ jL dr) (Xa V"X 2022 He, Ma, Valencia (basis@dim-6)
(_p Vuddrr) (Xa7"X0) 2023 Liang, Liao, Ma, Wang (basis@dim-8)

W, Z, h, t have been integrated out

cm’

example

2010 J.J.Fan, Reece, L.T.Wang
2011 Hill, Solon

NRET/HDMET/Chiral EFT 2012 Fitzpatrick, Haxton, Katz, Lubbers, Xu
() = M (1, (x) + X, () 2013 Hill, Solon
e A ’ 2013 Anand, Fitzpatrick, Haxton

2016 Bishara, Brod, Grinstein, Zupan 23




2013 Tongyan Lin, Kolb, Lian-Tao Wang

Top-flavored DM
2015 Kilic, Klimek, Jiang-Hao Yu

» Dark SMEFT with 3rd generation@jigyy 2015 Haisch, Re

2015 Boucheneb, Cacciapaglia, Deandrea, Fuks

_ _ - _ 2017 Blanke, Kast
Q“X — (up%‘u’")(XW/”X)’ — (tRyﬂtR)(%yﬂ)() 2021 Blanke, Pani, Polesello, Rovelli
0. = (d _ 2021 Haisch, Polesello, Schulte
ax — (qPﬁy“qr)(X’y X)’ 000 2021 Hermanna, Worek
Q. o2 = ((_7 U ﬁ)()_(X) C=|1000 | Cs 2022 Yandong Liu, Bin Yan, Rui Zhang
uyx?® — \UpUr )
001/, e
2019 ATLAS [JHEP05(2019)142]
Dark SMEFT
HEw one-loop matching
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— __/a uv,a
Oys2 =(d,Prd, )¢’ / Ogp =G, G**¢7,
a uv,a p
OLy o =(dyy"Prd,) X, X" S Dark LEFT x =G, G XpX
(e pu/a,
OVLR (dp”}/NPLd )(X’Y“X), SR S— S G G
+ 0(20) operators 1 GeV 3 + operators with 1, d S
(H,| 0;|H) (N|O;|N)
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One-Loop Matching between Dark SMEFT and Dark LEFT

» Dark SMEFT

LCoamErT O Z C, Q(4) m e ZC Q(G) 3 ZC Q(?)

Qusr = (Gpu, H)$* + h.c. ou = (Tpyuur) (i 5 “oo) Qo = (Goyuar) (it 5 Behg)  eee e
Quye = (Gyur H) (X" Cx) Qux = (UpYutr)(X7VX) Qo = (Grutr) (XY'X) e e
Quxx =(@1u0) X" X,  Quix =(Wy.u) X" X, Quxz =(GpurH) X, X" +hc. - .n.

» Matching » Dark LEFT: hadron detection

VN /D/V\ LpLEFT D 2}; L, O —I— | | 1}13 Zl: Lo
z t OF, =(dyy,Prdy) (i61 O 62) Osz =(d,Prd,)¢> - -
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| Ojixx =(dyy* Prdy) X, X” o -

Odxx =(dp" Prd;) X, X"
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One-Loop Matching between Dark SMEFT and Dark LEFT

» Dark SMEFT

LCoamErT O Z C, Q(4) m e ZC Q(G) 3 ZC Q(?)

Qus = (GourH)¢? + h.c. oo = (Upyutiy) (i bl Loa)  Qug = (G7ugyr) (i 4 Behg) e e
Quz = (Gu-H)(X"Cx)  Qux = (Tpyuur) (X7*X) Qux = (G 1u@)(XV'X) e e
Quxx =(@1u0) X" X,  Quix =(Wy.u) X" X, Quxz =(@u H) X, X" +hc.  wev oo

» Matching » Dark LEFT: direct detection

1 1 1
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1
Q SO G S
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Hadron decay vs Direct detection
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Hadron decay vs Direct detection
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Conclusion

A Possible Flavour Path to Dark Matter

4 d )

~

K+
\
O—¢ Y (45) 6
Belle II/CEPC ®/

Belle 1I/CEPC

Belle 1l/LHC b-hadron FCNC decays with invisible final states is a

possible path to New Physics, e.g., dark matter.

