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l Milestones in heavy flavor physics since 2000 ]
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First observation of CPV in baryon decays 2025
First observation of CPV in D-meson decays 2019
-
First observation of doubly heavy baryons 2017 g
8
First observation of heavy pentaquark 2015 DL_
C
.90
1L
First observation of direct CPV 2004
CPV in B-meson system 2001
2000 QCDF PQCD SCET

Experimental progresses Theoretical progresses
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Precision Test of the Standard Model ]
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l Heavy Flavour Physics is an Important lTopic ]

We take B — 7z as an example
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It is important for us to calculate the parameters r, 0, and 0, accurately as possible as we can in the theoretical side.



l Puzzles in nonleptonic two-body B decays ]

e B — 7% puzzle Br(B" - z%z% = (1.55 £ 0.16) x 107°

Much larger than expected.

e B — Knpuzzle AMcep =Acp(B- =K 1Y) —Acp(B° > K nt) = (113 +1.2)%

90 deviation from isospin limit.

°T(B, » K°K")
F(Bd —> KOEO)

Ve

e B—> KOK® puzzle psd
Vts

KK

= 0.62 + 0.14

Over 30 deviation from SM prediction.

i [(BYy = D' L™
e B— DYL puzzle RE) = —— ( (Sc))+ L)
dr (BS,) - D v, /dq?| g2

R

~ s Riy R.: Over 40 deviation from SM prediction.

* Could these anomalies be attributed to effects of new physics?



l The Multi-scale Problem: Factorization ]

Many scales are involved in the hadronic decays of heavy flavor hadrons

NP scale EW scale Heavy quark scale Intermediate scale Hadronization scale
TeV or beyond My mp(m.) \/m »\, M. A
. EEEE————————m ———..
G I :
Effective theory+RG Herr = 7’21 i Ci0;+ X, C; 0; Nonperturbative
(flO;)|B) =A;p +0 A A
L T LP mb ’ Ef

® Wilson coefficients Ci: perturbatively calculable. (3-loops)

* Hadronic matrix elements < f|O;|B> : essentially nonperturbative quantities.



l The Multi-scale Problem: Factorization ]

Within the formula of semi-leptonic B decays, we factorize the amplitude of Tree operators
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* Small strong phases from QCD corrections of WCs.



« QCD factorization and SCET
[Bauer et.al, (2001)] [Beneke, Buchalla, Neubert, Sachrajda (1999)]

(MiM;|0;|B) = FB""MiT @ oy, + T @ 5 @ dpr, ® by,

* Perturbative QCD (PQCD)
[L1, L, X1ao etc.]

(MiM2[04|B) = H ® ¢ ® i, ® i, ® e




(MiM|Ci0i|B) e = > Clun) X {FB—>M1 X T (1, is) * fit, @ay (1ss)
1+ o+...

fBPB(us) * [TH(Uha wr) *JH(.UIa Ns)] * fm, Py (pes) * fm, P, (Ns)}
14... os+...

Form factors and LCDAs universal non-perturbative objects

e Vertex corrections T' =1 + O(a, /)

e Spectator scattering 7"/ = O(a,) and real
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QCDF: Two-loop Corrections to

NLO Corrections [BBNS, 99-04] ~ NNLO Corrections [05-20]

% JQWJ_ JMWJ_ 0(e2) M T \/% 7O

Bell '07,'09

Beneke. Jug.c-; 05 Benelke. .T:'-.g:l' 06
Beneke. Huber, 1109
Kivel 06, Pilipp '07 Jam. Rothstein, Stewart '07
EV \/g Huber, Krankl, L1'16
K. Yoon 'l
E % Bell, Bencke, Huber, Li'15, 20
Results .8 0.20 ————— o]
aj(mx) = 1.0094[0.023 + 0010+ 0.026 + 0.028/ 2 ol s
- | 1.06} . T
— |2 | {10014 5, + (0034 = 00271y, + [0008],, b ] & il |
o T & 1.04 k) : .
= 1.000%; 069 + (0.011 T 050)i K & 005 j
. | ) .02} T T T *
a(rr) = 0.220—[0.179 + 0.077 ily o — 0.031 + 0.0507 4y | SN 0.00f i
re o : loob——— . ... — ~0.05L 1 _ ]
7t [ e 01145, + (0049 = 0.051i] 5, + [0.067],,, } > 4 . : -2 : ; - : .
H[GeV] u|GeV]

= 0.2401575 + (-0.077X003)i

Comments

Small impacton B — 770 strong cancellation between Tl.l and TiH

Small impact on B — 7K: strong cancellation between tree and penguin operators

Small impacton B — Dq(*)L: small real part



l Precision Calculations of Form Factors ]

LCSR is a2 QCD inspired method for the large recoil region of the heavy-to-light form factors.

