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In this short note the QED extension of the nucleon spin sum rule is considered. To this end, the leading-order
(LO) QED evolution kernels for the quark/gluon helicity and orbital-angular momentum (OAM) distributions
are calculated, as well as their lepton and photon analog distributions introduced for the first time. The LO
evolution kernels of the latter are also calculated, both in QCD and QED. Putting all together, the nucleon spin
sum rule remains scale-invariant in QCD x QED, as expected, which represents a check of the newly obtained
results. This theoretical development will allow in the future the quantification of the contributions of lepton and
photon distributions to the nucleon spin, and a more precise control over the uncertainties.
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I. INTRODUCTION

The Jaffe-Manohar [1] spin sum rule for the nucleon is

SAS(0Y) + AG(QY) +L,(0) + L,(0%) = 5. (1)

N =

where the involved terms are given by the first moments of
their corresponding partonic quark/gluon helicity and
orbital-angular momentum (OAM) distributions,

ax(@) = 3 [ dx(aay(x.0) + ag(x. 07),
7 0

AG(Q?) = A] dxAG(x, 0%),

L0 =% / Ldx(L(x. 0%) + Ly (x. 0%)),
7 0

L,(0%) = A L daL,(x. 0%). 2)

As indicated in (1), the four terms depend on the scale,
although this dependence is obviously canceled in the sum.
The QCD evolution kernels of the quark and gluon
helicities were obtained at leading order (LO) in [2,3], at
next-to-leading order (NLO) in [4-7], and more recently at
next-to-next-to-leading order (NNLO) in [8—10]. On the
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other hand, the QCD evolution kernels for the quark and
gluon OAM distributions are known only at LO [11-13].

The QCD evolution of the distributions is given by the
coupled equations (see e.g., Ref. [14] and references therein),1

AZ(Q?)
_d | AG(QY)
dinQ*| L,(0%
L, (0%
AZ(,0%)
:/ldx/I%(AP(Z’QZ) AP(z,Q2)> AG()_ZC’Qz) ,
o S 2 \QP(z,0%) QP(z.0%)) | L,(.0%)
Ly(£.0%

(3)

with the elements of the evolution-kernel matrix being each a
2 x 2 matrix like

AP(Z,Q2>=<Aqu(Z’Q) AP”(Z’Q)), (4)

AP, (z,0%) AP, (z,07%)

and similarly for the rest. The matrix AP = 0 to all orders,
since the evolution of the helicity distributions is governed
solely by themselves with no mixing with the OAM operators.

Let us now briefly review the scale-invariance of the spin
sum rule at LO in QCD. For that we need the perturbative
expansions of the distributions and the evolution kernels,
which we denote as

'Notice that the splitting kernels are denoted differently as
compared to [14].
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AS(x, 0%) = 2n,5(1 — x) Z(é ) ") (x, 0%),
86(.0%) = (1 =)+ 3 (2427 "ac
Ly(x, 0%) = 2n,3(1 - x) +( ) )
Ly(x.0%) =41 nl(“‘éQz) Ly(x. %),
APy(x, Q) = ;(“ﬁ?)nwﬁ,’-"(x 0Y). ij=q..
(5)

and similarly for the other kernels. Notice the prefactor 2n
for the quark helicity and OAM distributions at LO, coming
from the sum over all quark and antiquark flavors in their
definitions in (2). With these results we can easily check
that the spin sum rule is indeed scale invariant,

e (38300 + 26(0%) + 1,00 + (@)

2 1 2
_al(0) <Ap§}> <25,.q + 6,»g> +QPY) + 91’5}))

2r
i.j=4.9

X (2n46;, + 6;,) + O(a?) =0, (6)

where the coefficients AP§}), Qf’g}) and QPE}) stand for the

integrated splitting kernels which can be found in the
Appendix.

II. EXTENSION OF THE SPIN SUM RULE
WITH QED EFFECTS

The main goal of this short note is the inclusion of QED
effects in the spin sum rule. For this, the spin sum rule
needs to be extended as

dinQ?

AZ(07) + AG(Q?) + 5 AI(Q?) + Ar(Q?)

