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Analytical formulas describing the correction due to the Z boson exchange to the cross section of the
reaction pp — putu~X are presented. When the invariant mass of the produced muon pair W > 150 GeV
and its total transverse momentum is large, the correction is of the order of 20%.

DOI: 10.1103/PhysRevD.108.093006

I. INTRODUCTION

The ATLAS collaboration measured the cross section of
muon pair production in ultraperipheral collisions (UPCs)
of protons at the Large Hadron Collider [1]. In the case of
UPCs the lepton pair is produced in the yy fusion and is
accompanied by forward scattering of both protons. We
calculated the corresponding cross section in [2]. Our result
agrees with the one obtained by the ATLAS collaboration
within the experimental accuracy. The results obtained with
the help of Monte Carlo simulations can be found in [3-6].
The ptu~ pair production occurs in yZ and ZZ fusion as
well. However, for the scattered proton to remain intact the
square of the 4-momentum of the emitted photon (or Z
boson) Q% should not considerably exceed (200 MeV)?,
since for larger Q” the cross section is suppressed by the
elastic form factor ([7] Appendix A). Thus the contribution
of the diagram with the virtual Z boson exchange is
suppressed by the factor Q?/M% ~ 107> and can be safely
omitted. But if only one of the protons remains intact while
the second one dissolves producing a hadron jet then
substitution of the photon emitted by the second proton
by a Z boson may lead to numerically noticeable correc-
tions. This is so since the value of Q? is now bounded from
above only by the invariant mass of the produced muon
pair W (for Q%> > W? the cross section of muon pair
production is suppressed as a power of W?/Q?). In this
way the contribution from the Z boson exchange being
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proportional to [Q%/(M% + Q%)]* can become noticeable
for W2 2 M2. Both the CMS and the ATLAS collabora-
tions reported [8,9] observation of the reaction of lepton
pair (e*e™ or utpu~) production when one of the scattered
protons is detected by forward detector (the CMS-TOTEM
precision proton spectrometer or the ATLAS Forward
Proton Spectrometer). The other proton can remain intact
or disintegrate. In the latter case in [9] the events were
selected in which the momentum squared of the emitted
photon did not exceed (5 GeV)? (see our recent paper [10]
with formulas and numerical estimates of the cross sections
measured in [9]).

Dilepton production in proton-proton collisions
through yy fusion with the first proton scattered elasti-
cally while the second one produced a hadron jet was
considered in our paper [11]. Analytical formulas describ-
ing the cross section of a muon pair production were
derived therein. In the present paper we calculate weak
interaction corrections to the cross section obtained
in [11], which should be used for comparison of the
Standard Model predictions with future experimental
data. New physics can manifest itself in interactions of
muons at high energies. Thus accurate Standard Model
predictions are needed to probe it. Tiny deviations of the
measured value of muon magnetic moment from the
Standard Model result [12,13] may indicate considerable
deviation of muon pair production cross section at large
invariant masses of muon pair W ~ 100 GeV + 1 TeV. To
find them the results of the present paper should be
accounted for.

Reactions of lepton pair production with Z*(Z*Z*) in the
initial state were considered in [14] in the structure function
approach.

In Sec. II general formulas are derived. Z boson exchange
contributions are discussed in Sec. III. Numerical results are
presented in Sec. IV and in Sec. V we conclude.

Published by the American Physical Society
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FIG. 1. Muon pair production in the photon fusion. The photon
with momentum ¢, is radiated by the elastically scattered proton
and the photon with momentum ¢, is radiated by the quark.

II. MUON PAIR PRODUCTION IN yy FUSION

Diagrams for muon pair production in ultraperipheral
collisions of protons are shown in Fig. 1.

The cross section for two-photon production can be
expressed in terms of the amplitude M,, of yy — u"u~
transition as follows (see [10] and the review of two-photon
particle production [15]):

Q;(4ma)® 1)

@) .
d @ (g3 ) (&3P ) MuaMy

Opg—putp—q =

% (27)*6W (g, + g2 — ky — k)dI"

4 (P1P2)2 - m?)