The correlation function

B
b d (OIT Uryeak (00, Jp (B (P))  * Light meson LCSR
/ (M (P)lTUweak (O).JM (x)}IO)X * Heavy meson LCSR
%] pé Quark Level G Quark hadron duality e Hadron Level

HA A A

(a) (b) (c) (d)
Higher-power corrections

* Hard-collinear propagator e B — x, K form factors [Cui, Huang, Shen,Wang,Wang, 2022]
e Subleading effective current e B — D form factors [Gao, Huber, Ji,Wang, Wang, Wei, 2022]
e B — D* form factors [Cui, huang,Wang, Zhao, 2023]

e B — Vform factors [Gao, Lu, Shen,Wang, 2019]

* Higher-twist two-particle LCDA
* Three-particle LCDA
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l Precision Calculations of Form Factors ]

e Cui, Huang, Shen,Wang,VWang, 2022

e Lat

mmm [at+LCSR
mmm Lat+LCSR+Exp

—+— BaBar 2011 (6 bins, untagged) |

—e— BaBar 2012 (12 bins, untagged) °

—— Belle 2013 (7 bins, tagged)
—s— Belle 2013 (13 bins, tagged)

—— Belle 2011 (13 bins, untagged)

A

Belle IT 2022 (6 bins, untagged) |




l Annihilation Topology ]

* Weak annihilation (WA) crucial for

— strong phases

— direct CP violation

* QCDF b1()P2(¥)

X%y

1
A f dxd
- WA is power suppressed o 0 Y

— but numerically non-negligible

e M igh
— endpoint divergences = phenomenological parameters Xy =In K(l +pae™)

* WA arises only from subleading SCET operators
One gluon is not enough: we need two

A independent soft—collinear conversions to
CD . . .
Ay ~ A% ~ 9 = power suppressed form two opposite collinear color-singlet
M mesons.

* Power Counting

* WA absent at leading power _WA is power suppressed

— Endpoints Parameterization

— Large Wilson Coefficients Lii, Shen,Wang,Wang, 2023



e DR M

A ~ Jd4k1d4k2d4k3TV [C(D)D (k) ) D, (k) D3 (k3)H (K, Ky, k3, 1) Jexp[—S(2)]
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 Annihilations in PQCD
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* In PQCD, annihilation amplitudes are treated as perturbatively calculable and are not power-suppressed
numerically once Sudakov effects are included.

* large calculable strong phases

1 1

X, xmj; + kg e CP asymmetries naturally sizable

> Direct CP asymmetry of B - Kn

10°B|n 10°B|g fL
of o . _|_ — + — eory XPp.
» Pure annihilation decays B - K"K™,B, > n™xn :
By = wta, 0.397512 (0.3670%%) 0.72 4 0.10
By — 790 0.1979-50 (0.1873 1) < 7.7 1.0 (1.0)
* High order contributions Sheng Chu, Shen, Zou,2025 Bo— p%p" | 0.89%31% (0.82131) <320 | ~10(~10)
By — ptp~, 1.71+0:36 (1581036 - ~ 1.0 (~ 1.0)
M, M,
. B, — ww 0.62027 (0.557031) - ~ 1.0 (~ 1.0)
My _
M, My Bs — pw ~0(~0) - ~ 1.0 (~ 1.0)
(a) (b) _
by A By — KT K~ 0.121502 (0.117055) | 0.078 £0.015
M M By — K*TK*~ | 0.147002 (0.124563) <04 ~ 1.0 (~ 1.0)
b Ms 5 0.010 0.007
By — ¢¢ 0.0297 010 (0.015F 5 005) < 0.027 0.99 (0.97)
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POQCD: NLO Corrections