Many promising decay modes can be searched at

BES/STCF LHC/CEPC CEPC, FCC-ee and Belle |l

~
a g
II Q a'

C BES/STCF | | LHC/CEPC

» B, — inv » A, > A+ inv

LHC/CEPC
W

J

» B, — ¢ + inv »B — K +inv



Thank You !






Summary

It’s natural to ask:

1. By combing the direct detection, flavour measurements, and relic
density, Is it possible to obtain the flavour structure of
interactions between light DM and SM particles ?

top-flavoured DM

2. Compared to DM direct detection, what’s the advantage of
hadron decays? which DM scenario is more sensitive to ? Can

they provide other information ?

angular distribution ( F; ) ;

" HadronToNP: a package to calculate decay of hadron to new particles )
B—-K+DM, B-p+DM, Ay - A+DM,Y — DM, ... to be finished
D —->7+DM, D—-p+DM, E.—- E+ DM, J/y - DM, ... D

many things to do, e.g., other flavour structures (MFV, U(2)°), simplified
model (light mediator), operator basis (SPVA), UV completion, full one-
loop matching between DLEFT and DSMEFT, astro-constraints, ...

A Possible Flavour Path to Dark Matter

d )

Belle Il

Belle Il

Belle II/LHC

ag
'I(‘3 al

iU BES/STCF | | LHC/CEPC
C BES/STCF | | LHC/CEPC
t LHC/CEPC

J

32



Dark SMEFT Operator

operator definition tree | loop | eq

Quo (q_purfl)qb + h.c.

Qg2 (gpurﬁ) *+ h.c.

Q¢q (prYuqfr) (Z§b1 WQbZ)

Qpu | (wyyuur) (i % )

Qax (@pVuar) (XY*X)

Qux (UpYuur ) (XY X)

Qux? (@pur-H)(x" Cx)

Qux
Qux
Qi x
o)

QuX 2

QH uX

QqX X

Qux x
Quxx
Qpgx2
QDux?
Quax?

QuH X

(@*ar) X
(T ur) X,
(HH)(g7"¢r) X,
(H'r' H) (g7 v*¢-) X,
(qpu-H ) WXH+hc.
(HTH)(tpv ur) X,
(Gpyugr) X X,
(GpYugr) X" X,
(Tpy,ur) XH X,
( X

'Y v 14
Up Yty ) XH X,

(g,v"iDHq,) X, X, + h.c.
(ﬂpnyiD.“ur) XMXV -+ h.C.

(qpo-,ul/urj:[)XfXg + h.c.
(ija,uvur)ﬁXuy + h.c.
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Dark LEFT Operator

operator definition tree loop
O (drpdrr)9 + h.c. — Quo
O g2 (drpdrr)9* + h.c. - Qs
0%, (A1) (1910 62) Qs O
0% (dry ) 161 07 ) - -
O (drpdrr)(xTCx) + h.c. — Qo2
O (drpdrr)(XTCx) + h.c. - Qo
O(‘&LR (CZLp’YudLr) (X7*x) Qax Qux
Oy (drpYudrr) (X7*X) - -
O(:ir)’(RR (drpo*dpy) (xTCo,x) + h.c. — —
Oix (JLpU “dpr) X, + h.c. — Qux, Lax; Qurx, Luux, LHgx
Oix (drpy*dir) X, Qyxs Qrrgx Qux, Qrux
Ok (drpy"drr) X, - -
Oax2 (drpdrr) X, X* + hc. = Qux2; Lpux?, Lpgx2
Ol (drp0 . dry) XP XY + h.c. - QuH X2
Oixx (dLpy*dir) X X" Quxx Quxx
Ok x (JRp”Y” dpr) X X" - -
oL (drpy*dre) X 0 X"
or. (dryy*dpy) X, X"
Ofux> | (dpn"iD"dr,) X, X, +he. | Qpgx: Qpux>
OFR 1 (drpyy*iD"dp,) X, X, + h.c. - -

