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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,; 5



Current Status of Flavour Measurements

Highlights of Recent
LHCDb Results

Overview of the Belle Il experiment

Liang Sun

Wuhan University Eﬁ (_iiasen@seu.edu.cn)
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many measurements,

BESIII Experiment Overview Recent HF and CPV results most of them consistent with SM,
Pei-Rong Li (Z54538) from the CMS experiment
Lanzhou University few anomalies

On behalf of the BESIII Collaboration v’{ % }; é’

2025.10.25 @ Beijing Tsinghua University
Zhen Hu
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Low-energy Effective Field Theory

» LEFT/WET/Effective Hamiltonian SUQ3)-® U(1),,,

Y cp@
l l
l

» New Physics scale A > m, is assumed

|
d—4
>4 A

Lot = Zocp+0ED T
d

Almost all the flavour experimental measurements
(consistent with SM, or not) can be described by
these operators model-independently.

Buchalla, Buras, Lautenbacher, RMP 1996
Jenkins, Manohar, Stoffer, JHEP 2018
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* + —_— see also, Qiaoyi Wen, Fanrong Xu 2305.19038
é ” ” In L E FT Hurth, Mahmoudi, Monceaux, Neshatpour , 2508.09986
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Standard Model Effective Field Theory

» SMEFT

Buchmuller, Wyler NPB 1986
Grzadkowski, Iskrzynski, Misiak, Rosiek, JHEP 2010
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_ (d) ;p(d)
Low=Loy + z' v z:qgi O
d>4 l

» New Physics scale A > pgw is assumed

» At dim=6: 59 operators (without flavour)
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» Largely model-independent parameterization of NP




Standard Model Effective Field Theory

General Feature

» NP effects in neutral and charged currents could be correlated
» NP effects in different scales (e.qg., flavour and collider) could be correlated

Q(l) — ([37,/413) (gs}, %) CERN-ESU-2025-001 (Input for ESPP 2026)
U
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Standard Model Effective Field Theory
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Flavour anomalies: New Physics interpretation

INP

Status of Flavour Anomaly

el SMEFT: SM Effective Field Theory

— _ ZLsmrrr = Lsu+C O
B(B" = i) - —— _ _ SUB)-® SU2); @ U1y
‘ —— 0V = (L,y,L)Q"Q)

Oe(cli) — (épyluer)(czs}/’udt)

~) [1.1,6.0]
7) [1.1,6.0
B(BY — ¢utp™) [1.0,6.0]
) [1.1,6.0]

Ry [1.1,6.0
Ryc+ [0.045,6.0]
Ricrn [1.1,7.0]
R,k [0.1,6.0

L e 4 LEFT: Low Energy Effective Field Theory

- H e = OGO SUG) ® Ull)e |
- —e— Oy = (EV”PLS)(LZ}’MK) O = (];}’”PLS)(LZ?’M%K)

3 — Hp OyyL = (CY*Pb)(@y"Prv) 0O, = (CLbr)(lrV<L)
6 -5-4-3-2-10 1 2 3 4 5 6 Ovri = (E}/ﬂPRb)(%}/ﬂPLD) OSL _ (ERbL)(ZRVTL)

Pull in o

patrick.koppenburg@cern.ch 2025-10-20
— v -
O7 = (CRO""DbL)(lROPV VL)
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Flavour anomalies: New Physics interpretation v caoen s

» b — sCT¢ anomalies finp

X.Q.Li, Y.D.Yang, XBY, et al, 2112.14215, 2205.02205, 2307.05290

Q L ©w M
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SMEFT: SM Effective Field Theory
Lsmerr = Lsu+C 0N

_ SUB)-QSU2); @ U(1
') = Ly, L)Qr"Q) Bl B > v

(1) _
0" = (@,7,e)(dy"d)

