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Heavy flavor physics and CPV
Heavy flavor physics has achieved great progress in H A D R O N S

meson systems,
KM mechanism for the CPV has established in B ~mnon- _trivial extensi or!’,,m \ (~
‘ ! more is different S,

meson decays,

But the studies on heavy flavor baryons are still

limited. MESON BARYON

SM and cosmology require CPYV,
Which 1s well established in K, B and D mesons, but
never established in any baryon.

Comparison between predictions and measurements

is helpful to test SM and search NP.
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Opportunities and Challenges

M, ~ 0.5

N BO.—
e Baryon CPV measurements in LHCb have reached to order of 1 % [LHCb,2018]

« LHCD 1s a baryon factory, has large A, production:

Acp(A, = pr) = (=35 1.7£2.0)%, Acp(A, » pK™) = (=2.0+ 13+ 1.0)%

e (CPV in some B meson decays are as large as 10 % [PDG,2022] -

Acp(BY - KTn7) = (=834+£032)%, Ap(B' - K% =(19£5 %, Acp(B,—> K1) =(224+1.2)%
e The CPV in b-baryon can be observed soon.

e (QCD dynamics for baryon decays:

O one more hard gluon; Opower counting rule; © Why CPV of A, — prx, pK are so small
e Non-perturbative inputs

O Theoretical uncertainties are dominated by non-perturbative inputs, such as LCDAs

e (bservables

O T-odd triple products (p; X p,) - p3, defined by kinematics, but unclear related to decay

amplitudes.
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Theoretical progresses

e (QCD studies on baryons are limited

V/ Generalized factorization [Hsiao,Geng,2015; Liu,Geng,2021];

lost of non-factorizable contributions, such as types of W-exchange diagrams

vV QCDF [Zhu,Ke, Wei,2016;2018]

based on diquark picture, no W-exchange diagrams

V/ PQCD [Lii, Wang, Zou,Ali, Kramer,2009]

only considering the leading twist of LCDAs
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®* More is different, baryons are very different from mesons!

e Factorization: heavy-to-light form factor is factorizable at leading power in SCET and no end-

point singularity appears! [Wei Wang,1112.0237]
Cag—n =Ia,Pa, (X)) @ J(x;, y;) @ fAPA(Y)

® However, the leading-power result 1s one order smaller than the total one
O Leading-power: Sn,—-A0) = —0.012 /W Wang,2011]
O Total form factor: & A, A(0) =0.18 [Y.L.Shen, Y. M.Wang,2016]
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PQCD approach

e PQCD has successfully predicted CPV 1n B meson decays
Acp(B = n"n7)=B0x£20)%, Ap(B—> K'n7)=(-17£5%
[Keum,H-n.Li,Sanda,2000; C.D.Lii,Ukai,M.Z.Yang,2000]

AcpB->nn7)=032x4) %, Arp(B— K'n7)=(-83+£04)%
[PDG,2022; first measurements were made in 2001]
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e PQCD approach (based on k. factorization): retain transverse momentum of parton k;

1 J/Y Py
X502+ ki °
A = MMy # B)

C A%, d*k, dk

- 2r)* 2Cr)* 2n)* Wp(ky, )W ko, ) W3(ks, o) - Hiky, ky, ks, p)Ci(1t) A

Opropagator ~

P> >
kl (aa a‘) k3
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JO

(2rm)* (2m)* (2m)?

e Resum double-log radiative correction, obtain k Sudakov factor S(x;, b;) and threshold
Sudakov factor S,(x;).

[NPB (Collins, 1981)

NPB (Botts, Sterman, 1989)
PRD (Hsiang-nan Li, 1995)
PRL (Hsiang-nan Li, 1995)
PRD (Hsiang-nan Li, 1996)
PRD (Hsiang-nan Li, 1998)
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e PQCD approach (based on k; factorization): retain transverse momentum of parton k;

1 J/Y P
X502+ ki °
A = MMy # B)
Lk 4% dhy P gk, 1) Py, 1) W5 (ks, 1) - Hky, ey, ks, 1) i) P
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Opropagator ~

b (wa) ks
¢B(x19 lea ﬂ)¢2(x27 sza /’l)¢3(x3a k3T7 U - H(xla X9y X3y le, k2T9 k3T, //‘)Ci(/f‘)

A“ﬁ@y Fourier tramsform

\ 1
| e, | a0,y by o s ) 20 b g )G 0 X TS )X 53
0



A, — p form factors in PQCD
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A, — p form factors in PQCD
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A, — p form factors in PQCD

e LCDAs for A,
@K”f‘s(h,tz) = Eijk<0’[u?(tlﬁ.)]a[o,tl'ﬁ.] [d ton ] [O 1‘271] [b,\ )]6’Ab(7/’)>

. Z{ F ()M (v, t, t2) 10T o + fi) (,1)[1\[2(1;,751,tz)f},scT],Ba}[Ab(u)]é (23)

