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Physics beyond the Standard Model

Problems of the SM — Physics beyond the SM

» Dark Matter (269%) 180
» Dark Energy (699%) |
» Matter-antimatter asymmetry
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» Anomalies in experimental data

Neutrino masses 163
Strong CP problem
Vacuum metastability
NP flavour puzzle
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Experimental Searches

Direct Searches
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Flavour Physics as a Probe of New Physics
> Flavour universal

flavour violated

_ _ 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 Bly
but, anomalies PEEYy



Current Flavour-Physics Measurements

many measurements

Flavour Transition type
Transition Y quarks u e T 1%
; b—sppl| | Rye/n)[x] | b—sTT[] .
34— 24 b—sy|x| | By <> B[] b cuv R, (e/)[o] | b—cTile b—svv|e]
; b—dppl+] | Ry(e/p)[+] | b—dTt|e .
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3 2 |[TouYl] | Topgqlt] | TopAR[] | T peel] T— UVV[ ]
€71, T—eY|?] | T—egqle] | Toefu|s] | T—eeel] T—>eVV|]
| = major progress @ HL-LHC, limited impact of e"e” colliders
o] = major progress @ HL-LHC & Belle II + significant further progress @ FCC-ee
»] = FCC-ee allows one order of magnitude precision improvement, or more, after HL-LHC & Belle 11
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Current Flavour-Physics Measurements

many measurements

Flavour Transition type
Transition 4
3.2 || b syl b— svv|[e] Br(B — Kuwp)
Br(B — K*up)
S PR Am. = 17.765 + 0.006 ps-! b—dvv|:]
relative uncertainty = 0.03%
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«| = major progress @ HL-LHC, limited impact of e'e” colliders
o] = major progress @ HL-LHC & Belle II + significant further progress @ FCC-ee
«] = FCC-ee allows one order of magnitude precision improvement, or more, after HL-LHC & Belle II
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Current Flavour-Physics Measurements
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Current Flavour-Physics Measurements

Status of Flavour Anomaly

B(BY - K utu~) [1.1,6.0
) [1.1,6.0

B(B? — ¢utp~) [1.0,6.0
)

1.1,6.0

Ry

patrick.koppenburg@cern.ch 2025-10-20

10.045, 6.0
1.1,7.0
0.1,6.0]
1.1,6.0

Muon g — 2 (WP) —
Muon g — 2 (BMW) —

)
)
)
R(D*)
)
)
)

i .

I D
—6—-5-4-3-2-120

I
1

Pull in o

DN —

I
4 5 6

few anomalies

see also Liang Sun’s talk

i Vo) 1 T T T | T T 1| T | B
LHCb 8.4 fb’ :
= I SM from ABCDMN:2024 i
UR] S Nl of 222 SM from EOS (GRVDV:2022)
. ! 4—6 GeV?/c* i
B l Preliminary-
—05 B @_I_I I | I —
i e HH i
i IR i
o 1 [ | | | | I 1 | | I | | | | | | | 1 H
0 5 10 15

g* [GeV?/c4]

Vo 0.4 I | | | I I 1 1 I 1 1 1
* -
A / 68% CL contours |
az B CKM2025 Belle® i
03 L \ Belle” < \ \\ 7 N
L \ LHCb" * \§
025 \\ /%HC\ ’ Cr I
C =
O F ey g Belle 7 e

2 R(D*) = 0.254 = 0.005 R(Dzk =0.358+0.024 |
LT A Qi ek poaza
- RO = 02582 + 0.0051 : P(x*) =27% -
0.2 0.3 0.4 0.5

z
>

10



Current Flavour-Physics Measurements

Status of Flavour Anomaly
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Low-energy Effective Field Theory

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

1
Lot = LQeD+QED + Y = Z(/’i(d) O

d>4 1

» New Physics scale A > m, is assumed

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

(LL)(LL) (LL)(RR) (LR)(LR) + h.c.
M (ZLpyy*ver) VLsYuVLt) M (TLpY*vir)(ERsYpueRe) O3.RE (éLperr)(€Lsert)
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OV:ER | (eppv'er,)(UrsYuUnre) O (drpy*dir)(drsYudre)
OVFR | (erpy*ers)(drsVudre) OYSER| (P TAdy, ) (drsy, T4 dRe) (LR)(RL) + h.c.
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Standard Model Effective Field Theory

» SMEFT Buchmuller, Wyler, NPB 1986

Grzadkowski, Iskrzynski, Misiak, Rosiek, JHEP 2010
Log =L Ly @@
eff = LSM T Ad—4 2 1

d>4 1

» New Physics scale A > pgw is assumed

» At dim=6: 59 operators (without flavour)

P R ERER RS . -[ 2F-Scalar J (’)(’)
: . 3 : ° ..o G : ~
(L4 Fermion J o Cw Oud of) o Ous 2 Oy €= Oy
Ol Ol Ouu Ouad Oge Oes O O0 CP
- O Oge Ocu 0 0®) : SR W 5 (O
O”OO% Ot Oecq : ( 9F-Vector ) ( 2F-Dipoles ) {%‘w (Bosonic}
; le OW M : L O O 2 Oen Oy
qu qd .. 0(1) (3) o L O g O . -
o®  »® (8) O®) b0 Ova 1 O.5 Ow O oW = W
lequ Clequ  “qu qd 1! o o % WA S Opwn CP O,y 5.
1 (8) . u d - : 3
Ot 0RO | O O 1 Om O Ol G 0

» Largely model-independent parameterization of NP
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Flavour anomalies: New Physics interpretation

Matching between LEFT and SMEFT

tree-level: 1709.04486, Jenkins, Manohar, Stoffer

matching

one-level: RMP 1996, Buchalla, Buras, Lautenbacher
1908.05295, Dekens, Stoffer

two-level: 2410.13304, Haisch, Schnell, [four fermion]
method: Feynman diagram(1, 2L), functional method(1L)

matching ¢ « « « HEw

RGE in LEFT

one-level: RMP 1996, Buchalla, Buras, Lautenbacher
1711.05270, Jenkins, Manohar, Stoffer

two-level: 2501.08384, Aebischer, Morell, Pesut, Virto, [four-fermion]
2505.03871, 2507.08926, Naterop, Stoffer, [full (without 2xdim-5 insertion) ]
all by Feynman diagram
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Flavour anomalies: New Physics interpretation

UV/IR dictionary
matching [\
tree-level: 1711.10391, de Blas, Criado, Perez-Victoria, Santiago
one-level: 2303.16965, Guedes, Olgoso, Santiago
2412.14253, Guedes, Olgoso [one-loop (without vector)]
RGE in SMEFT Matching e « o o 4o « o« Hew

one-level: 1308.2627,1310.4838, 1312.2014, Jenkins, Manohar, Trott

two-level: 2308.06315, 2310.19883, Jenkins, Manohar, Naterop, Pagés [scalar]
2410.07320, Born, Fuentes-Martin, Kvedaraite, Thomsen [boson]

2510.08682, Banik, Crivellin, Naterop, Stoffer [BNV]
2601.19974, (LHC EFT Working Group meeting 2025), Born, Fuentes-Martin, Thomsen [BNC]

method: Feynman diagram(1L), functional method(1, 2L)

