Light-Cone Distribution Amplitudes
of Heavy Baryons

Alexander Parkhomenko

P. G. Demidov Yaroslavl State University, Yaroslavl, Russia

International Conference-Session
of the Section of Nuclear Physics of the PSD of RAS
“Physics of Fundamental Interactions”, 5-8 November 2013

based on the paper by A. Ali, C. Hambrock, A.P. and W. Wang
Eur. Phys. J. C73 (2013) 2302 [arXiv:1212.3280]

Alexander Parkhomenko Light-Cone Distribution Amplitudes of Heavy Baryons



Outline

0 Introduction

© LcDAs

© QcD sum Rules
e Numerical analysis

e Conclusions

Alexander Parkhomenko Light-Cone Distribution Amplitudes of Heavy Baryons



Introduction
Introduction

Ground-state (¢ = 0) charmed baryons

Ground-state (¢ = 0) bottom baryons
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Introduction
Introduction

@ Heavy baryons are copiously produced at the LHC

@ Weak decays of bottom baryons induced by FCNC may
give important information on physics beyond the SM

@ LCDAs are the primary non-perturbative objects required
for calculating decays into light particles based on the
heavy quark expansion or within the method of Light-Cone
Sum Rules (LCSRs)

@ For a long time existing models for heavy baryons were
motivated by the quark model

@ Complete classification of the three-quark LCDAs of the
Np-baryon in QCD and main features of these LCDAs have
been considered by V. Braun, P. Ball and E. Gardi (2008)

@ Extension of this analysis for all ground-state bottom
baryons have been done by A. Ali, C. Hambrock, A. P. and
W. Wang (2013) and presented in this lecture
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LCDAs

Light-Cone Distribution Amplitudes (LCDAS)

Light-cone distribution amplitudes of heavy baryons —
matrix elements of non-local light-ray operators
build off an effective heavy quark and two light quarks

@ Similar in construction to B-meson LCDAs
@ QCD description of nucleon LCDAs

Heavy Quark Symmetry = switch off the heavy-quark spin

SU(3)F antitriplet = scalar states with J© = j° = 0+

SU(3)F sextets — axial-vector states with J© = jP = 1+
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LCDAs

SU(3)F antitriplet  JP = jP = 0"  scalar state

Non-local light-ray operators

(0] (gf(t1m) Crsrias(n) ) BEO)IH(VY) = 1D Wa(tr, o)

(0] (gi(tin) CrsaB (o)) MEO)IH(V)) = 1) Wi(t, 1)
(0] (f(t1n)Crsionnb (i) ) HE(Q)IH(v)) = 21 wi(tr. o)

(0] (gf(tim) Crstab(om) ) MEO)IH(V)) = P Wa(t, 1)

q; = u,d, s — light quark fields

C — charge conjugation matrix

n*, n* —two light-like vectors  (nn) =2
Frame is adopted:  v# = (n* + n*) /2
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LCDAs

Couplings f,(j) are defined by local operators
(0] (g7(0)Cr5G5(0)) KE(O)IH(V)) = £
22(0] (3(0)Cr5¥B(0) ) HE(O) H(v))

Scale dependence of the couplings (NLO order):

(1) . .
) — 0 as(i) \ ' [ astuo) —asu) 1 (25 By
(1) = 15 (o) RN
as(po) 4 Bo \H"  Bo

Example:  Ap-baryon
NLO QCD sum rules [Groote et all., 1997]
£ (o = 1 GeV) = 12 (110 = 1 GeV) = 0.030  0.005 GeV?

