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Baryon physics
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Baryon physics

* The visible matter of the Universe is mainly made of baryons.

-Baryons play an important role in the evolution of the Universe,

0 i
18 B

such as baryogenesis and big-bang nucleosythesis.
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Baryon physics

* The visible matter of the Universe is mainly made of baryons.

-Baryons play an important role in the evolution of the Universe,

such as baryogenesis and big-bang nucleosythesis. o rEAna R
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* The mass and spin puzzles of proton are among the most
important problems in physics.

Accelerators is visible

Related to the inner structures and perturbative and non-
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CP violation in baryons

Matter vs  Anti-matter
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CP violation in baryons

» Sakharov conditions for Baryogenesis:

1) baryon number violation
2) C and CP violation
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CP violation in baryons

» Sakharov conditions for Baryogenesis:

1) baryon number violation
2) C and CP violation
3) out of thermal equilibrium

- CPV: SM < BAU. => new source of CPV, NP

Matter vs  Anti-matter

* CPV is the most important issue in heavy flavor physics

- CPV well established in K, B and D mesons,
but CPV never established in any baryon

- Key goal is to predict and search for baryon CPV




* LHCb is a baryon factory !

Experimental opportunities
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Experimental opportunities

| Ia,
* LHCDb is a baryon factory !! Large Production: —— ~ 0.5 ==
fu,d
Machine CEPC Belle Il (50 ab™! LHCb
(102 2) | +5ab "atT(5S)) | (50fb~")
Data taking | 2030-2040 2025 2030
B+ 6 x 10" 3 x 10" 3% 10"
B° 6 x 10'° 3 x 10" 3% 103
Bs 2 % 10'° 3 x 108 8 x 10"
B. 6 x 10’ — 6 x 10"
b baryons 10 —

2011 A0 )
LHCDb Run |

Integrated 1 fb-1 3 fb-1
luminosity

2018 2023
Runll  Runlll

9 fbo-1 23 fb-

2029 2035

Run |V Run V

50 fb-1 300 fb-

- BESIII and Belle Il have fruitful results on charmed baryons and hyperons

v
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Experimental opportunities

* LHCDb is a baryon factory !!

-CPV evidence: 30 in Ag — pa~rn x~ [LHCb, Nature Physics 2017)

*Precision of baryon CPV measurements has reached to the order of 1% [LHCb, PLB2018]
Acp(A) = pr) =(-35+21.7£2.0)%, Acp(A) > pK)=(-20£13+1.0)%

*CPV In some B-meson decays are as large as 10%:

Ap(BY = 7ntn7) = -0.3220.04, Ap(B' —» K 7t) = — 0.084 £ 0.004, Ap(BY - KTn7) =+0.213 £0.017

It can be expected that CPV in b-baryons might be observed soon !!
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Theoretical opportunities

Data driven: Precision of baryon CPV measurements has reached to the order of 1%
Acp(A) = pr7)=(=35+1.7%£2.0)%, Acp(A) > pK")=(-2.0£13+1.0)%

* Theoretical precision is required to be improved.
-Baryons are very different from mesons!!

Helicities of baryons provide fruitful phenomenological observables.
More information can be obtained from the angular distributions and polarizations.
Few body for more observables.

-Scalar diquark in A, is simpler than spin 1/2 quark in B mesons in the heavy quark limit.

Much less free parameters IN Ab — AC than B — D(*) transitions [Bernlochner, Ligeti, Robinson, Sutcliffe, 2019]

Decay NMw at O(1)  Nstw at O(Aqep/mye)  Nsiw at O(Agep/m?)
Ap—> ALV | 0 2
B — D*lv 1 3 6




Theoretical opportunities

-Baryons are very different from mesons!!

 Factorization: Heavy-to-light form factor is factorizable at leading power in SCET.

No end-point singularity! [Wei Wang, 1112.0237] Taking A, — /A as an example,
EA = A, @, (73) @ J(24,9:) @ faPA(Yi)

*However, the leading-power result is one order of magnitude smaller than the total one
Leading power: B mE o
Sum Rules [Feldman, Yip, 2011]: &a(¢” = 0) = 0.38

« Two hard gluons suppressed by aSz at the leading power.

