Precision QCD Calculations for Heavy Quark Decays

Yu-Ming Wang

Nankai University

The 6th China LHC Physics Workshop
November 8, 2020

Yu-Ming Wang (Nankai) QCD and Heavy Quark Decays November 8, 2020 1/30



Why precision calculations?

@ Understanding the general properties of power expansion in EFTs (HQET, SCET, NRQCD).

@ Interesting to understand the strong interaction dynamics of heavy quark decays.

> Factorization properties of the subleading-power amplitudes.
> Renormalization and asymptotic properties of the higher-twist B-meson DAs.
> Interplay of different QCD techniques.

@ Precision determinations of the CKM matrix elements |V,;| and |V,p|.
Power corrections, QED corrections, BSM physics.

@ Crucial to understand the CP violation in B-meson decays.
Strong phase of <7 (B — M| M,) @ my, scale in the leading power.

@ Indispensable for understanding the flavour puzzles (continuously updated).
> P} and Ry, anomalies in B — K™ ¢+ ¢~

Ry anomalies in B — D) ¢,

Color suppressed hadronic B-meson decays.

Polarization fractions of penguin dominated B(;) — VV decays.

vvyy
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Highlights of Heavy Quark Physics: Biased Summary

@ B-meson light-cone distribution amplitudes:

> Matching heavy-meson LCDA from QCD to HQET [Ishaq, Jia, Xiong, Yang, 2020].
> Determining the B-meson LCDA with the lattice QCD simulation [Wang, YMW, Xu, Zhao,
2020].

@ Higher-order QCD/QED corrections to hadronic B-meson decays:

> NNLO QCD correction to the QCD penguin amplitude [Bell, Beneke, Huber, Li, 2020].
> QED factorization with generalized distribution amplitudes [Beneke, Boer, Toelstede, Vos,
2020].

@ Subleading power corrections to exclusive B-meson decays:

> Systematic calculations of the helicity form factors for B, — y¢7 [Beneke, Bobeth and
YMW, 2020].

> A complete NLL factorization at LP and the LO factorization at NLP for B; — yy [Shen,
YMW, Wei, 2020].
The so-called “soft form factor" defined in [Beneke, Rohrwild, 2011] is factorizable!

@ BSM searches with the FCNC B-meson decays:
> Novel determination of the photon helicity in B — K;y [Wang, Yu, Zhao, 2020].

@ Apologies for omitting many interesting topics due to the limited time.
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Theory tools for precision flavor physics

New Physics: Zyp ® Aim: (f|0;|B) =
+ @ QCD factorization
EW scale (my): Lsy + Lp>a [Diagrammatic approach].
! @ SCET factorization
[Operator formalism].
Gr

Heavy-quark scale (mp): Zoy = V) ; CiQi+ Loy .p>6 @ TMD factorization.

1 @ (Light-cone) QCD sum rules.
QCD scale (Aqcp) @ Lattice QCD.

@ Key concepts: Factorization, Resummation, Evolution.
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B-meson distribution amplitudes
@ The light-ray HQET matrix element [Grozin, Neubert, 1997]:

ifgm, - bp (1) — OF
0500300 = = 22 [ {5 ) TR o]

@ Evolution equation at one loop [Lange, Neubert, 2003]:

dog (o, p)

u oo
dlnu = - 1_‘cuSp(OCs) lna +Y+(OCS)} (p;(wv“)_w/o dﬂr+(wvn»0‘s) ‘pt;r(rlv”)

This is an integro-differential equation!

@ (Relatively) complicated solution [Lee, Neubert, 2005]:

e T2 —2) /“dn (max(un))g
+ _ V-2ypg t\4—8) an 4+ maztw, ')
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Making the QCD resummation for enhanced logarithms complicated!
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B-meson distribution amplitudes

@ Fourier/Mellin transformation:
sou = [92(2) "siom o ofm- 2 () g0
Pp alJ—O o \u g (@O, 1 B 7.11—_002” m $p (O, 1).

@ Solution to the RGE in Mellin space:

i9 . . .
sy ()" F0 O

Already very symmetric solution in Mellin space.

@ Yet simper solution to the integral-differential equation exists?