L e dph
(27)32E] (27)2E,

fo(x.Q3)dx. (1)

where the leading factor of 2 takes into account the
symmetrical process where the other proton survives, a
is the fine structure constant, Q,, is the charge of quark ¢,

pf,ly) and p,(i,) are the density matrices of the photons, dI" is

the phase space of the muon pair, m, is the proton mass,
f,(x.03) is the parton distribution function (PDF) for
|

quark ¢, x is the fraction of the momentum of the
disintegrating proton carried by the quark, Q% =—q3, E|
and EJ, are the energies of the proton and the quark after the
collision.

For the density matrix p(!) originating from the elastically
scattered proton we have [see Eqgs. (25)-(27) from [10]]:

pu) = — (g,w - Ch;;“") G3,(0?)
1
2p1—a1),2pi —q1),
_ 1 1 Z% 1 1 D(Q%),
G3(07) + (Q1/4m3)G3,(07)
1+ Q1/4m3,

D(Q}) = (2)
Here 03 = —¢3, and G(Q?), G(Q3) are the Sachs form
factors of the proton. For the latter we use the dipole
approximation:

no_ L o
GE(Q)7(1+Q2/A2)2’ GM(Q)7<1_~_Q2/A2)27
A2 = % — 0.66 GeV?2, 3)
P

where p, =2.79 is the proton magnetic moment and
r, = 0.84 fm is the proton charge radius [16].
The density matrix of the photon emitted by the quark is

@__ b s s
Pq o {Phrabarp}
2p, — 2p, —
_ _<ga[)‘ _ 6]2(1212/3) _( P2 612)(12 P2 112)/3' (4)
q; q3

It is convenient to consider the lepton pair production
in the basis of virtual photon helicity states. In the center
of mass system (c.m.s.) of the colliding photons, let
g1 = (©,0,0,3), g = (®,,0,0,—G). The standard set
of orthonormal four-vectors orthogonal to ¢; and g, is

i

ef =5 (0.-1.-i.0). i = \}2.(0, 1,-i,0), &) = \/__q_?(z],o,o,&)l),
ef = iz(o, 1,-i,0), e; = %(o, -1,-i,0), )= iq% (=3.0.0,@,). (5)
Due to the conservation of vector current, the covariant density matrices p!” satisfy ¢\ p|" = ¢5p5” = 0. Thus, we can write
A= (el epet, (6)
ab
pit = (=1)* e (er) pl", (7)
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where a, b€ {+£1,0}, and p?h are the density matrices in
the helicity representation. The amplitudes of the lepton
pair production in the helicity basis M, appear from the
following equation:

pilwpgﬂMﬂaM;/}
— (_ 1 )a+b+c+dptlsz5dMacM;;d
1 2 1 1 2
= P\ pTUM P+ o p @M P+ o Mo
2 2
+pWp LML P+ plp@ 1Mo + p L p@ M __ 2.
(8)

In this expression nondiagonal terms (those with a # b or
¢ # d) originated from the interference are omitted since
their contributions cancel out when one integrates over
azimuthal angles of the proton and the quark in the final
state [15,17]. The contribution of the longitudinally polar-
ized photon emitted by the proton is neglected since it is
proportional to Q3/W?2, where W is the invariant mass of
the produced lepton pair. The reason is that due to the
elastic form factors Q3 is bounded by approximately
(200 MeV)? [7] while Z boson exchange corrections
become noticeable at Q7 ~ M2.

Matrix elements of the photon density matrices in the
helicity representation for transverse polarizations were
found in [10] (see also [15,17]). For the first photon we
have

2E%q3,

K
@10

©)

1
P =pl) ~ D(O})

where E is the proton energy in the c.m.s. of the colliding
protons, ¢, is the transversal momentum of the photon,
and w; is its energy in the same system. The function
D(Q3?) is defined in (2). In the following we will calculate
the cross section of the muon pair production in the parton
model. For the second photon, which is emitted by the
quark with the initial energy xE, 0 < x < 1, we have

