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O Introduction

O Theoretical framework

O Rare decays: B, > utu=, B > X,y, b - st*¢=, b - svv
O Lepton flavor universality violation in b - ctv

O Class-1I two-body B decays: b — cud(s) decays

O Summary
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Flavor physics

O An important branch of particle physics: most

free parameters come from flavor sector

O Flavor physics: transitions between different species
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O Much exp. & theo. progress achieved,

now entering a precision flavor era

gauge sector

describes the gauge
interactions of the
quarks and leptons

parametrized by

+Rgf -V©E)

breaks electro-weak
symmetry and
gives mass to the
W= and Z bosons

2 free parameters

flavor sector

leads to masses and
mixings of the
quarks and leptons

[22 free parameters ]
to describe the masses

3 gauge couplings Higgs mass and mixings of the quarks
g1, g2, 93 Higgs vev and leptons
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O With current LHCDb, Belle-II & future STCF, CEPC, FCC = bright prospects expected
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Why B physics
O b-quark massive enough to have many decay modes & various observables available

o[ >-<T_  purely leptonic
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O Test the SM: quark mixing & KM mechanis
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branching ratios,
CP asymmetries,
polarizations,

Dalitz distributions,

m 0O Efficient indirect probe of various NP

|“N“‘
I
(@

/




B anomalies/puzzles

https://www.nikhef.nl/~pkoppenb/anomalies.html

™ - 3 i B(B* - Ktu*tp~) [1.1,6.00 1 -
O CKM UT: most predictions consistent with data BB - K+ere) L1604 -
B(B? — ¢utp~) [1.0,6.0] -
O Several discrepancies observed in B physics: Bﬁ?ﬂ;? [1-176-0§— ——
g = utpm) —e—-
() _ BB=DWrvy) . g B(B® = p*u™) ] T
REDE -~ lepton flavor university violation? B(B* — K*vp) ——
4 IR ) PUBY = K*tyo) [2.5,4.0] .
Pj(B® — K*u*pu~) [4.0,6.0] ——
i ¥ 0 *0 - — .  P(B"—= K*%utpu") [6.0,8.0] ——
n B(B'i‘ = K( )+,u+,u ),PSI(B > K 'u+# ),B(B+ ax K+VV). 5 Mul:nﬂg_2(wp)_ ’
insufficient QCD estimation or NP in b - s FCNC decays? Muon g =2 (B;“("g: 1>
R(D*) !
B A (k=" vl W= - P R )= (IO . 28)%: R(J/) | 4
R(AH) —
pert. vs non-pert. QCD effects before discussing any NP? B(B* = )7 ——
| | | | | | | | | | |

-6-5-4-3-2-10 1 2 3 4 5 6
Pull in o

O However, no clear evidence of NP from high-energy frontier

L > Improve calculation precision within the SM: higher-order & higher-power QCD/EW/QED corrections

> If NP existed, they must have specific flavor structures: any new flavor- & CP-violating sources?
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https://www.nikhef.nl/~pkoppenb/anomalies.html

B physics experiments

O B-factories (e*e™): Belle & BaBar O Hadron co

BaBar

: 4
~2.2 km circumferenee
Y pA T

- R — | \
< X ) X — o
5 ™ Voo NG —h 5P

35GeVet8GeVe~ 3.1GeVet9GeVe™

O Super B-factories (e*e™): Belle-II @ KEK

CsI(T) EM calorimeter: I, 74m RPC u & K, counter:
waveform sampling _ s =t ©, scintillator + Si-PM

electronics, pure Csl /" for end-caps
for end-caps | e

/

~_ complementary

4 layers DS Si Vertex 2
Detector —

2 layers PXD (DEPFET),,
4 layers DSSD 7

**"  to each other!

PID system i
Time-of-Propagation counter
(barrel), !
prox. focusing Aerogel RICH
(forward) ' V-
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smaller cell size,
long lever arm
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B decays in full SM theory

O At the quark level: all processes mediated by flavor-changing charged-current transitions

8
ECC = —E ch W; - h.c.

€L
JgC:(DhD}MDT)’VH 28
TL

+ (aL,cL, i) v Vexkm (

)

do

u.c

QCD-penguin

u.c

O Multi-scale involved with large hierarchies:

EW interaction scale

my ~ 80 GeV
mz ~ 91 GeV

>

>

ext. mom’a in B rest frame

my ~ 5 GeV

> AQCD ~ 1 GeV

> QCD-bound state effects

electro- & chromo-mgn

P(Mw, mp) =1+ as (#Inm+*>+a§ (#Inzm+*)+...
mp

mp

O Issue: direct pert. calculations encounter large logs of InM,,, /m,;, and thus spoil pert. convergence
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RG-improved perturbative theory

O Solution: re-organize the pert. series and make all these large logs (asln )” re-summed

O Final result for P(M,,;,, m;): P(Mw, mp) = (MW,/thgh)U(uhlgh ,Ulow) D(mp, phiow)

~~

CRGlmproved(MW sHlow)
A

) U (Unigh, Hiow) AlWays takes an exponential form, and thus re-sums large logs (aIn“2e)n

low
O Effective weak Hamiltonian for B decays: ( (5Tic)(cT’b), i=1,2, Cs(m)| ~ 1
(3T;b) 2, (qTq), i=3,4,5,6, |C;(ms)| < 0.07
Her = f Z Ci(1) (vub Vi 0“4 Vi Vs O(C)) 0= es,0mbF,, =1, Cr(my) ~ —0.3
o 5 o TObRGY,, i =8, Cs(mp) ~ —0.15
| 16w (Brubr) (4 s0), i =9, |Ci(my)| ~ 4

10

G

- \/—% Vio Vis ( E Ci(p, xt) O + Cg(p, Xt) Og> '
i=3

G 10 O WC C;: perturbatively calculable and now the NNLL
_XF . e Y
V2 Vio Vis (zg: C/(/J, Xt) O + C7(M’ Xt) O7> calculation complete [Gorbahn, Haisch '04; Misiak, Steinhauser '04]
1=