& Eigenfunctions of the Lange-Neubert kernel [Bell, Feldmann, YMW and Yip, 2013].
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B-meson distribution amplitudes

@ Linear differential equation [Bell, Feldmann, YMW and Yip, 2013]:

dpg (o', 1)

__ B T
ding [Fcuslz(a.r) In o +7+(O‘S)] pg (&' 11).

Local evolution in the dual space!

@ Integral transformation:

.md/ ,
oo = [U [0 (22 )b,
VRS N

Eigenfunction of the Lange-Neubert kernel at one-loop is the Bessel function!

@ Solution to the RGE in dual space [Bell, Feldmann, YMW, Yip, 2013]:

pg (o) =" () pg (@ o).
Very compact expression in a full analytical form!

Yu-Ming Wang (Nankai) QCD and Heavy Quark Decays November 8, 2020 7/30



B-meson distribution amplitudes

@ Collinear conformal symmetry for the Lange-Neubert kernel [Braun, Manashov, 2014]:

d
(m +jﬁ,N) 0+(Z7IJ) =0.

JAN is almost determined by the commutation relations completely [Knoedlseder, Offen, 2011]
[S+, #AN] =0, [So, ZAN] = 1.
The beautiful solution in terms of S :

5
SN =In(inS") —y(1) — 1

@ Generators of the collinear conformal group:

Sy =720.42jz, So=2z0.+j, S_=-0..

Eigenfunctions of S, [Braun, Manashov, 2014]:
. 1
i5:00) = s50(a),  Q)=—5e"".
1
—J1(2Vws).
Va5 12Ves)

Wide applications of the conformal symmetry in high energy physics!

(e%0s() =
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B-meson distribution amplitudes
@ RG evolution of (])I;f (o, i) at two loops [Braun, Ji, Manashov, 2019; Liu, Neubert, 2020]:

doy (o,u)
dinu

Tosp() 10 2 =30 ()] 05 (0.0 + Tong() [ 8T (1,5) 0 (@50

+ (ﬁ> Cr /01 ld_xxh(xm;(a)/x,”),

2

The last missing element for the NLL predictions of exclusive B-meson decay observables!
@ The two-loop eigenfunctions depend on the strong coupling ¢t [Braun, Ji, Manashov, 2019].
@ Applying the Laplace transformation of the LCDA [Galda, Neubert, 2020]
- > do o\~
+ +
= i [0 el s
= [ Do ()

= the general solution to the two-loop RGE of ¢ (@, 1t)

b @\ ~r(to.n)
o (’Hi) = exp [S /—LO u +ay(li0 u)+ZYEaF(I-L() /J)} <“0>
F(l+n +ar(uo, 1)) T(1—m) . %) do .
T a0 gy 5 701 b
X ¢ (n+ar (o, 1), o) -
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B-meson distribution amplitudes

@ Better determination of the B-meson LCDA essential to precision predictions.

>

>

Dominant uncertainties for QCD calculations of exclusive B-meson decays.

The only QCD-motivated construction from the sum rule approach [Braun, Ivanov,
Korchemsky, 2004].

Drawback I: can only determine (ﬁ;(t,uo) for # around (1 —3) Gev™!.

Drawback II: sensitive to the parton-hadron duality ansatz.

@ Model independent determination of the B-meson LCDA in HQET.

Key observation: Time-independent quasi-quantities calculable on the Euclidean lattice.

Construct the relations between quasi-distribution functions and light-cone matrix elements.
< Establish perturbative QCD factorization theorems for the quasi-quantities.

Ji’s proposal under the name of the large-momentum effective theory (LaMET) [Ji, 2013].

Wide applications in the determinations of the nucleon PDF and the pion LCDA [Cichy,
Constantinou, 2019; Ji, Liu, Liu, Zhang, Zhao, 2020].

Alternative proposals with the aid of the coordinate-space factorization approach,
pseudo-distribution functions, etc.