O, (drpYudrr)Ota Qqa Qua
Od (drpYudrr )0 a - -
Ocay? G2,GH¢? (Ogg) — Qup?
Ocasn Gy, G4 (Ogo) - Qs
Ocay GZVGW’GXTCX (Ogx) - Quye
Ocii G, G X" Ox (Ogy) - Qe
Ocexx G,GM X, X? (Oyx) — Qux?
O cxx G, G X, X7 (Oyx) —~ Qux>
Ocxax $GNXEXY (Ogxx) — Opex?, Lpux?
Ocxax ipé/\LaX XY (Ogxx)
Orrg? Fu F'¢? (Og,) - Qug?
OFf’qs? F uvﬁ 1 ¢? (Ogy)
OFFy Fi F WXTCX (Oxv) - Qux
OFﬁX 3 uvﬁ wxtCx (Oxy
Orrxx F,F*X,X?(Oxy) — Qux?
Orfxx F uvﬁ WX X?(Ox,)
Orxrx By F X X" (Oxx) — Opex2, Qpux2
OFXﬁX FAuﬁAuX“XV (OXX’Y)
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C; for ﬂL’)’“CUL, ’LLR”Y“CUR, ﬂLC’U,R, ?_LLU“VC’U,R,
C = VTCtV for CZL’Y'MCdL,
VTCt for JLCUR, CZLO"UVC’UJR,

tti%d t:lvts ttlvtb 0
VICV =Css | ViiVia ViiVis ViV G=10
VisVia VipVis VipVio 0
0.71 —3.09 — 1.45; 76.81 + 34.29;
=Cs3 | —3.09 + 1.454 16.43 —404.93 +7.87i | x 1074
76.81 — 34.29; —404.93 — 7.87i 9982.86
0 0 V3 00 0.77 + 0.343
ViIC,=Css | 0 0 V* | =Cs3 |00 —4.05+0.08 | x 1072
0 0 Vi 00 99.91
i for @; = Quuy Quyy Quxs Qruxs Quxxs Quzx> Loux?r Quas

Ci = \ (Ctz, VTC;) for Q, = Qucfn Qu¢27 QUXQ, Qquxla QuHX; QuX27 QuHX27
(C], VICV)  for Qi = Q4q, Quxs Quxs Qx> Quxxts Lozt Daxr Qo

o O O

S o o
o
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Conclusion

" HadronToNP: a package to calculate decay of hadron to new particles
B—-K+DM, B—-p+DM, Ay - A+DM,Y - DM, ...
D —->7+DM, D—-p+DM, E. - E+ DM, J/y - DM, ...

to be finished

~

»
/ \ SMEFT Dark SMEFT A Possible Flavour Path to Dark Matter
B(BT — Ktvp)| B(BT — K*vi)gum a d I\ b )
B(BY — K*0vp) - B(B° —» K*0up)gum = 046007
LR R S :
Belle II/LHC
- TR —— b
Belle Il excess (if confirmed in the future) implies:
s : . : HEW
Impossible to explaln. Ig SMEFT Wlth MFV | EFT Dark LEET t
- NP flavour structure is highly non-trivial u 4
- NP structure in quark sector is beyond MFV - - -
1 BES/STCF || LHC/CEPC
\ flavour violation is beyond Yukawa coupling » m - -
:

Hp

LHC/CEPC
(worceeo) |
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b — svv: exp & theory
» 2021 Apr

{f.liOA }rage
S 1

—
L Belle II (63 fb~!, Inclusive)

1.9M1%  This work

Belle 1, 2104.12624 (PRL)

1

- RE%.16€P(R7DS:)I-6,1O9fBOl , SL)

|

| . Belle (711 b, Had)

: 3.0+1.6 PRD87,111103

!

= Babar (429 fb—!, Had+SL)
P00 0807 PRDBZ 112005
0 2 4 §) 3 10

10° x Br(BT—K " vp)
» 2023 Aug

0.497§M7 ﬁ;{gfage Ganiev@EPS-HEP, 23 Aug 2023/Belle II, 2311.14647

— — Belle II (362 fb'!, combined)

2.34+0.7 This analysis, preliminary

Belle IT (362 fb'!, hadronic)

1.1+£1.1 This analysis, preliminary

Belle IT (362 fb!, inclusive)

2.740.7 This analysis, preliminary

Belle IT (63 fb!, inclusive)

1.94+1.5 PRL127, 181802

Belle (711 fb'!, semileptonic)

