16

Unpolarized lepton-hadron scattering

16.1 Moment sum rules

We shall consider the previous lepton-hadron unpolarized process studied in Section 15.3
governed by the T-product of two electromagnetic currents. The general Lorentz decompo-
sition of the hadronic tensor has the form:

Ju()J,(0) = (8,8] — 8,,)OL(x)
(80009, + 0D — 8urgond - ) — 0 9,8,)O5" (x)
+ i €010 Of (x)
+ i (€020 - R - GW,MB\,E)"’ + ew,\paﬂa"’)OQ’)(x) , (16.1)

where 9, = 9/dx,, and O; are suitable bilocal operators, where O, corresponds to the
longitudinal structure functions W, — 2x W, defined in Eq. (15.36). The operators Os 4 do
not contribute to the unpolarized process. Using the result in Eq. (15.56), one can write an
OPE for the invariants. In the QCD deep inelastic scattering region, one can neglect quark
mass corrections such that we have a good realization of the SU(n); flavour symmetry.
For the case ny = 2 here (isospin symmetry), the electromagnetic current corresponds to
the third component of SU(2) such that the product J(x)J(0) and the associate composite
operators O belong to the representations:

393=193®5. (16.2)

Therefore the lowest twist (t = 2) gauge invariant operators which dominate the light-
cone expansion are, the non-singlet (A,/2 is the SU(n) s flavour matrix):

(’)X,)S,Mlm“k = ll;{—|] {&%le)uz Dy + permutations} , (16.3)
and singlet operators which mix under renormalizations:
' =1
Ogy)ﬂl‘“ll—k = 7{1#)/MDM2 -+- Dy, ¥ + permutations} ,
R
Og,)m---uk = ZWTr {GuaDy, -+ Dy, G, + permutations} . (16.4)
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16 Unpolarized lepton-hadron scattering 161

We have omitted terms containing g,,,, the so-called trace terms. Substituting Eq. (15.56)
into Eq. (16.1), one can deduce in momentum space:

T =i f d*x ¢ (p|T J,(x) 1, (0)p)

2N\ —n—1
i i —q
= —(&ud” — quq) Y _(PIO}), . O)p)CL (=gP)g" - g™ (7)

in

+ (g/MCIpQV + Epvqpugr — ngukgpv - guv‘]kqp)

2\ —n—1
i i w, [ —4
X D APIOS L L, OIP)YCS (=" - g™ (7) : (16.5)

where we have defined the Fourier transform of the coefficient functions:

2

—n—1
C(Li?,l(—qz)q”' N (Tq> = / d*x 9% xm ...x“"C(Li’)n(xz) )

) 2 —n—2 . )
C;{LH(—qz)q“‘ ceeghn2 (—Zq ) =i / dx e xt ... xt Cg)n(xz) , (16.6)

and we have used the simplified notation:
1
(PIT Ju(x)J,(0)p) = 3 Z(p;)»ITJM(x)Ju(O)I)»;P) : (16.7)
P

Using the tensor structures:

(PIOS 1 OIP) = Orpysy -+ P, + -
(PIOY . () p) = Qs D™ PP Py -+ Py + (16.8)

where O; are reduced matrix elements not calculable in perturbation theory, and we have
omitted terms containing g,,,, we finally deduce:

Ty =20" Y e Cy(—gHO0), — d CY) (—gHOY), . (16.9)

with:

Cuv = &uv — qudv /4"

duv = 8uv = 4*Pulo/ (P -4 — (P + P4,/ (P - 4) . (16.10)
where w~! = Q?/(2p - q) is the Bjorken variable. Because of crossing symmetry:

T;w(w) = T;w(_a)) , (16.11)

the sum runs only over even n. The unphysical relation in Eq. (16.9) (0 < @ < 1) can be
converted to a physical one w > 1 by using a Cauchy integral to both sides of Eq. (16.9).
Since T, is an analytic function in the complex @ plane with branch cuts along the real
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162 1V Deep inelastic scatterings at hadron colliders

A
o

Fig. 16.1. Integration contour.

axis for o < —1 and w > 1, as shown in Fig. 16.1, it obeys the dispersion relation:

0?2 dv’
T, = / / ImTw(QZ, ) + subtractions .  (16.12)
0%/2

Using the Cauchy integration to both sides of Eq. (16.9) along the contour in Fig. 16.1,
one obtains:

1 e
5 . :-/ —ImT,w_Z/O dx x"*W,, , (16.13)

where we have used the definitions in Egs. (15.34) and (15.35) and the crossing symmetry
in Eq. (16.11).