Determining the B-meson LCDA from the lattice QCD simulation technique [Wang, YMW,
Xu, Zhao, 2020].
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B-meson distribution amplitudes

@ The characteristic feature of (pl;f (&€, 1) [Wang, YMW, Xu, Zhao, 2020]:

15
.\“ Leoa > Two different models for the B-meson LCDA:
1.0 "_ ----- quasi DA (n;v = 5)
e - quasi DA (n,v = 10) + - w —w/my
X , = —e ;
o 05.1(®, Ho) 603
....-u--:—";' . 1 2 (G(l) _ 1)
0. + _ B
-2 -1 0 1 2 3 4 5 ¢B]I(a)7 IJ{)) B kz + 1 B ”2 lnk
w(GeV) 4 k w
X —— , k= .
20 Ty kK241 1.0GeV
15 EA LCDA
,'/'"" —== quasi DA (n;"v = 5) . .
10 i - quasi DA (n,v = 10) > Small ® = & region excluded to validate the
s light-cone OPE.
ofmm — > @ (&) at large & region can be computed
05 perturbatively in QCD.
1 2 3 4 5

w(GeV)
@ Further theory developments from both the continuum and lattice QCD aspects in demand.
> Perturbative matching between different regularization schemes.
> Lattice simulations for the hadronic matrix elements defined with the moving Wilson lines.
> Uncertainties due to the finite lattice spacing and the truncation of Fourier transformation
November 8, 2020 11/30
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Radiative leptonic B meson decays in QCD

@ Schematic structure of the distinct mechanisms:

=

(b) (c)
AN /2 A\32
A: hard subgraph that includes both photon and W* vertices <—> + (*) +
mp, mp,
B: real photon emission at large distances

2
A 3/2
— ] +
myp
A \32
— +
mp

@ Operator definitions of different terms needed for an unambiguous classification.

C: Feynman mechanism: soft quark spectator
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Current status of B — v/ Vv

Factorization properties at leading power [Korchemsky, Pirjol, Yan, 2000; Descotes-Genon,
Sachrajda, 2002; Lunghi, Pirjol, Wyler, 2003; Bosch, Hill, Lange, Neubert, 2003].

Leading power contributions at NLL and (partial)-subleading power corrections at tree level
[Beneke, Rohrwild, 2011].

Subleading power corrections from the dispersion technique:
> Soft two-particle correction at tree level [Braun, Khodjamirian, 2013].
> Soft two-particle correction at one loop [YMW, 2016].
> Three-particle B-meson DA’s contribution at tree level [YMW, 2016; Beneke et al, 2018].
> Subleading effective current and twist-5 and 6 corrections at tree level. [Beneke et al, 2018].

Subleading power corrections from the direct QCD approach:
> Hadronic photon corrections at tree level up to the twist-4 accuracy [Khodjamirian, Stoll,
Wyler, 1995; Ali, Braun, 1995; Eilam, Halperin, Mendel, 1995 ].
> Hadronic photon corrections of twist-two at one loop and of higher-twist at tree level [Ball,
Kou, 2003; YMW, Shen, 2018].

Leading power contributions at NNLL and the updated NLP corrections:
> Two-loop RG evolution of d)gr (@, 1) derived in [Braun, Ji, Manashov, 2019].
> Two-loop jet function obtained in [Liu, Neubert, 2020].
> Further improvement on [Shen, Wei, Zhao, Zhou, 2020] will appear soon [Cui, Jin, Shen,
Wang, YMW, Wei, 2020].
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Theory predictions for B — Y/ vy

@ Integrated decay rate ABR(Ecy):

mp /2 dr B
ABR(Eeu) = 75 / dEy o (B 11%) .
Y

J Ecut

@ Ap(Ho) dependence of ABR(E.y) [YMW, Shen, 2018]:

> Belle 2015 data:
ABR(1GeV) <3.5x 1075,

o

10°4BR(B - ¥ 1v)
> Belle 2018 data
b [arXiv:1810.12976]:
ABR(1GeV) =
(1.4+1.04£0.4) x 1075,

> Expected statistical error for
ABR(1GeV) with 50ab~! of
Belle-II data: 7018 x 1076,

> The photon-energy cut not
sufficiently large.
Power corrections numerically
LGy - ’ important for £, < 1.5GeV.
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Double Radiative B,-Meson Decays

@ Leading-order contributions at &(a):

h —————a v (D) b —)—va ~v(p) b X{::jvf: ~(p)
§ ———www (q) ———vvw (g) a 7(q)

q
Kinematics:
n-p_ _ mp, _ n-q _ mp,
i S R T s
Interplay of the soft and collinear QCD dynamics!
@ Decay amplitude:
70D 4GF Oem
o (Bg — vy) = —Wi % ()& Z VbV ZC' zoc[i
p=u,c

Hadronic tensors:

Trap = 2m(v) [ate™ O {5 (1),40(0)0uap ba(0) } 1By +))
+lprq o Bl
—@m? [d'x [dyersen o {5 0.5 ). O} By p-+ )
(i=1,..6,8).