1.0£0.6 PRDY6, 091101

PY Belle (711 fb!, hadronic)

29+£1.6 PRDS87, 111103

BaBar (418 fb'l, semileptonic)

0.2+0.8 PRDS82, 112002

Q

Q

» Expvs SM [1079]
BBt — Ktvb)g = 4.16 £0.57

+ oo _Aaa 2.76 difference
BB = KTVD)ey, =23 %7 NP/SM > 2
BBT = K vo)... > 10 (20 lower bound)

exp ~

» Theoretical prediction
a R

Factorlzatlon_ theoretically, simple and clean
o x Cp-(K|5y*b|B) - Dy v one of the cleanest channels in
o Wilson coef quark current  neutrino current  flavour physics y

_ _ )
O, = (5P, b)(vP,v) X
Or = (Sy,Prb)(0y" P v) possible in BSM Or = (SPrb)(PRrv) X
Or = (50,,b) (06" V) X
operator structure highly

constrained by LH neutrino @TS — (EGMUVSI?)(DU’WU) xJ

(0, = 57,Pb)(BY*Py) in the SM

\—

o BaBar (429 fb'!, hadronic)

1.5+ 1.3 PRDS87, 112005
| ] ] ] | ] ] ] | ] ] ] |

0 2 4 6 8 10

pdf

Evidence for B* - Ktvp decays
Belle-Il Collaboration - I. Adachi et al. (Nov 24, 2023)
Published in: Phys.Rev.D 109 (2024) 11, 112006 - e-Print: 2311.14647 [hep-ex]
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b — svv: exp & theory

» Expvs SM [1079]

BB+ = K*ub)gy, = 4.16 + 0.57}
BB = KTWi)gy, =23 17
BBt - KTvb)

exp ~

» Theoretical prediction

2. 70 difference
NP/SM > 2

2> 10 (20 lower bound)

- ] ]
Factorization

o «x Cp - (K|3y"b|B) - y,v

Observable SM Exp Unit
B(B* — Ktvp) | 416+057 | 234575 106
B(B° — K%®w) | 3.85+0.52 < 26 106
" B(Bt — K*tvw) | 9.70 +0.94 < 61 o=
_)
S B(B® — K*vi) | 9.00 4+ 0.87 < 18 106
B(B, — ¢vi) | 9.93+0.72 < 5400 106
B(B, — vD) ~ 0 <5.9 10—*
B(BT — wtvp) | 1.40 £0.18 < 140 10~7
B(B — nvw) | 6.52+0.85 < 900 10°8
b—d B(Bt — ptvw) | 4.06 +£0.79 < 300 107
B(B° — pv) | 1.89 +0.36 < 400 10~7
B(B° — vp) ~ 0 <14 10—
¢« > d B(KT — ntvp) | 8.4240.61 | 10.67324+0.9 | 1071
B(Ky, — m°vp) | 3.41+0.45 < 300 1011
—

\_

Why such a large NP effect has not shown up
in other b — s decays ?
inb — d,s — d decays ?

- Wilson coef quark current neutrino current

~

theoretically, simple and clean
one of the cleanest channels In
flavour physics y

(0, = 57,Pb)(BY*Py) in the SM

operator structure highly

0, = GP,b) TP, ) X

Or = (57,Pgb)([0y*Pv) possibleinBSM O = (5Pxb)(0PRr) X

Or = (50,,b)(0c"v) X

constrained by LH neutrino @TS — (EGMU}/SI?)(DG’WU) xJ
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b — svv: exp & theory

Observable SM Exp Unit
B(B* — Ktvp) | 416+057 | 234575 106
B(B° — K%®w) | 3.85+0.52 < 26 106
B(BT — K*tvi) | 9.70 +0.94 < 61 106
b—s B(B® — K*Oui) | 9.00 & 0.87 < 18 106
B(B; — ¢vir) | 9.93+0.72 < 5400 106
B(B, — vi) ~ 0 < 5.9 104
B(B* — ntvp) | 1.40 £0.18 < 140 107
B(B — nvw) | 6.52+0.85 < 900 10°8
b—d B(Bt — ptvw) | 4.06 +£0.79 < 300 107
B(B® — p°vi) | 1.89+0.36 < 400 10-7
B(B° — vD) ~ 0 <14 10—
¢« > d B(KT — ntvp) | 8.4240.61 | 10.67324+0.9 | 1071
B(K; — mvp) | 3.414+0.45 < 300 10~
a )
Why such a large NP effect has not shown up
in other b — s decays ?
Lin b —d,s — ddecays ? NP flavour structureJ