@ _4’Eq,

pi =p? =" (10)
++ 22 00 a)%Q%

Changing the integration variables from d°pid®p) to
dBq,d®q, = 27(1/2)dq?  dw, - 272(1/2)dg3, dw, and sub-
stituting expressions (8)—(10) in (1), we get

91492 2E% 2x°E? Cli%dqﬁdwl qi%dqﬁldwz
do oo putumg = 202 (410)> —=D(Q3) — 50,y oy y-4 5 - === fq(x, 03)dx
Pa—pptiq q PP 1 0 @} e 0% (27)2E Q% (27)2Ex’ ¢ 2
2 D(0%)g?, dg? 2 dag?, dw, d
—9. <2> Qé 49192 GY}’*—’HJV’_XEZ (Q1)q‘1‘L 911 9.1 :Iuﬂzlizz L (%, 03)dx, (11)
z piP2 0] 0, i o
where 6,,-_,+,~ is the cross section of u*u~ production in yy* collision, g,¢, = (W2 —g3)/2 and p;p, = 2E%x. The

differential cross section of muon pair production in the c.m.s. of the photons is

S |M*dcos @

Ao,y = ,
Oyy'—utu 327ZW2(1 + Q%/WZ)

— 1
> IMP = 1 (M P+ (Mo o+ MO P MO+ 2M o+ 2|M o] (12)

where M ,;, are the amplitudes of the process yy* — p*u~ in the helicity representation, @ is the scattering angle. It is
convenient to express the corresponding cross section as the sum of the terms with the photon emitted by the quark
polarized transversely and longitudinally: o = o7y + org, wWhere according to Eq. (E3) from [15]

Yyt
dcos® _16za* W03

322W2(1 + Q3/W?) ~ (W2 + 03)*°
dcos@

32aW2(1 + Q3/W?)

1
ors = [ 5ol + -of)

1
oo = / S M M M

S [ 1+ 0wt W2 (1 - 03/ W) =
W [(1+Q%/W2)3 NE T (T 03 WRR (13)
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where m is the muon mass.' Integration of (11) with respect to g7, factors out the equivalent photon spectrum of the proton

[[10], Egs. (4) and (5)]

L e D(Q%)Q%J_d‘ﬁl
np(wl) - A
Ty Jo Q1

a u
=— {(14+4u-(2-1D=)In(1
”601{< e (ﬂp )”> n< "

24u? + L2u+ 17

6(u—+1)°

oyl 1+u/vlnu+v_6u2(v2—3v+3)+3u(302—9v+10)+202—7v+11 (14)
(v=1P3 v=1 "u+l 6(u+1)? '
where  u = (w;/Ay)?, v=(2m,/A)? q¢i=-0i~

—q}, —w}/y?, and y = E/m,,.

It is convenient to change the integration variables in (11)
from the photon energies @w; and w, to the square of the
invariant mass of the produced pair W? = 4w, + ¢3
and its rapidity y=(1/2)Inw,/w;: dw;dw,dq3, =
(1/4)dW?dydQ3. Taking into account that ¢3 = -0}~
~q3, — @3/y2, where y, = E,/m, ~3xE/m, = 3xy,” we
obtain

a
d6 g pytyg = 5 Qi"p(wl)ﬁyyum—(Wz, Q%)
(02/3x7)* =,
X—dW dydQ2f, (x, 0
(1)2Q2 2 l]( 2)
(15)
where w; = /W? + 03 -¢"/2, w, = \/W? + 0} - e7/2.

When we were considering this process in [10], we were
working under experimental constraints that allowed us to
use the approximation Q3 < W2. In that case the photon
emitted by the quark is approximately real, the cross section
for the photon fusion does not depend on Q3, and we could
factor out the function that we loosely interpreted as the
equivalent photon spectrum of quark ¢:

2aQ2

ng(@) =

3
/ dx/ dQZL%fq(x7 Q%)a (16)
w/ 2

where p4 =5 GeV is the experimental constraint on the
muon system transversal momentum imposed in [10]. We
can use an analogous function here to simplify Eq. (15) and
to make it obvious how the violation of the equivalent
photon approximation occurs in this problem:

'Calculation of electroweak loop corrections to the yy — £7¢~
crogs section can be found in the literature, see for example [18].