O Main task: how to evaluate precisely and reliably hadronic matrix elements (f|0;|B)?
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Hadronic matrix elements

O (f10;|B)qcp,oep: involve complicated QCD & QED effects, and needs combination of various methods

Y 4 HQE/OPE, lattice, (QCD
= inclusive processes: HQE and OPE ooy OCD factorization,
- ~ (flavour symmetries)
= |eptonic decays: (0|gy*y<b|B(p)) = ifgp* gg”gl@) ol i OlB)

Y

. Seml-leptonlc decayS: (T[(p’) |ay#b|§(p)> X fi (qz) Increasingly difficult
B - X tv, Xy, X ¢

= hadronic decays: most complicated, and rely on various z_, .., B Drus B py Direct CP asym
Bs — ptpu~ V| B— K" By — nK,KK,...
EFTs of QCD and factorization theorems ﬁfgaﬁs B = Kvv B s o KR
y : y - 7 A .
O QCDF/SCET: systematic framework from QCD, valid to all orders in a,, limited by ng corrections
b

" _ — Bq—>Dg*)
(DSITLT[Qi|BY) =) | F (MZ)
J

! Aqcp
X / du TLJ(U) L(U) + O ( )
X F =~ = = 0 mb
%, a & 3

D B [ou6662, 0\0000@\666666 5) D 0 1 lz 2 3
& E % 2 SYIT=TO 40, 7O+ 27O 1 0(ad)
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Purely leptonic B, - u"u~ decay
O Has simplest hadronic structure: all QCD dynamics encoded in f = (230.3 £ 1.3)MeV

!

S pwo S w wo
| _
L D R
- pt 5 W T

O Much progress achieved via multi-loop techniques :

l v l l v l l v l G~ W=
% § % § § § b / S b S b 8
w w w w w w t S~ t
G* w+
<66 bé) H
s u,c,t s u,C,t b s U,C,t b Z% %Y b\/b g__ot
7 Z
I I I I I ! l l l l l l l
z z z O(a,) NLO EW correction
u,c,t u,c,t w w s w w b I R R R R N e z
7 ; 10 V V* 9 Q = F(C—I’\/“PLb)(E'\/uﬂ)
s w b s UsCs ?Q(}QE)Q’Q DQ(}QE)Q’Q Uq L c _ Qem (- 4 Ty
W Lap=1 =Nap=1 |>_Ci(m) Qi + # > Cil) (QF — Q%) Qo = 7 (@"Pb) (fst)
0 1 2 i=1 tb 1’(1 i=1 Q7 = Feﬂ_zmb (GUWPRb)FW
O(QS) O(as) 0((15)

m) | BSM(B; » utu™) = (3.64+0.12)x107° vs B*P(B, - utu~) = (3.34 + 0.27)x107°
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B, —» u*u : ideal probe of NP beyond SM

O Rare FCNC decays: suitable for indirect probe of NP and NP scale can be much higher Ayp > Ay,

Effect of lifetime difference

decay constant of Betand Bs.har

Br(B, > u u
G2 \2 y >1 'uBS—>y+/4‘ = ( il ’L_l ) =0.921+0.08
BR(Bs — 't )sm = TBS—mBSfB = 2‘\/&\/{ 2 (jt) — BI’(BS —> U U )SM

triply SUPV \ Sw
/ mmm) strong constraints on NP beyond SM

loop CKM suppression
suppression
O Z' boson with generic tree-level FCNC: O Z,-symmetric 2HDMs: '

l put Type-I Type II
Soviine > TR e T
I HBs—ptp— = TR, 12 A2 ‘ — M,-=200GeV ~ m, J200Gev ]
9|V Vis[* A fg M:=zsooeev' MH =500GeV

H 10

v \/4.7'[ 8'8i'..'..'.'..'.'..I'..'.'..'.'..'..'.'..'.'..'..'.'..'.'..'..'.'.I.'.'..'..'.'..'.: . :
m | A = T T il 50 TeV "0 10 20 30 40 50 20 30 40 50

. gl th tSl tang tang

-) tanf =v,/v1 > 1.6
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B — X.y: ideal probe of charged Higgs

O Within the SM, it is a FCNC process dominated by y-penguin diagrams
m) effective weak Lagrangian by integrating out W*,Z°, ¢, H*

narks
E (full EWxQCD) E— £eﬁ — E QEDxQCD (qml 7 ) —+ Z]; Cn(,u) Qn

& leptons

Y g
cp cL q q
by SL by SL by SL b, SL
Q1,2 Q7 Qs Q3,456
4 current-current photonic dipole gluonic dipole penguin
O Inclusive decay: based on HQE/OPE, & = 5 my (G0 PRE)F
1672 m
its decay rate well approximated by the b-quark decay rate optical theorem

F(B X ) F(b Xp ) non-perturbative effects dF77 \A/ A}/v
\ — 5 7Y A — — s A -+ ~(245)% i : _
S S (Bonzke et al., arXiv:1003.5012> dE,y ~ Im{ B ;7 2 i; B } = Im A

O Has been calculated up to N3LO LLLIE PN ff%i ffi—i T Jﬁj
A N NSNS
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B — X.y: ideal probe of charged Higgs

O Status: theo. & exp. well consistent, and provides high-precision test of SM & indirect probe of NP

— L — ex .
B(B — XsV)P 1660y = (3:54 1 0.14)x107* vs B(B > X,V 31 ggev = (3.49 £ 0.19)x10™*