QW) — (HY'D ,H) (4,7"a,)
A= _
SMEFT | off) = (#" D[ ) (g,7'+4.).
Ona = (H''D ,H)(d"d,),
Qua = (L") (dsvudy),
Ql(;) — (l_pfylulr) (6_737;1(]75) ;
Q1) = (L") (@7 Vuae)
HEwW
LEFT 0" = (59 Prb) (v Pry;)
Ogyj — (§’YHPRb) (I?{Y“PLVJ')
operator structure highly
Hy constrained by Left-handed neutrino
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Minimal Flavour Violation

» Flavour symmetry without Yukawa

Gor = SU(3), ® SU(3)s ® SU(3)q

» Flavour symmetry breaking only from SM Yukawa
—Ly =qY;Hd+ GY,Hu + h.c.

» Flavour symmetry recovering: Yukawa coupling = spurion field

Y, ~ (3,3,1) Yy~ (3,1,3)

» EFT with MFV: operators, constructed from SM and Yukawa spurion fields, are invariant under CP and G

f(A, B) for G7"Cq. f(A,B) = ¢yl + €A + €,B + e3A% + ¢,B° + ¢sAB + . ..

CM™ = ¢ f(A,B)Y, for gCd, Go™Cd, A=YY;
eol + YdTg(A, B)Y; for dy*Cd, B — YdY;
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Minimal Flavour Violation

» Spurion function

f(A,B)=¢yl + €, A+ 6B+ ;A +¢,B*+eAB+ ... ...

» Cayley-Hamilton identity for 3 X 3 invertible matrix X

1
X% =DetX -1+ 5[Tr)(Q — (TrX)?]- X + TrX - X?

» Spurion function after resummation

f(A, B) — 60]].—|-€1A + €3A2 + €5AB -+ €7ABA -+ 610A82 -+ 612A2 82 -+ 614BZAB -+ €15ABZA2
-I-EQB + 6482 + EGBA -+ GQBAB -+ €8BA2 -+ 61382A2 -+ 611A8A2 -+ 61682A2B.

» assumption #1: neglect tiny imaginary parts of ¢;

» assumption #2: neglect spurion B (suppressed by @(/15))

f(A, B) ~ 60]1 + 61A + €2A2



Minimal Flavour Violation

» MFV coupling FCNC controlled by CKM

ol + €4, for d,y"Cd,

CM™Y = J epdy+ €A 4, for d;Cdy, d;o*Cdy A, =V22V
€ol for dpy*Cd, No Right-handed down-type FCNC !
» Numerics
0.8 -3.3—1.51 79.3+ 35.41
A, = | —3.3+ 1.5 16.6 —397.5+8.1i | x107*
79.3 — 35.4i —397.5 —8.17  9839.0
0.0021 —0.18 — 0.08; 191.3 + 85.44
Ay g = | —0.009 + 0.0043 0.88 —958.7+19.6i | x 107°
0.21 —0.10; —21.1—-0.47  23728.1
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b — svv: SMEFT with MFV

» Prediction

s + +,5)) + + 17 1 ST _
Zggo —_:I];*OZZ; B 2220 —_:][((*OZZ;SM = 0.46 + 0.07 ng?z = (H'i D ,H) (3:7"q)
) SM SMEFT ng _ (HTi%)fLH) (qufvuqr
B(BtY — K*tvv)| B(BT™ — K vi)sm = .
— — 2 A 1" J.0. = HT -D -H d “dr ’
kB(BJr — 7T+VD)J B(Bt — ntvv)gu A6 S ( e )( o )
- e Qi = (L,7"1,) (dsy,d:),
» prediction a = (b))
Ql(;) — (lpfyul'r) (QS’YMQt) )
B(B® - K ub)gy = (9.00 £ 0.87) x 1076 01 = (L 1'1,) (37" v,e)
0 0 _ 17 —6
BB — K 'ub)ypy = (50777) X 10 Hiw
BB = K vb)e,, < 18 x 107°
LEET OL"j ] = (7. PLb) (7" Prv;)
BB+ — ntuid)gy = (1.40 £0.18) X 107 Or "’ = (57uPrb) (7" Prv;)
BB - rtvD)ypy = (7.8158) x 1077 u,
BBt = wt1D) gy, < 140 X 107

