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O Introduction
O Theoretical framework: why effective Hamiltonian
& how to calculate hadronic matrix elements
O Purely leptonic decays, lifetimes, neutral B-meson mixings,
semi-leptonic FCCC decays, rare FCNC decays, ......
O Two-body hadronic B decays & QCD factorization & SU(3)¢

O Summary
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Heavy Flavor Physics

O An important branch of particle physics: most m g :
iy + R V) Rt e D Fpn

free parameters from flavor sector

= T2 breaks electro-weak leads to masses and
describes the gauge symmetry and mixings of the
A\ interactions of ch gives mass 1o the quarks and leptons
= = quarks and leptons WE i 7 hosnss
; . [22 free parameters ]
U ‘C' t parametrized by 2 free parameters to describe the masses
3 gauge couplings Higgs mass and mixings of the quarks
up b neuttlnos l g:, 92, gs Higgs vev and leptons
g 5 pE— T  ALRRRRS g nnananns pppy UL RARRERARRE
' - s ] i é \
~ V. o N i 10 : 3 L | %
down strange bottom electoron muon i 5 ] - si

0.5

0.0

O Much exp. & theo. progress achieved,

now entering a precision flavor era’

O With the current LHCb, Belle-II & future STCF, CEPC, FCC, ...: bright prospects expected

2025/04/26 Xin-Qiang Li Theoretical Review on B Physics 3}




Why B physics

O b-quark massive enough to have many decay modes & various observables available
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Branching ratios,
CP asymmetries,
Polarizations,

Dalitz distributions,

O Efficient indirect probe of NP

)]




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

B Anomalies

%(g; — f}:’uﬂf; }188 N -
= = - 4 T Kete ) [1.1,6.0] T -
O Several discrepancies observed in B physics: - B(5 5 Kl ] —
— QUL .0,6.0] = -
B( ) ) B{B” — @ﬂg jg 1.1,6.0] 7 ——
()Y — B3IDY" TV i . ) Lo h—),(fi,(j-: 7 —e—-
e RD ) BE-DOW,)" lepton flavor university violation® o B”—>K”lf+f* %2{5\;4,.03_ ——
P EB” — I’*”,u+,u, 4.0,6.0] ——
x [0.1,1.1] ——
% e = / * — (1.1, 0.U] 7
» B(B* » KO+u*tu~),B(BY - K*v¥), PL(B® - K*Ou*u™): R 160/ =
R,r\ 0 0.1,1.1 - —_—r—
insufficient QCD estimates or NP in rare FCNC b — s decays? Rff"[ﬁ.o{iéjgﬁg 7 T
Rirr [1.1,7.0] 7 I e—
f?]\' 0.1,6.0] 7 — -
> B(B® - %) = (0.3 -0.9) x 10"® vs (1.55 + 0.16) x 107° Muon;;%f%: DO Lo
MuonE({l—tQ (BMY\-”% 7] o ——
AACP(B > 7TK) = ACP(T[OK_) SN Acp(ﬂ+K_) = (110 i 12)% : R%,(D* . —e—
. . R(J/v) ——
pert. vs non-pert. QCD effects before discussing NP beyond the SM? R(AS) —e—
B(BT — ZLU - . —
Mg~
O However, no clear evidence of NP from high-energy frontier Zﬁ(ﬁ el |
T T 1 F 1T 1T 1T T 1T 1
> Hadronic matrix elements: further higher-order & higher-power I R

- QCD/QED corrections, or introduce some new mechanisms?

» NP implications: if existed, must have specific flavor structures, any new flavor- & CP-violating sources?
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B physics in full SM theory

O At the quark level, flavor-changing charged-current processes mediated by W bosons

Lcc = ol ‘Ig(‘ W‘Tl + h.c.

V2 QCD-penguin electro- & chromo-mgn

€L

I = (D, U)o ( L ) b u.c

U

dy
- (fl[,. CL, 7[) "}“ Vekm SL W
by

u,c s

O Multi-scale involved with large hierarchy

EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects

mwy ~ 80 GeV
mz ~ 91 GeV

> mp ~ 5 GeV > AQCD ~ 1 GeV

m) | P(Mwme) = 1o (#no o x) ol (#0222 )
mp

Mmp

Problem: due to large logs, uncontrolled perturbative series, thus spoiling perturbative convergence
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RG-improved perturbative theory

O Solution: re-organize the perturbative series and make all large logs (asln%)" re-summed

- step1: through matching to achieve a separation of

scales, sometimes also called “factorization”

[1+as (#In%Jr*)wL} : [1—|—045 (#~Inmib+*>+...}

P(Myy, ms) — C(Myws 1)D(mos 1)

at the cost of introducing a "factorization scale” L.

- step2a: P(My,, m;) is formally u-indep., but C(My,, 1)
and D(my, n) by themselves are u-dep. and obey

) g CMw,p) = () C(Mw, ) d
RGES'{ P D(Mw,p) = —(u) D(Mw, ) }jﬂdu(cmo

[“C and D run with p."]