O Useful probe of H* in 2HDM: ——— _
[Misiak et al., Phys.Rev.Lett. 114 (2015) no.22, 221801]
- 5.0 _ tanﬁ=50_:
3 — ]
L+ = (QﬁGF)l/ZZHi (AumuiVijPL—AdmdjVijPR) d;H" + h.c. ; 4.5
L,)= /.?S . :_ =
0(as) O (as) 0(af) < :
Y Y % ¢ 1+ 4.0 -
t t bl H |m I
, . b i . = [ exp
= ; S 3sEm=—=
: : -
¢ ¢ 8 & 3.0 Il_ 1 M 1 3
d T e b th - 200 400 600 800 1000
m) | M, > 580 GeV at 95% C.L. for type-Il 2HDM Mgz (GeV)
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Lepton flavor university (LFU)

O Within the SM, three families of leptons couple with W+, Z° & y with equal strengths

Lé = gw Z 71y (Vifunser + VPil\P/LINS#L + Vst )W + hec " g W gy il
i=1,2,3 K % —" LA Wcﬁ’/“ JuN
g_p gu\ Vu \Vu vy
—> |J\/[|2 x |Vij = e | L e
J PMNS ] T % — ¢ Ve Ve
i=1,2,3 ge ™7,
JT/ Vz
Lhe = (eyue + fyup + 7v,7) (g, A" + 922%) gE— L W
U U U Y Z <l P a8
g ey T % _nK JUY .
Sn S . K Eu__M A L H
- - —— , —
O LFU checked @ permile levelin W, Z, T e wETT SV
ge \V Vi "
& m, K, D (semi-)leptonic decays:
rW—)p /FW—w F‘r—)y /Fr—w Fir—»y /Fn—w FK—)[J /FK—>e FK—ﬂry/rK—me
|81/ 8el 1.000 (2) 1.0002 (11) 1.0010 (9) 0.9978 (18) 1.0009 (18)
FW—)T/FW—>;1 r‘r—)e /rp—w F‘r—nr/rn—>;1 FT—)K/FK—>;1
lg+/8ul 1.001 (10) 1.0016 (14) 0.996 (4) 0.986 (8)
l—‘W—rr/l—‘W—)e I /r —e .
lge/gel 1.007 (10) 1.0018 (14) A. Pich, 2511.04587

2026/08/12 Xin-Qiang Li @ IOPP CCNU B Decays in the Precision Era 14




LFU in semi-leptonic B-hadron decays

O LFU can also be probed in semi-leptonic b — clv decays:

B(Xb—> XCT+V7-)
B(Xp— Xl 1y)

X, =B° B\, B2 A,.. X.=D,D* DA, ..

R(XC) —

(¢)
O These ratios are featured by 040 T et 68% CL contours
Belle“ BaBar
= dependence on |V,,| completely cancelled 0.35} LHCb*
= hadronic uncertainties from FFs mostly cancelled 030} Belle (C 8 Beiic 1
A LHCb? h N

= exp. systematic uncertainties also cancelled < el ‘ & LHCbe

=) They can be predicted & measured precisely —
r . 0-20r R(D) = 0.359 + 0.024
O However, ~ 3.730 deviation still observed I
HH  HFLAV SM P(2) = 28%
0.15 . - FLIAGZ4 (Nf|=2+1 for IIR(D*)) . : : :

mm) need to understand dynamics behind it! 020 025 030 035 040 045 050 055

R(D)
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Model-independent analysis in LEFT

b 75
O Most general low-energy effective field theory (LEFT) for b - ctv, >‘<
C v
mp > my |0 - _4%” Viy Oy, +He, (V—A4)® (V — A) Ovymy = (V" Pr(ryb) (79 Prvr),

l (6) 4GF Osy ) = (€PLr)0)(TPLV7),

L — Ve (Cy, O Cy, O Cs, O Cs,. O CroO H.c.
NP V2 b( VitV T EVaCVe + Cs O8y + UsrEsa + 0T T)+ ¢ Or = (co" Ppb) (7o, Pry;).

FF inputs from

Lattice (2014+2016+2017) + LCSR + Belle (2017 + 2018) HFLAV average- RD = 0'342(26) RD* = 0'287(12) corr. = -0.39

O LatESt gIObaI fitS With FF parameterization Private average: FLD* = 0.49(5) Belle 2019 + LHCb 2023

general HQET up to 1/mc”*2 (See 2004.10208)

a single operator:

(ey* Prb) (€, PLv) / Cy, =~ 0.08 Pull = \/X§M — Xﬁge“ =48 (y/ng =2 4.8)
V' Oy, gives the best Pull

(ey* Prb)(£v, PLv) Cy,. ~ 0.01 £i0.41 Pull ~ 4.4
v’ 0Og, gives the worst Pull
(ePLb)(£PLv) Cg, = —0.79 £ i0.86 Pull ~ 4.3
v Oy, & 05, need very large WCs
(ePrb)(£PLv) CZ. ~0.18 Pull ~ 3.9
— disfavored by collider bounds
(eo™ Ppb) (8o, Prv) o CT ~0.02+40.13  Pull ~ 4.3

[S. Iguro, T. Kitahara, R. Watanabe, 2405.06062]

v OF also a viable solution
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A, - A lv decays mediated by b — clv

O R(A.) =Br(4, - A.tv,)/Br(4, - A v,):

Sy Ll C QO LG ) RLHCP — 0.242 + 0.026 + 0.04 £ 0.059
» at the quark level, also mediated by b — clv transitions I
» first result reported by LHCb with large error [arXiv:2201.03497] RJSXM = 0.324 + 0.004

