HEP-PH-9504423_{PostScript® processed by the SLAC/DESY Libraries on 30 Apr 1995.}

HEP-PH-9504423

DESY 95–085 April 1995

Complete O(α) QED corrections to the process ep ! eX in mixed variables

Dima Bardin^{1,2}, Pena Christova^3y, Lida Kalinovskaya^2y and Tord Riemann^1

1 DESY – Institut für Hochenergiephysik, Platanenallee 6, D–15738 Zeuthen, Germany

2 Bogoliubov Laboratory for Theoretical Physics, JINR, ul. Joliot-Curie 6, RU–141980 Dubna, Moscow Region, Russia

3 Dept. of Physics, Faculty of Physics, Higher Pedagogical Institute, Shoumen, Bulgaria

Abstract

The complete set of O(α) QED corrections with soft photon exponentiation to the process ep → eX in mixed variables (y = y_h, Q^2 = Q^2_l ) is calculated in the quark parton model. Compared to earlier attempts, we additionally determine the lepton-quark interference and the quarkonic corrections. The net results are compared to the approximation with only leptonic corrections, which amount to several percent (at large x or y: several dozens of percents). We find that the newly calculated corrections modify this by few percent or less and become negligible at small y.

Emails: bardindy@cernvm.cern.ch, penka@uni-shoumen.bg, lika@thsun1.jinr.dubna.su, riemann@ifh.de

† Supported by EU contract CHRX--CT--92--0004.

1 Introduction

Traditionally, deep inelastic ep scattering,

e(k_1) + p(p_1) → e(k_2) + X(p_2), (1)

accompanied by radiative corrections from the reaction

e(k_1) + p(p_1) → e(k_2) + X(p_2) + nγ(k), (2)

was studied in terms of kinematic variables, which could be determined exclusively from the electron. The new detector generation at HERA gives additional access to the hadron kinematics. For the radiative process (2) the ‘leptonic’ variables differ from those, which are determined partly or exclusively with information about the hadronic kinematics. QED corrections from the diagrams of figure 1 (henceforth called leptonic corrections) with soft photon exponentiation have been determined in a model independent approach in several variables [1, 2]. The same has been undertaken in leading logarithmic approximation, including higher order corrections [2, 3], for a larger variety of variable sets [4]. For a complete O(α) calculation, one has to use the quark parton model and include corrections from the diagrams of figure 2 and from their interferences with those of figure 1. In terms of leptonic variables, this has been done some time ago [5].

In this article, we derive the corresponding corrections in terms of mixed variables. These variables are defined as follows:

y_m ≡ y_h = −2p_1Q_h S , Q^2_m ≡ Q^2_l = (k_1 − k_2)^2, x_m ≡

Q^2_m y_mS . (3)

In the next section, we explain the structure of the corrections and give explicit expressions for them. Section 3 contains numerical results.

2 The bremsstrahlung corrections

The cross section of reaction (2) may be written as follows^1:

d^2σ dxdy = 2πα^2Sx Q^4 ∑ Q,^¯Q { [V_0Y_+ + p_ep_QA_0Y�] f_Q(x) 1 + α π ∑ a=e,i,q c_aS_a(x, y|m^2_a)

+ α π y ∑ a=e,i,q [∫_1 y dz [ B^V_a (z; x, y) + B^A_a (z; x, y) ]

+ ∫_1/x 1 dz [ B̄^V_a (z; x, y) + B̄^A_a (z; x, y) ] ]} + d^2σ^{box} dxdy . (4)

The sum over Q and Q̄ extends over the quark content of the proton, and Y� = 1 ± (1 − y)^2. The second sum with a = e, q, i extends over the photonic corrections originating from the lepton legs, from the quark legs, and from their interference. Correspondingly, c_e = Q^2_e, c_q = Q^2_q, c_i = Q_eQ_q. We use the convention Q_e = −1. The couplings Q_f , v_f , a_f are collected in overall factors of the vector type, V (B, p), and axial vector type, A(B, p) and the running coupling α_{QED} (Q^2), the

1If not stated differently, the variables x, y, Q^2 are mixed variables.

