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Framework

KT factorization
Power counting
TMD wave functions



Goal of factorization

*Factorize hadronic matrix element for B
decay into hard kernel H and universal
hadron wave function ® to have predictive

power P
large momentum (D), jm—

transfer \ —" M
q:- \—/ . high virtuality
B \ T perturbative dynamics
partons with e 'fl“-’u\.
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nonperturbative QCD dynamics



KT factorization

Hadron momentum P, = (P;",0,0¢)
Parton momentum /- with small ? has
four components i = (K7, k™. k) N 2ktke — k2
Convolution / R YU i Y e
Drop smallest £~ in H, integrate & over i~
Arrive at kT factorization

/ At Pl ® (k) H (K0, kp)

transversL-momentum-dependent (TMD)

k* = —k7 in H, off-shell parton



Collinear factorization
» Can further drop smaller %+, if no endpoint
singularity et ~0
* Integrated overir to get LCDA o

 Arrive at collinear factorization

,
, L j2 =
/ dkTO(kT)H(ET.0.0)" 5 ghell parton

* |f singularity appears, stay at kT
factorization

* Endpoint singularity appears in B decays
(factorizable emission and annihilation)

* Collinear= QCDF = FF inputs, cutoffs

Beneke’s talk
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Power counting

* k7 IS Integration variable in KT factorization

* No fixed power counting for parton virtuality
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Resummations

Both ¢ and H contain multiple scales, thus
double logs in KT factorization

KT resummation for ® and threshold
resummation for H

KT resmmation organizes dynamics down
to,/ox into Sudakov factor S 1/6~A

I intrinsic ke

Factorization ®(x,Q,b) = S(Q,b)¢(x,b) dependence
T T neglected

Impact parameter  suppress large b (small kT)

Threshold gives jet function J, H -> J(x)*H,

| 0
Zhang, Li 2020 suppress small x region




Smearing of endpoint singularity

 Parton k; accumulated through Sudakov
gluon emissions up to, /oA

 Similar to DGLAP evolution

Xm82+kT ) >

1

GV T ld
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IS finite
T ~J .'"\ T ~ f _*

* Subleading contributions under control, so
smearing is effective




Gauge invariance

Both QCD diagrams G and ¢ depend on
gauges, due to off-shell partons

Here & ~ <0]...|qg>, not gauge-invariant
<0|...|hadron>

IR finite H can be extracted from quark
process or hadron process

H=G/$ is gauge invariant
related to exact cancellation of IR logs
Proved using covariant gauge Nandi, Li 2007



naive TMD . .
definition Wilson links

loop momentum | flows through the hard kernel
no contribution y,b

In covariant gauge 1t M \
0 . \
2NN\
\y',b

| does not flow through
the other parts. Feynman
rules the same as in collinear
factctorization




Light-cone singularity
Compute H® =G" -¢" @ H

(n_-1)=1/I" from Wilson lines in ¢(1) (vertex
correction) gives light-cone singularity

They cancel mdg;plllnear factorization
3" ®H = j [H(x)-H(x+I*/P")]

Difference of H (©) removes singularity i* - 0
They exist in k; factorization:

jiﬁ [H(x, k) —H(x+1" /P k. +1,)]

because H(x,k;)+ H(x,k; +1,)




Soft subtraction

n_—n, n® # 0 introduces self-energy correction to Wilson lines
2 e o generates power divergence
1/(n-0)° — —— or pinched singularity

solved by Collins

——— n direction
light-cone cancel %/_ AN
divin TMD additional cancel
l collinear pinched
/\ div // + direction singularity
- direction \/ \ in soft fn
show only /\ \_l

/

cancel light-cone
divin TMD

half of diagram



Non-dipolar Wilson lines

Wang, Li 2014

Using dipolar Wilson lines, Collins’ soft
subtraction is the unique solution

Choose orthogonal nom =0

gauge vectors for (- L +18)(n, -1 =ig)
off-light-cone Wilson | . T
lines

Pinched singularity
disappears

soft subtraction is not needed 0

n,



Recent progress

Global analysis
Multi-body decays
Heavy baryon decays
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Global analysis

» Consistent formalism with only universal
inputs allows global analyses in PQCD

6x(1 — x) [l+u{(f¢ (1

— 2x )+u£(3x2(

2x) + (11(3”(

Hua et al. 2021

— 2,1?)]

