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Outline

- Why baryon physics?
- QCD dynamics of non-leptonic decays

. CP violation of A, — pr

- Summary



Heavy flavor physics

*Heavy flavor physics has achieved a great progress in
the heavy meson systems during the past two decades. HADRONS

|t established the KM mechanism for the CP violation in B
meson decays.
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MESON  BARYON

*However, the studies on heavy-flavor baryons are limited.

2-body

It IS a non-trivial extension

More is different




CP violation in baryons

- Sakharov conditions for Baryogenesis:

1) baryon number violation
2) C and CP violation ®
3) out of thermal equilibrium
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« CPV: SM < BAU. => new source of CPV, NP

Matter vs  Anti-matter

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

- Comparison between precise prediction and measurement
is helpful to test the SM and search for NP




Opportunities

- LHCDb is a baryon factory !! Large Production:

* Precision of baryon CPV measurements has reached to the order of 1% [LHCb, PLB2018]
Acp(A) = pr)=(=35£1.7+£2.0)%, Acp(A) - pK)=(-20£13+1.0)%

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

Acp(B' = ntn)=—-32x4) %, Ap(B! > Ktn7)=+213x1.7)%

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



Challenges

1. QCD dynamics for non-leptonic decays

*One more energetic quark, one more hard gluon.

Counting rule of power expansion is violated by «. . y § ) q

Why the CPV of A, = pr, pK are so small?

2. Non-perturbative inputs

 Theoretical uncertainties are dominated by the non-perturbative input
parameters, such as the light-cone distribution amplitudes (LCDA).

3. Observables

-T-odd triple products (p; X p,) - p5 , 3o signal in A, — paza[LHCb2017].
Defined by kinematics, but unclear relation to the decay amplitudes.
No way for theoretical explanations and predictions. See J-P Wang’s talk
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Theoretical challenges

*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 diguark picture, No W-exchange diagrams.

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

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

GF PQCD
4.2+-0.7 4.66+2.22_4 g1

QCDF
4.11~4.57

5109  4.8+-0.7 1.82+097445; 1.70~3.15

—25%+29 -3.9+-0.2 -32+49.1  -3.74~-3.08

—25+22 5.8+-0.2 -3+25_4 8.1~11.4




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 = fAb(I)Ab(IL“z') X J(l‘i, yz) & fACI)A(yi)

*However, the leading-power result is one order of magnitude smaller than the total one

-Leading power: £,(0) = —0.012 [W.Wang, 2011]

- Total form factor: £,(0) = 0.18 [Y.L.Shen, Y.M.Wang, 2016]

- Two hard gluons suppressed by 0%2 at the leading power. ’ §§ *— !

Compared to the soft contributions in the power corrections.
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PQCD approach

*PQCD successfully predicted CPV in B meson decays [Keum, H.n.Li, Sanda, 2000; C.D.Lu, Ukai, M.Z.Yang, 2000].

B-ntn~ —5+3 —6+12 +30 + 20 +32 + 4
B-> Kt~ +10 + 3 +5+9 —17+5 —8.3 1+ 0.4

—————————————

* under collinear factorization:
. Endpoint singularity: propagator ~ 1/x,;x,0* — oo when X1, — 0,1 '
Q? |

1
M(Qz) = f dx1dx; ¢p (xz: Iiz) * Ty (x1, xz,u—z, as(uz)) * ¢7T(x1:”2) -------------
0

—------—T
| o0
] S ——

« PQCD approach (based on k- factorization): retain transverse momentum of parton &,
. propagator ~ 1/(x;x,0* + k)

2

1
M(Qz) = fo dx,dx; f dk,rdk,rpp(x,, kzr»#z) * Ty <x1» X2, Ko, k1r»#—2:as(#2)) * Pr (X1, k1T:#2)
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A\, — p form factors in PQCD

|In 2009, the form factors are two orders of magnitude smaller than LatticeQCD/experiments,
considering only the leading twist of LCDAs of baryons. [C.D.Lu, Y.M.Wang, et al, 2009]

*In 2022, when consider contributions of high-twist LCDAs, they are consistent with LatticeQCD.
[J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2022]

Lattice/exp PQCD(2009) PQCD(2022)

0.22+0.08 0.002=*+0.001 0.27x0.12

twist-3 twist-4 twist-5 twist-6 total
exponential
twist-2 0.0007 -0.00007 -0.0005 -0.000003 0.0001
twist-37 -0.0001 0.002 0.0004 -0.000004 0.002
twist-3—T -0.0002 0.0060 0,00000/ 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
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2022, \, — p form factor §§ .