14


https://indico.cern.ch/event/1543731/overview

EFT tech nology semi-automatic at one loop

diagrammatic method RGE, matching

2410.13304, Haisch and L. Schnell, two-loop LEFT-SMEFT matching, four fermion
2501.08384, Aebischer, Morell, Pesut, Virto, two-loop RGE in LEFT, four-fermion
2411.12798, Chala, Miras, Santiago, Vilches, on-shell matching

off-shell matching: 1LPI diagram —> Green’s basis =— physical basis (e.g., Warsaw’s basis) package: MatchMakerEFT
on-shell matching: all diagram (light-bridge diagram) = physical basis package: MOSCA

functional method RGE, matching (2-loop still a problem)

Aitchison, Fraser, PLB 1984 1412.1837, B. Henning, X. Lu, Murayama,
Fraser, ZPC 1985 1512.03003, Drozd, Ellis, Quevillon and T. You,
Aitchison, Fraser, PRD 1985 1602.00126, del Aguila, Kunszt, Santiago,
Cheyette, PRL 1985 2410.07320, Born, Fuentes-Martin, Kvedaraite, Thomsen, two-loop RGE in SMEFT, bosonic operator

L. H. Chan, PRL 1985 2412.12270, Fuentes-Martin, Moreno-Sanchez, Palavric, Thomsen, toward two-loop order
L. H. Chan, PRL 1986
Gaillard, NPB 1986 package: MatchETE

on-shell method RGE, matching, basis

2005.12917, Bern, Parra-Martinez, Sawyer, part of two-loop RGE in SMEFT
2005.00008, H.L. Li, Z. Ren, J. Shu, M.L. Xiao, J.H. Yu and Y.H. Zheng, SMEFT basis@dim-8

2308.00035, Angelis, Gauthier Durieux, loop-level matching from dispersion relation

2411.12798, Z.Y. Dong, C.H. Li, T. Ma, J.Shu, Z.Z. Zhou, one-loop matching 15
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Flavour anomalies: New Physics interpretation

Status of Flavour Anomaly HUnp

RGE, matching, UV/IR dictionary

) [1.1,6.0]
B(B" — Ktete ) [1.1,6.0]
~) [1.0,6.0]
) [1.1,6.0]

t

f SMEFT: SM Effective Field Theory \

Lsverr = Layv + C O

0 = Ly L)Qy"Q) 0 =@re)dy'd) .. ..

N Y

TRGE, matching

Ryo [1.1,6.0]
R+ [0.045, 6.0
Ricer [1.1,7.0
Ryx [0.1,6.0]

( LEFT: Low Energy Effective Field Theory \

et = (CPM + C))OPM + CFP O

I D D D D D R R
—-6-5-4-3-2-10 1 2 3 4 5 6

patrick.koppenburg@cern.ch 2025-10-20 Pull in o

N Oy = (by"PLs)(y,) Oy = (Er'"Ph)YEYPY) ... Xy




Ry anomalies: exp

~ 04 | . : i
é HEl AV 63% CT contours LFU Violation ratio | )Tv.s. e,
‘ BaBar B(B — D TV)
L.HCb B(B — D ZV)
2024
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p) 30-0'3 \ %(eﬁlg ( \ hadronic and exp uncertainties cancelled
\\ i tiny theoretical uncertainties
L LHCb’ /
0.25 \2023 ’
N /§024\\ B

4+ HFLAV SM Prediction Bellella\

R(D) = 0.296 + 0.004
0.2 R(D*) = 0.254 = 0.005 2025 R(D)=0.358=0.024 |

) = -+
4 L-QCD FLAG24 (Nf=2+1 for R(D¥)) R(D 0) 3—72 2810011
R(D) = 0.2938 = 0.0054 p=-0.
R(D*) =0.2582 + 0.0051 P(y?) =27% ,

250 R(D)
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Ry + anomalies: NP explanation

R(D¥)
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2405.06062, Iguro, Kitahara, Watanabe
1811.07920, Greljo, Camalich, Ruiz-A’lvarez
1810.04939, Q. Y. Hu, X. Q. Li, Y. D. Yang,

LEFT SMEFT
best fit
Oy, = (ev"Ppb)(lv,Prv)  Cy, = +0.08 Pull = 4.8 QY = (v, ') (@' q)
Ov,, = (cy"Pgrb)(ly,Prv) Oy, = +0.01 £0.41i Pull = 4.4 Qledq = (I;e)(dg;)
" Og, = (@PLb)(IPy) % Cs, = 07920860 pul—43 Qb = le)ey (@u)
Os,, = (¢Prb)({PL)  Csp = +0.18 Pal=39 QP = (Loue)es (@™ )
Op = (¢o" Prb)(louw PLv)! Cp = +0.02 +0.13i Pull = 3.8

highly constrained by B, lifetime  B(B. — v) < 60% assumed

Model

Spin  Charge Operators Rp Rp- LHC Flavor

H* 0 (1,2,1) Os, v Vv brv B, — Ty, FP" PP" My

S 0 (3,1, Oy,,0s,0r Vv T AM,, PP, B —» K™y

R 0 (3,2,76) Osg,,Or, (Ov,) v V  brv,rr PP My, Z — 77, dy

U, 1 (3,1,2/3) Oy, , Os,, v.. V' brv,mt AM,, Ry, Bs = 7T, dy

vi® 1 (3,2,506) Os,, vV 20 TT Bs — 71, By — v, My
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2405.06062, Iguro, Kitahara, Watanabe

Rp+ anomalies: NP explanation e o o e
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Ry anomalies: exp

BaBar, had. tag
0.440 = 0.058 = 0.042

Belle”, had. tag
0.375+0.064 + 0.026

Belle®, sl. tag
0.307 £ 0.037+0.016

LHCb"
0.441 = 0.060 = 0.066

LHCb®

0.249 = 0.043 = 0.047

Belle I1°, sl. ta
0418+ 0.074 =+ 0.051

Belle II°, had. tag
0.439 + 0.055 £ 0.046

Average
0.358 = 0.024

SM Average
0.296 = 0.004

PRD 94 (2016) 094008
0.299 + 0.003

EPJC 80 (2020) 2, 74
0.298 + 0.003

PRD 105 (2022) 034503
0.296 = 0.008

PRD 106 (2022) 096015
0.288 + 0.004

JHEP 01 (2024) 022
0.304 = 0.003

0.294 = 0.005

FLAG24 arXiv:2411.04268

CKM 2025

0.2

04
R(D)

recent progresses on form factors

Jing Gao, Tobias Huber, Yao Ji, Chao Wang, Yu-Ming Wang, Yan-Bing Wei, 2112.12674
Bo-Yan Cui, Yong-Kang Huang, Yu-Ming Wang, Xue-Chen Zhao, 2301.12391
Shuang-Yi Li, Jie Xu, Rui-Xiang Shi, Li-Sheng Geng, Yi Zhang, 2412.05989