 Gegenbauer coefficients from LO global fit

a1 a3 ag Ay Ty af! af!
fit — 0.644 +0.075] —0.41 £ 0.098 {1.08 = 0.15|—0.48 + 0.33 O 0.16 i 0.084
aft as aXf als, arg ap | ax | v
fit [0.331 £0.082] 0.28 £0.10 [—0.398 £ 0.073 - — — 10.137 £0.029((75.2 £ 2.9)°
 Compared with sum rule results
ai aj ay uf” agn
QCD sum rule — 0.25 4+ 0.15|—0.015 £ 0.025 — 0.15 i 0.07
a{t a? {'f-i{ ”1 ” UQ ”
QCD sum rule |0.06 £ 0.03]0.25 £ 0.15 - 0.03 £0.02]0.11 £ 0.09




channel data : fit

branching ratio(107%) Acp(%) branching ratio(107°) Acp(%)
B’ -5 K°K° 1.21 £ 0.16 —60 £ 70 1.23 £+ 0.08 0+0
B — K" 9.90 =+ 0.50 0+ 13 8.98 +0.19 —4.02 £+ 0.48
B’ 5 K—nt 19.6 & 0.50 —8.3+0.6 20.3 + 0.36 —8.3440.36
B - r—xt 5.12 +0.19 32 4+ 4 5.24 +0.17 23.24+2.1
BY — p°K° 3.40 + 1.10 4+20 3.06 + 0.37 2.853 + 0.068
BY — 7" K*° 3.30 + 0.60 —15+13 1.73 £0.10 —6.02+0.6
B° = 7 pt /atp 23.0 4+ 2.30 13+6/ —8+8 23.33 +0.8 —2434+1/8.1+1.1
B~ — KK~ 1.31 +0.17 4414 1.47 +0.09 225 + 2.7
B~ — K~ 12.9 4 0.50 3.7+2.1 12.99 + 0.23 —6.44+ 0.6
B~ — K~ 23.7 + 0.80 —1.7+16 23.15 + 0.42 —2.844+0.24
B~ — p " 10.9 + 1.40 2411 8.73 +0.25 242 4+2.3
B~ — nlK*~ 6.80 & 0.90 —39+ 21 3.51 +0.19 —335+1.7
B~ - K K*° 0.59 & 0.08 12 + 10 0.476 + 0.022 22.5 4+ 1.3
Be > K KT 26.6 + 2.20 —14£11 24.8 + 1.50 —8.1+2.3
B, s 71wt 0.740.1 I - 0.798 4+ 0.092 —1.6240.39
B, — K°K° 20.0 & 6.00 / 0+0 26.2 £+ 1.60 0+0
B, —»n K7 5.80 & 0.70 / 22.1+1.5 5.69 + 0.64 22.1 +1.2
Bs - KTK*~ /K~ K** 19.0 £5.0 — 15.28 + 0.90 —33.8+1.3/53.5+2.4
B, — K°K*°/KOK*0 200£6.00 | — 15.06 + 0.96 040

large errors, weak constraint

!

modes with puzzles not included




Virto,
Three-body B decays [Magahaess
LHCb has measured CP asymmetries in whole
Dalitz plot for B~ >z 7 7~
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Chen, Li, 2003



Two-hadron DA (TDA)

« Study CPV in localized boundary regions
of Dalitz plot in three-body B decays

* Two-hadron DA collects collinear
divergence appearing as two hadrons
collimate roughly

_—~ P1 P=p+p, c=p'/P

quark
momentum hadron momentum fraction
fraction ~ n, @’ invariant mass
X 6 co ntl Gegenbauer Legendre
O(r. (. w?) = —r(l —ux B (w? 3294 —1 P(2¢ —1
(0,0 = gm0 2 3 B e~ HREC 1)

time-like form factor



Advantages of PQCD with TDA

Calculation load reduced to that for 2-body,
order 10 diagrams, not order 100 @

Can calculate current-induced, . % .
transition, annihilation, '
nonfactorizable contributions \v4
Form factors can include both .% C@

resonant and non-resonant
contributions, and interference
among final states < time-like FF data

Can calculate short-distance strong phases, so
can predict direct CPV in localized regions




Regional CPV

* Factorization formula for decay amplitude
M=>pR@H @ Pp,p, @ Pp,

* B meson and hadron DAs have been widely
adopted in analysis of 2-body decay

e Calculate B+ and B- decays
v + + __+ - +0.12 +0.11 7 \+0.03 T
Aep (B™ > 7w ) = 052755 (@) g.00(a; ) 0.03(my )
Wang et al, 2014 +-0.05 +-0.15 +-0.1
 Data A" (n T~ 7x7) = 0.584 4 0.082 % 0.027 & 0.007