- step2b: solve the RGEs and then evolve

Uhigh~ My
X
C(Mw,p) = C(Mw, pinign) U(pnign, 1)
D(mp,p) = D(ms, piow) U(pt, tiow)
p arbitrary 3 e,
ow

O Final result for P(My,, m;):

P(Mw, mp) = C(Mw, finigh) U(tnigh, tiow) D(mp, tiow)

Y

CRGirnproved (MW nU'low)

4

U (tnigh, Uiow) takes an exponential form,

and thus re-sums large logs (aln fl‘:‘i‘)”
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Effective Hamiltonian for b — cud decay

O In full theory: described in terms of current-current _ g
B > D* n~
in full theory %%}5%@}

interaction weighted by g & CKM elements

JO=) =V [Bva(1—s) B, Jy " = Vi [@ys(1 —1s) U]

O At tree level in full theory: |q| < m;, <K My,

—_——
—_——

—_——

Full theory (SM) e Fermi model
d d O At tree level in EFT: described
b ”("’,/< & b ] by local four-fermion operators

N with only light fields

nL gt O High-scale effects encoded in

(%)2 Jéb—>0) qu M;AZ j(d—m) |q|<if\>/fw % J(gb—w) gaﬁ’ jéd_w) e gZ
V2 8MZ,
8
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q limited by the mass of decaying b-quark
Xin-Qiang Li
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Effective Hamiltonian for b — cud decay

O One-loop QCD corrections to b —» cud decays in full theory

e

O key point: compared to the tree-level term, the W-boson momentum |q| is an internal

loop momentum that should be integrated between 0 and oo

> we cannot now simply expand in terms of |q|/M,

> separate into the cases |q| = My, and |q| < My,
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Effective Hamiltonian for b — cud decay

O Factorization idea: expansion by regions [Beneke and Smirnov ‘97 ]

full theory

(s 3725 me)/ GF

)mb

I(CIS! m:” mb)/GF

2025/04/26

12

12

IR region m, -~ 4+ UV region a,, - o
lq| = My

lq] < My,

Xin-Qiang Li
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A U
e

1-loop matrix element of
operator O in Eff. Th.

@ independent of My
@ UV divergent — 1

1-loop coefficient for
new operator O’ in EFT

@ independent of my, .
@ IR divergent — 1
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Effective Hamiltonian for b — cud decay

O Two important observations for QCD corrections:

I > short-distance QCD corrections preserve chirality, so both (V—A)®(V — A)

» quark-gluon vertices contain T¢, and thus induce a second color structure

O Effective Hamiltonian for b - cud decay: |, _ 4Gr |, Vi 3 Cili) O+ o
et — — — Cl ud / / e

\/é i=1,2
> Effective operators: there are now two dim-6 local current-current operators
— =i i
O1 = (dvau])(c/y*b}) 0 asp) (i 2 11 3 )
—i =l ap] G =11 (T Mg, T e ) g Ol
O2 = (divau)(Cyby) "

> Wilson coefficients C;(u): to ensure absence of large
log terms, u ~ My, and thus C;(n) calculated reliably in  mmmp
fixed-order perturbation theory
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> u~ My,: matching scale

» C;(n): matching condition




Effective Hamiltonian for b — cud decay

O Reality: the hadronic matrix element (D*7~|0;|B") calculated at the low-energy scale y~m,

O Remember: only the combination C;(u) (0;)(1) are scale & scheme independent
L we need evolve the Wilson coefficients from uy~M,, at a low scale y~m,/!

O The scale dependence of C;(1) available from ADM of operators and RGE

A ,‘HLL m=) Renormalization constant matrix and ADM of the EFT operators
—<— +
) | . a 13N 3 . oA dZ
jﬁJ Z_HEE( -3 3/N) y==2 dlnp
\ /
R O RGE of C;(n) governed by the anomalous dimension matrix

0

=
S T Gl =) G = (50 + ) 6w
+ + NJ—?

=) 5(#):(n%f)ﬁ%,um(gwu_"‘sgi‘“ [X(”—(fﬂf)ﬁ’(”)]). = | (D*~|0;|B)?

12
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Effective Hamiltonian for other processes

O Feynman diagrams in full and effective theory

O H, for b — s(d) FCNC decays

Heer = \f Z Cf(#) (Vub Vus O ‘|‘ Vi Vcs O )

Gr

\/_
Gr

75

10
Vio Vis (Z Ci(p, Xt) Oi + Cg(p, X1) Og) -
-3

10
Vio Vi (Z Ci(p, Xt) OJ'M + Cr(p, xt) O;)

i=9

—> QCD Penguin Operators & Chromomagnetic Operator

Os = (5{vubl)> (@7"ar),  Os = (S1vubl) D (a+"ad),
q#t q#t

Os = (8fyubf)> (GA"qR), = (8fyubl) > (aRY"qR)
q#t q#t

09 = % Y TA br) G, .

8m2

— Electroweak Penguin Operators O7_1¢

2 _ _
07 = (SL’YubL)Z eq (ALY a), Os = 3 (387ubD) D eq (A" ap) .
g#t g#t
Oy = (SL’YubL)Z eq (GA"aR), Ot = (SLVMbL)Z eq (GRY"a8) -
gt gt

depend on electromagnetic charge of final state quarks !

— Electromagnetic operators O

O-}y = i myg (§[_ Opv b,q) Frv

how to calculate matrix elements of 0;?

872
main contribution to b — s(d)y and b — s(d)¢* £~ decays.

2025/04/26 Xin-Qiang Li

Theoretical Review on B Physics s




Effective Hamiltonian for b — s(d) decays

O Different languages used by experimentalists vs by theorists
vy

Full theory: .