Noting that:
f do "™ =68pn-1, (16.14)
c
one can write:
T =2 ¢uCili(=a)00, 1 = dCap_(=¢)05, . (16.15)

Equating Egs. (16.15) and (16.13), one can deduce the moment sum rules for the structure
functions [226]:

1 . s
M) = [ dx xR, 0 = Y €00,
0 i

1 . ~r
M0 = / dx x" 2 Fy(x, 0% =Y C(—gHOY), | (16.16)

0
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16 Unpolarized lepton-hadron scattering 163

where the structure functions F; = F, — 2x F (longitudinal structure functions) and F,
are defined through:

Wp,v = w[e;wFL + d,uuFZ] ) (1617)

and are related to the W; » in Eq. (15.36) as:
2

Fi(x. 0% = —Wi(v, 0% + (1 + é) Wa(v, Q%)
v

i Wa(v, 0?) . (16.18)

Fy(x, Q%) =
The coefficient functions C(L')n and C;’;L in Eq. (16.16) are of short-distance nature and
are calculable using perturbative QCD. The reduced matrix elements @(L’)n and (’A)g )n are
of long-distance nature and cannot be calculable. They can be determined experimen-
tally, which can be done by measuring the moments in Eq. (16.16) at a fixed Q% and
solve it for the reduced matrix elements. In practice, the moments are not very conve-
nient as they are expressed in such a way that direct predictions of the structure func-
tions cannot be made. Instead, one can take their inverse Mellin transform, which can be
obtained by analytically continuing from integer n to complex n following the Carlson
theorem [227].
One gets:

1 c+ioco ; Al
Fra(x, Q%) = 3— / o dn g e (@0, (16.19)
where C is an arbitrary real positive constant. Assuming (for simplifying the discussion)
that only one operator contributes to the moment, we can suppress the index i. Therefore,
one can deduce from the moments in Eq. (16.16):

1 1
Cran(02) /o dx 2" Fra(x., 07) . (16.20)

OL;Z,n =
CL;Z,n

which, when inserted into Eq. (16.19), gives after rearranging the integral:

'd
Frat 0 = [ Dk (2,02 ) Fua (.03) (16.21)

where the kernel function is:

1 efico dn Zlin CL;Z,n(QZ)

2 02) — (02
K(Z, o, QO) 20 Jelin CL;Z,n(Q(z)) .

(16.22)

Equation (16.21) expresses that once we know the structure function at a given Q% for all
x (0 < x < 1), one can predict its value at another 0? using a perturbative QCD calculation
of the kernel function K.
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164 1V Deep inelastic scatterings at hadron colliders

16.2 RGE for the Wilson coefficients

The Q%-dependence of the structure functions is completly contained into the one of the
Wilson coefficients. As the electromagnetic current is not renormalized, the anomalous
dimension of the composite operators should be cancelled by the one of the Wilson co-
efficients. Using the discussions in Chapter 11, we can write the RGE for the Wilson
coefficients:

3 ‘
vt ﬁ(as)ax— - Z ym(ay)mj— —yDrCO(—gH=0. (16.23)

where y,*) is the anomalous dimension of the composite operators @fj), which can be proven
to be gauge invariant such that the gauge-dependent term in the RGE is absent here. In the
case of non-singlet structure functions, we have only one operator. In the case of singlet
operators, we have coupled RGE due to the mixing of the two operators presented previously
in Eq. (16.4). In this case, one should understand the anomalous dimension as a2 x 2 matrix
and the Wilson coefficient as a two-component vector. The solution to the RGE is:

C,(,i)(Qz/vz,ax,m)ZC,Si)(l,&s(f),m(f))exp[ / dty(’)[g(t)]] (16.24)

where t = 1/21og(Q?/v?). One can also rewrite the solution as:

s l)
C(QY) = C (1, & (1) exp [— f dg (g)} (16.25)
o B(g)

where the 8 function has been defined in Chapter 11 (Table 11.1):

B= ﬂl( )+ﬂ2( )2+~-~. (16.26)

16.3 Anomalous dimension of the non-singlet structure functions

In the following, one can safely suppress the index i because in the non-singlet case, only
one operator dominates the light-cone expansion. Therefore:

i) _ o, o\ 2
VNS = YNSw =V (;Y) +7, (;) T (16.27)

In the following, we shall explicitly discuss the evaluation of . It comes from the
Feynman diagrams in Fig. 16.2.

Using the Feynman rules given in Appendix E for the composite operators, Fig. 16.2a
gives in the massless case and in the Feynman gauge:

s ZZM Ay dVk yRRAA kYT kY (—guw) '
Qm)N k* (p — k)?