< C1P

iy : - | - ."'] i _ '] e 4 ) ITI'
for m2, _ > 15 GeV< and m~“., _ < 0.4 GeV?
M + M

w7~ high - — low

* Long-, short-distance phases equally important



Y. Li et al. 2021

Global analysis

Gegenbauer coefficients different from V DA
agp as, as, agqf,
fit 0.08 £0.13 —0.23+0.24 —0.35 £ 0.06 —0.314+0.19
aly-(Scenariol)  afy«(Scenariol)  alj-(ScenarioI1)  a)y-(ScenarioIl)  a-(Scenario II)
fit 0.31 +£0.16 1.19 % 0.10 0.57 £ 0.20 1.13 & 0.32 —0.85 +0.16
Modes B DA -~ Results - Gegenbauer Data

Bt — K+(p° —)nmr B(10~9) 29150 BE0 TN 37405
Acp (%) 53.510 4105 .0 scale 374107

B° = K*(p~ =)rm B(107°) 8.A8T TN o] 70+091
Acp (%) 33.07 15705 20 + 11

B = K~ (p" —=)mn B(107°) 16.417 5307015005 -
Acp(%) 19.4755% 3375 —

B & K°(p* —)rr B(10) TSEHAYTHLIAG  7grlgd
Acp(%) 131755 55 5 —3£15

B - K%p" =)mm B(10~%) 3.767 02 T ones 34+1.1°
Acp(%) 1.4700+0- 0420 —4 420

B K'S wrr BU0)  oargiiemee

from ou global fi Acp(%)  —slorhirbreasg  neldedin®




Fou r‘bOdy d €CaYS v LiLi 20

* Analyze angular distribution in four-body

decays = \
99.}\“
o M, \
7 \
two-hadron DAS P,

* |n addition to CPV, can predict triple product
asymmetries (also need to know strong phase)

I((2¢; — 1)(2¢2 — 1)siné > 0) — D((2¢; — 1)(2¢; — 1) sing < 0)

1 _
AT = TG 1) 26 1) siné > 0) (20 —1)(26 — 1)sms < 0)

Asymmetries B? — (Ktr)(K—nt) BY = (Knt)(K%% ) B? 5 (K nt)(Ktn~) B = (K% t)(K'x~) Bt = (K'r
AL 11.8709 0.7702 106713 ~0 8.57



Heavy baryon decays Haneta, 2022

e Revisited transition form factors
(P(p'. s")|[uy, (1 — 75)b|Ap(p, ) =N (0, S ) fryy — if20d” + [30,)N(p, 5)
CDAS uptotwist6 | = N, (917 = 1920,4” + 934 ) 150 (0 5

LCDAs up to twist 4 leading twist Das give
small contribution
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Numerical results

f1(0) twist-3 twist-4 (twist-5) twist-6 total
exponential

twist-2 0.0007 -0.00007 -0.0005 -0.000003 0.0001
twist-3T— -0.0001 0.002 0.0004 -0.000004 0.002
twist-0"T -0.0002 0.0060 0.000004 0.00007 0.006
0.01 0.00009 0.0000007 0.26

total 0.01 0.008 0.25 0.00007 0.27 =0.09 £ 0.07

J1(0)

NRQM [76] 0.043  consistent with other
heavy-LCSR [50]  0.023%0002  gpproaches, data indication;
light-LCSR-A [77] 0.1479-03 dv to stud .
light-LOSR-P [77] 0.12+002  ready 1o study various

QCD-light-LCSR [78] 0.018
HQET-light-LCSR [78

exclusive heavy baryon

3-point QSR [49] : [[}}{;[;2 decays and CPV
J-point QS - 22 : .
models ) e (47, 0.22+0.0s Systematically in PQCD
for A\, DAs_PQCD [32] 2.270F x 1072 « previous leading-twist result
this work>(exponential) 0.27 # 0.12
this work (free parton) 0.24 £+ 0.10




Summary

Endpoint singularity in collinear factorization
for B decays demands kT factorization

No fixed power counting for kT

Both TMD and H contain multiple scales;
require kT and threshold resummatons

Subleading contributions under control
Prominent successes in phenomenology
Global analyses of B decay data allowed
Extended to multi-body decays with TDA
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