(p)
Ti,aﬁ

Main task: Construct the SCET factorization formulae beyond the leading power.
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Current status of B, — vy

@ QCD factorization at leading power in A/my, and at NLO in «; [Descotes-Genon, Sachrajda, 2003].

>
>

@ Subleading power contributions from the weak annihilation diagrams [Bosch, Buchalla, 2002].

>
>

No collinear strong interaction dynamics at LP.
The two-loop b — ¢y matrix elements of QCD penguin operators NOT included.
= A complete factorization-scale independence at NLO is absent!

Complex perturbative hard functions evaluated at one loop.
Diagrammatic factorization established at two loops.

@ Previous model-dependent calculations introduce additional systematic uncertainties.

@ The new (technical)-ingredients from [Shen, YMW, Wei, 2020]:

>
>
>

A complete NLL calculation for the LP contribution = 2-loop evolution of ¢; .
The NLP factorization for the energetic photon radiation off the light quark.
The NLP factorization for the light-quark mass effect.

The NLP factorization for the SCET current JA2) 5 (E-We)vs P <IZBT > hy.
myp

The NLP factorization for the subleading twist B-meson LCDAs.
The resolved photon contribution with the dispersion technique.
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The helicity amplitudes of B, — yy

@ Breakdown of the various QCD mechanisms [Shen, YMW, Wei, 2020]:

4

Re Ap x 10

— A

"

AL
— A

— A

g

e NLP —
L

1

3

Re Aj, x 10°

Lo 2w s o o

05 25 030 035 040

4

Im Ap x 10

0.4
04 —Re Ay — Im Ay
02)
< 02 o
= =
X o X o
& &
< -02) <
-0.2)
-04 — —
—Redp  — Im Ay
0.6 -0.4]
20 025 030 035 040 045 05 25 040 085 040 045 050 05
A, [GeV] Ag, [GeV]
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> NLL effects
stabilize the
factorization-
scale
dependence.

> Factorizable
NLP effects
around
0(30%).

> Destructive
effects from
the NLP soft
corrections.

> Strong phase
from the
2-loop matrix
element of P§
and the weak
annihilation.
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Phenomenological observables for B, — yy
@ Time-integrated branching fraction [Shen, YMW, Wei, 2020]:

Yu-Ming Wang (Nankai)

0l
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—LP

x 107

— LP + fac, NLP
— LP + NLP

BR(B, = 77)

—LP

— LP + fac, NLP
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A, [GeV]

> The yielding theory predictions

0.30 0.35 0.40 0.45

A, [GeV]

0.50 0.5!

BABs—17) = (147535 x 1075,

R B, — 1) = (3.175135) x 107

with the dominant uncertainties from /IBq,

BAR(By — vY)

The Ag,-scaling violation effect due to the NLP contributions approximately (10 —20) %.

(1)

Op, » Op,
> The ratio of the two branching ratios for By ; — yy

BR(Bs — vY) —33.80 (@

g,

&

2
) +ﬁ(A7@v> .
mp
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and the QCD renormalization scale v.
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Phenomenological observables for B, — yy

@ Time-dependent CP asymmetries [Shen, YMW, Wei, 2020]:

AL () = T (By(1) = y1) ~T* (B, () > ) _ AGF cos(Amy )+ %”;,‘W sin(Am, 1)
P TX(By(r) = yy) +TX(By (1) = 77) cosh(AT, 1/2) + /. sinh(AT,1/2)
. dir,
00 o5 locp
09 around
O (10 — 40)%
—0.5 -1.0 — AN % 107 for By — 77.
19 Ty d )
-1.0] :zz — (Al + 1) x 100 > Til’ly CP
N L B - e R S 7 - - R asymmetries
1.0) 1 for By — YY

as expected.