Compared to the soft contributions in the power corrections.

More iIs different!!

10



Theoretical opportunities

*QCD studies on baryons are limited

» Generalized factorization [Hsiao, Geng, 2015; Liu, Geng, 2021]:
lost of non-factorizable contributions, such as W-exchange diagrams.
*QCDF [Zhu, Ke, Wel, 2016, 2018]: based on diquark picture.

-PQCD [Lu, Wang, Zou, Ali, Kramer, 2009]: only consider the leading twists of LCDAs.

- Currently, no complete QCD-inspired method for non-leptonic b-baryon decays

GF PQCD QCDF
4.2+-0.7 4.66%222.181 4.11~4.57

5.1£09  48+0.7 1.82409715 1.70~3.15 KR[N

—25%+29 -3.9+-0.2 -32+49.4  -3.74~-3.08

-25+22 5.8+0.2 -3+25.4 8.1~11.4

11



Theoretical challenges

» fJopological diagrams: more diagrams than mesons.

3 'S §C: C:
T C c’ Fe
P
| [ ]
- | —)—@—»—
> - | o [
\ “\‘ \ j l" | l\‘/l
> \j P o4
E E, B

*More non-factorizable diagrams: C’, E1, E2, B. They are non-negligible.

h
ICl IC'| |E\| |E;] O[AQCD)

7| Iclicl el T me

Leibovich, Ligeti, Stewart, 2004
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Theoretical progresses: PQCD

*PQCD successfully predicted correct CPV in B meson decays [Keum, Li, Sanda, 2000; Lu, Ukai, Yang, 2000].
|t is hopeful to predict correct CPV of b-baryons. W-exchange diagrams included.
* The only prediction of b-baryon CPV by PQCD is given in [Lu, Wang, Zou, Ali, Kramer, 2009]

*However, the form factors are two orders of magnitude smaller than Lattice or sum rules

Lattice |35 0.22 £+ 0.08
PQCD [67] 2.270% x 1072 H.n.Li, 1999; Lu, Wang, Zou, Ali, Kramer, 2009

*Only the leading twist of light-cone distribution amplitudes (LCDAs) were considered.

*Recall that leading power is suppressed, so sub-leading power would be dominated.

» Consider higher twist LCDASs!!

b

» »
>

A = \IjAb(xia bi) H) X H(:Eza bi? 3327 bé’ “) & \IIP(:E;’ b','” “) Z §
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Form Factors

f1(0)

J 2(0) g1 (0) 92(0)

NRQM [76]
heavy-LCSR [50]
light-LCSR-A [77
light-LCSR-P [77

0.043
o
) 0.04

QCD-light-LCSR [78] 0.018
HQET-light-LCSR [78]  -0.002
3-point QSR [49 0.22

lattice [47]

0.22 £ 0.08
2.2708 x 1073

PQCD [32]

—0.047%5.013

0.023° 40
oo
0.1275 03

-0.028 0.018 -0.028
-0.015
0.0071

0.04 £0.12 0.12+0.14 0.04 £ 0.31

[32] C. D. Lu, Y. M. Wang, H. Zou, A. Ali and G. Kramer, “Anatomy of the pQCD

approach to the baryonic decays A, — pm,pK,” Phys. Rev. D 80, 034011 (2009)
larXiv:0906.1479 [hep-ph]].

[47] W. Detmold, C. Lehner and S. Meinel, “A, — pf~ 7, and A, — AL~ D, form factors

from lattice QCD with relativistic heavy quarks,” Phys. Rev. D 92,034503 (2015)
larXiv:1503.01421 |hep-lat]|.

[49] C. S. Huang, C. F. Qiao and H. G. Yan, “Decay A, — p lepton anti-neutrino in
QCD sum rules,” Phys. Lett. B 437, 403 (1998) |arXiv:hep-ph/9805452 |hep-ph]].