BaBar, had. tag .
0332+ 0.024 +0.018 AR =
Belle”, had. tag : AR R
0.293 + 0.038 + 0.015 T 5 ®
Belle®, (hadronic tau) : :
0.270 £ 0.035 = 0.027 —0—
Belle®, sl.ta :
0.283¢0.01§¢o.014  ——
[LHCb® | :
0.281+0.018 = 0.024 | ¥
LHCb, (hadronic t : :
0267 = 0.012 =0 .l(gzoau) . B
[LLHCb® | |
0.402 = 0.081 + 0.085 ; ; e
Belle I1°, sl.tag : :
0.306 = 0.034 £0.018 5 : ¥
Belle I1%, had.ta : :
0242+ 0019+ 0016  =——d—T— .
Average :
0.281¢g0.011 .
SM Average : '
0.254 + 0.005 -8~ 2 3
EPJC 80 (2020) 2,74 I
0.247 = O.(()06 ) - J O
PRD 106 %2022) 096015 I
0.249 + 0.003 =
JHEP 01 (2024) 022 :
0.258 + 0.012 B
PRL 123 (2019)9,091801
0.253 = 0.005 :
PLB 795 (2019) 386 '
555 0 ¢ 1Y) -
EPJC 84 (2024) 400 5
0.262 = 0.009 —i—
' CKM 2025
I I | I IE | I I I | I
0.1 0.2 0.3 04
R(D%*)
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R+ anomalies: correlatio

sum rules for semi-leptonic decays

n

50 = 11+ CF, + CE [+ af¥|CF, + O, + o |OF |

+ap"Re [(1+ Gy +07) (O + C&)] +ap'Re [(1+ O + C;) CF]

=i = 11+ OV P + IV I° + 0 |C5; — CEI° + ay” |CF [

RAC Rp | Rp- | eliminate |1 + Cy, |?, Re[(1 + Cy, )C%, |
e = (0272 £ 0.015) gy + (0.728 F 0.015) Zogyy + O, By
Ac D D* R‘S/M

da. =(—0.001 £ 0.005) (|CE)? +|CE |?) + (—0.007 £ 0.005) Re (C§ C5T¥)
+ (—2.681 £6.907) |CF|? 4 (—0.561 & 1.439) Re (C§T CF™)
+Re [(1+CZ) {(0.041 £ 0.034)CT* + (0.594 + 1.274)C57* )]
+(—0.002 £ 0.009)Re [(1 + C ) CT* + CF Ce*] (

» based on LEFT, model-independent REMCP = 0.242 £ 0.076

+ay* FRe [(1+ CFT) CT] + ay°Re [(1+ CF — CF ) (C&™ — CT™)]

+ay*"Re [(1+ C¥) CF*] + ay*"Re [CT O]

zar = L+ CU P+ OV +ap (IO +ICG 1] +ay’ |CF)

SM
RH

+ag P Re[(1+CF) CF*] +ay Re[(1+ CF ) C¥* + CT CT™]

+ay™ Re

T
+at" Re

2 6 deviation

- 0.017

» for any tau—philic NP R/S\Ij — 0.372 -
R3M =0.324 -
other modes
R R Rp-
> o = 0.288 R—§4 +0.712 R?ljl\f Fox, RS =0.247£0.008
Ry  Rp- R?;I:p R7Y
> =~ — =1.2+0.7
RSY, — RY! RSY,  RD!
R R, B R,
> Rgid = (0.284 + 0.037) R | (0.716  0.037) RE’;A - dp

- 0.004

(1+CF;) C8; + CY.CE] + aif ™ Re [CF S]]

:(1 + C’{Z) C’%T*] + a/F" Re [C{J/;C’%T*] :

1811.09603, Blanke, Crivellin, de Boer, Kitahara, Moscati, Nierste, NiSandzic
1905.08253, Blanke, Crivellin, Kitahara, Moscati, Nierste, NiSandzi¢
2211.14172, Fedele, Blanke, Crivellin, Iguro, Kitahara, Nierste, Watanabe

R)B(iue H— 0.228 = 0.039 2410.21384, EZ3IE, Iguro, ZF 58, Watanabe, 151l &<

2501.09382, Endo, Iguro, Mishima, Watanabe, heavy quark symmetry
2506.16027, Endo, Iguro, Kretz, Mishima, Watanabe, angular observable
2508.06322, Endo, Iguro, Mishima, Watanabe,

2509.02006, Endo, Iguro, Mishima, Watanabe,

more precise measurements are needed !
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R+ anomalies: correlation

correlation withb — st77t

~ in SMEFT
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B — K*u*u~ in LEFT

o _ BB~ Kutu)
> b — sCTE 0 K™ BB — Keter)
) . .
» B — £t - Branching Ratio » RM ~ 1
9 : : :
»B— X/t~ < Angular Distribution » Hadronic uncertainties cancel
S O —2 i
» B — K¢t¢~ 8 " Lepton Flavour Universality (LFU) ratio > 6(107) QED correction
b e £l deviation from unity
»B — K*C7¢ function of (C7,, Cy, C) *
»B. — ¢ Physics beyond the SM
\)
» Ny > AT .
1 + — 9 713 . -2 2
angular distribution of  ECIGIVEIERETEYE _13(2f [42) .Fg)es'“ 9;; FL;OS 92k9 260
— +3(1 — I )sIin® 0 cos 20p — I~ cos“ U cos 20y
B — K*( — Kﬂ)/’t H —r§3 sin® 0, sin® 0, cos 2¢ + S, sin 260, sin 260, cos ¢
+ 55 sin 20 sin 0y cos ¢ + %AFB sin? 0 cos 6, 28,
+ 57 sin 20 sin By sin ¢ + Sg sin 20y sin 20, sin ¢ Py = 1 - Fr
—59 Sin2 Hk Sin2 Qg sin 2¢], 2 Arp
2= 31°R
_ 59
i
angular observables pr __ Sj=4578
i=4,5,6,8 F(l—F )
Fr, Ars, Si = (G, Gy, Cjp ), VFL(1 - Fp

combinations of K*° decay amplitudes
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LHCDb, 2512.18053
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B - K*utu~

» Effective Hamiltonian

In LEFT

global fit of branching ratios and angular observables in B — K¥u*pu~

4G

Heff —

fvtb e 2Z(JO

strongly constrained by b — sy

> Effective operator

Oy = (Sy*PD) iy, u)
SM operator

Ols =Sy Prb)eiy,ysp) - Ol = (S Ppb) iy, ysp)-
interference with SM

Ol = (57" Prb) iy, )

strongly constrained

by B(B, » u ™)

= (B s o
1 )sm = (3.66 £0.14) x 10~?
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Flavour anomalies: New Physics interpretation

models for b — sZT¢~ anomalies

X.Q.Li, Y.D.Yang, XBY, et al, 2112.14215, 2205.02205, 2307.05290
Cheng-Wei Chiang, Xiao-Gang He, Jusak Tandean, XBY, 1706.02696
C. S. Kim, XBY, Ya-Juan Zheng , 1602.08107

INP

HEW

Hp

SMEFT: SM Effective Field Theory
Lsmerr = Lsu+C 0N

0;) = Ly L)Qr"Q)

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

LEFT: Low Energy Effective Field Theory

SUB3)¢ ® SUR), ® U(l)y

T oir = (COM+CNOMHCNONT SUB) @ U)oy

= (by*Pys)(Z7,2)

Oy = (by"Ps)(Cy,150)
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X.Q.Li, Z.J.Xie, Y.D.Yang, XBY, NPB, 2024
= = - X.Q.Li, Z.J.Xie, Y.D.Yang, XBY, PLB, 2023
Top-philic New Physics " Fox,Low,Y. Zhang, JHER, 2018

Kamenik, Soreq, Zupan, PRD, 2018
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Belle 1, 2104.12624 (PRL)
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b — svv: exp & theory
» 2021 Apr

{f.liOA }rage
S 1

—
. Belle II (63 fb~!, Inclusive)

1.9M1%  This work

Belle 1, 2104.12624 (PRL)

|
|
| g Belle (711 fb—!, SL)