LEFT: Low Energy Effective Field Theory

o = (CM+COMLCYON SUB)e @ U1y

= (EVﬂPLS)(LZ}’MLﬂ) O = (BV”PLS)(ZVMVSK)
Hp Oyyr, = (Cr*PD)Ty*Prv) Os, = (CLbr)(CRV1L)
OVRL — (E}/ﬂPRb)(%}/ﬂPLU) OS/_ — (aRbL)(ZRVT[_)

OT — (ERGuva)(ERGUVVTL)
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Standard Model Effective Field Theory

» SMEFT

Buchmuller, Wyler NPB 1986
Grzadkowski, Iskrzynski, Misiak, Rosiek, JHEP 2010

1
_ (d) ;p(d)
L= Loy + z' v z:%l. O
d>4 l

» New Physics scale A > pgw is assumed

> At dim=6: 59 — 2499 operator after considering flavour
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» Largely model-independent parameterization of NP
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Standard Model Effective Field Theory

SMEFT global fit of EW, Drell-Yan, Higgs, top, and flavour observables

de Blas, Goncalves, Miralles, Reina, Silvestrini, Valli, 2507.06191

noH
nol

noEW

Full noRGE

noDY

Full 10 TeV
Full 3 TeV

S
10t gqf’¢ operator -

(ASL) 1AdH %56 & [D]|/N/V

N

&
&m
gqg operator

o\l — o —
- - - |
— — — -)

—

(ASL) 1dH %56 1 |D]/M/ Vv

S
UP basis

» Flavour structures U(2)> and U(3)° are assumed.

qqqq operator

[N ! ! L.
N — () —
o -) - _
— — — -

—

(ASL) 1adH %56 e [D|/N/V
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NP Flavour Puzzle

Higgs hierarchy problem — NP scale A should be few TeV NP Flavour

UV theory is natural — Cij = 0(1) Puzzle

10°F E“f?&?aﬂfgﬁrafeg
Bounds on the scale A from various processes,
105 by assuming unit couplings for Wilson coefficients
=
< Cj _ 1
1000} A2 A2

10
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NP Flavour Puzzle

Higgs hierarchy problem — NP scale A should be few TeV NP Flavour

UV theory is natural = (;; = O(1) Puzzle

Solution 1: C;; = O(1), but NP scale is very high.
@induce large fine-tunning in Higgs mass
@How to understand the hierarchy of the SM fermion masses.

Solution 2: NP@TeV, but flavour structure is highly non-trivial
example: NP mainly couples to 3rd generation
@Higgs is still natural

< NP could be found at the LHC, possibly answer the SM fermion mass hierarchy

17



A Possible UV Picture from EFT Analysis

Energy

> 100 TeV

Few TeV

EW scale

A possible multi-scale UV completion of the SM

NP that “badly violates” flavor ey

NP with small couplings to —
the light families

Low-energy imprint of flavour non-
universality in the Yukawa couplings

r

L

-
Non-universality among

15t & 2"d generations

Y ~

k"stabilization” of the Higgs sector

( )

NP coupled mainly to the 37 generation

.

o

sssssssssesssssnnnnnnnnnfuannnnnnnnnnnnsn
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Flavour Deconstruction

Energy

Gauge Model of Generation Nonuniversality

Xiao-yuan Li®®) and Ernest Ma
Gl X G2 X G3 each generation charg ed Department of Physics and Astvonomy, University of Hawaii at Manoa, Honolulu, Hawaii 96822

(Received 13 October 1981)

