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The angular distribution of dileptons produced in proton-proton collisions (Drell- Yan process)
was measured recently at the FNAL E866/NuSea Collaboration [1]. We propose a holographic
model to estimate the properties of this process (for the details of this presentation see [2]). In our
model a virtual photon (which gives rise to the dilepton) comes from the decay of a vector meson,
according to vector meson dominance. This vector meson is produced by the annihilation of two
other vector mesons emitted by the protons. We use the AdS/QCD hard wall model [3, 4] to decribe
baryons and vector mesons and their interactions. Hadrons correspond to modes of a Kaluza-Klein
expansion of five dimensional fields living in an AdS slice. The size of the slice represents a
mass gap in the 4-d effective theory. The hadronic masses are determined by the five dimensional
wave functions with appropriate boundary conditions while the effective coupling constants arise
from the integration of interaction terms in the 5-d action. These masses and couplings are used to
calculate the scattering amplitude relevant for the process of dilepton production. For simplicity, we
consider only final hadronic states with spin 1/2. Using this model we find the angular distribution
parameters A, 1, v, for kinematical regimes where the dilepton transverse momenta are small. Our
results for these parameters are shown in Figure 1 and in Table 1 and compared with predictions
from perturbation theory. See the text below for details.

Perturbative QCD calculations for the Drell-Yan cross section work well when the transverse
momentum of the dilepton is large with respect to the dilepton mass. However, when the transverse
momentum is small, the perturbative series involves the product of the (small) coupling constant
o with large logarithm corrections. This combination leads to a series with a strong effective cou-
pling. In this case one needs a resummation to all orders since the standard perturbative approach
is not reliable in this regime [5].

Recently, alternative approaches to gauge theories at strong coupling were developed based on
gauge string dualities inspired in the AdS/CFT correspondence. In particular these dualities lead to
some holographic models to describe non perturbative aspects of QCD known as AdS/QCD. For
reviews see for instance [6—9].

We fix the size of the hard wall AdS slice zop = 1/A, by fitting the mass of the p meson
mp = 0.776 GeV. This gives A = 0.323 GeV. In the frame of the center of mass of the final hadrons,
one can write the protons and the photon momenta as

Pl :(\/P2+M1270707P) > q:(\/m%/"i’q%"i'q%aoaq%q:i)

P2 = (\/51%‘1‘(513—P)2+M127076127613—P)7 (1)

where M| = 3.83A = 1.2 GeV is the “proton” mass in the model, once the infrared scale was fixed
by the mass of the p meson. We analysed different kinematical regimes, contained in the region
of the experimental data of ref. [1]. Each kinematical regime is defined by a choice of the values
of p, ¢2,q3 and m,. From these quantities we obtain the corresponding values for /s, g7 and
Xp = 2% where

q-(P—P q-(PL+P
qu% : qu—% . ar=(gp—q5—m})'%. )

The numerical calculation was performed using the “Mathematica” package. We computed
the diagonal elements of the hadronic tensor WH*V (see eq. (9) below). Using these results it is
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Figure 1: We plot our results (blue lines) and the perturbative predictions (red lines) for the angular param-
eters A, U, v for m%, = 104GeV? and m%, = 56.3GeV?. Note that u is not compared with the corresponding
perturbative result f,.,; since the later it is not known, thanks to its dependence on the unknown parton
distribution functions [5].

possible obtain the helicity structure functions from which we calculate the angular parameters
A, u,Vv defined in eq. (14) in the Appendix. In Table 1 we show our choices of kinematical regimes
and the corresponding results for the angular parameters from our model and from the perturbative
expressions. For a more detailed discussion of the results presented here see [2].

The hard wall model consists on a 5-d theory living in an AdSs slice with metric [3, 4]

R2
ds® = Z—Z[—dz2 +d¥* +d7?, (3)

where 0 < z < zop = 1 /A and A is an IR energy scale for the dual 4-d effective theory. The physical
spectrum of the hadronic particles is obtained after imposing boundary conditions at z = zg.

Considering the action for the non-Abelian 5-d gauge fields in the presence of a gauge-fixing
term and expanding it as a Kaluza-Klein tower we obtain a 4-d effective action [2]

> 1 1
S= /d4xz Tr{iﬁz [r;“v(a2 —m?) + (3 — 1> n““nVPaGap] v +gvnn“Vv~Zav} +...,@
n=1

where the dots represent interactions and divergent terms. The fields ¥, are interpreted as vector

mesons with mass m,, while the field a,, is interpreted as the photon which couples to vector mesons

with the coupling constant g,». This way the hard wall model realizes vector meson dominance.
The interaction Lagrangian for three vector mesons is given by [2]

Syvy = —K/d4XdZ\/ —gh* "’ Tr { (A, Av] daAp }
= X s [ @ T {5 R} 5)

nm,l
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Table 1: Kinematical variables (p, g2, g3, /s, qr in GeV) and angular parameters calculated from our model
and from the perturbative approach, for m%, = 104 GeV? (upper part) and for m%, = 56.3GeV? (lower part).

