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Heavy baryon physics

» Weak decays of heavy hadrons related tightly to SM, Researches on meson
achieved fruitful results (QCDEF, PQCD, SCET,...... ).

Baryon physics ?
?
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2000 2010 2020 [Slide from FSY]

» CPV also plays an important role in evaluation of Universe.

»  Sakharov three requirements: [Sakharov ,1967]
* baryon number violation; C and CP violation; Out of thermal equilibrium

Matter vs  Anti-matter

» As the most important issue in flavor physics, CP violation only confirmed in
K, B, D meson.

alz%% (A, » pntn~nT) = (—0.7+ 0.7 £ 0.2)%
Acp(Ap o pn™) = (=351 1.7+ 2.00%, Acp(Ap > pK™)=(—-2.0+13+1.0)% I[LHCb,2018]

» Baryon physics has lots of opportunities not only theoretically, but
experimentally.

2012 2018 2023 2029 2035
LHCb Run-| Run-I1 Run-I1l Run-1V Run-V
luminosity 3fb~—%t 9fb=—! 23fb=' 50fb—' 300fb—!
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PQCD to predict CPV in B meson

» CPV can be predicted well in PQCD in B meson decays.
[Keum, Li, Sanda, 2000] [Lu, Ukai, Yang, 2000]

» W-exchange/annihilation diagrams are not suppressed, but have large contributions to CP asymmetry.

Y

More W-exchange diagrams included, PQCD is hopeful to predict correct CPV of b-baryon decays.
» The only prediction of b-baryon CPV by PQCD is given by [Lu, Wang, Zou, Ali, Kramer, 2009]
(P(p', 8")|ay,(1 = 5)blAs(p, 8)) = PP, &) (fryn — ife0ua” + f2qu)As(p, 5)

— P(p, 8') (917 — 19200.9" + 934,) s M (D, S).

Form factor f; Light-cone sum Lattice(2015) PQCD(2009)
rule(2011)

0.13 0.22 2210981073

M = p(pf1 + f2v5]A,(p),

u

/ Factorizable Nonfactorizable

1
) P - filAy = pm) 243X 10710 —i439x 10710 —243 X 1077 —i2.05 X 1077
" (A, — pm) 264X 10710 — 6,54 X 10710 —1.75 X 107% — i1.20 X 107°
u fi(A, = pK) —3.17X 10710 —{1.22 X 10710 —0.88 X 107° + i0.54 X 10~1°

d . f2(Ay, = pK) 174X 10710 —i1.96 X 10710 —1.06 X 107° + i1.67 X 10~
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Table 4 Form factor f1(0) from various twist combinations of the A, baryon and proton LCDAs. The first (second) theoretical errors of the total
results come from the variations of the relevant parameters in the A baryon (proton) LCDAs

Twist-3 Twist-4 Twist-5 Twist-6 Total

Exponential

Twist-2 0.0007 —0.00007 — 0.000003 0.0001
Twist-31— — 0.0001 0.002 — 0.000004 0.002

Twist-3~ — 0.0002 0.0060 0.00007 0.006

Twist-4 661 6-66669 0.0000007 0.26

Total 0.01 0.008 0.00007 .09:l:0.07

- fo dlx]d[x')dx, [ d[bld[b'1db,y, ([x], [b], u2)

_ 02
* TH ([X], [x'], [b], [bl]'Fl aS(.uz)>

« p([x'], [B'], k) Pua (x4, by, #2) * Se([x], [x'])
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RGRL R

The magnitudes are in unit of 10~° and strong phases are in degrees, without CKM matrix elements.