Vi = (16.28)

The relevant contribution to the anomalous dimension is the divergent part of the coef-
ficient of (A - p)"~'A. Using standard Feynman parametrization and shift of momentum
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k k
k k
p-k p-k
p-k
P P p
(@) (b) (©)]
1 1
2
(d)

Fig. 16.2. Diagrams involved in the evaluation of ..

(see Appendix F), the divergent part is:

dVk N
@ 25, ¢ / d(] — / . (1629
ij le pole =ig i x( *) (EJT)N k2 +p X(l —X)]3 ( :

where:
2k2 a.,B A n—1 A n—1
N = =y yP Bygrex' Aa - pyt. (16.30)
Therefore:
(67 2 CF 2 A
v@ - (_) SEE 2 AA-pyt, 16.31
i lepe =\ ) e a n N AP (1631
where Cr = (N? — 1)/2N, for SU(N), and:
2 2
=< +log4m — yg . (16.32)

Figures 16.2b and c give the same result. It reads:

dVk AFA[YIZA - pYIA - (p+ T2 ](ph)yu

V(b) V(C) — ngZCFSij

2m)N K2(k + p)?

(16.33)
The pole part of the coefficient of (A - p)*~'A is:
< ! d¥k YA - pIA k4 x Ak
Vi;b) e = 2ig2CF5ijA/ dx ~ Z”:O( p)( T > )
P 0 (2m) [k* + p2x(1 — x)]
o n—1

=—(= ~ SIJ(A )n—lA {/ dx X = —} . (16.34)

<n ) € 2 Z 122:
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166 1V Deep inelastic scatterings at hadron colliders

The diagrams in Fig. 16.2d give the same contributions as the fermion wave function
renormalization constant Z, defined in Egs. (9.22) and (9.29). In the Feynman gauge, it

gives:
@) _ (%) 2Cr _14
Vij epole — (;) g_‘sij(A “p)TA (16.35)
Adding the different contributions, one obtains the renormalization constant defined as:
(a+b+ct+d)
Z =l (16.36)
(A . p)n—l A

Using the definition of the anomalous dimension:

vdZ . 1
Vo = Z a0 = coefficient of — z) (16.37)
one obtains the result:
C 2 "1
0 F
=—|l1——+4 -, 16.38
Y 2[ w1 ;1} (16.38)
or equivalently:
Cr 2
0
=—|48,,-3————|, 16.39
12 > [ 1, Y. 1)i| ( )
with
n 1
Spp = Z 7 (16.40)

The expression of S; , can be analytically continued to complex n thanks to the Carlson
theorem [227] which we have used previously when taking the inverse Mellin transform.
In this case, one can write:

dlogT(z)

16.41
dz ( )

s i 1 Y+ 1)+ ()
n=~n —_— = n : )=
RS TS ve

where the expression of ynl is also known [228] and corrected in [232]. At this order,
the problem of even (resp. odd) structure functions arises. The corresponding anomalous
dimensions are y,"'*. They read:

32 82n + 1) 32 1
1,+ +
g 67T+ =L | — 648,85, — —[S, — S 28, — ————
Yn 9" [ +n2(n+1)2] LnS2n = 152 2v"/2][ b n(n+l):|

128 .. 32 3 16

I —S,,[——7] —85F 28
o o TG t g s
6151n4+260n3+96n2+3n+10

9n3(n + 1)

32@2n*+2n+1)  32n; 3 11n*>+4+5n-3
= 68y, — 108, + >+ —""" | (1642
9 B+ 1) 27 z LI Y BIE JO (16.42)
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16 Unpolarized lepton-hadron scattering 167

where:
+ - ot 5 Sy (—DF
S = Sins2 s Sinp = SLn-n/2 S, = —§§3 F ; msz,wrk . (16.43)

16.4 Strategy for obtaining the Wilson coefficients

The main task in perturbative QCD is to calculate the Wilson coefficients. This can be
simplified by the key observation that they are independent of the states which sandwich
the light-cone expansion of the T-product of the electromagnetic current for the forward
Compton amplitude 7},,,. For instance, instead of taking proton states, one could consider
quark or gluon Green’s function with the insertion of the T-product of electromagnetic
current. In the case of quark fields, the truncated (quark external line) Green’s function
reads:

Tun(q, Pluune = i f d*xd*x1d*xy e P01 T J,(x) 1, (0 (x )P (x2)[0) . (16.44)

where p is the quark momentum. Repeating the same reasoning as in the previous section,
one can write the OPE analogous to the one in Eq. (16.9):

L@, Paune = 20" Y € Cr, (=a)OL ™ = €5, (=¢)O5™ . (16.45)

i,n even

where the Wilson coefficients are the same as in Eq. (16.9) but the ‘composite operators’

(’)(L";gf’,j‘) are calculable in perturbative QCD. The strategy is to calculate T',(¢, P)irunc

and @25? ) in perturbation theory and then deduce the Wilson coefficients order by order
of perturbative QCD.