6%

VS

; o A
Effective theory: S - ,/f‘f:‘
D>
i O.'.g . ‘! C)f}t'_i()f ‘ | 65 O, 5%\
< ‘ . \ / L

o T35 9% WP 99

‘ \ | )~ \ w TN Y Y/

3?) .‘5 | © o ; 'QAG'Q/ ™ { \ o ) {66\‘6’ 1 9/| | O(, 1 &C\ j}

O ( \ | B 9% 2?,66- I\‘/._}?/_. y : B yg{( "3’4/6 N | H ‘: B 99@3{ argf{g e
U4 d g KRN 4 3§ e

O Decay amplitude: AB - f) = Z[ACKM - C; - {f10;|B)] mmm) | how to calculate (f10;|B)qcp,qED
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Hadronic matrix elements

O (f10;:|B)qcp,qen: depending on the specific processes

HQE/OPE, lattice, (QCD

> Exclusive vs. (semi-)inclusive modes? sum rules) QCD factorization
P A~ ~ (flavour symmetries)
> Hadronic decays (M{M,|0;|B): depends on spin (0|0|B)
(B|O|B) (M|O|B) (M M>|O|B)

\

& parity of M, , and FSI introduces strong phases,
and hence direct CPV

Increasingly difficult

B - X v, Xy, X 44

a difficult, multi-scale, QCD & QED problem! B— Tv, B — Drv; B — py Direct CP asym
Bs — ptpu~ Vo | B— K™ By — nK,KK,...
AMBd,Bs B — Kvv By — wm
ATp, By — b, K*OR*O

- Dynamical approaches based on factorization theorems: PQCD, QCDF, SCET, - - -

O.(w) [Keum, Li, Sanda, Lii, Yang "00;

. Beneke, Buchalla, Neubert, Sachrajda, "00;
B T Bauer, Flemming, Pirjol, Stewart, ’01; Beneke, Chapovsky, Diehl, Feldmann, ’02]
—

- Symmetries of QCD: Isospin, U-Spin, V-Spin, and flavour SU(3) symmetries, - - -

= . = - [ Zeppenfeld, ’81;
<M1M2 |0i |B> L <M1 |u b |B><M2|d ulO) London, Gronau, Rosner, He, Chiang, Cheng et al.]

naive fact. app roach [Bauer, Stech, Wirbel ‘87 ] - Combination of dynamical approaches with flavor symmetries [FAT (Li, Lii et al.)...]

2025/04/26 Xin-Qiang Li Theoretical Review on B Physics 115




Example

O With (fl(?ill_?)QCD,QED at hand, we can then do what we want to do

- EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects

“" |l mw ~80GeV

4 my ~ 91 GeV > my ~ 5 GeV > Aqcp ~ 1 GeV

L

mt 4G L
Ho = ———— Z Vop Vb (ClQIf + CoQh + Z CiQi + C7,Q7y + ngng)

v - \/i p=u,c i=3
electroweak WCs due non-perp.
parameters to NP parameters

st fargto\een  HLBE Y bl

ij A
+/1 d¢ du dv T (&, u,v) ] J
0 :

related to exp. Br WCs from SM, also perp. calculable
& CPV perp. calculable in QCD & QED
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Purely leptonic decays

O Have simplest hadronic structure; all QCD dynamics encoded in fz = (230.3 + 1.3)MeV

(0]g(0)y*ysb(0)|B(p)) = ifpp*

O Much progress achieved due to multi-loop techniques, EFTs , & LQCD, ...

L v L L . ) Q = 2(ay"Pub)(f)
g : -[/:.I L/Zk - a'cjlln - -
w w w S > W W W LAap=1 = Nap=1 ZC@'(#@) Q; + VTZW*Q Z Ce‘(#-b)(Q? - Q?) Qo = ar (q“fﬁ ‘Df-b) (f’*fﬂ”fﬂ)
i=1 7 =1 € =
oo T ety " L Q = 1g5m» (G5 Prb)Flu
ot l ! — exp g mrTY B
, B, =(3.34£0.27) x 10 vs B, =(3.64+0.12) x 107°
w W

w

O QED effects below m,; needed to match exp. precision

O(ag)
NNLO QCD correction

G- WL
b TN s b s b s
! R g 78
z ¥ N\/b B (O 9
7 z
! i 1 ! I ! !

0(a,) NLO EW correction L when struc.-dep. QED effects included, need inner structure of B

0 (as)

b
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Lifetime of b-hadrons .. .. <t

‘ s o |
I 1 f |
At : N two-quark w / \/\q\
O Lifetime based on HQE in 1/my: 1. Abrecht, | contribution / o\ four-quark
contribution
F. Bernlochner, A. Lenz, A. Rusov, 2402.04224] b gt P o ¥ b o b b o b b g b
: : : AN AN
= o 3 [ s — px) (X(px) e ()
X ps
. 1 (Os) - (Os) 2 ( 6) , = (O7)
Optical = = Im (B(ps)| i / d*x T {Hen(x), Hea(0)} 1B(ps)) ~ T(B) =TatTs= 5o 4Te—3m+... 416" |Te= 5= + 17 3= + ..
Theorem 2mp my my my my
O status of SD coefficients: (Qs)p, | 1993/96 | QCD sum rule [231,237]
) . . 2013-2023 | Fit of inclusive data [236-2411]
Semi-leptonic Non-leptonic 2017/18 Lattice QCD [212,247]
LO NLO N°LO | N°LO LO NLO N°LO ‘ (Q5) B, ‘ 2011 | Spectroscopy relations [244] ‘
3 v v v v'* v v D status Of ‘ (Qs)B ‘ 2023 | Spectroscopy relations [34] ‘
s v v v . (Q6)p, | 1994/2022 | EOM relation [31,245]
e 7 % NZ hadronic 2013-2023 | Fit of inclusive data [236-241]
(Qs)B 1994/2022 | EOM relation [31,245]
7 v matrix ‘ 2011 Sum rule [244] ‘
s v | (Qe)s | 2023 | EOM relation [34] |
Eﬁ v v v v elements. ‘ (Qs) B, ‘ 2017 | HQET sum rule [246] ‘
I v < v ‘ (Q6) B, ‘ 2022 | HQET sum rule [247] ‘
© [Lenz, Piscopo, AR, 2004.09527], [Mannel, Moreno, Pivovarov, 2004.09485] ‘ (Q6) a, ‘ 1996 | QCD sum rule [245] ‘
* [Fael, Schonwald, Steinhauser, 2011.13654] ¢ [Mannel, Moreno, Pivovarov, 2304.08964 (for m. = 0)] ‘ <Q6> ‘ 2023 | NRCQI\I [))4] ‘
v - known - partly known - in progress or planned [Karlsruhe, Siegen] ‘ <@7> ‘ | VIA ‘
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Lifetime of b-hadrons