1484 -39 1147 | -942 3534 -38 2770 -2196
133 -16 128 -38 786 132 -531 580
196 32 166 104 24 69 8.6 23
101 -126 -60 -81 59 -141 -46 -37
149 156 -137 59 92 77 20 90
7.1 -67 2.9 -6.6 20 -80 3.5 -20
81 175 -81 7.1 51 -2 51 -2.1
1.4 114 -0.6 1.3 7.9 97 -0.9 7.9

17 -98 -2.3 -17 23 58 12 19
1.2 -40 0.9 -0.8 3.1 -84 0.3 -3.1
14 -111 -5.1 -13 29 41 22 19
0.6 -69 0.2 -0.6 0.8 27 0.7 0.4
14 -111 -5.1 -13 29 41 22 19
0.6 -69 0.2 -0.6 0.8 27 0.7 0.4
6.1 -58 32 -5.2 1.9 -116 -0.9 -1.7
0.9 -102 -0.2 -0.9 0.2 =72 0.1 -0.2

hierarchies among f; (with CKM) (Tree) Vub de ~ A3 (Penguin) th Vt*d ~ A3

c c E! E¢ c G~ I PE'| ~ | DB E{
T |PoL,| > | Byl 2 PG, | > |Gl > |BI> |PoL | = | PoL | > | Pl | > [Phep| > | PG| = | PEL| & | PRyl > | Py

hierarchies amongf2 (with CKM)

C C E¢ C E¢ C Ev E¢
IT1> |Gl > |PGL | > | Ey| % | PG| > |PELL > | Bl & | Pyl > | PoL > | PG| > | Pai | > | Phep| > | Poil > | Pyl

2022/12/9 Two-body decays A, = pm, pK in PQCD 6



The magnitudes are in unit of 10~ and strong phases are in degrees, without CKM matrix elements.

1912 -34 1580 -1078 3821 -43 2772 -2631
237 38 187 145 36 74 10 35
159 157 -154 65 112 77 25 109
11 -62 5.0 9.3 25 -78 5.0 -24
25 -97 -3.0 -25 26 58 14 22
1.5 -23 1.4 -0.6 3.6 -84 0.4 -3.6
34 -112 -13 -31 34 69 12 32
0.6 -59 0.3 -0.5 0.8 67 0.3 0.7

hierarchies among f; (with CKM) (Tree) Vub u:ks ~ At (Penguin) th ths‘ ~ 2?

C E¢ Ev C E¥ E¢
|Poey | > TIPS > |PEL L > | Pg| > | Byl > | Pl > | P

hierarchies among f, (with CKM)

C E¢ E¥ C EX E¢
|Poey | > T > |PoL | > [P~ | oL > | PE| > 1Byl > | P

» The same as hierarchies between topological diagrams of B meson decays  [cheng, oh, 2011]
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F1(Ap — p) = (—2.8615961773 — 6.4215:35 5768) % 107,
F2(Ap — prr) = (-1.3510554 067 — 7-9615:0475439) x 1077,
fi(Ay = pK) = (6.3671 467529 — 1677055 0471) x 1077,
f2(Ao = pK) = (—3.4015 551754 — 8475575 5 6i) x 107°.
R, = Br(Ay — pm) A% (N, — pM) = Br(Ay — pM) — Br(l_\b o 13]\_4)
Br(Ay — pK) TP Br(Ay — pM) + Br(Ay, — pM)
PQCD(this work) Experiment
Br(A, — pn) (27.3175:2) x 10~¢ (4.540.8) x 106
Br(A, — pK) (29.4%358) x 10~¢ (5.4 4 1.0) x 106
Rk (Ay) 0.9370% 0.82 4 0.12
A% (Ay — pr) (—3.631501) % (—2.5+2.9)%
A%r (A, — pK) (8.261939)% (—2.5+£2.2)%
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» SU(3) breaking effects

T
T
L)
E,

» The SU(3) breaking effects are consistent with the B meson cases. [Cheng, Oh, 2011]
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Table 5: The parametel rs fli fgi f}r the topology T from various twist combinations of the Ay
baryon and proton LCDAs. Only the central values are listed for simplicity.