> The difference

between
Al 0 MCdll’r?H and

4| AR 107

o2 — AT — A — A o — (Ak - 1) x 10°
20 025 030 035 040 045 05 )25 030 085 040 045 050 08¢ the NLP
Ap, [GeV] Ap, [GeV] corrections.
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Radiative leptonic B, — y00 decays

@ Systematic calculations for the helicity form factors [Beneke, Bobeth and YMW, 2020]:
> SCET factorization for the LP contribution at &'(¢).
The NLP corrections from the real or virtual photon radiation off the b-quark at & ((xf.)).
The NLP corrections from the hard-collinear light-quark propagator at &' (O‘.? ).
The NLP corrections from the weak-annihilation diagrams at &’ (a?).

vyvyy

@ Three possible contractions of the four-quark operators:

The left and middle diagrams are defined as the A and B-type insertions (also for P7).
Need the more general B — y(*) form factors [YMW, 2016].

Factorization works for q2 < 6GeV? (excluding the narrow light-meson resonance region).
Strong duality violation of By — y¢Z due to the narrow width of ¢(1020).

vvyYvyy

@ Previous investigations with different techniques/methods [Guadagnoli, Reboud and Zwicky, 2017;
Albrecht, Stamou, Ziegler, Zwicky, 2019; Kozachuk, Melikhov, Nikitin, 2018; etc].

Yu-Ming Wang (Nankai) QCD and Heavy Quark Decays November 8, 2020 20/30



Phenomenological observables for B, — vl

@ Theory predictions for A% /dq* and < (¢q*) [Beneke, Bobeth and YMW, 2020].

5 5 I
) 2
a 2 o
= =
= = 1
) 9
~ 1 =
X X
= = 05
2 S
0.5
0.2
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1.0

1.0

— e = Ap. Ot s e

e /\m :
= ‘ \
~05 ‘ ~— ~0.5F

0.0

Ars(q)

— e = B, 01— s e

-1.0
0 1 2 3 4 5 6
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> Adding
successively in
quadrature the
uncertainties
due to
Hp,he [green],

=(1)

(}'Bq’ Ggq )
[red],
rrp [blue].

> The largest
uncertainty due
to the LCDA
parameters:
about Jj;g% for
B(Bs — vel) in
the qz-bin
[2.0,6.0]GeV?.
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Heavy-to-light B-meson decay form factors

@ QCD/SCET factorization formulae [BBNS, BPRS, and many others].

> do !
M) = cE)EE)+ [ D [ av TEn oY) 65 (0)gu ().
0 w Jo —————
CﬁB]) % J,‘
Need the hadronic matrix elements of both the LP and NLP SCET currents!

@ Diagrammatic factorization for heavy-to-light form factors at one loop [Beneke, Feldmann, 2001].
@ Perturbative calculations of the hard matching coefficients CfAO) (E):
> One-loop SCET computations in [Bauer, Fleming, Pirjol, Stewart, 2001; Beneke, Kiyo,
Yang, 2004].
> Two-loop SCET computations in [Bonciani, Ferroglia, 2008; Asatrian, Greub, Pecjak, 2008;
Beneke, Huber, Li, 2009; Bell, 2009; Bell, Beneke, Huber, Li, 2011].

@ Perturbative calculations of the hard matching coefficients Cfm):

> Infrared subtractions complicated by the appearance of evanescent operators and the
D-dimensional Fierz transformation.

> One-loop SCET computations in [Becher, Hill, 2004; Hill, Becher, Lee, Neubert, 2004;
Beneke, Yang, 2006].

Yu-Ming Wang (Nankai) QCD and Heavy Quark Decays November 8, 2020 22/30



Semileptonic B — V form factors in QCD

@ A long-standing puzzle [Bell, Beneke, Huber, Li, 2011]:

1.20
mg +m, Ty
1.15 ™V
o
1.05
1.00
0.95f e e me  — me —
0.90
0 2 4 6 8
Gev?)
1.4 (mg/ENT, - T3
(Mg +m,)/2E) Ay — (me —m,) /mg A
12 I
| S |
0.8
0.6
0 2 4 6 8
P1Gev?)