J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2022 d
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2023, \, — px non-leptonic decay

J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, in preparation




Non-leptonic decays

Ay = A, A\ K, AJI'Y, A@ are recently studied by [C.Q.zhang, J.M.Li, M.K.Jia, Zhou Rui, 2022]

It 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, in preparation

There are 200 Feynman diagrams for A, — px, and 120 diagrams for A, — pK.
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Branching fractions and CPV

0 — 0 _
BR(A, — prn™) Acp(N\, — pr™)
5
55x10 001
5.x107°
-0.02
45%10™°
4.x107° =
35%x107° =u

-0.035 -0.030 -0.025 -0.020

\ -0.035 -0.030 -0.025 -0.020

Al

- A1 is one parameter in the proton LCDA. Within the allowed region of 4,, both the
branching fraction and CPV of A, — px can be understood.

-Why is CPV of A, — px so small, compared to B meson decays?
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CPV are cancelled by S- and P-wave amplitudes

CPV of each of S- and
P-wave contributions
are as large as 20%.

»Strong phases of S- and
P-wave amplitudes are
opposite in sign.

Large cancellation
between S-wave and P-
wave amplitudes
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CPV are cancelled by S- and P-wave amplitudes

VsV (L4 75) (P — ¢ + )V (B — P — Es) Y vsdv,vs(—p A mb)%pl7

*Minus sign comes from V-A current in penguin diagram.
*Non-factorizable contributions, benefitted by PQCD.

15

0.23 q
022 derp
0.21

0.20

0.19

0.18

-0.035 -0.030 -0.025 -0.020

/\]

~0.20 P
dcp

-0.035 -0.030 -0.025 -0.020
1\]



Branching fractions and CPV

0 — S P
—
BR(A, — pr™) Arp Aep
6.%x 107°
: 5 10 023 ~0.20
S X '
022
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. 2
4.5 % 10—6 020 ~024
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*Branching fractions are more sensitive to the parameters of LCDA, compared to CPV.

»Some of theoretical uncertainties are cancelled in CPV by the ratio.
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Prospects: LCDA

- Theoretical uncertainties are dominated by the baryon LCDAs.

» Limited knowledge for nucleons. VERY very limited for all the others, especially for
HIGH TWISTs.

. Experiments: eN — eN and ee — pp, AA by PQCD or light-cone sum rules

* Non-perturbative methods:

 LaMET and Lattice QCD * Inverse Problem

¢ (x)
1.50f ././-Ti-\.\.
1.25} /:,j ———— é‘"~~.;t'\_ (a'72rv a'zlra a’76r7 a'78r7 a'71r07 a'71r27 B a§2, a§4) |,u:2 GeV

A ! D\
Gl A A = (0.1775 250040, 0-0957 25 012, 0-0762 ¢ 603, 0-0688 9013, 0-0643 X go17, 0-0603 X go 9
o +++,0.00897 50006, 0.002870:5053),
0.50F 4/ § ;
."/'/ N d)n

0.25 "'/'

This work

1.0F

ZFDeng, CHan, 0.0 0.2 0:40?: 06 0.8 1.0 Ze
W.Wang, J.Zeng, Hua, et al, 2021 )
J.L.Zhang, 2304.09004 5 N X




Summary and outlook

» Baryon physics is an opportunity of heavy flavor physics at
the current stage.

* LHCb Run3 begins collecting more data.

* We are ready to predict CPV of heavy-flavor baryon decays.