O Exp. data & SM predictions: [J. Albrecht, F. Bernlochner, A. Lenz, A. Rusov, 2402.04224]

mm Experiment 0 -
F(B+) : . O : HQE Scenario A ['(Ap)
B HQE Scenario B F(,:.O) e
T'(By) p— b
) ') = —
s b — ' _ ) _ ) W Bxperimen
I'(€,) : - : HQE
0.5 05 06 065 07 075 080 085 05 055 06 065 07 075 08 085 09
[ps™] [ps ]
7(BY) — T(AY)/7(Ba) o o g ment
7B (=) /7(Ba) —
(B, B Experiment - . .
TEBd; el HQE Scenario A (&) /7(Bd) ' -
Bl HQE Scenario B T(E%)/’T(Eb_) —_—

0.98 1.00 1.02 1.04 1.06 1.08 1.10 1.12 : : ‘ : : ‘ : - -
0.88 0.92 0.96 1.00 1.04 1.08 1.12 1.16 1.20 1.24

» excellent agreement between theory & data T AT Tl T i Al S T, 8

> no indication of sizeable quark-hadron duality violation iR YRCRGIG AR, iU, E3C00680 ]
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Neutral B-meson mixings

O For B) meson: flavor eigenstates # mass eigenstates = mix with each other via box diagrams

B(t i) /|B(t d W b
ii(|_()>):(M—1F)(_())) - AN\ \——
@ \|B(v) 2 )\ By e
s — < - ——
O Three observables for B mixings b (\C\,\/\’ d
. " “short-distance” “long-distance”
® Mass difference: AN := My — My, ~ 2| M| (off-shell) (=virtual particle exchange) (=real particle exchange)

| M| : heavy internal particles: t, SUSY, ...
GT)E * ' e 92 -
A[]_) - ﬁ (V ‘/[b) ‘Z\[ﬁSO(’Tf)Bqu[f,lAIBan

B Decay rate difference: AI' := ') — 'y =~ 2|T"15| cos ¢ (on-shell) tq

IT'12| : light internal particles: u, c, ... (almost) no NP!!!

t 1-loop calculation Sy (z; = m?/ Mvzv)

B Flavor specific/semi-leptonic CP asymmetries: €.9. B, — X!v (semi-leptonic) T 2-loop perturbative QCD corrections 7
_ _ 8 — - -
i = o= BN TEO D) Ta ), t 3B5,13,Ms, = (By| Ga)v-a(ba)v-a|By)
T T DB () )+ T(By(t) = F) Mz Y
() , % (1)
I'yp = (E) (Fa + EFB +.. ) HQE
v’ M;,: dispersive (off-shell) part of the box diagram AN AN
+(m) (r§ +...)+(m ) (T +.) + .
2/] b

— v' T;,: absorptive (on-shell) part of the box diagram
v' ¢ = arg(—M12/I'12): relative phase between them > indirect searches for BSM effects
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NP constraints from neutral B mixings

O Exp. observables are related to the

€x SM . ex . SM
SM and NP parameters: AM;™ = Cp,AM™,  sin27 =sin (26" + 245,)

AMP® = Cp AMPM, ¢ = (8 — ¢,)

s =

O Latest fit results by UTfit group:

— 15 v 20 —
(o) - o - [9) -
h " e B — 80
- F 3 o F - ; B UTs
« F[ o (mpas) S of [ (miE) S, U]
= 10| Cp o2its, — - summer23 <= - | Cp elitn, — : summer23 o 60Ha, = (1 + ﬁ e?i(é}:l’_q&ﬁ-\l)) ASM 2ig summer23
L q — | q SM| & L q q
C <BS‘H§¥‘BQ> NP fit 10F <BS‘HC“ ‘B‘l> NP fit 40'_ : NP fit
5| "
i °F 201
of- + oF * of-
-52— 20
-5 r -
-1of “oF NP /ASM
10 Cp, |1.09+0.09 : Cp, |1.10+0.06 ok As™ /A5 less than
' ~15F -
- b5l] | —1.8+1.9 : é5.[]| —0.1+£0.5 Wb 20(25)% @ 68(95)% prob.
B I R S I Y S v E—
NP ;A SM
Cs, Cs, ANP/AS