Discrepancies between the SCET predictions (blue solid) and the LCSR results with light vector

1.20
115
1.10
1.05

(my/E) A0

(mg +m,)/2E) Ay - (mg —m,)/mg Ay

1.00
0.95

0.90
0

1.06
1.04
1.02
1.00

(me+m)° A me T

2mgE V' 2ET,

0.98

P[Gev?)

meson DAs (black dashed-dotted) [Ball, Zwicky, 2005].

@ Subleading power correction in heavy quark expansion, systematic uncertainties?
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Semileptonic B — V form factors in QCD

@ QCD factorization (yellow) versus SCET sum rules (red) [Gao, Lii, Shen, YMW, Wei, 2019]:

12 12
N mp +m, T
s ¥V (g QEN T =Ty
11 ETERETERY
1.10] ” "
105 1.0
1.00
wWp———m—m————_____|
0.95
0.90
0.8
0.85
0 2 4 [3 3 0

2 4 6 8

¢ (GeV?) 7 (GeV?)

@ The underlying mechanism responsible for the discrepancies:

P LCoSR 1+ (=0.049)] a0) + (+0.054)| o) +(=3.5 X 107) |3

%17QCDF 1+ (—0.023)‘C(A0) + (+0086) [1 + ﬁ(as)] |C(Bl) .

(a) No perturbative expansion for the AO-type SCET; form factor in QCDF.
(b) Almost a factor of two smaller prediction of the B1-type SCET] form factor in LCSR.
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QCD/SCET sum rules with heavy-hadron LCDA

LO QCD calculations of B — M form factors [Khodjamirian, Offen, Mannel, 2006; Faller,
Khodjamirian, Klein, Mannel, 2008; Gubernari, Kokulu, van Dyk, 2018].

NLO QCD calculations of B — & form factors at (two-particle) twist-3 [De Fazio, Feldmann, Hurth,
2006, 2008; YMW, Shen, 2015].

NLO QCD calculations of B — 7w, K form factors at (two-particle) twist-3 and LO QCD
calculations of higher-twsit corrections up to twist-6 [Lii, Shen, YMW, Wei, 2018].
NLO QCD calculations of B — D form factors at (two-particle) twist-3 and LO QCD calculations of
higher-twsit corrections up to twist-6 [YMW, Wei, Shen, Lii, 2017].

> NLO twist-3 jet function complicated by two distinct hard-collinear variables.

> Power-enhanced charm-quark mass effect.

> Updated subleading power corrections at twist-6 in progress.
NLO QCD calculations of B — V form factors at (two-particle) twist-3 and LO QCD calculation of
higher-twsit corrections up to twist-6 [Gao, Lii, Shen, YMW, Wei, 2019].

> Rigorous perturbative matching with the evanescent-operator approach.

> First SCET computation of the light-quark mass effect.

> Three-particle higher-twist corrections compatible with the EOM constraints.
NLO QCD calculations of A, — A form factors at twist-four accuracy [YMW, Shen, 2016].

> Incomplete NLO calculation of the jet function [Feldmann, Yip, 2015].

> Confirmed by the lattice QCD calculations [Detmold, Meinel, 2016].
> SCET factorization at leading power in A/m;, [Wei Wang, 2011].
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The charmless hadronic B-meson decays
@ QCD/SCET factorization [BBNS, BPRS, Chay, Kim, and many others].

Heavy quark limit: n, > Aqcp
Large-energy limit: Eyy = my /2 > Aqcp
Scales: my,, \/mpAqcp, Aqep, (MEw, Anp)

=)
L 4
=

p A~ 1GeV 7
T I
T ehﬁT » %
b

e Reduces (M M,|O|B) to simpler (M|O|B) (form factors), (0|O|B), (M|O|0)
(decay constants and distribution amplitudes).

o Calculation from first principles, but limited accuracy by Aqcp/my, corrections.
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Status of the NNLO QCD calculations

(M M| CiOi|B) £y = Z C(pn) x {FB—>M| X T (s p1s) * for, @ty (pis)
———

terms

I4as+...