<

(b)

(c)

(d)

. R R . . Mode LO +VC +QL +MP 4 FNLO PDG [108]
v o BBt — ntx%) |  3.58 3.89 418102 5.5+ 0.4
Acp ~0.05 0.09 0.08%009 3+4
< < < < B(BY — ntn™) 6.97 6.82 6.92 6.76| 7.3113251  5.12+0.19
(e) () (8) (h) C. 934 —276] —138] 133 —12.8%33 3244
M2 St -31.1|  —35.5| —46.4| —37.0 -36.47: —65 +4
\/ \/ \\/ \/ B(B® — 7079 0.14 0.29 0.30 0.22|  0.23708f| 159 +0.26
b . . D . . C'r0,70 -3.1 60.1 73.6 77.6]  80.2702 33 + 22
3 3 M3 3 \“3”' B(BT = atK%| 17.0 20.8 28.0 19.4]  20.37¢7 23.7+0.8
< < < < Acp ~1.19| —0.95| —0.06| —0.08] —0.087pp5| —1.7+1.6
(a) (b) (c) (d) B(BT — 7°K*+)|  10.0 12.75 16.76 11.92 12.373-5 12.9 + 0.5
Acp ~10.9|  —5.20 2.26 2.48| 2.287 1% 3.7+2.1
b e B(BY - 7~ K*t)| 143 18.0 23.9 16.4]  17.1732 19.6 + 0.5
Shdad Shiad €W }"‘ Acp —-15.2|  —14.2| —4.16| —542| —543%231 83404
1] 1] 1] A B(B® — 70K?0) 5.90 8.12 10.4 6.99| 7.38713) 9.9 +0.5
A S A A Cr0 0 ~-2.62| —7.31| —6.57| —7.97| —7.7070%3 0+13
S 10 K0 70.1 73.5 71.6 71.9]  71.9%)¢ 58 4+ 17
(e) (f) (g) (h)

Chai, Cheng, Ju,Yan, Lu, Xiao, 2022



High precision predictions rely on reliable knowledge on

nonperturbative inputs in both QCDF and PQCD

Form factors of B = P and B — V transitions

¢(x) = 6x(1 — x)Za,C*(2x — 1) 0l |

0.4

o dw 1 Nonperturbative Perturbative Nonperturbative
FEZM(E) = CA2 (BN, (E) + f — f du C BV (E, w)]: (E, 0) i (@) Py () ‘
0 0
LCDA of light-meson: ¢, Y A v ‘
The leading twist LCDAs of light mesons are expanded in Gegenbauer 1'25 ' ,
polynomials: [QCDSR, LQCD] 101
208
s | uLO(qDA)
aNLO(1=2GeV)

mNNLL, up, variation

RQCD a2(2 GGV) 201161—88%8 0.25 mNNLL, y; variation
LPC:  az(2 GeV) = 0.258 + 0.087, a4(2 GeV) = 0.122 + 0.056, aBE s % & 4 u & e i s £ xy v s a m x o)
'8.0 0.2 0.4 0.6 0.8 1.0
ag(2 GeV) = 0.068 + 0.038 )

Hua,Wang, Xu, Zhang; Chen, Feng, Jia; Back, Zhao, ..... Hua, Wang, Xu, Zhang et.al, PRL 129 (2022)
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Precision Calculations of WF
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* [see Wang’s talk]

* A heavy flavor meson consists of a pair of heavy and light quarks

* The leading twist light-cone distribution amplitudes  [Wang Wang, Xu, Zhao, 2020 ]
+Co

iFyms g3 € = [ 2o e (0] @) ey - yys( k) O]B))

— 00

2024 2025 2026
First numerical result A more precise calculation
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S 08 | k=5
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0.4 0.5 .
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l Multi-body decays of B meson
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l Multi-body decays of B meson: QCDF ]

Krankl, Mannel,Virto,2016

* Center Region

Differential Branching Fraction (x10%)
N

(Tt~ |O;|B) = FB~T / du dvT! (u, v)Pr(u)Dr(v)
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Multi-body decays of B meson: PQCD l

* Framework  wangWang, Li,Li, 2016 * Feynman Diagram  wangWang, Li, Li, Zou,YL, 2016