induce §bZ interaction,
Thus, universally affect

b—sete ,utu,t%c”

forbidden by MFV

one LEFT operator!
just the SM operator
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b — svv: SMEFT with MFV

» Prediction

B(B* — K+up)| B(B* — K*vb)sy 461 007
B(B° - K*up)| B(B°— K*vi)gmy
B(BT — K*vv)| B(B"™ — K vi)sm 507 4 E 6
B(B+ — ntvv) | B(BT — ntvd)sm

» prediction

~

(Belle Il excess (if confirmed in the future) implies:
- impossible to explain in SMEFT with MFV

- NP flavour structure is highly non-trivial

- NP structure in quark sector is beyond MFV
U flavour violation is beyond Yukawa coupling Y

BB — K i) = (9.00 £ 0.87) x 107°
BB" - K vi)ypy = (507]) x 107°
BB - Kvi),, < 18x107°

exp

} Inconsistent =i

+ + — —7
BB™ — nvb)gy = (1.40 £0.18) X 10 This conclusion only assumes the quark MFV.

BB - rtvD)ypy = (7.8158) x 1077 No lepton flavour structure is assumed.

BBt - ztvp)... < 140 x 1077

exp



b — svv: SMEFT

SMEFT

HEW

LEFT

OZiVj — (E’YMPLb) (Iji’YMPLI/j)
Og” = (57.Prb) (77" PLv;)

operator structure highly

constrained by Left-handed neutrino

Bause, Gisbert, Hiller, 2309.00075

||||||||||||||||||||

LU region
EFT region

B (B+ — K+z/z7)
SM

Bellell I

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

- B(BY = Ktww) = AKX zT

/ /
zE=)|Cy £C 7,
v,V

Bause, Gisbert, Hiller, 2309.00075

Allwicher, Becirevic, Piazza, Rosauro-Alcaraz, Sumensari, 2309.02246

Chen, Wen, Xu, 2401.11552
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b — svv: SMEFT

SMEFT

HEW

LEFT

QW) — (HY'D ,H) (4,7"a,)
Qfy) = (H' DLH) (g7'7"a,),
Oya = (H''D ,H)(dn"d,),
Qua = (l_pfyul'r) (Js/y,udt)a

Ql(;) — (l_pfyul'r) (q_S/Y,U/qt) ;

01 = (L' 771L) (G Yuas)

operator structure highly
constrained by Left-handed neutrino

Observable SM Exp Unit
B(B* - Ktvp) | 416+057 | 234515 106
B(B° — K%w) | 3.85=+0.52 < 26 106
" B(Bt — K*tvw) | 9.70 +0.94 < 61 106
_)
S B(B® — K*up) | 9.00 + 0.87 < 18 106
B(B, — ¢v) | 9.9340.72 < 5400 106
B(Bs — vv) ~ 0 < 5.9 10~4
B(Bt — ntvp) | 1.40 £0.18 < 140 107
B(BY — nvw) | 6.52+£0.85 < 900 10~8
b—d B(Bt — ptvw) | 4.06 +£0.79 < 300 107
B(B° — pv) | 1.89 +0.36 < 400 107
B(B° — vD) ~ <14 10—
¢« > d B(K+ — ntvp) | 8.42+0.61 | 10.673%4+0.9 | 107!
B(K; — nvp) | 3.41 +0.45 < 300 10~
-

_

Why such a large NP effect has not shown up
in other b — s decays ?
inb — d,s — ddecays ? NP flavour structure

_
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b — svvandb — st

B.F.Hou, X.Q.Li, M.Shen, Y.D.Yang, XBY, 2402.19208

» Prediction
B(BtT — KTvp)
B(BY — K*0up)