16.4.1 Non-singlet part of the Bjorken sum rule

In the non-singlet part of the Bjorken sum rule, the Wilson coefficients can be expressed as:
Cos(1,a5(Q%) = C s {1 +Clys (%) +-- } (16.46)
For their evaluation, we shall consider the quark Green’s functions:
Tun(g. ¥) =i / d'x & (Y| T 1 ()1 O)]) . (16.47)
which has the decomposition:
Tuw(g) =enTr +d,T, (16.48)

where e, and e,,, have been defined in Eq. (16.10). We shall also use:

OL5s P p = (WO ¥ (16.49)
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* *

4 4

+ N

Fig. 16.3. Tree-level diagram for a photon-quark scattering.

The quark tree-level diagram shown in Fig. 16.3 leads to the amplitude:

—_

T°=Q212a<p) Vi + Yu——— [ (p) . (16.50)
wy vy L Cryny yupet Gl Crsuy supnt 6 R 20 :

where u ;(p) is the quark spinor, and Q. is its charge in units of e. Introducing the Bjorken
variables, one has:

1 1 1\
T° = Q%d,, | —— — =20%d,, -, 16.51
w = Qydy <x—l x—i—l) 2y n:224~- X ( )
where d,,, has been defined in Eq. (16.10). Then, ones find:
70 =02 2 TP =0 (16.52)
2 =% o L=y :

These results are already known from the free-field theory discussed in the beginning of
this chapter. Solving the RGE for the Wilson coefficient, one obtains the modification due
to QCD at leading order:

2\ W /2B
0 ) , (16.53)

CZ,n(QZ) ~ (10g F
showing that the naive Bjorken scaling is modified by the running coupling of QCD to
leading order. To second order, one has [233]:

281, 3 4

2
+t—+ = —9> . (16.54)
n

Cr
JE— —+_
nn+1) n n+1

clye=
n,NS 4

(25;{" +381, — 28, —

Therefore, to second order, the non-singlet moments read:

a ()" (14 BosBries(@ym) \
(0% 1+ Bo/ B (o, (Q2) /)

[ L+ Chsa@@)/m
L+ Chs,y (os(Q5)/7)

MYS(QH = (

)M,’,VS(Qg) , (16.55)
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16 Unpolarized lepton-hadron scattering 169

where:

Pn=va/B— /B . (16.56)

This relation is well verified experimentally and used to measure the QCD coupling «;.

16.4.2 Callan—Gross scaling violation

To leading order, the longitudinal structure function, coming from the diagram in Fig. 16.3,
vanishes being defined as F> — 2x F. In the following, we analyze the structure function
to order o.

Non-singlet part
To order «;, the non-singlet part comes from the diagram in Fig. 16.4.
The analysis is simplified by noting that 77, is the only amplitude multiplied by ¢,,q,.
The amplitude from the direct diagram is:

- 1
Tli]‘} dir = _iCFaingZ Zﬁ(pv G)
dVk yo(p+ )y (p+k +q)y (p + by~
Q)N (p+*p + k+ q)°k?

u(p,o). (16.57)
Using:

> i(p.o)Mu(p,0) = TripM] (16.58)
and extracting term proportionnal to g*g", one obtains after usual manipulations:

2 ! ! (1—yz2)
TNS,=EC—/dfd Y . (16,59
2 L (n) =12 Z[y—[l—(l—y—yz)/)c]]2 ( :

Vﬂ v,

q p+k+q

p+k p+k  + crossed
ip ip

Fig. 16.4. Diagrams contributing to F}¥5.
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Expanding in powers of 1/x and integrating, one obtains:

¢ o0 1 l n
5= (Z) e Y - +1 (;> . (16.60)

n=1

The crossed diagram doubles the even n contribution and cancels the odd one. Then, one
finally obtains:

o n
TNS =2 (“;) cr Y - Jlr 1 Gc) . (16.61)

n=even

Comparing with Egs. (16.52) and (16.16), one can deduce the scaling violation QCD
correction to the Callan—Gross relation:

e
MYS = 58S (“;) M (16.62)

where for ep scattering §5 = 1/6. Taking the Mellin transforms, one can derive the non-
singlet part of the structure functions:

1
FYS(x, 0% = f dy Cks(y, OHF)S <§,Q2> , (16.63)

X

where:
CY5(y, 0%) = Crx(a,(Q*)/m) 4+ O(«}) (16.64)
where the ozf correction has been evaluated in [235].
Singlet part

The calculation of the singlet part is similar to that for the non-singlet. To the quark diagram
in Fig. 16.3, one has to add the gluonic diagram in Fig. 16.5.

q\u Iﬁj q
p+k A + crossed
k
p p

Fig. 16.5. Diagrams contributing to the gluon component of the structure function.
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For electron-proton scattering, the singlet structure function can be decomposed as:
F(x, 0% = / Ly {Cé(y, 0HF; (5 Q2> +C6(. QHFG (’;C Q2>} . (16.65)
where:
Ci(x, Q%) = Cys+ Cs
as(QZ))z
T

Chs(x, 0% = Cyy (

2 29\ 2
CL(x, 0%) = 4n; Trx(1 — x) (“S(Q )> +Ckt (““‘(]TQ )) . (16.66)

T

C ,’;,  has been defined in Eq. (16.64). The coefficients C 1Q§ and C é‘L have been evaluated in
[235-237]. The full longitudinal structure function is the sum of the non-singlet and quark
singlet components.

It is given by:

FL=F —2xF;=F) +F\S. (16.67)

16.5 Singlet anomalous dimensions and moments

The singlet calculations are more involved than the case of non-singlet and longitudinal
structure functions. The corresponding anomalous dimension is a 2 x 2 matrix because of
the mixing of the operators in Eq. (16.4). Using an expansion of the anomalous dimension

and Wilson coefficient function:
o o\ 2
Yn = Yon (_) + Yin (_) +o
T T

(1, a,(Q%) = C°, {1 ey (a—) ¥ } (16.68)
’ ’ 4
To leading order,
Yon/ B
; a,(03)
CO(1, (%) = Cy) 2 (16.69)
7\ as(0?) y

where the indices i, j = ¢, g indicate quark and gluon composite operators respectively.
The calculation of C ,?. ; 1s very analogous to the non-singlet case by considering the forward
Compton amplitude sandwiched between two quark states for Cfl), , and two gluon states for
Cfl), - One obtains to this order:

1 forC 2
0 = { n2 16.70
"4 0 forC, ( )
Since the gluon does not couple to the photon to lowest order, one obtains:
Cy (0 =0. (16.71)
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(@) (b)

Fig. 16.6. Diagrams contributing to the singlet anomalous dimensions.

The anomalous dimension matrix reads to leading order:
You You
Yon = . (16.72)

89 88
Yon Yon

The diagrams contributing to the anomalous dimensions are given in Fig. 16.6, in addition
to the contribution from the diagrams in Fig. 16.2. The results are [168,234]:

Cr 2 1
M9 - 2 11— —— 44 —1,
Yon 2 |: n(n+1)+ Z:J:|

j=2
n?4+n+2
‘}/gng = —Zl’lfTR— )
nn+ )(n +2)
2
2 n“4+n+2
= _C A5 . b
Yon F n(n?—1)
1 1 1 "1 n
8¢ _ ol — — — + )+ =L |, a6.73

where Cr = (Nf —1)/2N,., Tg = 1/2 and Cg = N, for SU(N),. To this order, the mo-
ments in Eq. (16.16) read:

on/ Bi
2 o [as(0))"
Man (@Y =3 G (axQZ) ’

iq

Mpa(0*)=0. (16.74)

1
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In order to make a comparison with experiment, it is convenient to diagonalize the
anomalous dimension matrix y,,,. On this basis, one can write:

Q2 V(;/zﬁl Q2 —You/2B1
Mo, (0% = (log ) +C?, <log F) , (16.75)

with:

1
3 [von + Vo i\/ (Yol + ¥oF) +4ngy(§,q] (16.76)

To the next order, the expressions of the anomalous dimensions are known and the Wilson
coefficients read [233]:

+
Yon =

CF 2S1n 3 4 2
cl —c! 252 38, — 28y, — —tn 4 2 — =9,
n,q nNS = 4 < ln+ 1, 2, nin+1) +n +n—|—1 +l’l2

1 6 6 S n*+n+2
nn+l n+2 ]’"n(n+1)(n+2)>
To this order, the moments in the singlet case have more involved expressions, because of
the mixing of operators. We refer the readers to, for example, the papers in [228,232,233],
the review in [49] and book [46] for some expositions of this case. Finally, the expressions
of few moments including three-loop corrections have been evaluated in [238].

1
c _Tan< 1yl (16.77)
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