T f3 s (1s) * [T”(;Lh, par) * I (s u.x)] * Sty @y (pis) *sz‘I’Mz(Ms)}

4. agto
T!, tree T', penguin T" tree ‘ T", penguin
/
LO: O(1) .
NEEEEEY
NLO: O("s) N (//ynnn T5O00T ;a:u
BBNS '99-'04 :

NNLO: O(a?)

NN

na%

@ Strong cancellation of the NNLO corrections to the topological tree amplitudes between the vertex
term and the spectator-scattering mechanism.

@ Strong cancellation of the NNLO corrections to the QCD penguin amplitudes between the
current-current operators Q’l’ , and the penguin operators Q3¢ g, -
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PQCD factorization for hard exclusive reactions

@ Pioneer works on hard exclusive reactions:

>

>

>

Hard scattering approach formulated in [Lepage, Brodsky, 1979, 1980].
The hadronic wave function in QCD [Brodsky, Lepage, Huang, 1980].
Sudakov effects in hadron-hadron elastic (Landshoff) scattering [Botts, Sterman, 1989].

Sudakov resummation for the pion electromagnetic form factor [Li, Sterman, 1992].
Key observation: Perturbative QCD formalism to hard exclusive processes applicable for

V0O~ 20Aqcp-
Saving us from the strong doubts raised in [Isgur, Llewellyn Smith, 1988; Radyushkin,

1984].

More references can be found in the Bible by John Collins.

Important pieces of work accomplished in China: ﬁﬁ§¥ﬁﬁjﬁ$lﬁﬁﬁﬁ]ﬁ#—
@ Applicability of PQCD factorization for the e L4 6 B
pion electromagnetic form factor [Huang,
Shen, 1990]. voo®

@ Sudakov suppression for hard exclusive

reactions [PhD thesis by Jun Cao].

HeRTEs o N W REY
WE o B WA

@ Many more interesting papers to be discussed. HE o hERBEEBER T
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PQCD factorization for heavy hadron decays

@ Birth of the modern PQCD approach for charmless hadronic B-meson decays:

> Penguin enhancement for B — 7 K [Keum, Li, Sanda, 2001].
> Tree-dominated processes B — 7 & [Lii, Ukai, Yang, 2001].

@ Hundreds of papers on the tree-level PQCD calculations [Groups led by Li, Lii, Xiao, etc].

@ PQCD calculations at NLO complicated by the appearance of multi-scales:

> The pion-photon form factor at large momentum transfer [Nandi, Li, 2007].
The pion electromagnetic form factor at large Q2 [Li, Shen, Wang, Zou, 2011].
B — 7 form factors at large recoil [Li, Shen, Wang, 2012].
Increasing complexities mainly due to the infrared subtractions!

vyvvyy

@ Intensive NLO PQCD calculations subsequently:

> NLO twist-3 correction to the pion electromagnetic form factor [Cheng, Fan, Xiao, 2014].
NLO twist-3 correction to B — 7 form factors [Cheng, Fan, Yu, Lii, Xiao, 2014].

NLO correction to B — p form factors [Hua, Zhang, Xiao, 2018].

(Partial)-NLO correction to B — mxw [Cheng, Xiao, Zhang, 2014].

(Partial)-NLO correction to By — PP [Yan, Liu, Xiao, 2019].

(Partial)-NLO correction to B, — J/y form factors [Liu, Li, Xiao, 2020].

Review on the NLO PQCD computations [Cheng, Xiao, 2020].

Many more papers on the NLO PQCD calculations.

YyVYyVYVYVYYVYY
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Theoretical wishlist

@ Systematic understanding of the (high-twist) B-meson distribution amplitudes.

> Renormalization properties beyond the one-loop approximation [conformal symmetry].

> Perturbative constraints at large @; [OPE technique].
> Renormalon analysis and the renormalization-scheme dependence.

> Precision determinations of the inverse moment Ag.

@ 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.
> Rigorous factorization proof taking into account the Glauber gluons.

> Novel resummation techniques for enhanced logarithms.

@ Technical issues for future improvements.
> Factorization techniques for the electromagnetic corrections.

> NNLO QCD computations for B — Vy and B — V/L.
> QCD factorization for the radiative and electroweak penguin decays of the Aj-baryon.

> Improved understanding of the parton-hadron duality violation.

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