O General expressions for R(D), R(D*) & R(A,) in LEFT: gl sl oge e

_ al \ e ql nal ql ql ql gl R - - - - -
o =236V {1+ G ), + O, 0%, + OB.08 + O8 + OFOF) | L — |1+-CF, + O + IO, + O + T ICF
OF, = @' mut) (BPum), OF, (0" Pab) (i), +alRe [(14Cf +CF) (C4 +CE7)] +alRe [(1+ €T + C) CF7]
O?S'ZL = (qPLb) (Z_PLVI)’ Og'lR - (qPRb) (Z_PLVZ)’ RV o qT |12 qT |2 SS| T T |2 TT |, ~qT |2
of = (@ Prb) (lo, Prw1) LEFT Ry
R (14 CF) CE] + ol e [(1+ €Y, - €F)) (€ ~ CE,)
‘/ . T T T T %
assuming only T modes affected by NP 1 a%TRe [(1+ CT) €] + ¥ Re [CL.CH]
3 = RH T T T T T
v light neutrinos always left-handed I s Oy 2 + IOV 1P + af” [ICE 1P +ICEP] + aif” |OF
3 +ar " Re [(14+CF) CF*| + af™ Re [(1+ CfT ) C&* + Cfr CF]
v’ a calculable with FF inputs together T\ ~arr | ar gre] LSS e
X D g +alS Re [(1+4 CT) CI* + CF CF*] + a557 Re [CF €I
with uncertainties inherited from them +ay" Re [(1+CF) CF*] + ayf Re [CF CI]
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Sum Rule for b — ¢ Sector (19 8 ¢

O Sum rule for R(D), R(D*) & R(A.): [M. Blanke et al., 1811.09603, 1905.08253] Re[(1 # C;)C5 "]

Ry _, Rp Ry =) b+c=1&a"’b+a’Sc=a’?, sothat §4(C;) small
RSM o RSM tc SMM + 5H(C ) p |4 H H\Gj
F v m=) model-indep. & holds for any tau-philic NP

O State-of-the-art prediction: [W. F. Duan, S. Iguro, XQLI, R. Watanabe, Y. D. Yang, 2410.21384]

1.6 T T T T T 1.6F

14} Fr(Ap — A - Lattice LCSR Lattice + LCSR P e

MILC21" & LCSR

12} — 1.2F

1.0 SM Tensor SM Tensor SM R MILC2V & LOSR & BELLELS ]
08 B — D | Refs. [85,86] mno data | Ref. [90, 91] Ref. [90] Ref. [91] () § 0-8%/
0.6 N L ]
04 | B — D* | Refs. [87-89] no data ®) | Ref. [90, 91] Ref. [90] Ref. [91] () 0.4f NLL@NLP LCSR |
.l | | Lattllce Qb. |1503'OM:21 1 Ay — A Ref. [80] Ref. [92] no data no data 00: Y. M. Wang et al, 2301.12391
005 2 4 6 8 10 ' = s : . s
1 ¢* [GeV?
i ' R or, = (—0.001 £ 0.005) (|C|* +|CE 7)) + (—0.007 £ 0.005) Re (C§ CFF)
it~ (O 27?740 015) vt + (0 72§7£ 015) T + 0. 1 (=2.681 £ 6.907) |47 + (—0.561 % 1.439) Re (C{,C57)
‘ + Re [(1+ C7) {(0.041 £0.034)C{7F + (0.594 £ 1.274)C5T* } ]

» important to properly consider correlations among FF para.s + (=0.002 £ 0.009)Re [(1 4 C7) C§* 4 CF C*]

> 6, mostly sensitive to tensor operator Oy = (Co*V Py b)(Toy, PLvy)
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Sum rule for b — ¢ sector

4 H H u RA R R * .
O Sum-rule prediction for R(A.): T = (0.272 4 0.015) —2- o +(0.728 F 0.015) —= T+ o

> provide a unique prediction of R(A.) model-independently

HFLAG 2024:  RP =0.3424+0.026,  R%P = 0.287 + 0.012 the sum rule relation without the

‘ ‘ shift factor 8, _(Cx) (i.e. in SM)

R =0372+0.017 | vs  R;'“"=0.242+0.076 gscems to be violated by current data

> With 6, _(Cr = 0.02 £i0.13) =~ —0.035 £+ 0.096 included, the sum rule deviation can still be explained

*

Rj\xp Rexp R(;cP ) N
O = 0.272 +0.728 Jie Wu PhD thesis:
" RM R R
) R(AY) = 0.164 + 0.070(stat) + 0.014(syst
— —0.39+0.23 () S (syst

*

O This exercise encourages a more precise measurement of 4, - A.tv decays from LHCb
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Rare b — s¢™ ¢~ decays

O Why b - s¢* £~ processes:

= occur firstly at 1-loop; suppressed by loop factor

= proportional to |V, Vis|; Br(b — s£€) ~ 107°

\/\/
Y . N
i v)g b_¢ F & 5w gensitive to NP beyond the SM

"W W -
; : 4G Qo = S =(av"Pub)(Pyul)
_0“__ F
g > 2 Hett = \/_ VioVis7=— 1 6 2 Z GO + ... Qu = Ojfm (G PLb) (Lyuyst)

i=7,9,10
Qr = 16 il (qU“ PRb) 1%

O Local & non-local hadronic matrix elements: charming loop

Non-local form-factors:

Ha(k;q) = i/d4$ TP (M (k)| T{Qc[Cyuc](z), C:O:}| B(q + k)

4

* dominated by charming loops from Oi,z

y / o L3 o L]
LB = Mytt) = N5 { (€ F Cuo) i) + 2 [ Cr 7L )~ 1070 () || = they can easily mimic NP by a shift of Cq
/ LB eI (A O = with a simple analytic structure, charming
¢ B> K™ pu Local form-factors, LQCD & LCSR |
« B, @ U, ... involves e.g. Fi(k, q) = P (M(k)|5v,br| B(q + k)) loops are small [Gubernari 2022; LHCb 2024]
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Rare B —» K* (- Kn){" ¢~ decays