14

[50] Y. M. Wang, Y. L. Shen and C. D. Lu, “Ay, — p, A transition form factors from QCD
light-cone sum rules,” Phys. Rev. D 80, 074012 (2009) [arXiv:0907.4008 [hep-ph]].

[76] R. Mohanta, A. K. Giri and M. P. Khanna, “Charmless two-body hadronic decays
of Ay baryon,” Phys. Rev. D 63, 074001 (2001) [arXiv:hep-ph/0006109 [hep-ph]]|.

[77] A. Khodjamirian, C. Klein, T. Mannel and Y. M. Wang, “Form factors and strong

couplings of heavy baryons from QCD light-cone sum rules,” JHEP 09, 106 (2011)
larXiv:1108.2971 [hep-ph]].

(78] M. q. Huang and D. W. Wang, “Light cone QCD sum rules for the semileptonic
decay Ay, — plv,” Phys. Rev. D 69, 094003 (2004) [arXiv:hep-ph/0401094 [hep-ph]].



Theoretical progresses: PQCD

f1(0) f2(0) g1(0) g2(0)
NRQM [76] 0.043
heavy-LCSR [50] 0.023+0-006 0.02370-006
light-LCSR-A [77 0.14+0:93 —0.05479016  0.141003  _.02870:012
light-LCSR-P [77] 0.12+0:98 —0.0470015  0.127003  _0.016+9-007
QCD-light-LCSR [78] 0.018 -0.028 0.018 -0.028
HQET-light-LCSR [78]  -0.002 -0.015

3-point QSR [49 0.22 0.0071
lattice [47] - 0.08 0.04+0.12 0.124+0.14  0.04+0.31
PQCD |[32] 2.270% x 1073

this work (exponential) 0.27 £ 0.12 0.008 £0.000 0.31 £0.16 0.014 = 0.008
this work (free parton) 0.24 +0.10 0.007£0.004 0.27+£0.13 0.014 £0.010

*Higher twist LCDAs contribute to the correct order of form factors.

J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804
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Theoretical progresses: PQCD

proton
twist-3 twist-4 twist-5 twist-6 total
exponential
twist-2 0.0007 -0.00007 -0.0005 -0.000003 0.0001
A twist-3+ -0.0001 0.002 0.0004 -0.000004 0.002
b twist-3~+ -0.0002 0.0060 0.000004 0.00007 0.006
twist-4 0.01 0.00009 0.0000007 0.26
total 0.01 0.008 0.25 0.00007 0.27 + 0.09 =+ 0.07
free parton
twist-2 0.0006 -0.00007 -0.0005 -0.000002 0.0001
twist-3+ -0.0001 0.002 0.0003 -0.00001 0.002
twist-3~+ -0.0002 0.006 0.00003 0.00005 0.005
twist-4 0.009 0.0005 ~ 0 0.23
total 0.009 0.008 0.22 0.00004 0.24 + 0.07 £ 0.06

-High-twist LCDA dominant: twist-5 of proton + twist-4 of A,
» Consistent with the power analysis by SCET.

J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804
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Theoretical progresses: PQCD

* Power-suppressed contribution incredibly surpasses the leading-power one

h; j twist-3 twist-4
twist-2 0 T'?,D24(331 — 1)$3(—V2 +V3+As+A3+T3+ 17+ S1 — Pl)
twist-31T ¢;“_2a;3(—:c1)(V1 + Ayp) T¢;_2w3(V3 — As)
twist-3 T 0) ’I"(P3_+2333 (2T2 + T3 —T7 + S1 + Pl)
twist-4 Ya8x3(—T1) ripad(xr — 1)(1 — w'z)(VQ — V3 — Ay — A3)
h; j twist-5 twist-6
twist-2 r2iodxs(—Vy + Vs — Ay — A —5) r3128(1 — z1) (1 — z5) 76
twist-31T— T2¢g__2(331 — 1)(1 — 511/2)(T4 + 275 — Tg + So + PQ) 0 r — mp/mAb
twist-3 T 2t — — ! — A4 — Tk r31ps T2(1 — x4) (Ve — Asg)
twist-4 0
twist-2 twist-3* twist-37+ twist-4