1.0£0.6 PRD96, 091101

° Belle (711 tb~!, Had)

3.0+£1.6 PRD87,111103

Babar (429 fb—!, Had+SL)

5 | l 0.8+£0.7 PRID87, 112005 l
0 2 4 6 3 10
10° x Br(B*—K T vi)
» 2023 Aug
g Lo ﬁ;{ﬁfage Ganiev@EPS-HEP, 23 Aug 2023/Belle I, 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

o BaBar (429 fb'!, hadronic)

1.5+ 1.3 PRDS87, 112005
| I I I | I I I | I I I |

0 2 4 6 8 10
10° x Br(BT™—K " vp)

Q

Q

» Expvs SM [1079]
BBT - KTvb)g = 4.16 £0.57
N L P 2.70 difference
BBT - K vv)exp =23x7 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

(6, = (57,PLb)(@Y"Pyv) inthe SN 0, = GP,b)P,) X
Op = (EyﬂPRb)(Dy”PLy) possible inBSM (0, = (5P,b)(DP 1) X

simple interaction but complicated flavour O T = (Eﬁﬂyb)(ljﬁ"wy) x
operator structure highly

o constrained by LH neutrino @TS — (EGMU}/Sb)(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*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
a2 )

BSM effects.
\_

B" — K™ %w can put strong constraints on related

» Expvs SM [1079]

BB+ = K*ub)gy, = 4.16 + 0.57}
BBt - KTwo).,, =23+7
BBt - KTvb)

2. 70 difference
NP/SM > 2

2> 10 (20 lower bound)

exp ~

exp

» Theoretical prediction

. Factorizati :
actoriza 'On_ theoretically, simple and clean
o x Cp-(K|5y*b|B) - Dy v one of the cleanest channels in

L Wilson coef quark current  neutrino current  flavour physics D

(6, = (57,PLb)(@Y"Pyv) inthe SN 0, = GP,b)P,) X
Op = (EyﬂPRb)(Dy”PLy) possible inBSM (0, = (5P,b)(DP 1) X
Or = (50,,b)(0c"v) X

simple interaction but complicated flavour

operator structure highly

_J

Ors = (50,,y5b)(0c""v) X g

L constrained by LH neutrino
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b — svv: SMEFT

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°

%’(BO — K*OVU)SMEFT = (SOJ_F%) x 107° :> |
. conflict
BB > K %), < 18%x107°

exp

B B(B+ — K+V17)SM
B B(BO — K*OVﬂ)SM

= (0.46 = 0.07

» Only @ %) is relevant with Ry

» O, can explain the B* — Kvv data
jjand OIO,y
» They can’t improve the b — s fit
» 0y, and Oy, worsen the fit.
>0y ;: and Oy ;;
>0y ;; and Oy ;; with i # j (i.e. LFV) has no effect.

» O, also induce O ;;

i with 1 = j = 7 has no effect.

]

QS{?; — (HTZ(B H) (%7 Qr) ;
<=
SMEFT ng — (H' DIH) (@ 7" q,),
Qua = (H'i'D ,H) (dyy"d,)
Qld — (Zp7ulr) (ds’}/udt)
Ql(;) — (l_pfyul'r) (QS’YMQt)
Ql((?) — (l_p’)/'u'rllr) (qu ’Y,MQt)
HEW
LEFT Or” = (37.P1b) (wir" Prv;)
C’);{V” — (SWNPRb) (I/Z’)/'U’PLI/])
M
Oy ;i = (by"Pps)(£y,£))

/ —
Olo,ii =

(by"P RS )(¢ i’ ul's 4 i)

induce §bZ interaction,
Thus, universally affect

b—sete ,utu,t%c”
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b — svv: SMEFT with Minimal Flavor Violation

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

» Prediction
B(BtT — KTvp)

B B(B+ — K-I_I/D)SM

B(BY — K*up)

» prediction

= (0.46 = 0.07

B(BO — K*OVﬂ)SM

BB - K i) = (9.00 +0.87) x 107° SMEFT
B(B° = K vD)syppr = (50F1¢) X 107 :>
. conflict
BB - K %), <18 x107°
» Only @ %) is relevant with Ry
. . HEw
waiting for more precise measurements
+ Iy + +t i

B(B™ = K™vp)| B(B™ = K*vi)sm _ 164 .07 LEFT
B(B° - K¥vp)| B(B°— K*vp)gy
B(BT — K*vv)| B(B"™ — K vi)sm 207 4 5 6
B(B+ — ntvp) | B(BY = wtvd)sm Hp

f(A,B)

CHY =4 f(A,B)Y

tor gv*Cq,
for gCd, qo""(Cd,

€0l —|—YdTg(A, B)Y; for dvy*Cd,

Oziyj — (gfy,uPLb) (Di’)’MPLI/j)
Ogyj — (E’YHPRI?) (D@’Y“PLI/]')

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 — ciiqg puzzle

B?S) ~ D((S§)+L— (L =7, P, K(*)) decays

arising from b — ciid (s) transition (4 different flavors)

Class—I contribution dominated (spectator quark flow into the heavy meson)

No penguin operator and topologies F(BO R D*+L_)

spectator & annihilation power—-suppressed dr(BO — D*+€—p)/dq2|q2

= = 672 |V 2 fE X o (L)
=m7

theoretically clean, good place to test QCD factorization form factor and V., cancelled  Belle, 2207.00134

QCDF prediction already up to NNLO  Huber, Krankl, Xin-Qiang Li JHEP 2016 1 NLO Bemeke (2000) = F>¢
NNLO 7~ Huber (2016)

A H LO NLO NNLO NNLO*  [45] [46]  SEIMH [18, 47] NNLO K~ Huber (2016) F—&— = N
NNLO p~ Huber (2016) =~ = F—1&—H

BGL(2:2.2), F-MILC . e
BGL(2,2,2), JLQCD | >
CLNnoHQS, JLQCD = F——e—
Belle Fleischer (2012)

BaBar Fleischer (2012) l & :

vV v v v v V¥

B D 490 445 50 4581880 4 7l el 3030 2.53 +0.08

Bl D S0 40070 Q130 40gi0t it s 2.58 +0.13

| 2

b4
. ke
B® = D*p~ 10.98 11.647%88 11.9610%2 12.28+140 10.42+1-2 7.6+1.2 *

i

Bl g 10321095 < 1128 = |16] 25 994 0¢ 6.0+ 0.8

BY - DYK~- 3.18 3.371017 348+l 3.011032 326 +0.15 2.08 % 0.08 B R B oo e e o e AU DI LN S R | Enaey

B® = D**K~ 2.82 3.007020 3.10*013 0507039 3974039 9044 047 B

BY = DYK* 548 5801048 5094+049 5.25+0:63 464 0.8 R oo Ao s s B B SUES S S e s R B S

B D o 403 149 5 461 4397175 4.4240.21 3.23+0.18

BY - Dyn- 351 373708 384738 220803 43070 2471 e s st ¢ WA

B D AR 301 34150 350 508 36D 0 94l o 2.41 +0.16

B s Dtk 060 D glnsl D RREE 3001 160 1.63 % 0.50

: 0.7 08 09 10 11
B85 SRERATES - 6ofiE (bl
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b — ciiqg puzzle

I'(BY = D*F L)