HHjH
  H

l (k_1) l (k_2)

γ, Z γ (k)

   �

     �*�

        �
HHjH
  Hr

rHHH

        HjHH
           HH
�

  �*�

     �

X (p_2) p (p_1)

^´~^̀´~^̀´~^̀´~^̀´~`

^̃` ´ ^̃` ´ ^̃` ´ ^̃` ´ ^̃` ´ r

HHH
  HjHH
     HH

         �*�

           �

γ, Z γ r̂´~^̀´~^̀´~^̀´~^̀´~`

�*�

  �

r

r ^̃` ´ ^̃` ´ ^̃` ´ ^̃` ´ ^̃` ´

      HHH
        HjHH
           HH
�

  �*�

     �

Figure 1: Leptonic bremsstrahlung.

HHH
  HjHH
     HH

l (k_1) l (k_2)

γ, Z

γ (k)

�

  �*�

     �

r rHHH

        HjHH
           HH

   �*�

     �

�*�

  �

X (p_2) p (p_1)

^̃` ´ ^̃` ´ ^̃` ´ ^̃` ´ ^̃` ´

^´~^̀´~^̀´~^̀´~^̀´~` r

HHH
  HjHH
     HH_{γ, Z}�*

         �

           �

r

r ^̃` ´ ^̃` ´ ^̃` ´ ^̃` ´ ^̃` ´

�

γ rHHjH

           H

      HHjH
        H
�

  �*�

     �

Figure 2: Bremsstrahlung from quarks.

Fermi constant G_F , and the ratio of the photon and Z propagators in effective coupling strengths K(B, p): V_0 = V (1, 1), V (a, b) = ∑ B=γ,I,Z K(a, b; B, p_ep_Q) V (B, p_ep_Q), (5) K(a, b; B, p) = χ_{B1} (a) χ_{B2}(b) K(B, p), χ_B(a) =

Q^2

aQ^2 + M^2_B . Since the interaction of leptons with quarks proceeds via photon or Z boson exchange, we have

three types of cross section pieces labeled with B = γ, Z, I, where the latter denotes again the

interference. The [B_1B_2] = γγ, Zγ, ZZ correspond to B = γ, I, Z. The V (B, p) and K(B, p)

contain weak one loop corrections; they are defined in [5]^2. The axial couplings A(a, b) are related

to the couplings A(B, p) of [5] in the same manner as is explained above for the vector couplings.

The sign factor is p = p_ep_Q = +1 for P P , AA scattering and p = −1 for P A scattering, where we

denote particles with P and anti-particles with A.

2Differing from [5], we took the χ_Z (1) out of the definition of the K(B, p). An update of the weak corrections

is described in [6].

The functions S_e, S_q contain factorizing soft photon corrections and the corresponding vertex corrections^3: S_e(x, y|m^2_e) = ( ln Q^2 m^2_e − 1 ) ln [ (1 − y) 1 − x x ] + 3 2 ln Q^2 m^2_e

− 2 − ln(1 − y) ln(xy)

+ 2 Li_2(1) − Li_2(xy) + Li_2 [ − (1 − x)y 1 − y ] , (6)

S_q(x, y|m^2_q) = S_e(x, y|m^2_q) + Li_2(1 − y) + Li_2 ( − 1 − x x ) . (7)

With the exception of the last two terms the expressions for S_e(x, y|m^2_e) and S_q(x, y|m^2_q) agree. The difference is due to the definition of the quark masses: m_q = xM_p, where M_p is the proton mass. If this is done differently, e.g. if the quark masses are defined as independent constant parameters m_q, the kinematics becomes more complicated and QED corrections will change.

The soft photon interference term S_i has to be combined with the γγ and γZ boxes in order to get an infrared finite answer; the latter are added as an extra piece after the divergences are canceled, and it is:

S_i(x, y) = ln(1 − y) ln

(1 − y)^3(1 − x)^2 y^4

− 6 Li_2(y) + 2 Li_2(xy) − 2 Li_2 [ − (1 − x)y 1 − y ] . (8)

The corrections B^{V,A} and B̄^{V,A} in (4) are due to real photonic bremsstrahlung. Although we leave out all details of the involved calculations, a remark on the phase space parameterization should be made. The double-differential bremsstrahlung corrections are the result of a threefold integration, which has been organized such that two of the integrals may be performed analytically. At the parton level, there are two nontrivial integrals to be performed whose result has to be convoluted with the parton momentum distribution: dσ^{brem} = α^3/(2πS) · ∑ Q,^¯Q fQ(xh)(dxh/xh) dQ^2_l dQ^2_hdy_ldΓ_k|M^{brem}_{eq} |^2. Finally, we chose the following parameterization of the phase space: d^2σ^{brem} dxdy = α^3 2π Q^2_l ∑ Q,^¯Q ∫ dzf_Q(zx) ∫ dy_l dΓ_k |M^{brem}_{eq} |^2. (9) Here, it is z = x_h x_m = Q^2_h Q^2_l

. (10)

The integration variable z may be larger or smaller than 1. As may be seen in figure 39 of [1], for these two cases the physical regions for y_l (at fixed values of Q^2_h or, equivalently, of z) are different, which in turn leads to different integrands in (4) for the subsequent integration over z.