Supported by the non-relativistic constituent quark picture
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LCDAs

LCDAs V (1, to) are scale dependent

Fourier transrorm to the momentum space:

\U(t1, fg) = / dwy / dwo efit1w17it2w2w(w1’w2)
0 0

00 1
= / wdw/ du e~ (hutED) 4y, 1)
0 Jo

w1 = Uw, wp = (1 — U)w = bw — energies of light quarks
LO evolution equation for ix (w1, ws; 11): derived by identifying
UV singularities of one-gluon-exchange diagrams
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LCDAs

One-gluon exchange diagrams

%ﬁ
7
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LCDAs

Evolution equation is expressed in terms of two-particle kernels
from evolution equations for B- and pseudoscalar mesons

udiu Po(wy,wo;p) = % 3 {/ dw; LN(M wi; 1) a(wi, wa; 1)

+ / dwp 7N (wp, wa; ) a(wi, whi )
0
o 3
- / dv V(u, v) o (vw, vw; u) + Ewg(w1,w2;u)
Jo

Kernel v"N(w’, w; 1) controlling evolution of the B-meson LCDA
V(u,v) is the ER-BL kernel
Term 345 /2 results from fﬁf) renormalization subtraction

Evolution equation can be solved either numerically or
semi-analytically [Braun et al., 2008]
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LCDAs

SU(3)F sextet JP =jP =1% axial-vector state

Non-local light-ray operators (longitudinal polarization)

(0] (qf(1)C pas() ) M) H(v.2)) = (V) D wi(t, )
(0] (gi(t)C () MEO)H(v.e)) = (v2) 1) Wl¥(t, 1)
(0] (qf(t1)C ionnab (1) ) KO H(v,)) = 2(ve) i) Wity o)
(0] (gf(t)CaB(R)) S(O)H(v,e)) = — (Vo) D Wi(tr, o)
vh= (At —nt) /2 (vi)=0 (V¥)=—1
et =gl +ef el = nv* onn = i (P — fip) /2
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LCDAs

SU(3)r sixtet JP =jP =11 axial-vector state

Non-local light-ray operators (transverse polarization)

(0] (qf(t)C Y pab() ) BSO)H(v2)) = D Wi (t, 1) !

(0] (Gi(t)CH1 aB(R)) BSO)H(v.e)) = 1) wgs(tr, ) <!t
(0] (qf(t1)C Y iom B () PEO)IH(v.e)) = 21 w32(ty, i) e

(0] (Gi(t)CH1 g (1)) M) H(v,2)) = P Wit ) el

i

VL=t = (P + ) /2
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LCDAs

Switching on the heavy quark spin

r.h.s. of matrix elements of all non-local operators must be
multiplied on the Dirac spinor U(v) of the heavy quark h,

yUWv)=Uv)  UW)UV) =1
Scalar state: JP =jP =0t — JP =1/2%: H(v)= U(v)

Axial-vector state: J© = jP =1t — JP =1/2% JP =3/2*

X v FUw)

L Opt W)U+ 2

M Ulv) = Eu U(v) - 3

= RV + g Out ) HOY)

Rarita-Schwinger vector-spinor Fa’ﬁ/ 2(v):
yRZ(v) = RA(v), v RA(v) =0, R/ (v)=0
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QCD Sum Rules
QCD Sum Rules

Models for LCDAs can be obtained using QCD sum rules

Correlation functions involve the non-local light-ray operators
and a suitable local current
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QCD Sum Rules
QCD Sum Rules

Heavy baryon local operators

J7(x) = e (B(x) [A+ BT CTaR(x)) BE(x)
Arbitrariness in the choice of local currents (variation in
A€ [0,1] and B = 1 — A) is adopted as an error estimate

Result are calculated for A= B = 1/2: supported by a
constituent quark model picture [Braun et al., 2008]

JP=0"=T"=1s

P=1" =T =9,
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QCD Sum Rules
QCD Sum Rules

Propagators of the light quark fields Sq(x) are not free

To take effects of the QCD background inside baryons
into account, method of non-local condensates is used

Sq@f) Sq(x) Cq()
e e
ix m 1
S =527 7oz Cal¥) = 15(@()q(0)
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QCD Sum Rules
QCD sum rules

General parametrization [Mikhailov, Radyushkin, 1986, 1992]

Co(x) = (3q) /O v e ()

Non-local condensate shape is chosen according to the model
[Braun et el., 1994; Braun et al., 2003]

)‘372 1—-a o—\/v 4\
f(l/) = m 14 e N a—= 3 + Hg

Parameters included:

(qq) is local quark condensate,

A\ = (gD?q)/(qq) is correlation length,

ms = (§9s0,,, G* q)/(qq) is ratio of local mixed quark-gluon
and quark condensates
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QCD Sum Rules
QCD sum rules

Analytic result for Ieadij -twist transverse LCDA at jip = 1 GeV

2 [Af + BT J$R(w, u)e M7 =
4
Z’L (B2 uli + AG (fpu + )] Eq(28,)e™

—&

BT (po+ B H2ro) Ea-a(28) e
<q27(32> [Adu + Brin] f(27wi) Ez—a(287) e

B, . . & YaO
+{G1q1) (Geqe) 72 f(2TwU) F(2Twl) B3 _24(28.7) e,

The following function was introduced
_ 1 X a_ —t __ o r(a + 11X)
Ea(x)*r(am)/o ditte = rat1)

A= my— mp, Sw =5 —w/2, k=\(2uwT), k=M (20wT)

@:w/ 27’), éw:Sw/(ZT), ﬁ71,2:m1,2/(2r)
8. =8, —r/2, 8n=8,—7/2, Bu=8,—r/2—F/2
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QCD Sum Rules
QCD sum rules

Normalization of symmetric LCDAs (t = 2, 3s,4)
25y 1 .
/ wdw/ du i (w, u) = 1
J0 0

Normalization of antisymmetric LCDAs (t = 30) can be fixed by

230 1 .
/ wdw/ du C}72(2u — 1) R (w, u) = 1
0 J0

Here, C/'(x) are the Gegenbauer polinomials
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QCD Sum Rules
QCD sum rules

QCD sum rules constrain certain moments

(F(w, U))k = /ZSOwdw/ du f(w, u) 53R (w, u)

Numerical values of the parameters

A, 0.8 GeV 55 1.2 GeV
As, 1.0 GeV =) 1.3 GeV

T 06+0.2 ms (1 GeV) 128 +21 MeV
(@g) (1 GeV) —(2427%) MeV® | (3s)/(qq) 0.8+0.3
mg 0.8+0.2GeV? | A 0.16 GeV?
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Numerical analysis
Numerical analysis

Numerical values of first several moments

Ho | ™) (€ W' (G w'e”

Ao | 2| 165053 0 0 100795 061707

S | 2 161707 0.10°51%  0.087%9%, 0.9849% 0.6914:53

Ho | t (w™) @ w'a®  Gh W 'gh
3s 21670752 0 0 —-0.03270%; —0.29707F

Ao | 3o 0 1 1.54797% 0 0 -
4] 28455 0 0 ~0.10879%5  —0.41%%%
3| 208%% 041 00837G%E  087%% 084G

Zb | 30 | 0.000547%%0% 1 1517912 0.054+%9%  0.098%9%1
4 | 273%% 01279 0057%% 055731 0997%% -
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Numerical analysis
Numerical analysis

Model functions for the b-baryon LCDAs, composed of the
exponential part for the heavy-light interaction and the
Gegenbauer polynomials for the light-light interaction
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Numerical analysis
Numerical analysis

Proposed simple models for LCDAs at the scale ;o = 1 GeV

2
~ a /@
bo(w,u) = wPu(t—u) > o (2u—1)e /e,
n=0 €p
] - a 5 CY22u - 1)e /s
Yas(w,U) = 22 (Ru-1)e
n=0 fn
Jaolwru) = 5 23O ey e
3)
n=0 Np
> 2. & 1/2 —w /e
1/)4((&'./[/) = Zch (2U—1)e noy

n=0 €p
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Numerical analysis
Numerical analysis

Twist-2 LCDAs of ¥ (blue), = (red) and © (cyan) baryons at the
energy scales 1o = 1 GeV estimated within the range A € [0, 1]

w =05GeV p

¥(0.5 GeV,u)
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Numerical analysis
Numerical analysis

Twist-2 LCDAs of ¥ (blue), = (red) and € (cyan) baryons at the
energy scales o = 1 GeV estimated within the range A € [0, 1]