Ll consistency between data & SM of B mixing observables puts stringent constraint on NP
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|| ||
~ 04 .
Semi-leptonic B decays ;' ipmm
& [ moronazos |
= - - 0.35 —\ LHCH
O R(D™) anomalies: first observed by BaBar in 2
= - — = C Belld [/
2012; currently still having ~3.310 deviation 0318 |
L LHCH®™
Br(B » DWWty 025 [
R(D (*)) | ( 7) - b A
BT(B [ D(*) lVl) i icti R(D) =0.342 +0.026,
e - +”,f(%)’?‘;§2”9§’i“(‘,°_§5’: R((D) 0287 £0015" -
- R(D*)=0254 +0.005 g& ;’j‘;s/ .
1 l L L L L I L L 1 L I L 1 1 L 'l
02 03 0.4 0.5
R(D)
BV = =14+ CF + CT > +af’|CY + CT |* + af"|CH|?
-- * P
O Model-indep. result for R(D), R(D*) & 4 alRe [(14 G +CI) (O + O] + abTRe (1 4+ CE +CI7) G2
R(A,):
(Ac) }%& 1+ CV, P+ |CV, P + a3°|CE, — C&1* + i |CF P
\ 4 +alf Vi Re [(1+CF) OF] +alRe [(1+ €Y~ OF) (CF - OF)]
Her = 2V2GFV, [(1 + Cy, )Ov, + Cv,,Ov,, + Cs,0g, + Cs,0s,, + CTOT] + G.KLTRB [(1 4 C{',Z) C%r*] n O‘J};RTRG [C?/;C%T*] 7
with
}1;;;{ =1+CF P+ |CT1*+ as? [ICE PP +|CT ] + all'|C¥|? 4 ayF"" Re [(1+CF) CcEr]
OVL = (E'YMPLb)(?'Y#PLVT) s OVR = (E’YHPRb) (?’YMPLVT) ’ H Vs Vs
1 R 1 Cq'r Cq‘?'* CQ‘T CQT* 2 R 1 CqT CQ“T* CQT CQT*
OSL = (EPLb)(FPLVT) ) OSR = (EPRb)(?PLVT), + CL: . € [( + VL) St V+T Vr SR] + Oy e [( _: ; ) Sr + VeSSt :|
Or = (co™ Pub) (o Pruy) +ay"*Re [CE CT"] +ag” Re[(1+CF) CF"] + ayf” Re [CF CF™] .
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NG

L

Sum rule for b — ¢ sector
Avp):  Re[(1 4G

O Sum rule for R(D), R(D*) & R(A,) = Br(A, - A.tv,)/Br(Ay —» AAVv,)
HS , so that §4(C;) small

Ry RJP+ Ry +6u(C)) me) b+c=1&af’b+al°c=a
RM - RM R‘.S;MM H
=m) model-indep. & holds for any tau-philic NP!
O State-of-the-art prediction: [Duan, Iguro, Li, Watanabe, Yang, ]
16} KT ' Lattice LOSR Lattice + LCSR
| weraen ‘ S T | SN Tewer | SM > important to properly consider the
N T MIHRTE LR G BELLES B— D | Refs. [85,86] nodata | Ref. [90,91] Ref. [90] | Ref. [91](*)
§ A B — D* | Refs. [87-80] no data™ | Ref. [90, 91] Ref. [90] |  Ref. [91] ¢+ Correlatlons among FF para meters
a Ay — A Ref. [80] Ref. [92] no data  mno data
| NLLONLP LCSR - . > provide a unique prediction
Y. M. Wang et al, 2301.12391 A N
' cofivoiurl st revidoniite ] — (0.272 £ 0.015) ——=- + (0.728 F 0.015) + 0, ;
ST el R R 1*1"23‘*I of R(A.) model-indep.ly
da. = (—0.001 £ 0.005) (|C§; >+ |C§,?) + (=0.007 £ 0.005) Re (C§, C57) RiR = 0.370 & 0.017\R5M,exp + (< 0.001)|gg
¢ X
+ (=2.681 £ 6.907) [C57 > + (—0.561 £ 1.439) Re (C{7 C47*) I
+ Re [(1+ Cy7) {(0.041 £ 0.034)C7* + (0.594 + 1.274)C7 ]
+(=0.002 £ 0.009)Re [(1+ CT) CE* + CE O R = 0.242 4 0.026 & 0.040 = 0.059
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Ra re FC NC decays » occur firstly at 1-loop; suppressed by loop factor

> proportional to |V, Vi|; Br(b » s ££) ~ 107°

O Why b - sf*¢~ processes:
» sensitive to various NP beyond the SM

w
T b Vi, & Ves g

4Gr e?
= ——WVe—— O + ...

Qem — )
Qy = —421(%" Pb)(¢7,t)
Qem ,— 4, =
Qo = H(Q’Y‘NPLIJ) ((y,75¢)

e - i
Q7 = Fmb (qgl PRb)F,'.'u

Non-local form-factors:

Halk,q) =1 / d*z e TP (M (k)| T{Q.[cy.c](z),C:0:}| B(g + k))

» dominated by charming loops from Oi,z

: : [ / ° ° ° °
AL (B = M) = N { (Co 7 Cro) ) + 2 O () — 16w S| | > they can easily mimic NP by a shift of Cq
. :
/ \/ BSZ parametrization » with a simple analytic structure, charming
* B> K™ pp Local form-factors, LQCDIé LCSR |
*Boom.. involves e.g. Fi(k, q) = Py (M (k)|57,bL|B(g + k)) loops are small [Gubernari 2022; LHCb 2024]
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Rare FCNC decays

O No visible g? dep. for NP [Bordone etal 2024]