— x — x
B?S) — D((S))+L (L = 7, p, K©) decays
» arising from b — ciid (s) transition (4 different flavors)
» Class—-| contribution dominated (spectator quark flow into the heavy meson)
» Nno penguin operator and topologies
» spectator & annihilation power—suppressed
» theoretically clean, good place to test QCD factorization
» QCDF prediction already up to NNLLO  Huber, Krankl, Xin—Qiang Li JHEP 2016
WAL IE LO NLO NNLO NNLO*  [45] [46]  SEIRME [18, 47]
_ B B Data [PDG-2024]
BR(BY — Dfn7) x 10° . -
l ° i [ QCDF [Bordone et al." 20]
i B QCDF [Cai et al.” 21]
BR(B, = Dyn") x 10° | /st o B QCDF [Huber et al. *16]
QCDF [Beneke et al. "00]
BR(B" - D"K™) x 10 o o
o £56], BHR, FHhE,
%%, 2103.04138
BR(B" - D**K~) x 10* L I
IO_._I

1.5 2.0 2.5 30 3.5 4.0 45 5.0 55  Neubert’s talk@LP 2025

T o 30 302 020 369 por 334000 SATE0.16 -
BY i Je: 069 Dginn 983 N 30D 0 167 ) 1.63 + 0.50

dT'(B® — D*+4=p)/dg?| 2

a2
=m7

FiE S5 LB H& K1FE4 — 601

form factor and V_, cancelled  Belle, 2207.00134
NLO Bergleke!(QOdO) HH - - |
NNLO 7~ Huber (2016) =~ -
NNLO K~ Huber (2016)  F—&— n
NNLO p~ Huber (2016) -~ . = F—1@— |
b4 BGL(222),FMILC o P ]
BGL(2,2,2), JLQCD o T
W CLNmoHQS, JLQCD — ————d L
@ Belle Fleischer (2012) -k A | K
& BB Fleschor (012) |
e I
AL
I e e e e e ] —
' % —
0.7 0.3 0.9 1.0 1.1
=
FFH% \al(h)|

= 67|V S2 X0 - ar (D)
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b — ciiqg puzzle

B?S) ~ D((S§)+L— (L =7, P, K(*)) decays

arising from b — ciid (s) transition (4 different flavors)

Class—I contribution dominated (spectator quark flow into the heavy meson)

No penguin operator and topologies F(BO R D*+L_)

spectator & annihilation power—-suppressed dr(BO — D*+€—p)/dq2|q2

= = 672 |V 2 fE X o (L)
=m7

theoretically clean, good place to test QCD factorization form factor and V., cancelled  Belle, 2207.00134

QCDF prediction already up to NNLO  Huber, Krankl, Xin-Qiang Li JHEP 2016 1 NLO Bemeke (2000) = F>¢
NNLO 7~ Huber (2016)

A H LO NLO NNLO NNLO*  [45] [46]  SEIMH [18, 47] NNLO K~ Huber (2016) F—&— = N
NNLO p~ Huber (2016) =~ = F—1&—H

BGL(2:2.2), F-MILC . e
BGL(2,2,2), JLQCD | >
CLNnoHQS, JLQCD = F——e—
Belle Fleischer (2012)

BaBar Fleischer (2012) l & :

vV v v v v V¥

B D 490 445 50 4581880 4 7l el 3030 2.53 +0.08

Bl D S0 40070 Q130 40gi0t it s 2.58 +0.13

| 2

b4
. ke
B® = D*p~ 10.98 11.647%88 11.9610%2 12.28+140 10.42+1-2 7.6+1.2 *

i

Bl g 10321095 < 1128 = |16] 25 994 0¢ 6.0+ 0.8

BY - DYK~- 3.18 3.371017 348+l 3.011032 326 +0.15 2.08 % 0.08 B R B oo e e o e AU DI LN S R | Enaey

B® = D**K~ 2.82 3.007020 3.10*013 0507039 3974039 9044 047 B

BY = DYK* 548 5801048 5094+049 5.25+0:63 464 0.8 R oo Ao s s B B SUES S S e s R B S

B D o 403 149 5 461 4397175 4.4240.21 3.23+0.18

BY - Dyn- 351 373708 384738 220803 43070 2471 e s st ¢ WA

B D AR 301 34150 350 508 36D 0 94l o 2.41 +0.16

B s Dtk 060 D glnsl D RREE 3001 160 1.63 % 0.50

: 0.7 08 09 10 11
B85 SRERATES - 6ofiE (bl
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b — ciiqg puzzle

B?S) ~ D((S§)+L— (L =7, P, K(*)) decays

arising from b — ciid (s) transition (4 different flavors)

Class—I contribution dominated (spectator quark flow into the heavy meson)

No penguin operator and topologies F(BO R D*+L_)

spectator & annihilation power—-suppressed dF(BO — D*+€—;7)/dq2|q2

— = 672 |Vig 212 X1 - Jar (1)
=m7

theoretically clean, good place to test QCD factorization

form factor and V,_, cancelled  Belle, 2207.00134

QCDF prediction already up to NNLO  Huber, Krankl, Xin-Qiang Li JHEP 2016 1 NLO Bemeke (2000) = F>¢
NNLO 7~ Huber (2016) ==+

A H LO NLO NNLO NNLO*  [45] [46]  SEIMH [18, 47] NNLO K~ Huber (2016) F—&— = N
NNLO p~ Huber (2016) = =~ H——&—H]

BGL(222), -MILC = =

vV v v v v V¥

B D 490 445 50 4581880 4 7l el 3030 2.53 +0.08

e e el el e e T L e bl

bd

BGL(2,2,2), JLQCD = =i
Al CLNnoHQS, JLQCD = e
@ Belle Fleischer (2012) - | |
W BaBar Fleischer (2012) : ¢ :

Explanation in the SM

» sub-leading power corrections Bordone, Gubernari, Huber, Jung, van Dyk, 2007.10338

| 2

> rescattering contributions Endo, lguro, Mishima, 2109108 R e e | e

» non-factorizable soft—gluon contributions Piscopo, Rusov, 2307.07594

» three-particle contributions Meiser, van Dyk, Virto, 2411.09458 I .

BY - Dftn- 351 37398 384138 224105 430898 2411 I e s s - M R

B D AR 301 34150 350 508 36D 0 94l o 2.41 +0.16

Bl 0 K D) D7 B O8RS 30D | 67 8 - 1.63 & 0.50

\ : 0.7 08 09 10 11
B85 SRERATES - 6ofiE (bl
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b — ciiqg puzzle

B?S) ~ D((S§)+L— (L =7, P, K(*)) decays

arising from b — ciid (s) transition (4 different flavors)

Class—I contribution dominated (spectator quark flow into the heavy meson)

No penguin operator and topologies F(BO R D*+L_)

spectator & annihilation power—-suppressed dr(BO — D*+€—;7)/dq2|q2

— = 672 |Vig 212 X1 - Jar (1)
=m7

theoretically clean, good place to test QCD factorization

form factor and V,_, cancelled  Belle, 2207.00134

QCDF prediction already up to NNLO  Huber, Krankl, Xin-Qiang Li JHEP 2016 1 NLO Bemeke (2000) = F>¢
NNLO 7~ Huber (2016) ==+

A H LO NLO NNLO NNLO*  [45] [46]  SEIMH [18, 47] NNLO K~ Huber (2016) F—&— = N
NNLO p~ Huber (2016) = =~ H——&—H]

BGL(222), -MILC = =

vV v v v v V¥

B D 490 445 50 4581880 4 7l el 3030 2.53 +0.08

e e el el e e T L e bl

bd

BGL(2,2,2), JLQCD = =i
Al CLNnoHQS, JLQCD = e
@ Belle Fleischer (2012) - | |
W BaBar Fleischer (2012) : ¢ :

Explanation in the SM is not possible

» sub-leading power corrections Bordone, Gubernari, Huber, Jung, van Dyk, 2007.10338

| 2

> rescattering contributions Endo, lguro, Mishima, 2109108 R e e | e

» non-factorizable soft—gluon contributions Piscopo, Rusov, 2307.07594

» three-particle contributions Meiser, van Dyk, Virto, 2411.09458 I .