“Since the quark is bound within proton, we use the constituent
quark mass m, = m, /3 ~ 300 MeV [[19] (60.1)]. In [10] it was
checked that Variation of m, from 200 to 400 MeV changes the
value of the cross section by few percents.

2
() = 22 / / szqu (02, (17)

dn,(@:) _aQ} [1 QF - (ws/3x)?
dQ% ﬂa)z Xmin Q;

2 2
Xmin = u - eV - max {1, mp }, (19)
V s 3,/Q%

s = 4E? is the Mandelstam variable of the pp — putu~X
reaction. In this way from (15) we obtain:

fq(x. Q3)dx.  (18)

where

Opg—putu—q = Az dw? /W4 Oy —spt - (W2, 03)d03

36y°s
dnq(wZ)

$in——
w2102
X 2 n,(w;) ———=—dy
2,02 2 p\*1 2 ’
[ln Y +Q2~max 122 dQZ
s 9Q§

2

(20)

where we assume the experimental constraint on the
invariant mass of the muon pair W > W = 10 GeV.

Finally, summing over valent u# and d and sea quarks
we get:

O pp—putu X

= Z"pq—w/ﬁﬂ’q' (1)
q

III. Z BOSON EXCHANGE CORRECTIONS

Corrections to the described by Fig. 1 and (1) yy-fusion
reaction come from the interference with the two diagrams

shown in Fig. 2 and from the square of these diagrams. In

both cases the expression for the density matrix p(%) given

by (4) should be modified in order to take into account the

axial coupling of Z boson to quarks. Let us designate these

matrices 5® and 5(2) correspondingly. Masses of quarks
can be safely neglected making matrices p®) and 7)(2>
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p

14

q

FIG. 2. Weak interaction corrections to muon pair production
in semi-inclusive pp — putu~X reaction originating from the
diagrams with Z boson exchange.

transversal: f)fj,) Gop = ;g}) q»5 = 0. That is why they can be

expanded over the same 4-vectors 3, presented in (5). The
coupling of Z boson to quarks equals

gv q

e
AL,,, =—— Z,,
qqZ Swew 2 qyaq + D) qyayﬁq
Sy = sin Oy, cw = cos Oy,
g =T§{=2Q,s%.  gi=T5, (22)

where e = V4za, 6y is the electroweak mixing angle,
53 ~0.231 [19], and T? is the weak isospin of quark ¢, so

for pfj} and Z(%) we obtain

1
[)Zf) = _2_612 [ Tr{Pz?’al’z}’ﬂ} += Tf{Pz}’apz}’Ws}]

(23)
~(2) 1 Gy g4
=——T ZA
Pap 22 r{p (2 Yat5 J’a}’5>

L (9v . g4
) 77/5‘*’?7/3}’5 . (24)

Calculating matrix elements of ﬁfb) in the helicity repre-

sentation according to (7), we get that the correction

proportional to ¢4 cancels in ﬁ(%) and is proportional to

xE/w, in f)f) and p?), so it can be neglected when
compared to the contribution of the correction proportional

to g¢, which behaves as (xE/w,)? [see (10)]. Therefore
NI (25)

~(2 - .
In the case of pflﬁ) we observe similar suppression of terms

originating from the terms proportional to the product
g% - gl Neglecting them we obtain

FIG. 3. pTu~ pair production in yy (or yZ) fusion.

a2 qy\2
~(2 ay)  + (g 2
pab) ,z( v) . ( A) pl(lb)_ (26)

The amplitude that corresponds to the sum of the
diagrams in Figs. 1 and 2 equals

A=A,p"v.p/q}.

eQ e
A 517 gMq + ——————~ 7
e e SWCW(Q%_M%)
q
B ms} gM%,. (27)