= An electroweak gauge model is discussed, where generations are associated with
under different copy of G

separate gauge groups with different couplings. The observed u-e universality is the re-
sult of a mass-scale inequality, v ;<<v,, in much the same way as strong isospin is
the result of m, ,m;<<1 GeV. However, in contrast to the standard model, it is now

possible to have (1) a longer 7 lifetime, (2) an observable B"-B? mixing, and (3) many
gauge bosons W;,Z; in place of W,Z with My. > My, and Mz .>M,.
symmetry ‘ '
2100 TeV l breaking Arkani-Hamed, Cohen, Georgi, hep-th/0104005
Craig, Green, Katz, 1103.3708
G1+2 X G3 1&2 generation charged Covone, Davighi, Isidori, Pesut/2407.10950
O O ) underthe same subgroup Fuentes-Martin, Lizana/2402.09507
symmetry Davighi, Gosnay, Miller, Renner/2312.13346
2 TeV breaking Barbieri, Isidori/2312.14004
G cG all generations charged Isidorl/2308.11612
@ @ @ Davighi, Stefanek/2305.16280
Davighi, Isidori/2303.01520
Renner’s talk@EPS 2025 see also A2 H’s talk active research field

» Flavour non-universal interactions already at the TeV scale.
» NP flavour problem and Higgs hierarchy problem is connected.

19



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

20
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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

o)

Direct Detection (DD)

NA62/KOTO Belle Il

o

3
oY)
~N

¥

10—38
S Belle 1 N 1039 XENONl."l‘“”...
g (Migdal) )
b Belle Il/LHC | L g COMslitelg
example: 2 104 DarkSide
Bt - K+ DM + DM § 012
U C t K+—>7Z'++DM+DM %10_43
D' - z°+ DM + DM O
\_ ) O 1044
U BES/STCF | | LHC/CEPC =
g 10-45
C BES/STCF | | LHC/CEPC = 1046
g o || Neutrino fog
t LHC/CEPC a
1048 N
T
10~% i
DD:DireCt DeteCtiOn 10—50 N Rl O L1l Ll Lt L1 L1l
10~ 10V 101 102 10° 10¢
C) means related to the DM relic density DM mass [GeV/c?] O’Hare, 2024

Light DM
22



Experimental Search

Observable SM Exp Unit
B(B* - Ktvp) | 416+057| 23+5% | 10°°
B(B® — K%5) | 3.85+0.52 < 26 106
b—s BBT— K*v)|9.70+0.94 < 61 10~
B(B® — K*Oui7) | 9.00 £ 0.87 < 18 106
B(B, — ¢v) | 9.93+0.72 | < 5400 106
B(B, — vi) ~ 0 <5.9 107*  Belle I
B(B* - ntup) |140+018| <140 | 107 CEPC
B(B® — n%vi) | 6.52+0.85 < 900 10-8
b—d B+ ptup) 4064079 <300 | 107
B(B® — p%vi7) | 1.89 4 0.36 < 400 107
B(B® — vD) ~ 0 <14 10
B(KT — ntvp) | 8424061 |10.6739+09 | 1071 NA62
s—d B(Kp — m°vp) | 3.4140.45 < 300 10~  KOTO
c—o>u Dt—at+iny, D’ - o' +iny, ... ... IZE?:III:I

K +\
-0 @ «
©

e+ 4Gev36A] %
;\ = € ¥ Belell
— ' M~ New IR
/ e- 7 GeV 2.6 A § '
Vs o N

7 rermene SUPSIKEKB  © N

¥ _&belows ,
- St Y ey
i Add / modify RF systems

for higher beam current
Low emittance positrons

to inject

\

.

Positron source

-+

Damping ring

e ——— New positron target /

” R
3 capture section
| ’ /

Low emittance gun

Low emittance electrons
to inject
23



Experimental Search

b —s

b—d

Observable SM Exp Unit
B(B* - Ktvp) | 416+057| 23+5% | 10°°
B(B° — K%p) | 3.85+0.52 < 26 106
B(Bt — K*tvw) | 9.70 +0.94 < 61 106
B(B® — K*%vi) | 9.00 £ 0.87 < 18 106
B(B, — ¢v) | 9.9340.72 < 5400 106
B(B, — vv) ~ 0 <5.9 107*  Belle I
B(B* - ntup) |140+018| <140 | 107 CEPC
B(B° — 7vp) | 6.52+0.85 < 900 10~°
B(Bt — ptvp) | 4.06 +0.79 < 300 107
B(B° — pv) | 1.89+0.36 < 400 107
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)