150

xp—=>1,x%,—>0

100

50

J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804
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Theoretical progresses: PQCD

|t can be expected that PQCD can predict CPV of b-baryons
J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2205.xXXXX
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. Lu, Wang, Zou, Ali, Kramer, 2009



Theoretical progresses: LCSR

* Heavy-to-light form factors have been systematically studied in the light-cone sum rules (LCSR)

v Next-to-leading order corrections [Y.M.Wang, Y.L.Shen, 2016]
v LCDAs of heavy baryons [Bell, Feldman, Y.M.Wang, Yip, 2013]
v\, = p, N* transitions [K.S.Huang, W.Liu, Y.L.Shen, FSY, 2205.xxxxx]

0 (p; ) -~ Z(O m:(0)|p (p,8)) (P (P, &) |jpn,a(0)] As(p + q) ) ;

m

I’rn, i 22<0|777’ ‘N ps)><N (ps)bua( )|Ab(P-|-q)>—|—...

| | mo(x) = e [u (2)C*u (@) | 157,d" ()
» Test three interpolating currents

- Test five models of A, LCDAs

me(z) = e |0 (2)Co u (@) | 150,0d(@)

me(@) = & [u (2)C fiu'(2)| 15 id"(@)
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Theoretical progresses: LCSR

» |offe and tensor currents are preferred for proton

fi fo g1 g2
loffe current - /\, LCDA models of QCDSR, exponential, and free-parton
Gegenbauer-1 0.53+£0.39 -0.124+£0.099 0.53+0.39 —0.12+0.099
Gegenbauer-2 0.50 +£0.077 —0.114+0.021 0.50+0.077 —0.11+0.021 are p refe rred ]
QCDSR 0.13+0.023 —0.023+0.004 0.13+0.023 —0.023 & 0.004 . .
Ab — D Exponential 0.14 +0.087 —0.0264 0.017 0.14+0.087 —0.026+0.017 . Ab —> ]\7>X< dlre hGlprl to dIStlngUISh them.
Free-parton 0.17+0.11 —0.031+0.022 0.17+0.11 —0.031 £ 0.022 _
Tensor current [K.S.Huang, W.Liu, Y.L.Shen, FSY, 2205.xxxxX]
Gegenbauer-1 0.37+0.34 —0.070+0.058 0.37+0.3¢4 —0.070+0.058
Gegenbauer-2 0.36 £0.079 —0.068 +0.015 0.36£0.079 —0.068 & 0.015 F F, G1 G
QCDSR 0.11 £0.023 —0.0234+0.005 0.11+0.023 —0.023 & 0.005 Ioffe Current
Exponential 0.12+0.071 —0.024+0.014 0.12+0.071 —0.024 +0.014 Gegenbauer-1 0.23 £ 0.57 0.002 + 0.12 0.23 +0.57 0.002 + 0.12
Free-parton 0.16 £0.10 -0.033+0.021 0.16+0.10 —0.033 £0.021 Gegenbauer-2 0.20 +0.15 0.009 £ 0.029 0.20 +0.15 0.009 £ 0.029
LP current Ab — N S QCDSR 0.015 + 0.021 0.019 + 0.005 0.015+0.021  0.019 £ 0.005
Gegenbauer-1 0.294+0.062 —0.050+0.011 0.29+0.062 —0.050=+0.011 Exponential 0.029 +0.031 0.017 4+ 0.008 0.029 +0.031 0.017 4+ 0.008
Gegenbauer-2 0.31 £0.071 —0.050+0.013 0.31+0.071 —0.050 4 0.013 Free-parton 0.006 + 0.026 0.028 + 0.015 0.006 +£0.026 ~ 0.028 £ 0.015
QCDSR 0.29 +£0.061 —0.05040.010 0.29+0.061 —0.050 =+ 0.010 Tensor Current