Long term plan beyond 2035

Peak lumi ~ 4x103% cm1s-1 Peak lumi ~ 2x1033 cm-1s-1 Peak lumi ~ 2x103* cm-1s-1
[£~9fbl £ ~50fbl [ £~ 300 fb1
~ 1 pp/Event ~ 5 pp/Event ~ 50 pp/Event
Belle II starts 25 fb ! collected in Run3 HL-LHC
N © A % 0)‘ QO N % ) ™ ‘o‘ o A ‘b‘ O \N) N v e, ™ ™
KOOSR I G I S G S G A G S I I G I I S XS G SIS S

Y%

---------------------
I T N T NV 1) BT Thank you very much!
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Observables
fi = 1fT1e9e® 4 | ff [ee™ fo= | 1e%ie™ 4 | fF e e

Br(Ay, — pM) — Br(Ay, — pM)

Ad’ir A M) = ~ v
crlho = PM) = B oM + Br(Ay — pM)

—2A| T 1* rysinA¢,sinAS, — 2B | fI | r,sinA¢,sinAS,

Adir —
A | /1 (1 + r? + 2ricosAgcosAS,) + B | f1 (1 + rs + 2r,cosAgrcosAS,)
N\ (M, +M,)* — Mj, . M, —M,)* — Mj,
M}\b M/%b
. —2rSinA¢sinAo, . —21r,SinA@,sinAo,
Acp(f) = ALK =

(1 + 17 + 2ricosA¢cosAd;) (1 + 75 + 2rycosAgycosAd,)
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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

Ball, Braun, Gardi, 0804.2424, PLB 2008

1 _ 3/2, Lo — T3, 1 _
¢2(x2 3;3) :m4 Tol3 [—6 mp, (T2+23)/€0 —I-CLQC/ ( e mp, (T2+x3)/€1
) Ay 4 2 A
€0 To + T3~ €
2 3
VF (22, 35) =——3—
3 2,43 63
3

3
2my, x3

e~ My (22+23)/€3 ,

- e—mAb(fU2+fB3)/€3’
€
3
O o *0
Ya(z2, T3) =N,

MA, (z2+x3)/2

3 (22, 23) =

dse‘S/T(s — my, (T2 + :133)/2)3,

with the Gegenbauer moment ay = 0.333%2%..  the Gegenbauer polynomial Co/*(z) =
3(52% —1)/2, the parameters ¢y = 2007 g5 MeV, €; = 6501500 MeV and €3 = 230 £ 60

2
aé ) 3/2(372 — x3)e—mAb/(x2+m3)/eg2)7

Vo(xo, T3) =M7 ToTz ——
( ) ) Ab 652)4 2 CUQ +-'L'3

[ (3) (3)
- 3 a3 1/2,22 = L3\ —my, (z2+a3)/es? b3 1/2,22 = X3\ _my, (za4z3)/nS>
To,T3) =My (o + e b 2 4 C e b 3
wg ( 2 3) Ab( 2 3) Eg3)3 2 (332 + :C3) n§3)3 2 (£B2 + :U3)
Y3 ¥ (@2, m5) =m3, (z2 + z3) 92 a2 Jemmay (@2 tws) /el b3 122 23—, (eataa) /S
To,T3) =My (T2 + e — e
3 2y %3 Ap 2 3 653)3 > ‘my+ 3 n§3)3 > o+ 3
(4)
B2 CU/A (22 B8 g, (o) e

2 /
Valo2,a3) =ma, O T ’ af?) = 0.391 £ 0279, af = —0.161%01%, af? = —0.54130478, b — 0247024
? e = 055172, GeV, &) = 0.05510% GeV, € = 0.26272118 GeV and 7{¥ =

0.633 £ 0.099 GeV.