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

2 EPC Tera-Z  © 194
1 BES/STCF | | LHC/CEPC o (@g,% e ez S0
§ 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 )
P
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
25



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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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)

= (q oMa
Qq“ qpfy“q"“) 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
Odcbz — (dedR'r)¢ 2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
OV L _ CZL 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’

Lp’YudLr) 0"a see also fEF Z’s talk
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 26




Hl — H2 + DM theoretical

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

A=n+¢p, Xt = p+¢p, B0 = A+ ¢,
=" = X Q7 = X7 + gy

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

B.F. Hou, X.Q.Li, M.Shen, Y.D.Yang, XBY, JHEP 2024

calculation and experimental searches

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(Bt — K*tvp)

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

/"longitudinal polarization™

B(B® — K*%p) \_ T D — 8
B(Bs — ¢vv) S L e D° — 758/
DY — 79ss’
B(BT — ntvw) D+ _ o +as
B(B° — 7vp) D s K-+s§
B(B+ —> p+1/17) DO _ pOSgl
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(B, — vp) 0 s0as
BB = vi) =0 s 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

27



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, (

28



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 ]

10

10

10

10

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

LA L L L L L L L L O L L L L L L L B 1.0 Frr [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
. — Qg — Qumux> - B — Qg —— Opex?
- - Qg — Qu T 0.9 F Qg Qix? | -
CI\Il_l 1()_4 _ __ — Qi — Qunx A - — Qi — Qanx* -
C% : QQXX Qqa : % : QqXX :
N - — Qo —— SM - O 07k -
'_g' i Qax? . Py E E
~ z _ -
— 5L _ 0.6 —
2 10 - . - Q - /\ ]
AP — 1t F :
+ - - S 05F .
Lo LT ol :
T - 0.4 -
= 10°F - R -
n 1 /7 9 axl ]
Q| 1 (= ¢ :
© / _ - i .
0.2 - -
mpmyv — 1500 MeV B mpmy — 1500 MeV i
10_7 N N N N N NN TN N T N TN N TN N T TN T M N N N A TN T A I N N I 0.1 N T TS AR N S N e

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

q¢° [GeV?] q¢° [GeV?]

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 31




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
DM DM\ ,
— __/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)

32



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,)¢> - -

. ;;2 O™ =(dyyuPrdy) (X7*X) O =(dyvuPrdy) (XY*X) -+ -+

| Ojixx =(dyy* Prdy) X, X” o -

Odxx =(dp" Prd;) X, X"

33



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
DM 4) 4| OB O'6 (7)
1
Q SO G S
Oge =G G xx O™ =P )(R0"X)
d
Oyx :GZVGW’GXPXP OﬁXX :(JpVMP LAy ) Xy X7 e e
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Hadron decay vs Direct detection

- I 1 1 1 1 I 1 1 1 B—I— _) K—I—qbqb 1013 j— 1 1 1 1 I 1 1 L NI 1 1 —
10% TR I Quxz =(qpur H) X, X"
- | ] — Bt & K*t¢d
_ 1  --- BO _ K*o¢¢ |
! 1 — B. = ¢.0¢ |
J ; Bt — nte¢e 11 L |
103 E ) - BY = n%¢¢ 10
= - / . BT — pt o
~ B - ////I E B — p0¢d ~
\g I \‘ — / ] Kt & nt¢o :><:
JRe )~ - K; — 70%¢pd¢ S /
O 10%F - E B, = ¢ ND ;
E _______ N . BY — ¢¢
———————T 1 —— DarkSide
T |l — crEssT
101 i _ PP — vy
i Q42 = (quH)$? + h.c. ]
100 I I I I | I I I I |
0 1 2
me |GeV
C, C 2
P> ux2 My