Exponential 0.274+0.11 —0.045+0.017 0.27+0.11 —0.04540.017 Gegenbauer-1 0.32£0.29 —0.11 +0.087 0.32+0.29  —-0.11+0.087
Free-parton 038 +0.15 —0.063+0.024 038+0.15 —0.063=+0.024 Gegenbauer-2 0.32 £ 0.069 —0.10 + 0.023 0.32 £ 0.069 —0.10 + 0.023
hoavy LOSR[L3] 002370006 (03970009 (02370006 (039000 QCDSR 0.10 + 0.019 —0.035 +£0.007  0.10+0.019  —0.035 =+ 0.007
. 40,03 10,016 1003 10012 Exponential 0.10 + 0.062 —0.036 + 0.021 0.10+£0.062  —0.036 & 0.021
light-LCSR- A[14] 0.1415:03 —0.05470 015 0.141903 —0.028" 0000 } } )
light-LCSR- P[14] 0-12J_r8:8431 _0-047f8:8}§ 0-12f828§ —0.016f8388§ LP;ee(-j}:l)larr:;);lt 0.14 + 0.089 0.050 £ 0.032 0.14 + 0.089 0.050 £ 0.03
QCD-light-LCSR[16] 0.018 -0.028 0.018 -0.028
HQET-light-LOSR(16] 0,002 0.015 10,002 0015 Gegenbauer-1 1.16 £ 0.22 —0.34 £ 0.065 1.16 £ 0.22 —0.34 = 0.065
. Gegenbauer-2 1.22+0.24 —0.34 £ 0.075 1.22+0.24 —0.34 £ 0.075
PQCD-Exponential[32] 0.27+£0.12  0.008 £0.005 0.314+0.13  0.014 +0.010 QCDSR 1164 0.99 0,34 4 0.064 L164029  —0.34 4 0.064
PQCD-Free-parton[32] 0.24+0.10  0.007+0.004 0.274+0.16  0.014 +0.008 Exponential 107 & 0.42 0.30 £ 0.11 107+ 049 0.30 4 0.11
CCQM{26] 0.080 -0.036 0.007 -0.001 Free-parton 1.48 + 0.60 —0.43 £0.16 1.48 + 0.60 —0.43+0.16
RQM[27 0-169 0050 0-196 00002 LCSR(1)[30] —0.5624+0.015  0.451 £0.0133  0.5234+0.014 —0.454 4 0.013
LFQM][28] 0.1131 -0.0356 0.1112 -0.0097
LQCD[29] 099 4+ 0.08 0.044 0.1 012 4+ 0.14 0.04 4 0.31 LCSR(2)[30] —0.185+0.005  0.184 + 0.006 0.143+0.004 —0.093 + 0.003
LCSR-1[31] —0.297 +£0.080 —0.213+0.064 —0.028+0.084 0.106 + 0.031
LCSR-2[31] —0.202 + 0.060 —0.0640 +0.0018 —0.144 +0.043  0.062 + 0.002
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Theoretical progresses: LCSR

- Two-body hadronic decays of A, — pr, pK are studied firstly in LCSRs
[H.Y.Jiang, Khodjamirian, FSY, S.Cheng, in preparation] /@\>

// u'f _
c /
d
, p-K

.LCSR has been studied in B — 7zx [Khodjamirian, 2001, 2003, 2005]
and applied to predict CPV of D meson decays [Khodjamirian, 2017] ffL

* [t overcomes the difficulty of calculation on W-exchange diagrams in QCDF.

LR |
pP—q b \/
k d
T c'
EQ B

Three-point correlator scheme Two-point correlator scheme

) -
P—q p—k
& d
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Theoretical progresses: LCSR

* Two-body hadronic decays of b-baryons are
studied firstly in LCSRs
[H.Y.Jiang, Khodjamirian, FSY, S.Cheng, in
preparation]

* The full framework has been well established.

» Two-point correlators can be easily calculated,
to cross check the 3-point results, and to be
extended to NLO corrections.