The integral over y_l and that over the photon phase space, indicated by dΓ_k , are performed analytically. In fact the latter one is transformed into an integral over dz_2/(2 √ R_z), where z_2 = −2kk_2 is the denominator of the final state electron propagator before an emission of a photon [1].

The hard bremsstrahlung functions in (4) are: (�) B V,A a (z; x, y) = { V_a A_a } { ∑ n Reg [_(�_) F V,A an (z, y)f_Q(zx) ]_(�_)

L an +^( �) U V,A a (z, y)f_Q(zx) } . (11)

The bremsstrahlung vector couplings are:

V_e = c_e V (z, z), V_i = c_i V (1, z), V_q = c_q V (1, 1). (12)

3The exponentiation of the soft photon term (ln Q^2/m^2 − 1) ln((1 − y)(1 − x)/x) is performed only for the leptonic correction S_e [1].

The bremsstrahlung axial couplings are defined analogously. The different arguments of V (a, b) reflect the different momentum flows in the exchanged boson propagators in figure 1 (Q^2_h) and figure 2 (Q^2_l ).

For a = e, i, q, the n runs from 1 to 2, 1, 2. The functions F_{an} are multiplied by a factor 1/(1 − z) which becomes singular at z = 1 due to the infrared singularity of the corrections in this phase space region. This behavior is regularized by a subtraction: Reg [_(�_) F V,A an (z, y)f_Q(zx) ] = z y(1 − z) [_(�_) F V,A an (z, y)f_Q(zx) −^( �) F V,A an (1, y)f_Q(x) ] . (13)

The quarkonic bremsstrahlung functions are: F^{V,A}_{q1} (z, y) = 1 2 ( 1 + z^2 ) [ 1 ± ( 1 − y z )_2]

, (14) F^{V,A}_{q2} (z, y) = 1 2z^3 ( 1 + z^2 ) [ 1 ± (1 − y)^2 ] , (15)

U^V_q = 1 2y ( 2 + 3z + 2z^2 ) [ 1 + ( 1 − y z )_2] − y 2z^2 ( 1 + z^2 ) − (1 + z) − 1 2y + y z ln z y , (16)

U^A_q = 1 2y ( 1 + 3z + 2z^2 ) [ 1 − ( 1 − y z )_2] − y 2z^2 ( 1 + z^2 ) − (1 + z), (17)

L_{q1} = L_1 ( z, y | | | | | m^2_q z ) , (18)

L_1(z, y|m^2) = ln

Q^2 m^2

− 1 + ln z − y z(1 − z) , (19)

L_{q2}(z, y) = ln 1 − z 1 − y . (20)

The leptonic corrections differ by a simple factor: F^{V,A}_{ea} = z F^{V,A}_{qa} , a = 1, 2, U_e = zU_q, L_{e1} = L_1(z, y|m^2_e), L_{e2} = L_{q2}.

(21)

The lepton quark interference corrections have no mass singularities: F^{V,A}_i = [ 2 ± ( 1 − y z )_2

± (1 − y)^2 ] , (22)

L_i = ln(1 − y), (23)

U^V_i = 2 [ (2 − y) ln(1 − y) − ( 4 − y − y z ) ln(1 − z) − y ln z y ] − 4(z − y), (24)

U^A_i = 2 y z [ ln(1 − y) − (1 + z) ln(1 − z) − z ln z y ] . (25)

The integrands in the two integration regions in (4) are related by a symmetry relation: X̄ ( z, y, y z , . . . ) = X (1 z , y z , y, . . . ) , X = F, L, U. (26) Finally, we have to discuss the last term in (4), d^2σ^{box}/dxdy. This is the finite part of the contribution from the interference of the γγ and γZ box diagrams with the Born diagrams. It contributes to the factorizing part of the lepton quark interference. Its variables are defined from the Born kinematics. For this reason, we may refer to [5], eqs. (2.1), (3.1), (3.4) and (C.11), (C.14). The latter two formulae contain the corrections from the box diagrams: S_i(B; a, b)^{box} = S_i(B; a, b) − S^{soft}, B = γ, Z, where it is S^{soft} = 4a^2 ln(b/a) ln[(1 − x)/x].