1 N dispersive
Halz) = -~ > axppil2) bound
(D(Z)P(Z) ;) Gubernari, van D

an Dyk, Virto 20

- _x10 5
SM prediction
C'T— 6 4 B — K#/‘L - ::il ;:::lt'llll:u'ru'k - At IOW q2: 4_
= A LHCb 2014 <_—- SM predict‘ion
@] FH Babar 2012
; 5 Belle 2019 L 3t i
i:: O 2t { ---------- % """" T """" { """" E """" f <-——— Constant-C, fit
\S’_‘ff\ % //?] L
B =S . - Data from ol B — Kpp [LHCb ‘14, CMS ‘23]
T R ittt s o M 5 == = *%i | L L ! ! L i
s, | T | LHCb and CMS [1.1.2] 12,31 34 4.5 [5.6] 16,7 [7.8]
= B ovsam) bin ¢? (GCVQ)
2 4 6 8
¢ [GeV?]

O The size of charming loops still under investigation, and further detailed studies required

2 ~ . & = —
m;, = mbAQCD. (Ol(C_ISSn)(Tln)Sr-IL-Sﬁ(O)SggSGHVSﬁ(Tzn)nvn . )/)/f]/SS;lhv (O)lB‘U)

g N
’ hard-collinear >
) 1 = 2Fg(Wmg j dw dw, e @111t O272) O (wy, Wy, 1)
4 < g L5
» Novel soft-function needed? [Qin, Shen, Wang, Wang, 2023; Huang, Ji, Shen, Wang, Wang, Zhao,2023]
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QCD factorization for charmless B decays

O QCDF formulae for two-body charmless hadronic B decays [BBNS 99 ']

(M\M|CiOi|B) i = > Clun) % {FB—>M1 X T (s pis) * Sy @any (ps)
terms —
4+ os+..
+ 5 ®n(s) * [T“m, pr) # M, 1) } e o o, () % B (1)

l+ Ofs‘l‘

» systematically method based on QCD, and higher-order pert. corrections calculable systematically
» factorization valid at leading power in heavy-quark limit, and limited only by power corrections

O SCET formalism reproduces exact QCDF result, but more apparent & efficient [Beneke, 1501.07374|

> for T!: only hard scale involved, one-step matching from QCD — SCET;(hc,c,s)!

‘ ‘ F F 11
h__h T
h\ /1 " - s ¢ ¢
s ) ) . ?. he 4) H ® J
h a . -

> for T!I: two scales involved, two-step matching from QCD — SCET;(hc, ¢, s) — SCETy(c, s)!
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Status of the NNLO calculation of T! & T/

O For each Q,; insertion, both tree & penguin topologies relevant for charmless decays

(M1M,1Q;|B) = FEoMi T @ ¢y,

+T!' Q@ ¢p @ pu, @ du,

tree > T!

\elfe\.
O O tree

pengumg

> For tree & penguin topologies,
both contribute to 7! & T

p( nguin

TII

spe\(t mn

p( nguin

2025/04/26

:O(as)_|_

T!, tree T!, penguin T tree T!' penguin
LO: 0(1) v T' =1+ O(ay)
NLO: 0(ay) —{( v — w

BBNS '99-'03

A

— 000000 ™———

NNLO: 0(a?)

VA

Bell '07,'09
Beneke, Huber, Li '09
Huber, Krankl, L1'16

— o —

— 000000 —

Kim, Yoon 'l1
Bell, Beneke, Huber, Li 15, '20

A

000

Beneke. Jager '05

Kiy

el '06, Pilipp '07

Beneke. Jager '06

Jain, Rothstein, Stewart '07

Xin-Qiang Li
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By — Dfl*)_LJr class-I 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 = dyu(1 —ys5)u Ty*(1—5)b
O For class-I decays: QCDF formula much simpler; Q1 = dv,(1—7)T?u ey*(1 — ) T"b

only the form-factor term at leading power [

[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pifjol, Stewart '01] I) Only color-allowed tree tOpOIOgy 155 &

- = i) spectator & annihilation power-suppressed
* — = By—DJ"
(DWTLT|Q;|BY) =) | F, (M?)

iii) annihilation absent in By, — Dg(sK ()™ etc.
J

1 " . :
X / du Ty (w)ér(u) + O (AQCD) iv) they are theoretically simpler and cleaner
0

My

l-»these decays used to test factorization theorems

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

T=T9 +a,TW +a2T® 4+ 0(a2)
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Non-leptonic/semi-leptonic ratios

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

F(BY. = DY L) free from the uncertainties from
R = o E S j{;)ww(h)) 2 = 67 [V 17 e (D)L X} )
dU(B(y = Dy C00)/da® | Vep & Bgs = Dy i form factors

O UpdatEd prEdiCtionS vs data: [Huber, Krankl, Li '16; Cai, Deng, Li, Yang 211 1 Confirmed by Belle: 220700134