» prediction
BB - K i) = (9.00 +0.87) x 107°

BBY - K WD)y ppr = (SOf}g) x 1076 ‘:> |
. conflict
BB > K %), < 18%x107°

exp

Bt s K+ui
_B(B™ = K™vl)sm _ 46+ 0.07
B(BY - K*0vp)gum

» Only @g’) is relevant with R

» O, can explain the B* — Kvv data

jiand Oy ;

» They can’t improve the b — s fit
» 0y, and Oy, worsen the fit.
» 0y ;: and Oy,
.0,

» O, also induce O,

weird

4 With 7 = j = 7 has no effect.

and Oy ;; with i # j (i.e. LFV) has no effect.

4

]

SMEFT

Hp

induce §bZ interaction,
Thus, universally affect

b—sete ,utu,t%c”

one LEFT operator!
just the SM operator

0y ; = (by"Prs)(Z 7, )
O;0.;i = br*Pes)(Z 15t
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b — svv: exp picture

K+
™~
vV —o-I{ i Y(4S) @
_
7
A= _
Q) = (H'D H)(g0"q), SMEFT
A= _
Qppy = (H'i D L H) (37" 7"ar),
Qna = (H''D ,H)(d,y"d,),
Qg = (l_p'yﬂlr) (Js’)’udt%
Ql(;) — (l_p’YHZT) ((js’}/uq?t)
02 = (L r'1,) (37" v,:)
HEwW
LEFT
O = (s%PLb) (I/Z’Y'UPLI/J)
O’ = (57uPrb) (77" Prv;)
Hp

K +\
-0 @ «
o

Dark SMEFT
example
Qg2 = (_pd'rH) ¢’
Quy = (dpvudr) (X7"X)
Qaxz = (_pdrH)XuXu
Qoo = (FpYugr)0"a
Dark LEFT
Oug> = (drpdpr)d’
VLR = (drpvudir) (Xa¥"X0)
OdXX = (depyudir) X" X,
O = (de%dLr)(?“a
example

2011 Kamenik, Smith

2014 Duch, Grzadkowski, Wudka

2017 Brod, Gootjes-Dreesbach, Tammaro, Zupan

2021 Criado, Djouadi, Perez-Victoria, Santiago

2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
2023 Song, Sun, Yu (basis@dim-8)

Axion-like particle, see also H.Y.Cheng, Phys.Rept 1988

2020 Bauer, Neubert, Renner, Schnubel, Thamm
2023 Song, Sun, Yu (basis@dim-8)

2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
2022 He, Ma, Valencia (basis@dim-6)
2023 Liang, Liao, Ma, Wang (basis@dim-8)
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Dark SMEFT with MFV

» MFV coupling b — s,b — d,s — d are connected with each other.

ephg + 1A Ng  for Q; = Qup, Quw2, Qarrx, Qarrxz, Qax2,
MFV - - 1,3
C;m " =4 el+ A, for Q; = Qygs Loy Laxxs Loz xr CDgx2, Lox; Qg—[q))(" Qqas

ey 1 for Q; = Qsd, Day; Lixx, Lz x> Lpaxz, Lix, Lrdx, Lda; 8 operators are eliminated
» Numerics
0.8 —3.3—1.5t 79.3+ 35.47
A, = | —3.3+ 1.5 16.6 —397.54+8.13 | x 107*
79.3 — 35.47 —397.5 — 8.14 9839.0
0.0021 —0.18 — 0.082 191.3 + &85.41
As g = | —0.009 + 0.0047 0.88 —958.7+19.67 | x107°

0.21 —0.102 —21.1 — 0.44 23728.1
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Dark SMEFT with MFV: Scalar
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Dark SMEFT with MFV: Fermion, ALP

Fermion Axion-like Particle
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Dark SMEFT with MFV: Vector
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Backup