7y

(a) (b)




l Multi-body decays of B meson: PQCD ]

* Two-meson DAS  Zou,YL, LiLiu, 2020 60 -
; B —»> KKK~
OF (2,C,5) = 1 wi p0p (2,¢,8) + wop (2, ¢, 5) pl%_%%ﬁbt (2,¢ s)} 950__ @ (1020
PATS ST AN | TP S PADST (e =1) TPV 5 40 -
O
e Two-meson LCDAs :9;30';
S0
3F) (s) 2/ g
8% (2,(,5) = \/chzu—z) {1+agc2/ (1—2z)} P (20— 1), 10
S 3FE () S ) ot
Op (2,(,8) = zmz(l —2z) [14a; (1 — 10z +102%)| Py (2¢ — 1), 099 1.00 1.0l 102 103  1.04
o (2,(,8) = 3Fp (S)Z(l — 22) {1 +ato?/? (1— 2z)} P (2¢ —1) » £(980)
T 2VeNe a | 254 B — KKK~
* Time-like Form Factors > 20
D
2 S
T~ —
() m5 — w? —im;l;(w) %

Zou,YL, Li,Liu, 2020



Hadronic Decays of A, Baryon
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* From meson to baryon

* First Observation of CP Violation in Baryon [Fu-sheng Yu'’s talk]

s b > L > 5

- o C::Zj,{ﬁ/a

b " A? t u/d
A u > u . . "
d————»—d g e g




I * Hadronic Decays of A, Baryon ]

. Ab-Baryon weak decay: Ab — AC [Miao, Deng, Huang, Gao, Shen, 2022]

[YL, Chen,Wang, Zou, 2025]

: d i 2 2 )
b | ¢ (AP’ SHIEY'BIN(p, 9)) =iia (p', 8") | fi(g" W = EURE gy + Bl )Q“ A, (P> 5),
» ! _

mAb mAb

L u

e N DTN 1 (‘) ISR 1 (7 ) B
| (Ac(p', 8)|ey ysblAp(p, 5)) =upa (p', s)|g1(q )y — 107" q, + q" | Ysua,(p, ),
q ——— _ mp, mp,

2.5

2.0

e Form Factors in LCSR [Miao, Deng, Huang Gao, Shen, 2022] 1.5/
g::: ;: S :: > 1.0 /

(CL (C) 0.00

g (GeV?)
> 3> > 1.0 ‘ ‘ ‘
u > > i > > 0.5}
(d) (f)
>
>
(9)

fifq»

0.5

0.0

-0.5 \

-1.0}

5@

-1.5

[Miao, Deng, Huang, Gao, Shen, 2022] ° 2 42 6 8 10
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Hadronic Decays of A, Baryon

e = A — e = — e e e e e e =

b > ® > C b

E :g ° > ¢ b > ° > ¢ b :g ® g: c
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" Hadronic ecays of A\, — px
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l Topics not included ]

e Heavy hadron spectroscopy

e Inclusive decays of heavy hadrons

e Four-body B decays
e Symmetry analysis

e (Charm physics

e 5B —>BB



I Theoretical Wishlist ]
@ Systematic understanding of the (higher-twist) B-meson distribution amplitudes.
» Renormalization properties beyond the one-loop approximation [conformal symmetry].

> Perturbative constraints at large @; [OPE techniquel].
> Rapidity/Ultraviolet subtraction to get rid of the radiative tail (short-distance effect). v j] *#Z:,H’K

> Nonperturbative determinations from the lattice QCD simulation.

@ QCD factorization for the subleading power corrections.

» SCET analysis for the pion-photon form factor as the first step [operator structures,
symmetry constraints, etc].

> General treatment of the rapidity divergences in the (naive)-factorization formulae.
I
> Rigorous factorization proof taking into account the Glauber gluons. v TIFHAER

> Novel resummation techniques for collecting enhanced logarithms.

@ Future phenomenological applications 1n preparation.
> Subleading power corrections to the radiative leptonic B — y£V, decays.
> Nonfactorizable quark-loop effects for B — V/£{ and B — V7.
> QED factorization for the exclusive bottom-meson decays. v RIS R

@ Very promising future for QCD aspects of heavy-quark physics!