(%) o "© NLO Bencke (20000 | F><
R(S)L LO NLO NNLO EXP. De\’l&tlon (U) NNLO 7~ Huber (2016) H B
0,04 0.03 NNLO K~ Huber (2016) . F—&—1 TT
Rx 1.01 L0701 1107503 0.74 £ 0.06 5.4 NNLO p~ Huber (2016) ——T¢
, ‘ | B4 BGL(2:2.2), F-MILC | -
R: 1.00 1.06150 1107003 0.80 + 0.06 45 BGL(2.22), JLQCD
' ‘ b CLNnollQS, JLQCD o
R, 2.77 2.94701% 3.0270 1% 2.23 4 0.37 1.9 Wi Belle Fleischer (2012) —a— K
................................ R TR T e LT 8 BaBer Fleischer (2012) *
B-D'K~ ! Rk 0.78 0.8370 0 0.85 002 0.62 +0.05 44 i "
R 0.72 0.76+003 0.797001 0.60 + 0.14 1.3 N P
Ry 1.41 1501011 1.537010 1.38 +0.25 0.6 ’ S K
AT eEEREEAEEaEEaEEsEsarsaEEsEesees ] .,[.):1..............6.6; ------------------------------------- .: e :
B; - Dim™ : Ry 1.01 1.07 0 0s 1.10 003 0.72 + 0.08 44 i BT _ .
.................................... .
Rk 0.78 0.83700 0.857003 0.46 + 0.06 6.3 - - .
0.7 0.8 0.9 1.0 1.1
la;(B » D**m)| = 0.884 + 0.004 + 0.003 + 0.016 [1.071+$32] — a1 (h)|

15% lower than SM  1ai1(B » D**K™)| = 0.913 £ 0.019 + 0.008 + 0.013 [1.0697§030
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La I‘ge power CO I‘I‘ECtiOI‘IS? (DI L] Q; | BY) :ZFfﬁDé*)(Mg)

J

4 i i . 1 . .
O Sources of sub-leading power corrections: (Beneke, ) / Ty () ) +10 (AQCD):
Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20] 0 :.____TEE__.:
> non-factorizable spectator interactions > all are estimated to be power-suppressed, and no chirality-
\%\/ \/g/ enhancement due to (V — 4) ® (V — A) structure
E % Aqcp m) | > very difficult to explain why the measured values of |a; (h)|
. , m icti
> annihilation topologles b several o smaller than the SM predictions
» must consider sub-leading power corrections more carefully

K K > /,

> non-leading higher Fock-state contributions g%,

oy oy b

O Non-fact. soft-gluon contributions in LCSR with | Br(B) = Dir ) = (2.15%737) [2.98 £ 0.14] x 10~*

) Y +2.39 4
B-meson LCDA: \aria Laura Piscopo, Aleksey V. Rusov, '23] Br(B — DK ) = (2'04—1.20) [2'05 + 0-08] x 10
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/,//J I‘HI\ W S [
B - K puzzle (e

We S q—b_:\u‘:t
O B —» nK decays dominated by QCD penguin diagrams f e T U_d. ¢ N
Bg || | \ )
'UI \/ ‘ .HT
O For direct CPV, tree & EW penguin also crucial d d Y
o< AN Rye® x AN?

M, ~
W [ W M, )
B N Ry = 0(0.02) = | QCD penguins dominate

BO ‘ O wo ‘ M,

@7 e V2Ap ok =ALp[Spuen + a5 |+ Ag,[Spucz + Spedas pw ]
Ago_prx- = Arg[Spuon +ay . I I
w o O W O : Acp(n°KF) _ACP(“':FKi)!_QSin'Y(Im(?’C) — Im(rp f‘Ew)) + ...
AAcp(mK) = Acp(n°K™) — Acp (T K™)
(©) P. Py (@ 5. Pow = (11.3 £ 1.2)% differs from 0 by ~9¢

some mechanism or sub-leading power corrections

AA-p(ntK) puzzle

- -
or even NP to enhance C = a; or Pgy = a3 y,?
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B — PP based on SU(3)r symmetry

O Final-state SU(3); decomposition:

e 3 light quarks, u,d, s, much lighter than bquark . & & '*‘ """ """
e u,d,s = SU(3)p triplet; State — |irrep, Y, I, I3) ™ o g
o lu)=[3.5.3.8). ld) =[8.3.3.-3). Is) =[3.~2,0.0) S
,,,,,,,,,,,,, @K ,(")K—n
) |(§ | lﬂ % %) Y = hypercharge, I = Isospin i
@ 3 x 3" = 1+ 8: These are the 3 pions, 4 kaons, 1,1’ @ Apply to two-body final states
o |7") =|ud) =18,0,1,1)  Similarly other pions and kaons are also octets [PP)ym = (8X8)sym =1+8+27 =236
H . _ 1 2 1 1
O Initial B states: "T+7T )= 3 1000 — \/:|8>o 00 ~ ﬁ 127)000 + ﬁ 127200
0 - - _ B -
B’ =|db) = \3)%_% . B=iby=P3),.. B =-lb)=[3), , iy
O Effective weak Hamiltonian: Tiet| Toico | 6imt | 3% | 32 [ Ticen | Timie [ 6rme |32, 32,
el e . lddd 173 | —\/1/6 1/2
Hor = 75 | WG + C0") + A0 + Ga?) / / /
' 47 u VI3 =124 | =172 | 1/2 | /I/8
10
- AN, dsd | 1/2 | =/1/8| 1/2 | =1/2|/1/8
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B — PP based on SU(3) flavor symmetry

O Physical amplitudes:

(PP|H|B) = (1080 27|3" & 6@ 15*[3) = » Ci(1,8,27(3",6,15"(3),

» B — PP decay amplitudes expressed in terms of SU(3)r RMEs & C-G coefficients, and then fit to all the data

» Key point: no any theoretical assumptions on RMEs = completely rigorous on group-theoretical side

= dndepRIVIESR, T 85 SN5T WY 17 82

O Enough data for the fit with only 7 RMEs in exact SU(3)r

mm) 7 indep. RMEs = 13 real parameters

AS = 0 decays: AS =1 decays:

Decay Bep (x107°) Acp Scp | | Decay Bcp (x107°) Acp Scp
BT —» KtK° | 1.3140.14 | 0.0440.14 BY > 7nTK® | 23.5240.72 | —0.016+0.015
BT - ntx® | 55940.31 | 0.008-+0.035 Bt — 10K+ | 13.2040.46 0.029+0.012
B° —» K°K® | 1214016 | 0.06+026 | —1.08+0.49 BY — 7~ K* | 19.46+0.46 | —0.0836+:0.0032
B - rtn— | 5.1540.19 | 0.311+ 0.030 | —0.666- 0.029 B° — x°K° | 10.06+0.43 —0.01+0.10 | 0.5740.17
BO _y 70,0 155+ 0.16 0.3040.20 BY -+ KTK— 26.6137 —0.17+0.03 0.1440.03
B® - KTK~ | 0.0800.015 7? ?7? BY - KK | 17.443.1 77 2?
BY —» ntK— | 5.9070% | 0.22540.012 BY — ntm— 0.727901% 77 7?
BY —s 9K° 77 77 77 BY — 7070 2.842.8
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B — PP based on SU(3) flavor symmetry

O State-of-the-art SU(3)¢ fit [Huber, Li, Malami, Tetlalmatzi-Xolocotzi, w.i.p; D. London et al., 2311.18011]

AP s A= (1)[31113)  As = (8]31113) . 4, = % (—3T+6‘—8§m—12@im) . AS =0 fit:
MY+ Bi=(1][33][3) , Bs = (8]133]13) , R L L
AP & AP : Ry = (8]|6]13) , Ps=(8]1157[|3),  As = g\/;(fsmcfspmm) , T Id Pl Al Pl
Pyr = (27(|157([3) . SO uc <
Re = P (T-C-17), 1 40+05[66+07[3+4|6+5]08+04|
Bi=-7 (§PA¢C+PM) , BB:—\/EPM. Po= 55 (T+C+5d)
Pr = b (748) AS =1 fit:

TGl TP B T A/A T Py ps T [ 1 [ 1Pl | 1A A
Tl T / Pl ] P ) A/ A PAI ) PA ) | uc tc
17T ICC | 1P/ Pucl | 1A'/ A | [P AL/ PAw] 48+ 14 |[41+£14 | 48+15 | 81+28 | 0.78+0.16
12+4 | 6.61£2.2 16£22 14+£13 10£13

v |¢] = 1.65 (AS=0), 0.85 (AS = 1), 1.23 (SU(3)y) vs 0.13 < || = 0.23 < 0.43 based on QCDF
i 1L

v for combined AS = 0 & AS = 1 decays: very poor fit, with 3.60 disagreement with the SU(3)p limit

v' a 1000% SU(3)g-breaking effect required, much large than naive expectation of fx/f; — 1 ~ 20%

O More precise measurements, especially of the missing observables (e.g. B? - K°K° and
B? —» n°K°®) may help to figure out true dynamical mechanism behind charmless B decays
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Summary

O With exp. and theor. progress, we are now entering a precision era for flavor physics
O Most consistent with SM but also several deviations observed mmms) NP signals?
O More precise exp. data, & more precise theor. predictions, & LQCD inputs needed

many opportunities to explore SM & BSM physics in heavy flavor physics

|= 0.6F ] |= 0.6[ = 0-6f
- o - -
- - X ;
0.5 —_\ 0.5 A—:: 0.5[
0.4 0.4 0.4F
\ F -
0.3F &« 0.3F 0.3}
0.2F 0.2F 0.2f
0.1 \ 0.1F . 0.1F
2 Y « C C
oF oF oF
C U i/ / / UTgi¢ C j
-0 J L LB L1 1 I R I L 1 1 l TR ) I Ll L l Ll 1 1 -o E il Rl o Y l LA el l Ll 1 1 l L L/l l L1 1 1 l L 11 -0 -‘ 111
b1 0 01 02 03 04 05 06 H1 0 01 02 03 04 05 06 5 i 0.
p P : p
https://arxiv.org/pdf/0710.3799
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Rare FCNC B decays

O Another interesting FCNC decays: B —» K()vv

b > there are no photon-penguin diagrams

—— b
+ { Tn t }>~?< > theoretically cleaner than b — sf¢ decays
s

s due to absence of LD cc-loop contributions

(1.33 £0.04)x, x 10~3
-of-the- iction: B(B = Kvi)™M/|\|? =
O State-of-the-art SM prediction: (B = Kv)™" [\ {(2.8710.10)K+ e

e Effective Hamiltonian in the SM:

~ 3% uncertainty

4GFA¢ Qlem -~ _
LY = —v = E CM (5.7,bL) (PLiv*ve:) + hec.,

A = ViV,

(5.9 £ 0.8) g+0 x 1073
(6.4 +0.9) g+ x 1073

e Short-distance contributions known t6 good precision:

B(B — I{*I/D)Sl\/l/lAt'2 — {

CEI\’] _ *X,c/ SillQ 014-‘["' | Including NLO QCD and two-loop EW contr‘\hutionstl = 15% uncertainty
= —6.32(7) X = 1.462(17)(2)
= by Ly - LQs: by __)L}—
(K(*)|§L7#bL|B> e Z -Fa(qz) >«,M,v< :,i‘:(;,l,l“)
a 2~ut0 X sensitive to NP ’
P eVl = IVal 1+ 00%) el Cha
Form-factors (e.g., LQCD) Lz D gi; Wiy ;) Z Lz, D i (driRairaL;) + hec.
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