Ly (Q%) +Ly(Q%) + Li(Q*) + L,(Q*) =5. (7)
where the newly introduced lepton/photon helicity and
OAM distributions are defined in an analogous manner as
their quark/gluon counterparts,

21(@%) = 37 [ ax(aty (. 0%) + ATy (x.09)
7 0

A7) = [ s ),
L(@) =Y [ dx(Ls(x. 07 + Ly(x.0%),
7 0

L@ = [ st (x. 0. ®)

0

The operators defining these distributions are completely
analogous to their counterparts in QCD. In addition,
quark/gluon distributions need to be dressed with photon
gauge links (see e.g., Ref. [15] for the case of transverse-
momentum-dependent distributions), and lepton/photon
distributions with gluon gauge links, in order to guarantee
the full gauge-invariance of all distributions in QCD x QED.

The extension of the nucleon spin sum rule is not
surprising if one considers its origin (see e.g., Ref. [16]).
Instead of obtaining the spin sum rule starting from the
angular-momentum operator in QCD, one just needs to
start from the analogous operator in QCD x QED, which
then implies the inclusion of lepton and photon distribu-
tions. A similar extension arises in the momentum sum rule
of the nucleon, for instance, with the inclusion of a photon
parton distribution function when QED evolution effects
are considered (see e.g., Ref. [17,18]).

The evolution equations get now extended as well,

AZy(£, Q%)
AZD( 0%)
(— Q%)

lQ
[ &} 38
~— —

>
S

5]

h

T e T /‘\
LI O P N B

(S

5]

S

5]

—~
S
~— — ~—

ISR N

S

QO

5]

—~

074020-2



ILLUMINATING THE NUCLEON SPIN

PHYS. REV. D 105, 074020 (2022)

where the elements of the evolution matrix become a 5 x 5
matrices with again AP = 0 to all orders. We are forced to
split the quark distributions into “U-type” and “D-type,” to
account for the electric charge dependent interactions
in QED,

AZ(x, Q%) = AZy(x, Q%) + AZp(x, 0?),
a 2 n
ASyp)(x. Q%) = n6(1—x) + Y <%>
n,m=0
2
x( “e) )) AXET(, 0%, (10)

and similarly for L;; and L. Notice the factor ny at LO, as
compared to the 2n; factor in (5), which comes from the
fact that U-type (D-type) distributions are defined as a sum
only over U-type (D-type) quarks. Notice also that in this
case we need to perform the double expansion in the
couplings a,(Q?) and a(Q?).

We are now ready to check the scale-independence of the
spin sum rule at LO in both QCD and QED. First, we easily
see that the QCD kernels associated with the lepton and
photon distributions are all zero at LO,

(1,0) 2\
APU (x,0%) =0,
(1.0) 2y
APU (x,0%) =0,

i:l,]/, j:U,D,g,l,}’,

i=U,D,qgly, (11)
and similarly for the analogous splitting kernels of
QP and QP. We also have the following simple
relations between the kernels of (9) and the ones in the
Appendix,

j=Ly,

1+ x2 3
2 " 4z
=0t [ ax (=, 2
1) ) ! _

APiY = I’lchQi A dx(2x— 1) = O

1 3

V=0 [(a2-x =30}
0

1 pOD ;
AP§8"):A dx'Bz S(x—1) = i

AP”
APOY = 20,03 A dx(2x 1) =0,

1 3
l):Q%A dx(2—x):§ 2

for QP,

“’%c %) = AP&?(x, Q). i=U.D.
9, Q2)= APY)(x,0%), i=U,D,
PUO(x, Q%) = APY (x.Q%).  j=U.D.
AP (x, 0) = “°< %) =
APy (x, Q%) = AP (x, 0%), (12)

and similarly for the analogous splitting kernels of QP and
QP. Thus, we know all kernels at LO in QCD.

On the other hand, we need to calculate the kernels at LO
in QED for all the distributions. For this we use the
following LO recipe (see also e.g., Refs. [15,19,20]) to
obtain them from the known analogous kernels in QCD
(see the Appendix),

CF_)QIZ’
CA —>0,
TR—) 1,

2ny — Z NC,

i=q.q.l

2 = 2N, f(Q +0%)+2n, (13)

where the last replacement is to be used to translate a quark
loop in QCD to a quark and lepton loop in QED. The
factors 2n; appearing in the kernels due to the definition of
the distributions as a sum over flavors, are obviously not to
be treated this way. With this recipe it is easy to see that
quite some of them are zero, being left only with the
following integrated nonzero kernels for AP,

5(1 —x)> -

, i=U,D,

2 (v iy + 03)
=53 (v )

QZ/ <(11fx)+;5(1—x)> ~0,

(14)
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. 1 2
QP — Q,Z/ dx(:? = 1) = =2 0}
0