* The preliminary numerical results are consistent
with data.

22

Topology

3pt scheme

2pt scheme

T(107?) | (—=1.57i, —1.514)

(—1.79i, —1.804)

C’(107?)| (0.20i,0.207)

(0.264, 0.251)

channel Ay — pm Ay — pK

T,C,, Ez, B T,EQ

topology

Pc, Por Pc

BR (10~°) 5.94 6.50
BR (PDG) (107°%)| 4.5£0.8 5.4+ 1.0

Acp —0.018 —0.001
Acp (PDG) —0.025 = 0.029|—0.025 = 0.022




Outlooks: LCDAs

» Light-cone distribution amplitudes are fundamental structures of hadrons.
- LCDASs are non-perturbative quantities, thus difficult for predictions.

- LCDAs of b-baryons and light baryons are much less known

* They are however important inputs in the calculations.

» So they dominate the theoretical uncertainties.

* The errors in each method are large.

» The differences between different methods are large.

» Theoretical efforts are urgently required.
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Light-Cone Distribution Amplitudes: A\,

1
8v/2N.,

(Ya,)apy (@i 1) = {18 () [Ma (2, 23)75CT L+ £ (1) [Ma (2, 25)15C ) b Ao ()]

M, (2, z3) L, 3 (T2,73) Wi% (22, x3),

4
—i Lo, T3) % To, T
M2(332 333) —\/§¢2( 2 3) | ﬂ¢4( 2 3)
(Vi) (@101) = o (o 9 Ma(p) 1, 1),
2 2 2
Y(z;) = Nz122%3 exp ( 27;2121 2;;;2 2;;;3) )



Light-Cone Distribution Amplitudes: A\,

Model-I: Gegenbauer-1

Model-ll: Gegenbauer-2

1 To — Tz, 1
_nd —mp, (z2+2x3)/€0 3/2 /%2 3 —mp, (z2+x3)
To, T3) =M ToXs | —e€ " Mb + a,C e "y
¢2( 2 3) Ap243 [63 2VY9 ($2+$3 6411
2m3 o
¢§F_(x2, 5133) — E-/éb e—mAb($2+$3)/63,
3
2m3 x5
¢3—+($2’ 3:3) _ Ejéb e—mAb($2+$3)/€3’
3
3 2 >0 —s/T 3
Y4(x2, 3) :NmAb dse™ /" (s — my, (z2 + x3)/2)°,

MA, (z2+x3)/2

Ball, Braun, Gardi, 0804.2424, PLB 2008

4 Qg " ~3/2,T2 — X3\ _mp [(zotas)/e?
¢2($2,$3) —mAb$2$36(27 9 (m)e Ab/( 2 3)/ 2 :
2
+_(CL'2 $3) :m.?) (332 +CC3) aé3) 01/2(332 - x3)e—mAb(m2+m3)/eg
3 ) Ab Eé3)3 2 CC2 + CC3
[ (3
¢3_ (1132,33'3) —mi/}\ (332 + 5133) aé ) 21/2 T2~ x3)e—mAb($2+m3)/eé
’ 6%3)3 To + I3
Ya(z2, 23) =mj agl) 01/2(332 — 8 )B_mAb(wz—i—xs)/egl)
BEDT TN 9272 Vg 4y )

Ali, Hambrock, Parkhomenko, 2012
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3)

with the Gegenbauer

/61}

moment a; = 0.333%2%,.. the Gegenbauer polynomial Cj 2(z) =

3(5z% —1)/2, the parameters €y = 200745° MeV, €; = 6507500 MeV and €3 = 230460

b§,3) C1/2($2 — I3

77:g)3)3 To + T3
b;(>,3) C1/2 L2 — I3
779(,3)3 2 Yzy+ 3

)My (@2+@a) /057

e—ma, (@2+w3)/n5”

(10)

ay) = 0.391 +0.279, a3’ = —0.161731%, a5 = —0.5417937, b = —0.2479%,
e = 0.5511% GeV, e = 0.055709 GeV, eV = 0.26272118 GeV and 7{¥) =

0.633 &+ 0.099 GeV.