O Featured by many observables:

e e b T Geum 14T dowst
__1 dir+h) L[i(l — F)si 29, + F 2 9 % 0.4 S sty O 0.5% %xﬁggﬁﬁ&;m E 02 CISMﬁ“mHAWO(BS§§o:j) E
d(r+T)/dq? dfidg? 32m L4 L)sin Ok L oS Ok o, o LHCb'MC - —— LHCbS 48! ] L B8 SM from EOS (GRvDV:2022) ]

+4l(1 — F;)sin? ) cos 20, — F; cos? 6 cos 26, 03 o i & AR ] OE| S i LT |—I—|_I_
+53sin? 0 sin? 0, cos 2¢ + S sin 20, sin 20, cos ¢ go_g- Lo C ] i "I" - 3 T 4 1
+55 sin 26, sin 8, cos ¢ + % Arg sin 0 cos 6 -] [e— g B i = S 1
+5: sin 20: sin Qﬁ sin¢g + 538 s;:r?QOk si:204 sif1 1) =n /4 ! 0‘55 7@ »—%':% e 7]
+ S sin? @y sin? B sin 2¢)], 0.0 -0 aF B - E [ ]
0 5 10 15 20 . TR o4l L [
2[CeV?] 0 15 0 5 10 15
q* [GeV/cY] q* [GeV-/ct]
angular observables Branching fractions Angular observables CP-asymmetries
Fi, Ars, Si = F(G;, Gy, Cio ) affected by form-factors affected by cé-loop clean
combinations of K*° decay amplitudes and cc-loop
O NP in Cy required and no visible g* & helicity dependences for C,: [Bordone etal 2026]
6l
2 2

2 A 36 (q T qO) res/ 2 5F + e (ll

—_— V 1 q

AH(Q ) — E :77v€ (mz _ qz) AV (q ) A T 1T % E . C;L

v v~ i I B i

O 3 et } { i — SM
dispersive description oL }  constant
e
Ares( 2) _ mVPV ol . . . 1 1 . 1
|4 q - 2 [1.1,1.8][1.8,2.5][2.5,3.25][3.254] [4.5] [5.,6] [6,7] [7,8]

2 __ .
m imy T
v—4 VeV ¢* bin (GeV?)
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Rare b — svv decays

O b - svv decays: theoretically cleaner than b — s¢¢ decays due to absence of long-distance cc¢ loop

_),_—b ’V\:r/vv——\:— < X “V \ #i \
+ M
ﬁ_uwjib +/

S

\v%v“\
Tem\?
O State-of-the-art SM prediction
e Effective Hamiltonian in the SM: 0 Main theo. uncertainties:
4GF)\t Oéem
b—svr __
ﬁ /\/7 z@: C1L (SL’Y,U/bL)<VL’L’Y VL’L) + h.c. <K(*) |§L7MbL|B> _ Z -Fa (q2)
A= VaV;; only operator in SM N T
e Short-distance contributions known 16 good precision:
CSM _ _Xt/ Sin2 QW I Including NLO QCD and two-loop EW contributions:l Form-factors (e'g" LQCD)
6397 X; = 1.462(17)(2) )
) Vs Vil = [Vesl (1 + O(32))
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Rare B - K®vv decays

O B - K® form factors from LQCD + LCSR: BB = K i)™ |, = (5.9 £ 0.8) -0 x 107°
' (6.4 £ 0.9) s x 1073

(1.33 £0.04) g x 1073
B(B — Kvi)S™/|\|* = s "~ 3% uncertainty
(2.87 £ 0.10) g+ x 10~ 5% uncertainty]
) ﬁ.\‘l A\‘,\"‘(“mg(\
O Belle-II first evidence of B* - K*vv decay: + T ——
——e > < , C
I 2.34+0.7 This analysis, preliminary
1
__O'I_I Belle IT (362 fb!, hadronic)
R 9 : llseilil AR CERE: ‘ . New Belle-Il results
exp. data ~ 2. 70 above the SM prediction | —o— Belle I (362 ", inclusive)
—t—— ‘“‘“”‘f 1‘1“;“;‘; s inclusive) First Belle-ll result
|
o Belle (711 fb'!, semileptonic)
. + 1 1.0+ 0.6 PRD96, 091101
Evidence for B* — K*v» decays | B . Belle (711 b1, hadzonic)
Belle-Il Collaboration - I. Adachi et al. (Nov 24, 2023) _..__ i BaBar (418 fir', semileptonic)
Published in: Phys.Rev.D 109 (2024) 11, 112006 - e-Print: 2311.14647 | ————— L piEdEID)
L 1 b | L L L | L N L | L L L | L s L
0 2 4 6 8 10

] pdf 2 DOI 4 cite dataset
P ¢ X 5 datasets 105 x Br(B* =K * vi)

[ reference search )| 264 citations

B(BT — K*twvw)™® = [2.3 £ 0.5 (stat) 53 (syst)] x 107°

O NP signals via new heavy mediators in loop or new light invisible particles in final state?
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Rare B - K®vv decays

O SMEFT analysis: d = 6 four-fermion contributions at tree level; [Buchmuller & Wyler, '85; Gradkowski et al., '10]

e w* operators invariant under [SU(2), X U(1)y: Ny b —s sup e Correlations for concrete mediators:
(1)
_ _ - / : C Cld
— _ OO = (TA"L) (O Z'~(1,1,0) iq
00 5 = (Tor'Ly) @en) = et (G2 ! o
3) - - = (Lo™lr;) (drrvndr) + (Triv*ves) (doavudo) + - - -V~ (1, 3, 0) : Clq
[Olq L’jkl - (LWHTILj) (QkTI%‘Ql) ) (1) 3)
. _ O; s opige Zl w ILj @ m IQ - ~J - C =S C
[Old} Kl (LH#LJ') (dk%dl) Ol (_ T )E el _ Ui~ (3,1,2/3): ' '
! = (Coy*lr;) (divnde) — (Trav*vey) (doevado) + - - _ ) 3
[Oe‘l}i‘kl - (Ei'wej) (Qlﬂu@l) - S3~(3,3,1/3): Cig” =3Cyq
’ [Old]i'kl = (ZWMLJ’) (Ewudl) ~
[(9 d} — (é-’y“e-) (Ek’y dz) ’ = - _ - Ry=(3,2,1/6): Cia
ed] ik i) € Iz = (gLi’YWLj) (de%de) + (VLi’Y”VLj) (de%dRz)
O Strong correlations among observables arise in concrete models: (SU(3)e, SU(2)z, U(1)y)
. Z . B - LQs: be Ly by Ly b
| ra 7 4
>«~v\~< | Re= (302,1) a1 )
| I | ~
2'~ (4,4,0) ! Re R
S ———Cc— 1
Lz D gl (B ;) Z; L~ > yR (dpsRairsL;) + hic. < s <
v Ry ij \“Ri j L3 3 L3