twist-3 twist-4 twist-5 twist-6

Ay — pmr

twist-2 6.9(9.6) -0.51(0.72) -4.6(-0.64) -0.02(0.03)
twist-3+~ -0.48(0.68) 22.3(31.2) 0.14(-0.21) -0.25(-0.37)
twist-3—+ -0.80(1.1) 10.1(14.3) -0.24(0.33) 0.59(0.84)

twist-4 72.1(99.7) 37.5(-52.4) 1254(1770) 0.003(-0.005)
Ab — pK

twist-2 8.77(12.4) -0.67(0.95) -5.72(-8.11) -0.03(0.05)
twist-37~ -0.57(0.82) 28.4(41.2) 0.20(-0.29) -0.34(-0.49)
twist-3~F -0.99(1.36) 14.3(19.2) -0.28(0.42) 0.75(1.10)

twist-4 91.1(123) 45.8(-65.8) 1570(2214) 0.04(-0.05)

Table 6: The same as Table@ but for the topology T, ;.
twist-3 twist-4 twist-5 twist-6

Ab — pT

twist-2 | -508-1093i(-1753-1546i)

~73+45i(-300-461)

0.34-3.2i(-29-6.4i)

0.88-0.80i(-0.66+1.6i)

twist-3t—  -112-71i(-531+871) -54+29i(-323+45i) 33-+23i(182-31i) 0.014-+0i(-0.03-0.0051)
twist-3—F 632+419i(3150-571i) -32-104i(923-149i) 29+-21i(80-29i) -0.031-0.004i(-0.02-0.001i)

twist-4 108-70i(-253-87i) -277-135i(-227+136i) -10-0.71i(-1.3+1.5i) -0.31-0.31i(-1.5-0.464)
Ab — pK

twist-2 | -547-1201i(-2074-1849i) |

-84+48i(-364-49i)

0.39-4.1i(-31-7.0i)

-1.0-0.9i(-0.7+1.9i)

twist-3+— ~126-761(-649+971) -57+42.4i(-349+52) 334-27i(217-39i) 0.015+0.002i(-0.035-0.005i)
twist-3~+ 700+-427i(316-64) -27.8-114i(1030-156i) 34-+251(97-36.4i) -0.04-0.01i(-0.02-0.002i)
twist-4 115-71i(-290-118i) -322-129i(-259+166i) -12-0.94i(-1.4+1.661) -0.35-0.52i(-1.63-0.61i)
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Table 8: The same as Table.5 but for the topology Pg(lj D

twist-3 twist-4 twist-5 twist-6

Ab — pT

twist-2 [ -2.3+47i(3.34601) ] -1.5-0.47i(3.3+1.6i) 0.36+4-0.002i(0.12+0.541i) 0.03-0.02i(-0.05-0.13i)
twist-31— -1.2+41.1i(-3.3-2.21) -0.68+6.2i(4.3-151) -0.04+0.08i(2.6+2.31) 0.02-0.01i(-0.01-0.01i)
twist-3— T 0.89-14i(0.41+-21i) -0.025+4.7i(3.6+2.2i) -0.154-0.26i(-0.22-+2.,42i) -0.054-0.005i(0.0154-0.011)

twist-4 -2.4+1.1i(2.34+13i) -1.6+5.1i(-8.0+3.31) -114+40.1i(9.1-0.51i) -0.114-0.05i(0.314-0.071)
Ap — pK

twist-2 [ -2.94-59.5i(4.5+731) ] -1.84-0.41i(4.2+2.11) 0.68-0.01i(0.13+0.74i) 0.03-0.02i(-0.67-0.21i)
twist-3t—  -1.46+1.36i(-3.9-2.5i) -0.8+8.0i(6.0-21.2i) -0.06+4-0.1i(3.3+2.9i) 0.03-0.01i(-0.01-0.01i)
twist-3—F 1.1-17.0i(0.48+27) -0.03+5.81i(4.5+2.51) -0.16+40.36i(-0.3+3.31) -0.074-0.007i(0.02+0.011)

twist-4 -3.0+1.24i(2.74+18.11) -2.24+5.79i(-11+4.61) | -142+0.15i(11-0.69i)! -0.16+0.07i(0.41+0.01i)
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» Baryon physics have lots of opportunities.

» PQCD approach applies well to b-baryon decays.

» Contributions from high twist LCDAs are important.