Light-Cone Distribution Amplitudes: A\,

Model-lll: Exponential

Model-1V: Free Parton

¢2($2, 553) =
V3 (22, %3) =
Y3 (12, T3) =

¢4($2, 1133) =

PR
15z9w3my, (2A — zoma, — T3My,)

.’132333m4 e~ (@2t+z3)ma, /wo
wi A )
0
2332
3 _—(x2+z3)mp, /wo
3 M€ T
Wo
%mfi e~ (x2tz3)ma, /wo
w3 Do )
0
1
= 2 p—(z2tm3)ma, /wo
w2mAb6 )

0

¢2(5€27 $3) =

15x2mf§b(2/_\ — L2, — $3mAb)2

e O(2A — zomy, — x3My, )

@(2/_\ — ToMmp, — T3My, ),

V3 (T2, 23) =

15(1:3m';)§b(2/_\ — ToMp, — 333mAb)2

4A°

@(2/_\ — ToMmp, — T3My,),

Y3 (T2, 13) =

¢4($2, 333) =

2 (94 3
dmy, (2A — zamy, — T3My,)

4N5

O(2A — zomy, — T3My, ),

8A5

Wo = 0.4 GeV

A = (my, —my)/2 = 0.8 GeV

Bell, Feldmann, Y.M.Wang, Yip, 1308.6114, JHEP2013
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Light-Cone Distribution Amplitudes: proton

_ 1 _ _ _
(Y P)apy (x5, 1) = 82N { — S1mypCoa(NT5)y — S2mpCpa(N "75)y — lep(CW’S)ﬁozN&F

- PQmP(C’Y5) ~ T Vl(CP)ﬂa(N—I_'YE)) + V2(Cp)ﬂa(N_'Y5)’Y

_ m
+ V3P (CWL)ﬂa(N+757L)7 + V47P(C7L)5a(N_757 )~ + %F(Cﬁ)ﬁau\”%)

+Ve ;Z (CH)3a(N15)y = A1(Cr5P)3a(N 1)y = A2(CrsP)sa(N )y

2
_ m™m —
— A37P(C’Y57L)5a(N+7l)v + A47p(075’u)f3a(N )y — A5—(675¢)ﬁa(N+)
m2 ) T+ 1 . \T — 1
— A62 Py (CY52) (N ")y — T1(iCo 1L pP) ga(N 57" )y — T2(iCo 1 P) ga( N 57 )
2
m

- T — V™ _ L
T3P (ZCUPZ)ﬂa(N 75) T4P (ZCUzP)ﬂa(N 5 ) Ts5-—- 2P~ (ZCUJ_z)ﬁa(N Y57 )’Y
2
m — — /
— TGﬁ(ZCUJ_z)Ba (N_’YS’YJ_)’Y T T77P(CO-J-J—')[304 (N+’750-J_J_ )’Y
mp , o— 11’
s > (CoLi)pa(N"s0 )’7}’ twist-3 twist-4 twist-5 twist-6
Vector Vi Va, V3 Vi, Vs Ve
_ _ Pseudo-Vector Ay As, Az Ay, As Ag
Braun, Fries, Mahnke, Stein, Tensor T, Ty, Ts, T Ty, Ts, Ty T,
hep-ph/0007279, NPB 2000 Scalar S S5
Pesudoscalar Py Py




Light-Cone Distribution Amplitudes: proton

e Twist-3 LCDAs

Vi(z;) =120z 2223[03 + ¢35 (1 — 3x3)],
Al(a:z) 2120321332333(5132 — wl)(ﬁ;,

Ti(x;) =120x1z23[03 + %(cbg — ¢3)(1 — 3z3)].

e Twist-4 LCDAs

+ (&5 + of +9 ) (1 — 23 — 10z1735)],
T7(x:) =6x3[(—€) + g +¥3)(1 — x3) + (=€ + ¢y — ¥ ) (2] + 25 — 23(1 — 23))