L difficult to explain Belle-II excess, but possible in certain models
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Rare B - K®vv decays

O The Belle-II excess can also be mimicked by B — K + invisible: [Hou, XQLI, Shen, Yang and Yuan, '24]

1 (), 1 (©) 1 (), 1 (6)
Losmerr O + )G9 + 5> G, LDLEFT D A > " L;0;” + A2 ) L;0;”,
A= A= = : .
¢ J ¢ J
1074:'"'I""I""I""I"': L L L L L L L L L WL L L LN L BN RO L N B B L L L LB BRI
— Qyy — Qpyx? b L — Qyy — Quux? 4 r — Q4 — Qpuxz ]
Qig? Qux 1 - . Qiip? — Qus 0.9 :— Qi Qax? .
— 9, —— Qunx* | —_ — Q, — Qunx N — 9 — Qunx*
— Qu.\vx Qe Qurixs Quxs Qs Qua | 10’ E - — Q,,;.v — Q. QY 08 E — Qxx — SM 7
— Qxx  —— SM — Quxx — Qu E — Quxx ]
5 — Qpx? — SM 0.7 :_ 2

o
=)
TTTTTT
|

(B K* +DM)/d¢* [GeV 2]
)
T
|
F(B°-K* +DM) [GeV~?]
T
s e be e beaaa baa sl

dB(B* K * +DM)/dg? [GeV ]

10°F g
10° E .
] 03F 9
f | 02F ]
mpy = 700 MeV mpy = 700 MeV [ mpy = 700 MeV

10*7 PR SR TN TR NN TN TN SN SN UMY SN SO TN TN SN ST TN DU N N S 1|0 10*7 PN S T T TN T T T T T T T T T T T T O T W O 1 ! 0.1 T BN AR TR E AT S BN ST ST AT B ST ST AT A B AT AT AT BT AT AT BN AT A

0 5 10 15 20 00 25 50 75 100 125 150 175 200 00 25 50 75 100 125 150 175 200
2 2 2 2
¢ [GeV? ¢* [GeV?] ¢* [GeV?]

L 22 DSMEFT operators can explain Belle-II excess, and they can be distinguished from

each other by more dedicated measurements of differential decay rates & F, (g?)
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_T RO &)
Class-I1 B, » D,’ L™ decays

O At the quark-level, these decays mediated by b — cud(s)

all four flavors different from each other,

no penguin operators & no penguin topologies!

Q2 = dvyu(l —s)u (1 —75)b

O For class-1I decays: QCDF formula much simpler, Q1 = dvyu(1— )T u ey*(1 —~s5)T"b
and only the form-factor term at leading power =
[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01] I) Only color-allowed tree topology r=a

i) spectator & annihilation power-suppressed

N _ — Bq—>Dg*)
(DVTL[ Qi |BY) =) F, (M})

iii) annihilation absent in By = Dy K (m)* etc.
J —

my

! A
X / duT;j(u)pr(u) + O < QCD) theoretically simpler & cleaner, and can be
0

used to test various factorization theorems

O Hard kernel T: both NLO & NNLO results known
[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Krankl, XQLI '16]

T=T9 4o, TY + 2T + 0(a?)
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Non-leptonic/semi-leptonic ratios

O Non-leptonic/semi-leptonic ratios: [Bjorken '89; Neubert, Stech '97; Beneke, Buchalla, Neubert, Sachrajda '01]

N(BY. = DO L) free from the uncertainties from
RET))L = _ (s) - “ (i) ‘ — 67’(’2 “/uq|2 fi ‘al(D((:))+L_)|2 Xé*)
dU(B°, — DT 0=5,) /dg? | o_, (%)
(s) () © 7 =mi Y er BB e D5 O TCtOr'S

O Updated predictions vs data: (Huber, KrankL Li '16; Cai, Deng, Li, Yang 211 [0 Confirmed by Belle: 220700134

(%) L. . NL(): Bct:lckc'(QO(;O) .
R3r LO NLO NNLO Exp. Deviation (o) NNLO 7 Huber (2016) -
0.01 0.03 NNLO K~ Huber (2016) i F—&—1 &
R: 1.01 1.077 00 1.107 003 0.74 £ 0.06 5.4 NNLO o~ Huber (2016) N
) . | B4 BCGL(2,2:2), F-MILC I
R* 1.00 1.06750 1.10500% 0.80 =+ 0.06 4.5 BGL(2.2,2), JLQCD - -
' ' bl CLNnoHQS, JLQCD -
B/) 2.77 294j8%8 302J—r8%; 2.23+£0.37 1.9 9 Belle Fleischer (2012) k A 1 K
................................... T L L O L L L L LI LI T B BaBar Fleischer (2012) g
a— DK™ i Rk 0.78 0.8370 03 0.8500s 0.62 =+ 0.05 14 i =
* 0.03 0.01 . P
Ry 0.72 0.76 0 0a 0.7970 05 0.60 + 0.14 1.3 N
R~ 1.41 1.507511 1537010 1.38 +0.25 0.6 ‘ ' K
Jr e R e S N
B o Din™ § Rer . L0 e k000 S LTS bt -
. a
Rk 0.78 0.8370 05 0.85003 0.46 + 0.06 6.3 : . i
0.7 0.8 0.9 1.0 1.1
lay(B - D**m)| = 0.884 + 0.004 + 0.003 + 0.016 [1.071992¢] — a1 ()]

15% lower than SM  lai(B - D**K™)| = 0.913 + 0.019 + 0.008 + 0.013 [1.069*J072]
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SM or NP in these class-I decays?