For the yy — u"u~ and yZ — p*u~ amplitudes (see Fig. 3)

we have

Mo = 0z€’ [ﬁy i B
! ! ﬂkl—fll—ma a?]1—k2—m”
(28)
e
MZ{I = . _V i ~ . T
u w12 ﬂyykl_él_my)z/"
_ 1 9
'Hl}’ammﬂ] + 5 e = }’a}’s]}
L [_ 1
— _— 0 + - ~
SwCw 2Q/4 Ho SwCw 2 HYy k1 _ 311 _ m7a75ﬂ
_ 1
+ [y s AAimt]- (29)
g1 —ky—m

Substituting (28) and (29) into (27) and separating the term
proportional to M?,, we obtain
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_ {z]'y q<quQi s eQ, ﬂ) g ¢, é}
U a 2 a

q3 2 (SWCW)Z(CI% —M%) 2

2 (SWCW)Z(Q% - M%) 2

2 - 1 - 1 —/ g(\]/ 9?4 > gﬂA eQ/l e’
" [”“fq Ay A m““] i ( 27T )Y Gy (@2 = M) swew
x [ﬁn %mw + AYal's %Mt] : (30)
ky—q,—m g1 —ky—m
|
The following two statements are proved in the -5 -5 5 4sin?0(1 + cos*6)
Appendix: (1) the amplitudes in the square brackets which M _|P+ [M_. |7 = (4na) (1+ Q%/W?)?
describe the vector and axial couplings to muons do not | g 1 )
interfere and (2) the square of the amplitude with the axial + x.
coupling equals that with the vector coupling (we are I—wvcos® 1+ wcosd
working in W > m domain). In this way for the square of (35)

the amplitude we get

|A]> = x| A, 1%,
i B 9 )+ ()
%(Q3) =1+2 0. 0, A+ @
(9‘6)“;(93)2 2. 1)
i= ! (32)

(ZSWCW)z(l + M%/Q%) ’

where A,, is the amplitude for the reaction via photon
fusion only.

Thus we get that the squares of the helicity amplitudes
describing the yy* — ptu~ reaction presented in (12)
should be multiplied by the same factor » in order to take
into account the diagrams with the Z boson exchange. It is
convenient to calculate the helicity amplitudes M” in the
muons c.m.s.

The sum of the squares of the amplitudes of the
processes with the longitudinal polarization of the vector
boson (Z or photon) emitted by the quark is

ol + 9 = (map 2B (33)
or i W1+ 03w
and the corresponding cross section is
. 167a*Q3
ors = 2 (34)

WAL+ /W2

It equals zero for Q% =0, as it should be. For the
contribution of the transversal amplitudes with opposite
helicities we obtain

Since the sum of helicities of the produced leptons equals 1,
while that of the annihilating vector bosons equals 2,
the production at @ = 0,z is forbidden by the helicity
conservation. The factor sin@ takes care of it. For the
contribution to the cross section we obtain

~ _ 4o w2
o =gy g ") 2 69

where m is a lepton mass.

Performing straightforward calculations, for the square
of the amplitude induced by photons with helicities efz we
obtain

3w

M = 4(4ﬂa)2{sin26'
o (1+03/w?)?

1
% {(1 — v cos §)? * (1+ vcosG)z]
1 - 1—?
, 37
+(1—UCOS€)2+(1+UCOSG)2} (37)

where o» is the muon velocity in the c.m.s,
v? = 1-4m?/W?. Helicity of the initial state of the two
photons equals zero while for massless muons helicity of
the ™ u~ pair equals 1. That is why the amplitude M
should be zero at & = 0,7 when the helicity is conserved
(massless muons). The factor sin? @ multiplying the first
term in the curly braces takes care of this. In the case of
muon (or antimuon) spin flip the final state will have zero
helicity, and muons production at @ = 0, z is allowed. The
two last terms in the curly braces are responsible for the
forward and backward muon production. Though their
numerators are proportional to m?, they make finite
contribution to the cross section in the limit m — 0 due
to the denominators which come from muon propagators.
Integrating these terms over @, we obtain a finite in the limit
m/W — 0 contribution to the cross section which comes
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from the @ ~ m/W and § ~ x — m/W domains. This pheno-
menon is the essence of the chiral anomaly [20,21]: even in
the limit m — O production of muons at 6 = 0,z is still
allowed.