BY - Dftn- 351 37398 384138 224105 430898 2411 s s s s | W

B D AR 301 34150 350 508 36D 0 94l o 2.41 +0.16

Bl 0 K D) D7 B O8RS 30D | 67 8 - 1.63 & 0.50

\ : 0.7 08 09 10 11
B85 SRERATES - 6ofiE (bl
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b — ciiqg puzzle

New Physics Effects

dijet resonance searches@LHC prowde strong bound

S5, XMBHR,

FiHmE, i

1%, 2103.04138

LEFT analysis shows only (V—-A)® (V- A)
and (S+ P) ® (S = P) can explain the puzzle

relevant SMEFT operators

I \ \ \ \ \ \ \ I \

g N
E XQA \1‘/ ‘<
D

RN
S
SN
=
S
>
o~

:OC(IPC;): tjkl — (
OB ikt = (
Oijm = (@

(

chi) ijkl —

45,07} ) (@50 uqh)
URTA’YMUR)(dk TA’Yudl )
3 TA,q0 ) (A% TA,dY)
q; T4yuq),) (WhT4y,ub)
(@8 T4u%) (i0?) (qf TAdY,)

quqd]ijk

0.1 0.1

qq . du
Y12 V31l

0.01 0.01

simplified models

Pair prod.

. { q
spin-0:
0.001 <*——

1 spin-1:

0.001:_

{Q3 =

= (1,2,1/2),
®3 = (3,1,1/3),

(3,2,1/6),

Pg = (8,2,1/2),
U3 =(3,3,1/3), Ps

Qs = (6,2,1/6) .

— (6,1,1/3)

My, [TeV]
Bordone, Admir Greljo, David Marzocca, 2103.10332

Other Analysis

» constraints from B—meson lifetime Lenz, Muller, Piscopo, Rusov, 2211.02724

» global analysis in LEFT Meiser, van Dyk, Virto, 2411.09458
» further test by the B — J/w(n.)L~ decays: only (S + P) ® (S = P) works

» NP in top quark physics Atkinson, Englert, Kirk, Tetlalmatzi—Xolocotzi, 2411.00940

MBEE, EH8, F

SH

#oE, A5, B,

2503.11279 75!

0.9
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SM-consistent
: measurements
- (precision measurements)

Theoretical Tools

SM-inconsistent
measurements
(flavour anomalies)

new measurements
and precision targets
for the future
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Standard Model Effective Field Theory

» SMEFT Buchmuller, Wyler, NPB 1986

Grzadkowski, Iskrzynski, Misiak, Rosiek, JHEP 2010
Log =L Ly @@
eff = LSM T Ad—4 2 1

d>4 1

» New Physics scale A > pgw is assumed

> At dim=6: 59 — 2499 operator after considering flavour

P R ERER RS . -[ 2F-Scalar J (’)(’)
C . 3 : ,'. G .
(L4 Fermion J o Cw Oud of) o Ous 2 Oy €= Oy
Ol Ol Ouu Ouad Oge Oes O O0 GP
- O Oge Ocu 0 0®) : SR W 5 (O
Ollooee Oia Oecq ( 2F-Vector ) -( 2F-Dipoles ) ECZ;SD [Bosonic]
; le OW M : L O O 2 Oen Oy
qu qd - 0(1) (3) - L O g O .-
o®  »® (8) O®) b0 Ova 1 O.5 Ow O oW = W
lequ “lequ qu al o o o : ulW HuG . Opwr CP O,y 5.
1 (8) . u d - : 3
— Osuna O FE Opua i Oan Oaw Ouc: w., Goe i O

» 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

107 B l \ _
European Strategy Bounds on the scale A from various processes,
by assuming unit couplings for Wilson coefficients
10°F C ij i
> A2 A
-
1000}

10
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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

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
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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
G1 X Gg X G3 each generation charged
@ @ @ under different copy of G
symmetry
2100 TeV l breaking
G, x Gy 1&2 generation charged
@ @ @ under the same subgroup
symmetry
2 TeV l breaking

G1+2+3 C GSM all generations charged

under the same subgroup

Renner’s talk@QEPS 2025

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

Gauge Model of Generation Nonuniversality

Xiao-yuan Li*) and Ernest Ma

Deparvtment 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
separate gauge groups with different couplings. The observed u-e universality is the re-
sult of a mass-scale inequality, vy;<<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 Mgz ,>My.
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Flavour structure constrained by analyticity, unitarity, ...

Assumptions

> analyticity of the S-matrix, partial wave unitarity, and high-energy

behavior of forward scattering amplitudes

» EFT Iinteraction

2 rLFC
A ‘Ceff

\J
*
&
—

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

= CE[GoraPiv)) + raPLe)(iv P +

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
*

4
lllllllllllllllll

*
------------------------------------------------------------------------------------------------------------------------------------------------------------------

» EFT operator induced at tree level

Constraints

~
LR RR
Cérgg <0 and Cyp o >0

LR RR
. Cépgg >0 and Cpp <0

general analysis
0602178, Adams, Arkani-Hamed,
Dubovsky, Nicolis, Rattazzi
1605.06111, Bellazzini

dim-8
2004.02885, Remmen, Rodd
2112.11665, C. Zhang

dim-6

2008.07551, J. Gu, L.T. Wang
2010.04723, Remmen, Rodd
2108.06334, Davighi, Melville, T. You
2112.02302, Azatov, Ghosh, Singh
2206.13524, Remmen, Rodd

flavour conserving

4 )
LR |2 LR LR LR |2 LR LR
‘Ceect < Ceeccceett, ‘C,u,uct| < C/t,uccc,uytta
RR |2 RR ~RR RR |2 RR ~RR
J Ceect‘ < Ceeccceett’ ‘C,u,uct‘ < C,u,ucccy,utt-J

flavour violating
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Flavour structure constrained by analyticity, unitarity, ...