3 Numerical results

The QED corrections are described by the following correction factor: δ_{mix} = d^2σ − d^2σ^{Born} d^2σ^{Born} × 100% ≡ δ_e + δ_i + δ_q. (27)

QED corrections in mixed variables are quite different from those in leptonic variables. Numerical results have been obtained with HECTOR [2], a Fortran program for the calculation of QED and QCD corrections to deep inelastic lepton nucleon scattering in different variables and different formal approaches^4: LLA – leading logarithmic approximation, with possible inclusion of higher order corrections; MI – complete O(α), plus (or without) higher order LLA, [quark parton] modelindependent; QPM – complete O(α), plus (or without) higher order LLA, in the quark-parton model. The latter approach is advocated here.

As a matter of fact we mention that the leptonic corrections δ_e in mixed variables determined here in the QPM agree numerically exactly with those determined in the MI (when using the same structure functions). The latter rely on completely different expressions and are described in [1], where also the general features of QED corrections in mixed variables are explained.

On top of the leptonic corrections δ_e, which are the numerically largest ones, the net effect of the other two is shown in figure 3. They vanish when y approaches zero. The interference corrections δ_i are positive at intermediate values of y and become negative at y ≥ 0.7, nowhere exceeding in magnitude 1% except very large values of x and y. The quarkonic corrections δ_q enhance this behavior slightly at intermediate x, y and considerably at high x, y. At small x, the δ_i is negligible and δ_q small and negative. At high y, soft photons dominate and the mass singularity in (7) becomes operative. The influence of δ_q could be reduced by absorbing the mass singularity in the bare structure functions.

A comparison of the complete O(α) correction with soft photon approximation with a pure leading logarithmic approximation δ^{LLA}_e is also of some interest. By accident, the agreement of δ_{mix} and δ^{LLA}_e is in the intermediate region better than that of δ_e and δ^{LLA}_e (the latter two are shown in figure 30 of [1]). While, at high y the δ_e and δ^{LLA}_e agree quite well so that the comparisons are unchanged there.

To summarize, the QED corrections in mixed variables have a substantially different behavior compared to those measured in leptonic variables. The bulk of the corrections comes from the leptons. If the data will reach an accuracy of the order of a percent one has to take into account also the quarkonic and interference bremsstrahlung corrections which have been calculated here for the first time.

Acknowledgment Two of us (P. Chr. and L. K.) would like to thank DESY – IfH for the kind hospitality.

References

[1] A. Akhundov, D. Bardin, L. Kalinovskaya and T. Riemann, preprint DESY 94–115 (1994) [hep–ph/9407266].

[2] A. Arbuzov, D. Bardin, J. Blümlein, L. Kalinovskaya and T. Riemann, Fortran program

HECTOR.

4The parton distributions CTEQ2L [7] and the HECTOR flag are chosen: ITERAD=1. This configuration uses the correct dependence of the structure functions on Q^2_h. We also include higher order LLA corrections and the running of αQ_{ED} in the numerics. The latter gives a sizeable contribution of 5 ÷ 15 %.

[3] J. Blümlein, Z. Physik C65 (1995) 293.

[4] S. Bentvelsen, J. Engelen and P. Kooijman, in: W. Buchmüller and G. Ingelman (eds.), Proc.

of the Workshop ‘Physics at HERA’, Hamburg, Oct. 1991 (DESY, Hamburg, 1992), Vol. 1, p. 23;

U. Bassler and G. Bernardi, preprint DESY 94–231 (1994) [hep–ex/9412004].

[5] D. Bardin, P. Christova, C. Burdik and T. Riemann, Z. Physik C42 (1989) 679.

[6] D. Bardin, W. Hollik and G. Passarino (eds.), Reports of the working group on precision calculations for the Z resonance, CERN 95–03 (1995).

[7] CTEQ Collaboration: J. Botts, J. Morfin, J. Owens, J. Qiu, Wu-Ki Tung and H. Weerts, Phys. Letters B304 (1993) 159; preprint MSU-HEP 93/24 (1993);

in: H. Plothow-Besch, PDFLIB: Nucleon, Pion and Photon Parton Density Functions and α_s Calculations, version 5.02 (1995), CERN Program Library entry W5051, Item 1-4-17.

Figure 3: Comparison of the net radiative corrections δ_{mix} = δ_e + δ_i + δ_q (broken line) with the leptonic corrections δ_e (solid line) at HERA.