The contribution to the cross section of muon pair
production is the following:

5 45 /%(IM++|2+IM--I2)

U ) 322w (1 4 Q3/ W)
B Ao [ 3/ w#
-~ WAL+ 03/WP) [(1+Q3/W?)?

WZ
X <ln—2—2) + 1}}{
m

and 67y =6, +6_, +6,4 +6__, where 6, _ +6_ is
given by (36). Let us note that even in the case of the
collision of real photons (Q% = 0) the cross section &, , +
6__ 1s nonzero. As a final result we get

_- Q%/WZ)T B
(1+Q3/w?)?
(39)

dcosé@

(38)

orr =

dn? [ 1405w W2 (1
w2 |1+ QW2 m?

We have discussed yy and yZ contributions. Let us note
that the ZZ contribution should be very small for the
|

process under consideration since it is

by 03/M2% <1075,

suppressed

IV. NUMERICAL RESULTS

Replacing in (20) o,,_,+,-(W?, Q3) with &5+ 677
given in (33) and (39) we obtain an expression for the
differential cross section of a muon pair production which
takes into account the Z boson exchange:

Aoy pt e x
dw
4aWZ 2 [V [Brs(W2. 05) + 60 (W2 03)] 4
W4 W2+Q2 2
36yt
/lan2+Q' (0))d
X . wn,(w)dy
(1)) "
105 — (0y/3xy
X %fq(% 03)dx, (40)
Xmin 2

where we used the equality w, = (W? + 03)/4w,.
For better convergence of the numerical integration it is
convenient to change the order of integrals:

x(Q3) - dQ3

do O pp—putu X _ 4aW 2/ -w? O-yy*—yﬁ;f(Wz? Q%) .
dw ZQ v (W00
1
X [VZ+Q~ " dxf q(x Qz) /
-max lﬁ In
[
9y () + (d4)
2y 1402.9v 9v (% A
#(03) + Qﬂ 0, B Qu
(9v)* + (91)* .,
RACAZANNR 7 VRN 42
% (42)
A= ! (43)

(2swew)*(1+M3/03)

In this formula we explicitly separated x(Q3) since it is the
only source of weak interaction corrections in (41). For all
charged fermions in the Standard Model gy, and g, have the
same sign as their charge Q, so the weak interaction
correction is positive.

Let us make a couple of comments regarding for-
mula (41) and its accuracy. The lower integration limit
on Q3 in (41) is much smaller than (1 GeV)?2. So we should
explain if it is consistent with the parton approximation.

ljp—s _
2 W2+Q2

<W2+L2m x(l i)) wl”p(a)l) [Q (0)2/3)()/) ]de (41)

5
2
9Q2

2,
xX=s

This lower limit comes from kinematics and does not
take into account other requirements. However, there is a
smooth cut at small Q3 in the parton distribution functions
provided by LHAPDF [22] so we decided not to change this
limit in (41). We have checked how the results depend
on Q3 lower limit. Since o,,_,+, (W? Q3) rapidly
decreases for Q2 > W? (i.e., main contribution comes from
03 < W?), the impact of low-Q3 is more pronounced for
smaller W. For W = 20 GeV we checked that region Q3 >
(1 GeV)? gives 85% of the integral, Q3 > (0.5 GeV)?
gives 96.6%, while Q3 > (0.25 GeV)? gives 99.4% which
is already close to the required relative numerical precision
(1073). Results for 03 > (0.01 GeV)? are well inside the
required accuracy and give the value of the integral. All
values in the paper correspond to the full integral calcu-
lation (without the extra cut on Q3) while this ambiguity in
where we should make the cut on Q3 is treated as the
uncertainty. We must stress that it does not affect the
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102 4

fb
dW? GeV

do

101 4

10[) 4

50 100 150 200 250 300
W, GeV

FIG. 4. Upper plot: differential cross section of the photon
fusion only (orange dashed line) and with the weak interaction
correction added (blue solid line). Lower plot: their ratio.

absolute value of the weak interaction correction since
#(03) =1 for 03 < (1 GeV)? with very good accuracy.