M>(w, w») =i¢//2(w1,w2) + iz%(wl,wz)

V2

7y o
M(wy, w>) ——ﬂ% (w1, wy) + ¢Z¢3+(wl , W2)
» P.Ball, V.M.Braun, E.Gardi (2008)
» G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)
» Yu-Ming Wang, Yue-Long Shen (2016)
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A, — p form factors in PQCD

LCDAs for proton
Py =(P(p )Ill‘,(O)ll (»l) J (No)IO) » V.M.Braun, R.J.Fries, N.Mahnke, E.Stein (2001)
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TABLE I: Twist classification of proton distribution amplitudes.

twist-3 twist-4 twist-5 twist-6
Vector Vi Vo, Vs Vi, Vs Ve
Pseudo-Vector A, Ay Ay Ay As Ag
Tensor T, 15, 1T5.7T; T4,Ts,Tg T
Scalar S S,

Pesudo-Scalar P, P>




A\, — p form factors in PQCD

e Result of form factor f,

proton contribution

twist-5H

twist-6 total

exponential

twist-2 0.0007 0.00007 0.0005 0.00000:3 (.0001
twist-37— -0.0001 0.002 0.0004 -0.000004 0.002

Ab twist-3—F -0.0002 .0060 ~ 0.00007 0.006
twist-4 .01 (.00009 (0.0000007 (.26

total 0.01 0.008 0.25 u.nmn)?_ML 0.09 4 0.07

my
r=—
D, twist-3 twist-4 twist-5 twist-6 Mas
twist-2 ~ 0 r-2v2(1 — z)z3 r2 . 2v/2z4 ré - 44/2(1 — z1)(1 — z5)
twist-3""z3(1 — 1) T T3 r? - (1 —z)(1 — z5) ~ 0
twist-3=F  ~ 0 T T3 r? - (1 —x)(1 — xt) r* - (1 -z,
twist-4  4v2z3  |r-2v2(1 —z)(1 = z5)| | 7?-2v2(1 — 5) ~ 0
twist-2 twist-3* twist-3—+ twist-4
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e A, —prn, pp-, pa,(1260), pK~, pK =, pK,(1270), pK,(1400)
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Two-body non-leptonic A, decays
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Two-body non-leptonic A, decays

e Kinematics o e
( j) = ' -
O
/K~ Ay P
U < > n
p=(Aj‘%b’ A\l/%byo)) P'-(Ajtbﬂlal‘j@’ﬂz,o), ( \/—(l ’71) \/—(1 772))0)
=", z1p”, kair), = (0", 0kir), @ = (0,59 ,qp),

k2 =(Oa -'17217_, k2T)) (3’ " O’ kZT)’ q1 = (0’ (1 - y)q—a qT))
ki =(0,z3p~, ksr), (x’ .0, ksr).

= (M}, — M3+ M} + \/(—M}{b + M3, — M2)? — AM} M?2) /(2M3,)
= (M}, — M3+ M2 — \/(—=M3, + M}, — M2)2 — M} M?) /(2M},)

e PQCD formula for two-body decays



LCDAs for meson

$,(p,z,¢) =

w(K)( )

w(K)(x) =

¢Z‘(K)(1’)

mi=14+01GeV, mE=16+01GeV  Ppr(x) = Maxx)/My

Two-body non-leptonic A, decays
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[P.Ball, 2005,2006]



The 18th W-exchange diagram, contribution from leading-twist LCDAs for S-wave
B = Gr T indy [lds) [10) [yl PP, @
| [16moM, (€1 — CoVaaVia + (€ + Co) — (Ca+ Cuo)VaVislty — D65 (6) + 954 (v)
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Eis
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J/V Py
C C u__,
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e Numerical integration, VEGAS, Parallel computing, GPU-accelerated

|
torchquac

(base) PS C:\Users\ZaynH\Desktop\Lb2pK> conda activate mytorch

(mytorch) PS C:\Users\ZaynH\Desktop\Lb2pK> python .\test.py
resultEII7SwaveReal tensor(€.9127)

resultEII7SwaveImag tensor(©.5339) _ GPU
resultEII7PwaveReal tensor(-6.2512) Sample_3:l:ﬁ
resultEII7PwaveImag tensor(-0.7203) - i .
(mytorch) PS C:\Users\ZaynH\Desktop\Lb2pK> python .\test.py | -
resultEII7SwaveReal tensor(-2.7334) , ”
resultEII7SwaveImag tensor(1l.6898) | l

resultEII7PwaveReal tensor(-06.8296) -1 A
resultEII7PwaveImag tensor(1.4193) Video Encode 0% + Video Decode

NVIDIA GeForce RTX 4090
3D 96% v Copy 4%

(mytorch) PS C:\Users\ZaynH\Desktop\Lb2pK> python .\test.py
resultEII7SwaveReal tensor(©.2935) =B GPU B 4.0 GB

resultEII7SwaveImag tensor(1.9887) .