6 ]
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Conclusions

@ The total set of the non-local light-ray operators for
the ground-state heavy baryons is constructed in the
framework of HQET

@ Their matrix elements between the heavy-baryon state
and vacuum determine the LCDAs of different twist
through the diquark operator

@ First several moments are calculated within the method
of QCD sum rules

@ Simple theoretical models for the LCDAs have been
proposed and their parameters are fitted based on the
QCD sum rules estimations

@ SU(3)F breaking effects are of order 10%
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Introduction

Experimental measurements [PDG, 2012] and theoretical predictions
based on HQET [X. Liu et al., 2008] and Lattice QCD [R. Lewis et al.,
2009] for masses of ground-state bottom baryons (in units of MeV)

Baryon I(J7) /£ Experiment HQET Lattice QCD

Ao 0(1/27) 07 5619.4+0.7 56375 5641 +21 13
%, 1(1/27) 17 5811.3+1.9 5809™% 5795+ 167}
X, 1(1/2%) 1+ 58155+1.8 58097% 5795+ 16"
e 1(3/2%) 1% 58321419 5835'%2 58424262
Ty~ 1(3/2f) 1t 58351+19 5835752 58424 26"%
=, 1/2(1/2%) 0F 57911+22 57807 5781 +£177)
= 1/2(1/2*) 0" 578845 59037%, 5903 + 12713
= 1/e0/2) 17 59038, 5903 + 1219
= 172627 10 5903*%) 5950 + 21*12
Q, 0(1/2*) 1t 607140 6036+81 6006+ 10+3]
N R 6063'% 6044 + 1872
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Light fields

Light-quark fields living on the light cone
assumed to be multiplied by the Wilson lines

q(tn) = [0, tn] q(tn) = Pexp {—igﬂt /1 dan* Au(atn)} q(tn)
Jo

Considered as generating function of formal expansion
Z i (7 Du) Nq(0)

The covariant derivative D,, = 0,, — ig«A,
Similar for the gluonic field

G, (tn) = [0, tn] G,...(tn)
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Heavy quark field

The heavy-quark field living on the light cone also includes the
Wilson line but time-like [Korchemsky, Radushkin (1992)]

0
h,(0) =Pexp {igm / dav* Aﬂ(av)} ¢(—00)

Sterile field ¢(—o0) was introduced
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QCD sum rules

Double Fourier transform of the correlation function

. [0 dty dt
nrr'(whwz;E):l/_Do (217r)22

ei(w1 ti+watbr) / d4X e—iE(VX) <0|Or(t1 ’ t2) :jr/(x)|0>

In momentum space, correlation function reads
diagrammatically

N E) = —>+ o+ > =
Heavy quark condensate term is suppressed by 1/mg
Sum rule reads
|le2 z/)r(w, u) e M/ — B[N)(w, u; 7, Sp)

B means the Borel-transform, Ay = my — mg
Sp — momentum cutoff from applying the quark-hadron duality
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Numerical analysis

Estimates of the parameters entering the theoretical models for
the heavy baryon LCDAs

Ho | t By el e al” a)
2 [ 0.20175 555 0 0.551705% 0 0.3917927%
Ao | 3 | 0.23275 05 0 0.055+0519 0 —0.161+0108
4 | 0-352'00g3 0 0.26275 15 0 054140172
2020779578 0.4617050  0.46970%0 0.05875%%  0.380731%9
Zp | 302187005 08771982 0.049730%  0.037790%  —0.027499%°
4103787998 22917557 0.286731% 0.039700%% —0.0907993"
Ho | t| o g g EY by
Ao | 303247503 0 0.63370 0% 0 —0.24073390
=p | 3021849082 0.87773%20  0.049%39%5 0.037+3%%2  _0.027%39%8
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o]

Renormalization of higher twist operators

Renormalization of heavy-light light-ray operators up to
twist-three was performed by Knoedlseder, Offen (2011)

Used the spinor formalism applied to QCD by Braun,
Manashov, etc.

Corresponding evolution equations for the twist-three operators
are written explicitly

Classification of the four-partical (with three quarks and gluon)
baryonic operators was not presented
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