Kinematical regimes Our results Perturb. results

p 9 Vs oqr X A L v Apert Vpert
258 1.61 113 388 147 0373075 0060 -0.072 | 0.960 0.0201
256 129 108 389 120 0361 |0.77 0048 -0.055 | 0973 0.0136
248 0937 9.69 389 0900 0331|074 0.038 0.0014 | 0.985 0.00770
24.1 0565 840 389 0.601 0294 |0.69 0.026 -0.0086 | 0.993 0.00346
227 0.162 6.02 389 0302 0218 | 0.58 0.010 0.0089 | 0.998 0.000876

258 153  11.3 389 150 0398062 0.095 -0.13 | 0925 0.0377
255 120 10.8 389 120 0.386|0.62 0.068 -0.081 | 0951 0.0246
248 0.859 9.69 389 0900 0.355|0.57 0.053 -0.019 | 0972 0.0141
241 0501 840 389 0.600 0.316 | 0.50 0.036 0.0066 | 0.987 0.00633
22.6 0.0808 6.02 389 0302 0.236| 026 0.023 023 | 0997 0.00162

In order to describe spin 1/2 states within the hard wall model, we start with a 5-d Dirac action.
Considering a Kaluza-Klein expansion for the fermionic fields we obtain the 4-d effective action

Sp = ; / d*xid" (x) [in" yudy — My ] " (x), (6)

where M,, are the masses of the baryonic states of spin 1/2 in the 4-d theory represented by the
spinors «” (x) and @"(x) . M, is identified with the proton mass and M,, withn =2,3,.. ., correspond
to excited states. We can describe the interaction of two fermions and one vector meson considering
the 5-d action

z _
Srrv = KF/d4de\/ —gl—en“kuf‘vw (7

that comes from imposing invariance of the 5-d fermionic action with respect to 4-d gauge trans-
formations. Using the Kaluza-Klein expansions for the fields we find (using the notation of [2])

SFFV - Z /d4xn‘uv ﬁn}/u [gl;tvmu/‘@+ +gl;nvmu/‘@*j| ‘7’\1/114[ + s (8)

n,m,l

We calculate the contribution to dilepton production at three level. This corresponds to the
interaction of two protons with momenta P; and P, through the exchange of vector mesons v* and
v". These vector mesons combine into another vector meson v that decays into a time-like photon
that eventually gives rise to a lepton pair. At lowest order, the final state corresponding to each
proton is one excited baryon. These final baryons are not measured, so the hadronic tensor W*Y
involves the sum over all possible baryonic states X and Y. For simplicity, we consider that each
final state X and Y contain just one spin 1/2 baryon.
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The optical theorem relates the hadronic tensor to the imaginary part of the amplitude. Using
the Feynman rules coming from the 4-d effective Lagrangians of the hardwall model we get the

athZ Z / d3ﬁX / d3ﬁY

( m,n m,iiny iy 2\/ﬁ2+M2 2\/ﬁ2+M2

X 54<P1+P2—PX Py — 61)2( %)F (71, 1) [12 P& + Mo T (n, nx)u %1))

Sui

X Z (Lt (m nY)[}/GPY +M,, ]Fﬁ(mvnY)ué2)>

SH>
x A% (P — Py,m2) A% (P, — Py, m2) APP' (P, — Py m2) APB (P, — Py m2)
X (ga/ﬁ/,r (g(—x/ﬁlf ngnvmv/gv/A'ur(q, m[) ngﬁv,;,v]gv] A'ur(q, m?—) (9)
0 2

hadronic tensor [2]

abc

where ”%1) and ”%2) are the spinors representing the initial protons with momenta P; and P;,
Lo(n,nx) = '}’a[g,;sznulc@Jr + &yl Z_]

8PP = g [17 - (18 o

Pz—l—m%
(ga’ﬁ’r = na’ﬁ’(Pl_PX—P2+PY)T+T][3’T(P2—PY+C]) nar( PX+51)[3 (10)

and 1, = diag (—, +, +, +) is the Minkowski flat spacetime metric. Note that the denominators of
the fermionic propagators do not appear in eq. (9) since they are transformed into delta functions
when one takes the imaginary part of the forward scattering tensor. These delta functions impose
on-shell conditions on the final baryonic momenta Py = (Ex,f’x) and Py = (Ey, ﬁy), implying that

Ex =/P}+M2 and Ey = \/ P} +M2,.
Appendix: Dilepton production in P-P collisions

The differential cross section for dilepton production in p-p collisions can be written as (for
the unpolarized case)

4 37 37
d’k d k
46 = — WL, —— . (1)
(9%)*s (27)32]k| (27)32[ks|
where s = —(P + P,)? and ¢ = —m%, with my > 0 the virtual photon mass. Ly is the leptonic

tensor. The lepton masses were neglected with respect to their momenta 7%1,% and the proton
masses were neglected with respect to the center of mass energy +/s.
The hadronic tensor W*Y can be decomposed in terms of the helicity structure functions as [5]

A > (Wr +War) — 2XHX ¥ Wan
+ Z“Z"(WL—WT—WAA) — (XHZ" + X ZHM )Wy, (12)
so that the differential cross takes the form (in the photon rest frame)
4
45 = Gy Wi (1-+00570) + Wil —cos?) + Wasin20 cosg
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+Waasin® 0cos2¢ | sin@d0d¢ d*q., (13)

where 0 and ¢ are the spherical angular coordinates for the vector k) with respect to the Cartesian
system X,Y,Z : ky = |ki|(sin cos ¢,sin O sin @, cos 6).

In order to compare theoretical predictions with experimental results it is interesting to intro-
duce parameters that characterize the angular dependence of the cross section. These parameters

are defined by
WT —WL WA 2WAA
)u = , = s VvV = _—, 14
Wr+W, H Wr+W, Wr +Wg (14
so that v
do ~ 1—|—lcos29—|—/.1sin2900s¢—|—Esin2900s2¢. (15)
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