» Our results suffer from large uncertainties due to non-perturbative inputs of baryons LCDAs

» More researches of high-twist LCDAs of baryons are urgently needed
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N
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~

= J [dx][db] - ¢, " Ty - &,

twist-3 twist-4 twist-5 twist-6
twist-2 ~ ~0 r-2v2(1 — z1)z3 r? . 24/2x3 rd . 44/2(1 — 1) (1 — x})
twist-3""z3(1 — z1) T T3 r? - (1 —x1)(1 — xh) ~ 0
twist-3=t  ~ 0 T Tq r?. (1 —xzp)(1 — xh) rd - (1 — b
twist-4  4v2x3  |r-2v2(1 —z)(1 — )| | - 2v2(1 — 2, ~ 0
twist-2 twist-3*~ twist-377 twist-4

o = N W &~ U
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A brief review of PQCD

(t|Herr|B) ‘

Mp_,n = My(My, 1) * My (g, My, p3) * MS(.UZrAQCD)

Under collinear factorization:

2

1
M(QZ) = f dx,dx; ¢B(x2»ll2) * Ty (xl,xz,%, as(ﬂz)) * ¢n(x1,ll2)
0

—- ocowhenx -0

1. propagators ~ Q2

2v ag(x1x,0%) > owhenx - 0
kr factorization: retain transverse momentum of parton, propagator ~ ————
x1x2Q2+kT
2

1
Q
M(Q?) = j dx,dx, [ dkirdkorpp(xs, kor, u?) * Ty (xp X2, kor, k1T;‘u—2, as(ﬂz)> * P (x1, K17, 1?)
0
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» Fourier tranfer over k
M(Q?)
1

2
=f dx1dx2fdk1Tdk2Tf
0

db, db _ 0
: : exp[—i(kyrby + korb)]dp(xa, Kor, u?) * Ty <x1.x2, ko7, k17, M—z, as(#2)> * ¢ (1, kq7, 1?)

(2m)? (2m)?

1 db, db . ¢
= fo dxidx, [ T&ﬁf dkirdkyrexp[—i(kirby + korby) 1 (2, kor, u?) * Ty <x1.x2, k,r, k1T;M—2; as(u?) | * pr(xy, kyr, 1?)

1 2
- __ Q ~
= f dx;dx; [ dbydbydp(x, by, u?) * Ty (xpxz; b;, b4, 2 as(#2)> * P (21, by, u*)
0

» Resum double-log to get Sudakov factors br(x1, by, 4% = Pr (1, by)exp[—S (1, by)]
W. . > F(QE . ;9): :(Qg . 59)'

[J.C.Collins, D.E.Soper 1981]
[H.N.Li 1998]
[H.N.Li 1999, 2002]

2

_ __ Q _
M(QZ) = f dxlde fdbldbz(pB(lebZ: luz) * TH (leXZJbZJbliFfaS(HZ)) * (pn(xll bli “2) * St(xl'XZ)
0

Q0000000

Q0000000

A
A

» PQCD in b-baryon two-body decays:

M =f dlx]d[x'ldx, [ d[b]d[b'ldbyp, ([x], [b], 1)
0

2

*T;([X], [x'], [b], [b’],%,as(u2)>*d3 ([x'], [b'], )b (xq, by, 12) * S¢([x], [x'T)
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LCDASs of baryons

A b LCDA [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)]

» introduce the general light-cone hadronic matrix element of Aj baryon

" (11, t2) = € (Ol [u] (117)]a[0, t171][d (£27)]5 0, o] b1 (0) ]| Ao ()
- 1{ () [Mi (v, 11, t2)35CT |sa + £ (1 )[Mz(v,tl,tz)%CT]ﬂa}[Ab(v)ls (23)

» performing the Fourier transformation and including the NLO terms off the light-cone leads to the
momentum space light-cone projector

M (wy, wy) =i¢2(w1,w2) + il//4(w1,w2)

V2 V2
ik

Mi(wy, wy) =T'ﬁ;_(w1,w2) i yz—ﬁ'ﬁ?(wl,wz)