Another important source of uncertainty is parton distri-
bution functions. We checked different PDFs: cteg66 [23],
MMHT2014nnlo68cl [24], PDF4LHC15 nnlo 100
[25], MSHT20nnlo as118 [26]. The maximum variation
for W = 20 GeV is about 6% which is rather significant.
We use MMHT2014nnloé68cl for the calculations in this
paper.

We should also note that the photon flux of the
disintegrating proton is not fully described by the parton
approximation. Resonance phenomena and other effects
can increase the cross section by 10-15% [27-29].
However, the corresponding region Q3 ~ (1 GeV)? is
not relevant for the weak interaction correction, so we
do not take these effects into account.

Results of our numerical calculation are shown in Fig. 4.
We see that the weak interaction correction does not give a
noticeable increase in the cross section. The reason for that
is clear: all scales of Q3 in (41) are equally important while
for the weak interaction correction only the domain M2 <
Q3 < W? is relevant.

2 1.10 - /

= =

é 1.05

20 40 60 80 100 120 140 160 180 200
W, GeV

(a) Q2 =30 GeV.

0 T T T T T T T T
20 40 60 80 100 120 140 160 180 200

W, GeV
(b) Q2 = 50 GeV.

B

.0 T T T T T T T T
20 40 60 80 100 120 140 160 180 200

W, GeV
(¢) Q2 = 70 GeV.

FIG. 5. Differential cross sections for different lower limits on
Q5. Styles and colors of the lines are the same as in Fig. 4.

The weak interaction correction is more pronounced
when we set the lower limit on 03, Q3 > 03, closer to the
electroweak scale, M % For Q2 > 1 GeV it means a cut on
the total transverse momentum of the produced pair,
P > 0,. Such a selection is both theoretically and
experimentally clean. From the theory side we have no
complications due to low-Q? physics. From the experiment
side this selection means high-p; events with two distin-
guishable muons [at least for W 2 Qz since the cross
section is additionally suppressed for Q3 > W2, see (41)].
The results for Q2 = 30,50,70 GeV are shown in
Fig. 5. We see that the weak interaction correction
reaches 20%.
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When the lower limit on the total transverse momentum of
the produced pair is set closer to the electroweak scale, most
of the discussed uncertainties due to the low-Q? physics
vanish, so we should discuss the accuracy of our result.

For Q3 2 M?% the value of x(Q3) very weakly depends
on Q3 and is mostly defined by electroweak mixing
parameters. Thus, the value of the relative correction is
more or less fixed, at least at the tree level. However, there
are sources of uncertainties that should be discussed.

Since x(Q3) is different for up- and down-type quarks,
there is uncertainty due to the PDFs. Variation of PDF sets
affects both absolute values and relative correction, how-
ever its effect is not as pronounced as it was at low Q3. For
Q2 =70 GeV and W = 200 GeV, variation over the same
sets gives 1.6% uncertainty in the absolute values and 1.2%
in the relative correction.

Higher orders of perturbation theory may lead to
effective shift in QO so structure functions should be taken
at different Q3. Thus we should study how sensitive our
results are to such kind of shifts. In order to do that
we substituted f,(x, 03) by f,(x,203) and f,(x,03/2)
in (41), and for Q, = 70 GeV and W = 20 GeV got 2.4%
increase and decrease in absolute values correspondingly.

In the limit Q3 > M% the function x(Q3) reaches its
maximum value:

g )
0, Oy (2swew)? 0;
(G2 (1

x(03)~1+2-

Q2 (2swew)
1.35 for = u,u,c,c
~ { =t ) (44)
276 for q=d,d,s,s,b,b

However, to get an idea of what the correction in principle
might be, one should know how much up- and down-type
quarks contribute to the cross section in photon-photon
fusion. From (18) we immediately see that the contribu-
tions into yy fusion are proportional to the square of the
quark charge, so up-type quarks give four times more even
for the same density. In the large-x limit only valent quarks
remain, and there are twice more u quarks than d quarks so
in the yy fusion cross section they should contribute in 8: 1
ratio. However, at small x sea quarks slightly change this
situation. We calculated individual contributions of each
quark into the cross section (41) with »x set to 1 to get yy
fusion only. For O, = 70 GeV and W = 20 GeV, u quark
gives 41% of the cross section, & gives 16%, d—7%,
d—4%, s+ 5—1%, ¢ +c—21%, b+ b—4%. Up-type
quarks combined (u+ @+ c+¢) give 78%. At W =
200 GeV up-type quarks give 80% of the cross section,
so the asymptotic value 8/9 ~ 89% is approached very
slowly. Consequently, the asymptotic value of the

enhancement is 0.78 x 1.35 + 0.22 x 2.76 = 1.6 (for the
8:1 ratio we would get 1.5).

V. CONCLUSIONS

We have calculated the weak interaction correction to the
cross section of lepton pair production in semiexclusive
process. Beforehand it was not obvious if this correction is
significant or not. It turned out that it gives few percent
increase of the production cross section. However, if we set
the lower limit on the net transverse momentum of the
produced pair, the correction goes up and can reach 20%.
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APPENDIX

Let us prove that the square of the expression in the
square brackets in (30) that contains the product of
the vector currents y, -y, equals that which contains the
product of the vector and axial currents y, -y,ys. This
statement is evident for massless muons, m = 0. Thus
taking into account the nonzero mass it is convenient to
commute the muons propagators with the vector current y,,:

ﬁlJ’y(lAﬂ =gy +m) =iy 2k, —v,41). (A1)

(41 — ko + m)yuits = (@ry, — 2k )2 (A2)
Then the mass remains only in the muons polarization
density matrices from which two types of terms can give
nonzero contribution to the cross section: NIAcllAcz and ~m?.
The terms proportional to the product of the momenta are
the same for the vector-vector currents product and the
vector-axial currents product, while those proportional to
m? have the opposite signs. Let us prove that contributions
of the terms proportional to m? are negligible.

In order to produce finite contributions in the limit
m?/W? — 0 they should contain squares of the muon prop-
agators ~1/(k,q,)?* or 1/(k,q,)?. The terms proportional to
m?/(kyg,)* are multiplied by Tr[(2ky, —7,31)7ars X
(2ky, — G17,)]. For the amplitudes M, we get

Tr[(2k1ﬂ - yﬂ&l)égég(zklv - qul/)] = 16kluklw (A3)

where we take into account that ¢, M, = q;,M,3 = 0 and
neglect q%. Since kluei ~sin@, even for the scattering
angles € ~0 or 7 we obtain negligible contribution into
differential cross section ~m?/W?-sin? /(1 & vcos ).
Analogous consideration is valid for the term proportional

to 1/(kagqy)*.
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In the case of transversal polarization of the photon or the
Z boson emitted by the quark, the trace discussed above
contains a sum of terms proportional to g2, (g,e5) =0,
(q1e7) =0, and (ky,e7,) (ky e7,) ~ sin® 6. In this way we
demonstrate that the terms proportional to m? can be safely
neglected which proves that the square of the amplitude
which contains axial coupling equals that which contains
only vector couplings.

MY MA ]+ MA_MYT = M MY+ MY_IMA T =0,
MY oM+ MAMY " = Mo [MY )" 4+ MY [M2]* =0,

MY (MA] + M (MY, ) = MA_[MY_) MY M) =0

It remains to prove that the amplitudes in the square
brackets in (30) do not interfere. Let us multiply the
expressions in the square brackets by the vector boson
polarization vectors (5) and introduce notations Mx( and
Mf}( for the terms in the first and the second square brackets
correspondingly. Using the identity Tr[ysys...ycrp) =
Tr[ypyc---¥Bya) one can check that the following relations
are valid:

(A4)
(AS)

(A6)

These relations are the consequence of the different behavior of the vector and axial helicity amplitudes under the

o . P P . . .
P-parity inversion: for example, MY_—> — MY, and M%_— M. It follows that in the cross section the interference

terms cancel.
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