* — D BqﬁDg” )
(DS LT Qi |BY) =) F; (M?)

O Difficult to explain data with power corrections: Bencke, A
J
Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20] 1 :""/.\ """ .
J - g x/ duTij(u)pr (u) + <§L—(:D 3
O :. IIIIII )III

» non-factorizable spectator interactions » non-leading higher Fock-state contributions

i~ A LY

1 1G ; |
O Possible NP four-quark operators |‘wer =— ﬂF Ve Vg [CTM () Q7™ + M (1) @3
- - ! VLLHVLL | pVLRAVLR | pSLRHSLR | ~SLLHSLL
with different Dirac structures: £ 3 EOrt e eTIQE I TR I QI+ L R
[Buras, Misiak, Urban '00] j=123.4
QM = (2an" Prbp) (@s7uPrua) VR = (Cay" Prbs) (@57 Prua)
4/ Q3 " = (2o Prba) (G5 Prus) VLR = (" Prba) (G574 PrUS)
There are totally 20 linearly QYL = (2o Prbs) (75PLuc) Q5LR — (20 PLbs) (@5 Prua)
independent operators bLL = (CaPLba) (q5PLus) Q5 = (24 Prba ) (75 Prus)
QbLL ( aUNUPLb{‘3> (G‘BO_;LI/PLUQ)
QbLL = ( UW/PLba> (qﬁg;LuPLUB)
28

Xin-Qiang Li @ |OPP CCNU B Decays in the Precision Era

2026/08/12




Analysis at m,; scale

O With only one NP " in each time, NP four-quark operators with three Dirac structures

-------------

QY 5" = a1 = ¥5)bg(a) T (1 — V5)Ua(s)

V-4 WV-A4)

QSRR —

12" =Ca(1+75)bs(a) Ts(1 + ¥5)ua(s)

S$+P)R(S+P)

cL\obs.| || e
C.L. R~ R R, Rk Ry Rk~ Rsr Rsk Combined
NP Coeff. > | |1 L] Mt | s
i lo | [-1.40,-0.847] | [-1.18,-0.626] | [-1.50,-0.267] | [-1.18,-0.662] | [-1.54,-0.145] | [-1.05,0.392] | [-1.57,-0.835] | [-2.12,-1.31] @
1 20 | [1.63,-0.656] | [-1.41,-0.426] | [-2.06,0.135] | [-1.42,-0.462] | [-2.41,0.402] | [1.70,0.856] | [-1.92,-0.567] | [-2.55,-1.02] | [-1.41,-1.02]
i 1o |[-0.237,-0.148] |[-0.205,-0.111] | [-0.254,-0.047] | [-0.198,-0.116] | [-0.261,-0.026] | [-0.183,0.070] | [-0.264,-0.146] | [-0.345,-0.226] @
: 20 |[-0.273,-0.115] |[-0.244,-0.075] | [-0.340,0.024] | [-0.237,-0.081] | [-0.401,0.071] | [-0.288,0.155] |[-0.318,-0.099] | [-0.406,-0.176] | [-0.237,-0.176]
Lo lo |[-0.748,-0.418]| [-1.03,-0.502] @ [-0.711,-0.368] | [-1.50,-0.133] R [-0.839,-0.412] | [-1.25,-0.712] @
1 20 |[-0.867,-0.326] | [-1.23,-0.344] R [-0.854,-0.259] | [-2.32,0.395] R [-1.02,-0.283] | [1.48,-0.556] | [-0.854,-0.556]
Lsnn 1o |[-0.249,-0.139] | [-0.343,-0.167] > [-0.237,-0.123] | [-0.500,-0.044] R [-0.280,-0.137] | [-0.417,-0.237] @
’ 20 |[-0.289,-0.109] | [-0.410,-0.115] R [-0.285,-0.086] | [-0.773,0.132] R [-0.339,-0.094] | [-0.492,-0.185] | [-0.285,-0.185]
s 1o | [0.487,0.873] | [0.585,1.20| @ [0.429,0.829] | [0.155,1.75] R [0.480,0.979] | [0.830,1.46] @
1 20 | [0.381,1.01] | [0.401,1.44] R [0.302,0.996] | [-0.460,2.71] R [0.330,1.18] | [0.648,1.72] | [0.648,0.996]
- 1o | [0.139,0.249] | [0.167,0.343) o [0.123,0.237] | [0.044,0.500] R [0.137,0.280] | [0.237,0.416] @
’ 20 | [0.109,0.289] | [0.115,0.410] R [0.086,0.285] | [-0.132,0.773] R [0.094,0.339] | [0.185,0.492] | [0.185,0.285]

L
QSR

12 = Ca(l+75)bga) Ts(1 — 75)ua(p)

S 5 P (8 2P)

O Useful for UV model buildings and can be checked by colliders & other flavor processes

dijet resonance searches @ LHC;

2026/08/12

Xin-Qiang Li @ IOPP CCNU

constraints from B-meson lifetime;

B Decays in the Precision Era

B: = J/Y(m)L™ decays
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Summary

O With exp. & theo. progress, we are now entering a precision era for flavor physics

Key Observables in Heavy Flavour Physics [ESPPU 2026 Projections]
100 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 T T T T T T