N 1 l
QP,(J(,)J) —anCQ%A dx(1 —x)(1 = 2x + 2x?) :gancQ,Z Ci—u.D.
R 1 5
QPJ(,?J) = Q,z/ dx(x=1)(-x+2) = _ngg
0
QP =0,
~(0,1) 5 [1 N 2
QP = Q7 dx(x —1):_§Q’
0
A 1 2
QP;;)»U —2n,Q12/ dx(1—x)(1 —2x + 2x?) =3n,
0
. 1 5
QPi(,’J) = Q%A dx(x—=1)(—x+2) = —% 2, (15)
and for QP,
o) _ o [t (x(0+x%) 3 4
ii QzA x<(1_x)++2 ( X) 3Qt
1 1 .
ary” _anCQ’Z/ dux(x® + (1= x)*) = gnNeQ} oo i=U.D.
0
: 4
Qpi(i).l) — le/ dx(1+4 (1 —x)?) = EQ%
0
501 5(0.1)
(0.1)_/1 ﬁ _ﬂ _1( 4( nf 5 5 ))
QP = dx Sx-1)="-——="(—-—=(N--L +02) 4 ,
" 0 2 ( ) 2 2\ 3¢ 2( U D)+
1) _ o [U, (x(1+x%) 3 4
1 Qz/o x<<1_x)++2 (1-x) 3Q
(0.1) ) ! o 4
QP;/Z =0 A dx(1+ (1 —=x) ):ng’
(0.1) 2 ! 2 2 2
QP =m0 | dxx(x +(1-x?) =3 (16)
0

With all these results, we can finally check the scale independence of the spin sum rule at LO in both QCD and QED,

d (1 1
e (3AZ0°) 4 AG(Q) + JAICY) + M@ + L,(Q%) + L,(0%) + Li(@) + L, (@)
a,(0?) (1.0 (1 1 1 5 (1.0) (1,0)
- [T '72 <APU 0w 580 + 8y + 580+ 8, | + QP + QP
i,j=U,D,q,y,l
a(Q?) 011 1 1 ~(0.1) 0.1)
+7__7Z <APU 50w 58+ 8y +58:+ 8 ) + QP + QP
i,j=U,D,q,y,l
X (nf(S,U + nféjD + 51(/ + 2n15ﬂ =+ (S”,) + 0(@2, a%, aas) =0. (17)

[

obtained; on one hand the new splitting functions at LO

III. CONCLUSIONS in QED for the quark and gluon distributions, and on the

In this short note the inclusion of QED effects on the
nucleon spin sum rule have been considered. To that end,
new lepton/photon helicity and orbital-angular momen-
tum distributions have been introduced, as well as all the
needed new splitting functions at leading order (LO)

other the new splitting functions at LO in both QED and
QCD of the newly introduced lepton/photon distributions.
Putting all this together, the expected scale-invariance of
the extended nucleon spin sum rule at LO has been
explicitly checked.
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In the future this formalism will allow the phenomenological determination of the contribution of lepton/photon helicity
and OAM distributions to the nucleon spin.
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APPENDIX: EVOLUTION KERNELS IN QCD

Evolution kernels of the quark/gluon helicity and OAM distributions at LO in QCD, integrated over x,

a _ 1 1+x> 3
AP dx(——+=06(1 — =
99 CFA' X<<1 _x)+ + 2 ( x) O’

1
APy = 2n,Ty A dx(2x = 1) =0,

1 3
apy) =, [Laxz-v =3cr.
0
N 1 1 po pY 1 /11 4
AP!) =2C dx|———=2x+ 1) +—68(x-1) == (—Cy —=Trn, |, Al
99 AA x<(1_x)+ X+ >+ B ()C ) 2 2\ 3 A 3 Rnf ( )

A 1 2
QPEII‘I)_CFA dx(xz—l):—ch,

N 1 2
QPE{EI) = 2nfTRA dX(l —x)(l —2x+2x2) = gnfTR,

A 1 5
QPE];) = CFA dx(x_ 1)(—x —+ 2) = _ECF’
P 11
QP§;>:2CA[) dr(x=1)(2 ~x +2) =~ 2 C,. "
(1) o (x(1+x%) 3 4
QPyq = de[ - 251 —x) ) = -2
aq CFA x<(1_x>+—|—2 (1-x) 3CF7

1 2
QPE,IQ) = 2nfTR[) dxx(x* + (1 -x)?) = gnfTR,

1 4
ng‘q):CF/ dx(1+ (1 =x)?) = 3 Cp.
0
(1) b —x 1) g0 AU 11
QP =2 WXL P - =, A
W=, [l e =P S (A3)
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