» G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)

wwy _
Yr(wy, wy) =—re€ (w|+wg)/w0,
Wy
- w1 _
w; (wlaw2) =—3€ (w|+w2)/w0,

Wy

w

U3t (@1 wy) = e,
Wy

1

_ —(w+w2)/wy

Ya(wr, wr) =—e :
)
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LCDAs of baryons

PrOtOn LCDA [V.M.Braun, R.J.Fries, N.Mahnke, E.Stein (2001)]

@, =P, (0)it)y(z1)d(22)/0)

prnlon

=Z{S l"’[)Cﬁ«r(N+75)y o SZ’"[)CIM(N_)’S))' 2y Pl"zp(C‘)’S)ﬁaN; + P2"’[)(C75)ﬁcyN; + VI(CP)ﬁrr(N+75)y
n2
= m,, =t +
+ V‘l(CP)pu(N_)’S)y + V’%T,(C‘Y.L)ﬁa(}v YSYJ-))/ + V4 (C)/_L),b'u(N )’57']-))' + VS (Cl)p‘,(N yS)y
2

m I
+ V(,
2Pz

_ - mpy e
+ A1 (CysP)po(N7)y + Ay (CysP)ga(N7), + Az 7’(C YsY g (NTYY),
m m> m>
+ Ay (Cysy Dpa(N7Y )y + As 5o (Cyslpa(N'), + A(,z—,,”,(Cysx)ﬁ‘,(N‘ )y = T1GCo L pYpa(N YY)y
2
n
- T”(’CU'.LP)/M(N YsY )y _ T3_(IC‘TI’ )ﬁa(N 75))' ('C(T l")ﬁ«r(N 75)7 (’CU-_L )ﬂa(N YsY )

—To

nm, _ ;
)ﬁ(}‘(N YSYL))' + T'I_(CU'.L_L )ﬂ«r(N+YS0'LL )'y * T8 TI(C‘T.LJ.')ﬁa(N )’SO'J.L )y}

TABLE I: Twist classification of proton distribution amplitudes.

twist-3 twist-4 twist-5 twist-6
Vector Vi Vi, Vs Vi, Vs Ve
Pseudo-Vector A Ay Ay Ay As Ag
Tensor T, 1,,T5.77 T,,Ts,Tg T
Scalar S S,
Pesudo-Scalar P, P>

2022/12/9 Two-body decays A, = pm, pK in PQCD



Light meson LCDA | » Ball, 2005, 2006

¢7T(p)w’C)E \/W

Ix
druey (@) = 2\/%6

Vs [$67 (z) + midy (z) + Cmg (it — 1)o7 ()] -

(1 — z) [1 +a™ ™02z — 1) + T F 32 (22 — 1)

a0 (00 1) |

™ 5
L [1 + (30n3 - 5pi(K)) (22— 1)

ﬂ(K)(z) = 2\/2Tc

9 n
-3 {773603 + 20/7”(1{)(1 + 6a (K))} Cy*(2x - 1)] ;
) (1-2z)[1

w(K)(x) = 2\/2Tc

1 7 3 "
+6 (5"73 ~ oW %Pi(x) 5Pw(z()awz(lt{)) (1-10z + loxz)]

c¥w) = 3t,

3

A = F62-1), GO =368-),

Ci”() = %(3—30t2+35t4), ci?() = %(1— 14¢% 4+ 21t%) .

aT = 0, a)®=0.25+0.15, af =—0.015, af =0.06,

pr = mg/m?, px =mg/mK, n3*"=0015 wpt"=_3,

mt =1.4+0.1 GeV
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mE =1.6+01GeV  Pr(x) = Mz /Mg
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Topologies of A, — pm, pK

b ° b ° d d
m [K~ 7 |K~
Ab Ab Ab Ab
u U b [
> P > L 2 P > > L 2
> > S
d d u U
PStp, Phiv Paép: Peiy Plcp, PR
b ° d
K~
A[, Ab
d, P b

Ef Ef
P, QCD> Pgiy
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Feynman diagrams E, topology
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