resultEII7PwaveReal tensor(-1.0786) Sample_3'th
resultEII7PwaveImag tensor(2.7952) - —
(mytorch) PS C:\Users\ZaynH\Desktop\Lb2pK> python .\test.py —
resultEII7SwaveReal tensor(-1.78u0)

resultEII7SwaveImag tensor(2.0037)

resultEII7PwaveReal tensor(0.73u8)

resultEII7PwaveImag tensor(-1.3421)

(mytorch) PS C:\Users\ZaynH\Desktop\Lb2pK>




e PQCD approach (based on k; factorization): retain transverse momentum of parton k;

1 J/Y P
X502+ ki °
A = MMy # B)
Lk 4% dhy P gk, 1) Py, 1) W5 (ks, 1) - Hky, ey, ks, 1) i) P
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Two-body non-leptonic A, decays

e Kinematics o
Oy @ —
—
@]
T /K~ Ay p
U < > n

_ MAb MAb r_ MAb MM
p—(ﬁ’ \/5’0)) P = (‘/—7)1, \/—772:0)’ pP= (\/—(l ’7) \/_(l 772)’0)

(ZL" " O? le)’ q1 = (Oa yq_7qT)a
(:E’ " 0’ sz)) q1 = (0’ (1 - y)q—a qT))
(:1:' [+ 0, k3T).

= (M}, — M}, + M2 + \/(—be + M3, — M2)? — 4M} M2) /(2M3,)
= (M, = M3+ My = /(=M + M = M) — AME M) /(2MR,)

e PQCD formula for two-body decays



e RBessel functions

Plot[{Re[HankelH1[0, x]], Im[HankelH1[®, x]]1}, {x, -30, 30}]

LE | |BE—SNER R [ | B RER Plot[{Re[HankelH1[1, x]], Im[HankelH1[1, x]]}, {x, -30, 30}]

BB [ [FERRGEREAE [ [FB—RINF/REE

E I/X\/X\/Z(\/K\".z VAV
Q(\\wmwm\yf% | \Wm\\y/m\)(fm A RAVAVAV w \W\Y/ (VVAVA

-o.f(i

12-dimensional integration 1-dimensional integration

10
sample 2 10 sampled ~ 6
a4
Plot[{Re[BesselK[0, x]], Im[BesselK[O, x]]}, {x, -1, 1}] Plot[{Re[BesselK[1l, x]], Im[BesselK[O, x]]}, {x, -1, 1}]
LB | |BTERBENFRRER |- |BTERBENZ/REEK LB | [BTERBENF/RRER |- |BTERBIENZ/REEK
8_ L
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e PQCD approach (based on k; factorization): retain transverse momentum of parton k;

1 J/p P
Qpropagator ~ > ¢ - c
XIXZQz + kiT 5 2
o = (MM; % B) ue
_ ks 4 _
[ d4k1 d4k2 d4k3 b <
- Qr)* Qr)* 2r)* Wk, p)Wo ko, i)W 3(ks, ) - Hiky, ko, ks, j)) i) Py t Sl Py
) d > > d
1 dzle d2k2T d2k3T ki (a,a) ks
;" dxzdxzdx3 (2%)2 (27[)2 (27[)2 CbB(xp lea ﬂ)d’z(xz, k2T7 ﬂ)¢3(x3a k3Ta U - H(xla X9y X3y le, k2T9 k3T, ﬂ)ci(ﬂ)

\ afier resum double-log term

d*k, d*k,p d*kyy
(27)? 2n)? 2n)?

1
~ [ dxzdxzdx3J Pp(xy; kyps D2 (Xo, Koy j)P3(X3, kg, pt) - H(Xy, Xo, X3, Kyps oy kg ) Ci(p) X TLS(x;, Kip)
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Determine S(Q, k) from S(Q, b;)

" dk,
SQ.bfap. )= | G5e SO k)
3 r OO 27
dekT[ d0e™r008(0, kr, a1, B, . . )
J0 0

J dk 27k J(0,bk)S(Q, kT, at, B, . . .)
0

1.0 :"
0.5 ' = J‘
t 10
0.0 ‘
EV / / '/ du » -v //'/ ,7‘
_0.5 ;L » /// d J"“ﬂ»/ : »V /// /‘;/ 5
1.0 k*,/ " / 7/
-5 7
. i
. ~ - ‘ | /1/
—~'_10
10

i l /A l /A ‘4“\1".0‘ i
S(Q.kr) = 1(Q) - Exp —a(Q)ln2< e o ) +ﬂ(Q)ln( e QCD>
] In(kr!/Aopcp _

S(Q,kr) = 0 when k; — 0 or o



Summary

Heavy baryon physics plays an important role
PQCD approach 1s powerful to explain and predict measurements

But we still have a long way to realize
O Sudakov factor in k space; O Threshold Sudakov factor; © factorization; O......