Altmannshofer, Gori, Lehmann, J. Zuo, 2303.00781

general analysis

Assumptions 102 -
; 0602178, Adams, Arkani-Hamed,

llllllllllllllllllllllllll

2010.04723, Remmen, Rodd
2108.06334, Davighi, Melville, T. You
2112.02302, Azatov, Ghosh, Singh
2206.13524, Remmen, Rodd

> analyticity of the { 7 Dubovsky, Nicolis, Rattazzi
NS 1605.06111, Bellazzini
behavior of forw
1073 dim-8
» EFT interaction T 2004.02885, Remmen, Rodd
N 2112.11665, C. Zhang
N L™ ZQ‘CTEEt (Ve P '\f dim-6
+ CIR [(5,y = 10~4 2008.07551, J. Gu, L.T. Wang
(’Q

*
--------------------------

» EFT operator indt 107 LN
P 10-1 1072 107® 1007 107% 10— 10°*

Constraints BR(t — ce™e™)
g LR RR A g CLR 2 CLR CLR CLR 2 CLR CLR A
Cfqu <0 and Cfqu > (0 Scalar UV ‘ eect]| < CeeccCeett: | ,u,ucz“ < CpceCpprrs
RR |2 RR ~RR RR |2 RR ~RR
. C?}qq >0 and Cl{%}qq <0 Vector UVJ J Ceect‘ < CeeccCeerts |C,u,ucz“ < C/t,uccc/z,utt-)
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SM-consistent
measurements
(precision measurements)

Theoretical Tools

SM-inconsistent
measurements
(flavour anomalies)

new measurements
and precision targets
for the future
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P fecC i S i on M easurements Buras, Addicted to Flavour: 1976-2026, 2601.03722

Superstars of 2026-2046 The Magnificent Seven Decays
(FIavour PhYSICS) Decay SM Branching Ratio | Data
B, — ptp~  (3.78791%). 1077 (3.4540.29) - 10~ [463]
By — ptp~ (1027203 21071 | <2.05-10710 [464]
Bt — Ktup  (4.99£0.30)-107% | (13 +4)- 1076 [248]
B — K%ui  (10.25+£0.92) - 106 | < 1.5- 1075 [465]
(Bs — (P(P) + +,7 1n-11 +3.3 ~11
K* - s (8.65+0.42)-107" | (13.0'43) - 101 [466]
B> D(D *)1;\,t K, — v (3.06£0.15)- 107" | <2.0-107? [467]
(Kg — pjt)sp  (1.8540.12)-1071% | < 2.1-1071 [468]
Vs Ve H— €y IVEAGNIFICEN T
from Tree| vy EDM's SEVEN £ s
eve T—> €y (9-2), S ol
Decays n— 3e e o |
T — 3 leptons 'I Ll ) :
(Lattice) i g 7 1

= : "G ;._(_ N “ & o
e e 45




P rec | S | on M easurements Buras, Addicted to Flavour: 1976-2026, 2601.03722

perturbative QCD eflects, are indispensable. Equally important is the proper choice
of observables that are best suited to revealing these new animalcula of particle
physics. Moreover, in my view it is crucial to develop strategies for the search
for New Physics (NP) that go beyond the global fits that are very popular today.
While effective field theories such as WET and SMEFT are formulated in terms of
Wilson coeflicients of the relevant operators, with correlations characteristic of the
SM and of specific NP scenarios, the most direct tests of the SM and its extensions
are, in my opinion, correlations among different observables that are characteristic
of particular new animalcula at work. Numerous colourful plots in this article
illustrate this point. I hope that these ideas are clearly conveyed in my Flavour

K* = 1 v9)e
BUKT = T WW)ewo g1 44998, SM: 53464 2.75
B(B, = ptp~)]

exp

Example: V., independent

tensions with SM

= (3.8+1.2)-10°,  SM:(1.32£0.07) - 10’
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Possible Flavour Path to New Physics

Matter-antimatter Asymmetry

Dark Matter

Barvon density £/

0.005 0.01 0.02 003
6000 R 0 1 :
w\. e )y, 50% higher
i
radiation N 5000 f- % best ACDM fit
= Qy, 50% lower

baryonic matter
(luminous + gas)

. Dark
8 ~Matter

0 0 200 400 600 800 1000 1200 1400
26.8% Multipole moment ¢
| Bur.\in-lo-plujon mlfo l]:-fl()'?' ; ; '; "’ BIanChet/08071 408
Cirelli, Strumia, Zupan/2406.01705 Rubakov/1804.11230
see also talks by Xiao-Gang He, Zuowei Liu, Lingfeng Li see also talks by Xiao-Gang He, Wei Chao, ChengCheng Han, Fapeng Huang
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Possible Flavour Path to New Physics

Matter-antimatter Asymmetry

Dark Matter
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Cirelli, Strumia, Zupan/2406.01705 Rubakov/1804.11230
see also talks by Xiao-Gang He, Zuowei Liu, Lingfeng Li see also talks by Xiao-Gang He, Wei Chao, ChengCheng Han, Fapeng Huang
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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
gda
@ i B
b Belle I/LHC | -t 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 10—44
1 BES/STCF | | LHC/CEPC =
Q —45
v 10
C BES/STCF | | LHC/CEPC = 1046
g o || Neutrino fog
t LHC/CEPC S _
—
< 49
10~ .
DD:DireCt DeteCtiOn 10—50 N Rl O L1l Ll Lt L1 L1l
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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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
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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
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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)



ark Matter Detection
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Direct Detection

SM

o

Indirect Detection

Direct
Detection

Indirect
Detection

DM

DM

DM annihilation or decay

SI scattering cross section o-g; in cm?
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o 1

_I '
O [ ATLAS Preli
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trigger

T T T LR B BB RN RARRLLL Ll
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Y + jets

0.1 rigger
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. 9,= 1.0 lyj.l < 0.6
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95% CL upper limits
— Observed
" { --- Expected

] | — Boosted dijet + ISR

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
Dijet
9o

13
JHEP 03 (2020) 145

—— Dijet angular

Phys. Rev. D 96, 052004 (2017)

—— tfresonance, 1L
36.1fb"
| Eur. Phys. J. C 78 (2018) 565

—— tt resonance, OL
139 fb”
arXiv:2005.05138

— Dijet + lepton
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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

d S 2406.01705
Direct Detection (DD)
d NA62/KOTO Belle I 10-37 \
( N 10—38
S Belle I example: —
B* - K*+DM+DM | g7 RN )
b Belle ll/LHC | | K™ — 77+ DM + DM % 10~ ERMSling
D’ - 7’ + DM + DM 9 104 DarkSide §
- J O

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
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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 S b
d NA62/KOTO Belle Il . — Direct Detection (DD)
i A 10-38 N
BT — Kt + DM+ DM g 107 -
b Belle II/LHC K* > 7t + DM + DM % 1040 CDMSlite
DO —> 71'0 + DM + DM .9 10_41 DarkSide

)
\_ _J

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)

_ (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 55




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
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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, (
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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 ]

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 60




M.C. Gao, X.Q. Li, Y.D. Yang, XBY, X. Zhang, work in progress

2013 Tongyan Lin, Kolb, Lian-Tao Wang

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

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

2015 Boucheneb, Cacciapaglia, Deandrea, Fuks
2017 Blanke, Kast

Quy = (UpYuttr) (XV*X)s == (g1, 1R)(X7" ) 2021 Blanke, Pani, Polesello, Rovell
e — 2021 Haisch, Polesello, Schulte
Q‘IX — (qP’YNq"’)(X’Y X)’ 000 2021 Hermanna, Worek
O = ((_7 y ﬁ)()_(X) C=1000]Ca 2022 Yandong Liu, Bin Yan, Rui Zhang
uyx?® — \UpUr 9
oo1/) e
2019 ATLAS [JHEP05(2019)142]
Dark SMEFT
HEW one-loop matching
DM\ DM ,
_ __/a uv,a
Qg2 =(d,Prd,)¢? / Ogp =G, G797,
a uv,a p
OdXX (de’HPLdr)XWXV Dark LEFT —G G X, X
:Ga Gm/a
OVLR (dp”)/,uPLd )(Xfy“x), I —— t " d
+ operators with u, d, s
+ 0(20) operators g (V16N
(Hy | 0, Hy) f

o1



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"
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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
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

63




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



Possible Flavour Path to Dark Matter

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 Belle Il

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 ?