O Most exp. data consistent with SM but also _ /.71 s Bele 11, cMs, LHCh, ESPPU submission, 250324346
. . ) ¢ [ Many uncertainties will shrink by factor 5-10
several deviations observed =) NP signals? ; */ = ]
E m
. . S (3
O More precise exp. data & more precise L oor = 1
ERS [ | ]
°"
theo. predictions, & LQCD inputs needed : | . L
0.7 T T T T T T T T T Y T I T T T T T T 4 T T T T L;J} u ® [ | . ®
[ 1] ]
F 20508 ~ €5 Bt St o om| g gu" ® W o oL
0.6 European Strateg) FCC-ee GXIOIZ__ 2 u - | u D °
r . I [ ] [ ® ® [ ]
05k (2 ® ° oF 'o:.o e ° eo°
5 :\;:::::;{f/ ® °e® o °
: e 0 | | 1 1 | | | 1 1 | | | 1 I | | | 1 | | 1 1 1 | | | )
03¢ ) S FREhh r4nl TR n 10 &
N = y jalee = R A &) <
[ =2 55 1 “EFSSgmahr 5 B
0.2F © = 5 T % % =
N B 20305 Un(‘(?;iﬁ?nscg 20305 90% CL Experiment
01k \\\‘ ’V ] ’ /‘Vb‘ ‘ @ 20105 Uncertainty 20405 90% CL ‘- ATLAS CMS W LHCh W Belle II
5 . T~ . 2 I :
0055 s 10 By bright opportunities in B physics!

P
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Neutral B-meson mixings

O For neutral B?, mesons: flavor eigenstates # mass eigenstates = mix with each other via box diagrams

d (IB(t))) (M i f) (\B(t)>> d e b
i— | = - = _
dt \|B(t)) 2 J\|B(t)) . =
B u,c,t u,c,t B°
O Three observables for B mixings — —
b
W+

B Mass difference.: AM = MI? — Mj, =~ 2| M| (off-shell) “short-distance” “long-distance”

[M2] : heavy internal particles: t, SUSY, ... (=virtual particle exchange) (=real particle exchange)
B Decay rate difference: AI' :=I';, — 'y ~ 2|I'12| cos ¢ (on-shell) 5

IT'12] : light internal particles: u, c, ... (almost) no NP!!! My = Gr (V;:*V;Sb)2MV2VSO($f)BB 2 Mg fig

71_2 q & q q q
B Flavor specific/semi-leptonic CP asymmetries: €.9. B, — X{v (semi-leptonic) t 1-loop calculation S, (CEt =m2/ MI/2V )
Gy = ags = F(Eq (t) = f) —T(By(t) — ) _ IEP) sin ¢ T 2-loop perturbative QCD corrections 7z
) T D(By(t) = /) +T(By(t) = ) | Mz 8 . o _
T EBquBqMBq = <Bq‘(bQ)V—A(bQ)V—A|Bq>
v' M;,: dispersive (off-shell) part of the box diagram .
A (0) , % (1)
: . Fp=(— ) (I + =" +...) HOE
m)| v T,,: absorptive (on-shell) part of the box diagram . <mb) ( dn? ) Q
4 5
v’ ¢ = arg(—M12/I'12): relative phase between them + (%) (r +..) + <mi> (T )+
b b
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NP constraints from neutral B mixings

O Exp. observables related to SM and

AMJ® = Cp,AM™,  sin28™® =sin(28M + 2¢3,)
NP parameters:

AM;XP — CBSAMSSMa ¢§Xp — (IBEM o ¢BS)

O Latest fit results by UTfit group:

15 —  20f

o (@) o L
sl [ ; —_— r : el 80_— 3
o | (BY|u |By) UTie] o sf | (B ) UTie] | & — UTit]
= 10| Cp e2ib8, — - summer23 = C | C 2By — " summer23 - 60H4, = (1 + AL 62i(¢1;'P¢§M)> ASM2igtM summer23
B q = L q SM| B H SM q
- <BS‘H§fl\f4’Bq> NP fit 10F <32‘Heff ‘Bq> NP fit 40'_ 2 NP fit
5 F -
K 5:_ 20~
i p &
E _5__ -20
-Sr -
i -1op - ANP /ASM |ess than
1ol Cp, | 1.09+0.09 o Cp, |1.10+0.06 60 ST
[ é5.[°] | —1.8£1.9 i ép.[°] | —0.1+0.5 s 20(25)% @ 68(95)% prob.
_18.5 — ‘II — 1:5 — 2 _200 — I0!5l — 1l — l1.I5I — 2 0 — 0!2 — O.I4 — 0.6
NP/ p SM
Cg, Cg, ANP/AS

LI consistency between data & SM for B mixing observables puts stringent constraint on NP
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NP constraints from neutral B mixings

O Future prospects: M, = (M;;)sy*x(1 + hye2%ds) b W d b, Xi . d

I
p-value U 8 Up Gk* +
- ]
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Q
-
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e
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| b— sy
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B - K puzzle

O B - nK decays dominated by QCD penguin diagrams

O For direct CPV: color-suppress tree & EW penguin also crucial

oc AN Ryt o AN?
M, i
W [ .
B | MR, =0(0.02) = | QCD penguins dominate

B () () M, ;“ M,

s he V2Ag L og- = AL gldpuar + @5 |+ Ag, [Spuca + 5p0%“§,EW]s

'Al_io—nrJfK_ = An[?[apu o]+ &411-)]’ ] I
SV v 4

. w P g, O

N 2 AAcp(nK) = Acp(m°K*) — Acp(m*K*)
| Ma . 2
‘ = —2siny(Imr¢ — Im(rprgy)) + -

(©) P, P (@5 o = (11.0 + 1.2)% differs from 0 by ~9¢
some mechanism or sub-leading power corrections
AAqp(mK) puzzle
e w-ap
or even NP to enhance C = a, or Pgy = a3y, ?
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