Ali, Hambrock, Parknomenko, W.Wang, 2012
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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

-/

(0| €%yl (a12) [a1 2, aozl; ; ug (a2z) [a2z, aoz] ;i . dfyl(agz) a3z, aoz|y ;| P(P, A))

4 (0] 7%y (alz)ué(azz)dfy(agz) |P) =
= S1MC\p (75N+)7 + SoMClyp (’y5N_)7 + P M (75C)aﬁ N,j + P,M (75C)a5 N-
V-

+Wi (ﬁC)a[g ('75N+)7 + V2 @C)aﬂ (’Y5N_)7 + 73M (’ch)aﬂ (’YL%ZW_)7
Yir (i M)+ V2 o), (V) + 2w, (£0).., (45N Braun, Fries, Mahnke, Stei
t o M (11Cas (71N7), + Vg~ (#C)as (6 NT), + 5 Ve (#C)as (6N7), raun, Fries, Mahnke, Stein,

A, hep-ph/0007279, NPB 2000
+A1 B75C) o5 N+ + Az (#5C) s N, + 7M (7275C ) o5 (VLNJr),y

A, . s LM )
+7M(’M’)’5C)a5 (v"N7), + 5z (#15C) os N, +2pTz 6 (Z75C) s IV

. . _ M .
+T1 (10 1,0) o 5 (’yl%N“L)7 + T3 (101 pC) 45 (’}/_L’}/{)N )7 + TgZ; (20p2C) 45 (’y5N+)7

M M? M?

+T4Z; (iazpc)aﬂ (75N ) + T5— 202 (ZO'J_ZC)aﬂ (’yl’y5N+)7 | 2pzT6 (iU_LzC)aﬂ (’Yl%]\/'_),y

/ T /
"‘M— (O-J-J-'C)aﬁ (O"L'L ’75N+) + M — S (O-J__L’C)aﬁ (O"Ll ’)/5N_) ) (29)
2 Y 2 v
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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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LCDAs V,A,T,S,

.S, P; are functions of parameters ¢*9,y=0, ££0 Braun, 2001
0
Vi(xi) = 120x1x0x3[¢3 + ¢35 (1 — 3x3)],
A1(x;) = 120x1x2x3(x2 — X1)@5 ,
0, 1 . -
I (x;) = 120x1x2x3[¢3 + 5 (93 — ¢3)(1 = 3x3)].
e The parameters ¢=°,y =0, % depend on 8 parameters
5
1 - _ = _ d _ u 7
B=0=f.  R=d=iui+f), —4(x1(1 21— 411 + fu(248 - 1)),
1
+ __ d d
gi):gg:é)% 1ﬂ2=1/f§)=%(fN—)»1)- ¢, _Z(M(3_10f1)_fN(10V1 —3)),
_ 5 .
| vy =—2 (M@ -TA + 1) + AN(4l 3V -2)),
Ui == (2457 +5 1) + A2+ 548 —5v])), ; 1
5l iy b5 =5 (M (A = 1) + (241 - 1)), o (x1(1 —4fd 21 + (1 +4A“))
54 _A'Z _15f2 ’ + 5
; 116 g o7 == (M@ - 1)+ NB+4v)), P = (M(l—2ff’)+fN(4Vf’ — 1))-
= —A(4 —15£9), 5 ) )
54 16 2( f2) ‘/fs 5( (f1 f1)+fN(2—A1—3V1d)),
5
vi =3 (M1 A + A+ AL+ V)
5
5
65 = —n(2-31),
fn(GeV?) A1 (GeV?) Az (GeV?) vy AY fy 13 it
QCDSR(2001) [8/(5.3 + 5) x 1072  —(2.74+0.9)x107?% (5.14+1.9) x107?% 0.234+0.03 0.384+0.15 0.6 + 0.2 0.15+ 0.06  0.22+0.15
QCDSR(2006) ( 04+ 0.5) % 10— —(2.7 £ 0.9) x 102 (5.4 4+ 1.9) X 102 0.23 4+ 0.03 0.38 4+ 0.15 0.4 + 0.05 0.22 + 0.05 0.07 4+ 0.05
LCSR(2006) |9] (5.0 i 0.5) x 1072  —(2.74+0.9) x107% (5.4+1.9) x 1072 0.3 0.13 0.33 0.25 0.09
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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
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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)
57 thanks to K.S.Huang
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