Belle Il

Belle II/LHC

angular distribution ( F; ) ;

Uu
- . - A
HadronToNP: a package to calculate decay of hadron to new particles " BES/STCF

B~ K+DM, B~ p+DM, A, > A+DM,Y > DM, .. to be finished
D—>7z+DM, D— p+DM, E. - E+DM, J/y— DM, ... D C BES/STCF

LHC/CEPC

LHC/CEPC

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

LHC/CEPC

J
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Possible Flavour Path to New Physics

Matter-antimatter Asymmetry

Dark Matter

Barvon density £/

0.005 0.01 0.02 003
1y )
6000 o o ]
A ()}, 50% higher
i
radiation W 5000 TIRY best ACDM fit
= ), 50% lower
baryonic matter =

(luminous + gas)

“e ~Matter

0 200 400 600 800 1000 1200 1400

Multipole moment ¢

| Bur.\in-l(»plujon mli) n jl()'% ; ; ; ;O BIanChet/ 08071 408
Cirelli, Strumia, Zupan/2406.01705 Rubakov/1804.11230
see also talks by Xiao-Gang He, Zuowei Liu, Lingfeng Li see also talks by Xiao-Gang He, Wei Chao, ChengCheng Han, Fapeng Huang
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Possible Flavour Path to New Physics

Dark Matter

radiation

baryonic matter
(luminous + gas)

“n ~Matter

26.8%

Cirelli, Strumia, Zupan/2406.01705

see also talks by Xiao-Gang He, Zuowei Liu, Lingfeng Li

Matter-antimatter Asymmetry

Barvon density £/
002 003

2 3 -+ 5 6 7 8B 910
Barvon-to-photon ratio 1 x 10'°

Rubakov/1804.11230

()}, 50% higher
best ACDM fit

), 50% lower

200 400 600 800 1000 1200 1400

Multipole moment ¢

Blanchet/0807.1408

see also talks by Xiao-Gang He, Wei Chao, ChengCheng Han, Fapeng Huang
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XEB{XZEEWBG (Electroweak Baryogenesis), B—Mo]gE14-Mesogenesis &R E .

BAU and flavour physics

Question 1: why there is a huge gap ? B

/
/

> IERE: EWBGIREFCPVIFEEE Higgssinew singlet5 TNE RMNEEER. XEHEEERBE S0
edm, BER¥EZMSRIRYIELFE! XOE T AEWBGE R = [Eedmi Az IR CPIRFIRY R E

Baryon Asymmetry

(o)

of the Universe

> AFERRE: XERMRENIEE! AREBRNEMS (KEFZEFT. BFHFRZINE, EWBGEER
BiRaEize, BEDNNFE, FEFFRZIMR) , Brol (MGWHEXHRANE, RN EELD, BE
BRDEAR)

some related refs

. . ] ] 2502.00445, Athron, Ramsey-Musolf, Sierra, Wu, Ry in 2HDM
ideal: reality: Question 2: any help from GW studies ?  303.11252, Kanemura, Mura
closely huge N 1705.05034, Fuyuto, Hou, Senaha )
1109.4145, Liu, R -Musol — B, mixi
connected gap Lw 09.4145, Liu, Ramsey-Musolf, Shu, B, — B mixing

1107.3559, Cline, Kainulainen, Trott, B anomalies

v

CP Violation

in quark flavour physics

Question 3: is this problem important ?

Yes ! example: Hsiang-nan Li, 2502.16099, 2601.21374
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One More Thing ...

SM-consistent
measurements
(precision measurements)

Theoretical Tools

SM-inconsistent
measurements
(flavour anomalies)

new measurements
and precision targets
for the future
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One More Thing ...

LD

Theoretical Tools

Artificial Intelligence

69



from my talk@ZFE22[F £ E E K4 IEFTICPIEIFH

WS, 1t=, 2025.10.27

hard

eas

Searches for NP in Flavour Measurements: Al Perspective

general workflow collider search

~

UV Lagrangian

likelihood

-

~

(D Al generates NP models

(2 agentic workflow

@) automatic flavour obs calculation

s

~

UV Lagrangian

MadGraphl factorization/PDF

amplitude

MadGraphl

Pythia l

Delphes l

l

likelihood

2
_J

flavour search

~

MatchETE ]
MatchMakereFT] Matching/RGE

Dsixtoolsl matching/RGE

Elavio/EOS l®factorlzatlon

Flavio/ EOSl

~
UV Lagrangian

SMEFT

LEFT

hadron parameter

amplitude

obs th

likelihood

40
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Searches for NP in Flavour Measurements: Al Perspective

» discussions@ S EEIRIEMIBS BRAALEREAEILIE, LR AE, 2025.11.29-30
» Wei Wang’s talk@EF4IE 5 CPiEiIAtHiTE, SRIANMSMR, 2025.12.13 an active research field

» Tony Menzo, et al, 2512.15867 many open questions
» Tilman Plehn, Daniel Schiller, Nikita Schmal, 2601.21015
» parallel developments for agent for experiments

What can Al agent do ? Al Agent

collider search flavour search
A ~ ~ ~ ~
0 M |J\/ Lagrangian sy UV Lagrangian
) ) MatchETE .
Status Of Flavour Anomaly Hinp MadGraphl factorization/PDF MatchMakerEFTl matching/RGE
— 60 T amplitude SMEFT
o Ktptut) 11,600 e
B(B* FTete ) [1.1,6.0] - .
(BB(B;—;[;M+M3 Hégg}_ - a _ _ ™ MadGraphl Dsixtoolsl matching/RGE
B(B" — ¢Be(+§0) [1.1,6.0;— — SMEFT: SM Effective Field Theory
S = )T —e—
Pl(BY — K*utu™) [2.5,4.0) —— f . .
PI(B® = Kt ) [4.0.6.0] —— D _ /F = 1 _ < . ) actorization
AT ‘f;; @ii’é‘ﬁi | . 0;) =Ly L)Qr"Q) 0') = @re)dy'd) ... y Pythual Flavuo/E081 hadron parameter
éz;; %1?% 2 —— amplitude
RZZ [1.1,6.0] 4o HEW ==
i 00,60 | e | De.phesl FIavio/EOSl
Ry [0.1,6.0] ——- ~
58 e
uon g — -] a g
Muon g — 2 (B}%g: e~ | / LEFT: Low Energy Effective Field Theory \
R(D*) - — \\ l
ol || L T "~ He = (C3M + CFF)OSM + C)F O
B(B* = 1) —— . i BN |ikelihood BN |ikelihood
O T T L T L O Oy = (by"P;s)(Cy,0) Oy = (cyHPb)(Ty"Prv)
—6-5-4-3-2-10 1 2 3 4 5 6 o/ YVLL 7 ARL S LEJARE S LEJ wen s
iburg@cern.ch 2025-10-20 Pull in o ﬂb T \ J T
- Y, - Y,
global fit vs. global analysis (Al-assist)
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Conclusions

Theoretical Tools

Artificial Intelligence

new measurements "o
and pI‘eCISIOn targets il

SM-consistent
measurements :
(precision measurements)

e SM |nconS|stent
~ measurements :
~ (flavour anomalies)

for theoretical calculations,
see also talks by St e
Wei Wang, Ying Li,
Fu-Sheng Yu, Shan Cheng,
Yi-Bo Yang, Zhaofeng Liu