Qd¢ — (qurH)¢ + h.C., Qd¢2 = (qu H) ¢2 + h. C.,
_ I =
Qsq = (Gp1uar) (110" ¢2), Qpa = (dpyudy) (i1 0" q/)g) (4.2)
qu — ((jp')/uqr) ()—(’Y'UX)a de — (JPVMdT) (X’YNX)’ (43)
Qinx = (Qpauvdr)HXlw T h°C°7 (44)
)
_ -~ (mx/ A)2 for Q; = QdX27 QDdX27 QDqX27 QdHX27
= H — (HT H Ci=0C;- 4
Qux = (dpyudr) X", Qi;iX (H'H) (dpy"dy) X, (mx/A)  for Q; = others.
Qux = (QP'YMQT)Xuv QHqX = (HTH) (QP’YMQT)XW
Qux> = (Gpdr H) X, X" + h.c., 0% x = (H'7' H) (7' v",) X,.,
QqXX — (_p’Y,LLQT)XMVXua QdXX — (—p’)/,ud'r)Xw/Xw
QqXX — (_p'Yuq'r) XXy, Qixx = (dp’Yud"‘)X Xy,
Opex2 = i(q*D"q) X, X, + hec.,  Qpax2 =i(dyy*D"d,) X, X, + h.c,
QdHXZ ( JNVd H)X'MXV—I—hC (4 5)
Q (qp’y,,,qr)a“ Qio = (Jp’yudr)a“a, (4.7)
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Backup

One can also apply the MFV hypothesis to the lepton sector. However, since the
mechanism of neutrino mass generation is still unknown, there are different ap-
proaches to formulate the leptonic MFV [73-79]. Here, we consider the realization
of leptonic MFV within the so-called minimal field content (73, 74|, in which the
neutrino masses are generated by the Weinberg operator. In this case, the Yukawa
interactions in the lepton sector can be written as

1
2A1N

where [ denotes the left-handed lepton doublet with the charge conjugated field given
by ¢ = —i7v,l*, and e is the right-handed charged lepton singlet. Ajx denotes the
breaking scale of the lepton number symmetry U(1)n. Ye and Y, stand for the
3 X 3 Yukawa coupling matrices in flavour space. In the absence of these Yukawa

~AL=eY.H'l+ (I°r2H)Y, (H"5l) + h.c,, (2.18)

couplings, the lepton sector respects the flavour symmetry

Grr = SU(3), ® SU(3).. (2.19)

finite polynomial of A, and B,. After neglecting all the terms involving Bé, which are
suppressed by the small lepton Yukawa couplings Y,, we obtain

CMFv =~ Ko + K1As + K)zAg, (2.21)

where the coefficients kg 12 are free real parameters. In the numerical analysis, we
keep only the leading lepton flavour violation term A, for simplicity, i.e., ko = 0.
Turning to the lepton mass eigenbasis, the current [4*Cl gives in the MFV hypothesis
the following interactions:

éL’)’M(I{()]]. + K,()Ag)eL + 17L’)’“(K,0]l + Iioj\lzj)VL, (222)

where the basic LFV coupling A; can be obtained from A, and takes the form

A, = UNUT, (2.23)
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RECONSTRUCTION AND SELECTION

e Charged particles: pr> 100 MeV/c, close to collision point, in the central part of the detector

e Neutral particles: E > 100 MgV, in the central part of the detector

e Signal kaon candidates reconstructed applying kaon-enriching selection
Inclusive-tag Hadronic-tag

e Y@« et [ e S YES) « et )

/ O\ SN
b S1g B S1g Btag
Rest-of-event / ROEn
K+ (ROE) K Remaining
Remaining charged and
/ charged and / neutral particles
K neutral particles
In following, o/ Inclusive tag ) a Hadronic tag )
B,,, — anything B, — hadrons,e.g B — D%nzx
e=0(100%) e = 0(2%)
_V'\ /v VV\ P
U< Bt <« Y(4S) — B~ — D+ Bt < Y@4S) — B~
+/ \:‘,.’.::;‘_" £ Sap™)
k K j \ Kt )




Particle BESIII STCF (1 ab™!) Belle II (50 ab~! on Y(4S)) LHCb (300 fb~!) CEPC (TDR)

B% BO - - 5.4 x 1010 3 x 1013 4.8 x 1011
B* - - 5.7 x 1010 3 x 10%3 4.8 x 101
BY, BY - - 6.0 x 103 (5 ab=! on Y (59)) 1 x 10%3 1.2 x 10!
B* - - - 1 x 10! 7.2 x 108

AY, AY - - - 2 x 1013 1 x 1011