+ (=€ + o5 + i) (1 — z3 — 102122)],
S1(x:) =6x3(xe — x1)[(€9 + 99 + U3 + & + o5 +9) + (& + by — ¥y ) (1 —2x3)],
Py(x;) =6x3(z2 — x1)[(6 — ¢ — ¥ + &5 — ¢4 —¥i) + (&4 — d1 + 1) (1 — 223)).

e Twist-5 LCDAs

=5 lE+ U8+ 091 —23) + (65 +05 —¥5)(2maa — wa(1— 29))

2
+ (&5 + ¢F +vF) (1 — x5 — 2(aF + 23))],
Ts () =6x3(¢s + & (1 — 2x3)],
Ts(x;) Z%[(%bg + ¢g — £8)(1 — 3) + (¢5 — ¢5 — & )(2w122 — 23(1 — 3))

+ (¢35 +¢3 — &) (W)L — 23 — 2(z1 + 23))],

Sa () Zg(fﬂz —1)[— (Y5 + 65+ &) + (& +¢5 —¥5)z3 + (65 + 65 +¢5)(1 — 2a3)],
Pa(ze) = (s — 2)[(U2 + 63— €) + (& — 65 + ¥)as + (& — o3 — ¥ (1 — 2z3)]

e Twist-6 LCDAs

Ve(zi) =2[¢g + ¢¢ (1 — 3z3)],
Ag(z;) =2(z2 — 1) 05 ,

To(e:) =208+ o (65 — 681~ 3a3)],
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Light-Cone Distribution Amplitudes: proton

Table 2: Parameters in the proton LCDAs in units of 1072 GeV? [73]. The accuracy of those
parameters without uncertainties is of order of 50%.

) 7 2 Y by Y &2 & &
twist-3 (i =3) 0.53+0.05 211  0.57
twist-4 (¢ =4) —1.08+£0.47 3.22 2.12 1.601 047 —-6.13 0.99 0.85 +0.31 2.79 0.56
twist-5 (z’ = 5) —1.08 +£0.47 —2.01 1.42 1.61 £.047 —-0.98 —-0.99 0.8 +0.31 -—-0.95 0.46
twist-6 (i =6) 0.53+0.05 3.09 —0.25

29



Parameters of LCDAs of proton

fy-103 | 2,-10% | 2, 103 AY Ve i f4 f4a Ref.
Gev? Gev? Gev?

QCDSR  5.0(5) -27(9)  54(19)
ASY - - - 0 1/3 1/10 3/10 4/15
CZ QCDSR  5.3(5) - - 0.47 0.22 - - - il
KS QCDSR  5.1(3) - - 0.34 0.24 - - - 2
COZ  QCDSR  5.0(3) - - 0.39 0.23 - - - 3
SB QCDSR - - - 0.38 0.24 - - - 4
BK PQCD 6.64 - - 0.08 0.31 - - - 5
BLW  QCDSR - 0.38(15) 0.23(3) 0.07(5) 0.40(20) 0.22(5) 6
---------- 6
ABO1  LCSR (NLO) 0.11 0.30 0.11 0.27 ¥
ABO2  LCSR (NLO) 0.11 0.30 0.11 0.29 - ¥d
LATO9  LATTICE  3.23 -35.57  70.02 0.19 0.20 - - - 8
(63) (65) (13) (2) (1)
LAT14  LATTICE  3.07 -38.77  77.64 0.07 0.31 - - - [9]
(36) (18) (37) (4) (2)
LAT19  LATTICE 3.54 (6) -44.9 93.4 0.30 0.192 - - - [10]
(42) (48) (32) (22)
30 thanks to K.S.Huang
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Outlooks: others

- Non-leptonic decays:

- other approaches except for PQCD and LCSR.
* Form factors:

* more models, higher excited states.

* FCNC processes:

* higher excited states.

- CPV observables, polarizations and angular distributions.
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Summary

» Baryon physics is an opportunity of heavy flavor physics
at the current stage.
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My dream on baryon physics
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