Dark SMEFT

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
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Outline

Conventional EFT

EFT Perspective

EFT with New d.o.f

Beyond EFT

Al Perspective
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Seto, Shimomura, Yoshida, 2504.15896

B eyo n d E FT / S i m p I if i e d M O d e I Duerr, Ferber, Garcia-Cely, Hearty, Schmidt-Hoberg, 2012.08595

Izaguirre, Krnjaic, Shuve, 1508.03050

» Light new particle could mediate the interactions between SM particles.
» Light new particle could also mediate the interactions between SM particles and dark matter.
> Light mediator is naturally consistent with light dark matter. Br (B~ - Kk~ (X — ¢7¢7)) =Br(B~ = K~ X)Br(X — £+£7),

Br (K~ — 7 (X — vp)) =Br(K~ — 7 X)Br(X — vp),
light dark higgs X X

C:EI \ g i v

\ \ \ o Ny
2 2 N2
= < 1 \ S

| 663

1073 b H

1

1074

Il”
I

 J—" B

10_55—

: ) L RN - SR E = -
6 b I \AATHUSLA £ | i inelastic dark matter e
10 : L' i:\ T ;‘f‘i"/ - \ > /
L ' .

|J| J [

N "l’ I ]

4 I : 3 /
E =103 ap=0.1 ._”;' 2 ]

© ! ]
[ ma=4m,,=10 GeV n e | ] X2 >
E | | | | | | | | I | !I | | | | | | | n n
107" 10° 10!
my (GeV)
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Outline

Conventional EFT

EFT Perspective

EFT with New d.o.f

Beyond EFT

Al Perspective
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hard

€eas

Searches for NP in Flavour Measurements: Al Perspective

general workflow collider search flavour search

UV Lagrangian UV Lagrangian UV Lagrangian

MatchETE
l MadGraphl factorization/PDF MatchMakererTl mMatching/RGE

— —

MadGraphl Dsixtools l matching/RGE

_ _ factorization
Pythia l Flavio/EOS l®hadron parameter

likelihood amplitude

T Delphes l Flavio/EOS

(D Al generates NP models likelihood likelihood

(2 agentic workflow T

@) automatic flavour obs calculation @

40



exp measurement more precise data needed ! NP model

7 7 68% CL tontours

Moriond 2024

LHCb®
1lelT

Belle®

question

4 HFLAV SM Prediction R(D)=0.342 =0.026,,,
R(D) =0.298 +0.004 R(D*)=0.287 =0.012_,

R(D¥) = 0254 +0.005

SM flavour puzzle

—_—

inverse problem
(e.g., Fermi theory to SM)

NP flavour puzzie

EW hierarchy problem
7 : RGE
i ] |
5 (well understood !) Dark matter

—3— LHCb 9fb™"
© LHCb 3fb™!
- SM (LCSR+Lattice)

| | SM (LCSR)
SM (Lattice)

L I L 1 L
15
Phys. Rev. Lett. 127 (2021) 15 q2 [GCVz/ C4]

Matter-antimatter asymmetry

meememn il |EFT/WET

LHCb Run 1 + 2016 - : e
[sM fom DHMV QCD corrections CKM unitary violation

form factor/LCDA
non-local matrix element

—+

e agentic workflow

Phys. Rev. Lett. 125 (2020) 1 ¢? [GeV?% ¢4

41




Thank You !






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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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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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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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 )




LHCb-PAPER-2025-041 (in preparation)

e New study of the FCNC decay B° — K**u* 1~ with the LHCb Run 1 and Run 2
data sets

e Several innovations and new approaches in this analysis

o j—? extracted with the angular observables

Full set of CP-asymmetries

First consideration of the effect of the muon mass on the angular distribution
New binning scheme for finer q2 determination of the observables

Full set of P- and S-wave interference observables presented for the first time

® Unprecedented precision

® The discrepancies with theory predictions remain and the significances have
increased
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