provided by CERN Document Server

PHYSICAL REVIEW D VOLUME 55, NUMBER 3 1 FEBRUARY 1997

Soft-pair corrections to low-angle Bhabha scattering: YFS Monte Carlo approach
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We use our recently derived real and virtual infrared functions for soft pairs in QED in the YFS exponen-
tiation framework to develop a Monte Carlo event generator realization of the effects of such pairs in the
low-angle Bhabha scattering process at SLC or CERN LEP energies. The respective Monte Carlo realization is
incorporated into the event generaspiLumi 2.30, and explicit Monte Carlo data are presented for the ALEPH
LCAL luminometer-type acceptance. Our results confirm our earlier semianalytic estimates of the size of such
effects in the SLC or LEP luminosity process and provide an event-by-event view of their manifestations.
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[. INTRODUCTION sure of the detector response to such pairs. From the theo-
retical standpoint, there is the same need to calculate di-
Recently, the experimental error on the measurement afectly, in the realistic detector acceptance, the soft-pair effect
the CERNe*e” collider LEP or SLAC Linear Collider ina way that takes into account the interplay of the soft pairs
(SLO) luminosity process has been redudécP] to the re- and the attendant multiphoton radiative effects. This will
gime below 0.1%,; significant progress has been made tthen allow an important crosscheck on the leading logarith-
bring the theoretical error to the same level of precisionmic methods if11]. In these ways, we are led to develop a
where the most recently published theoretical precision iMonte Carlo event generator for soft-pair effects in the SLC
now 0.11%[3-6]. Accordingly, it is important to remove or LEP luminosity regime.
any significant source of uncertainty on the scale of 0.1% in Our strategy for developing a Monte Carlo realization of
either the experimental or theoretical determination of thehe soft-pair effects of interest to us is to follow our Monte
LEP or SLC luminosity cross section, which is the crossCarlo realization of multiple-photon radiation in the same
section for low-angle Bhabha scattering. Some of the signifilow-angle Bhabha scattering process. Thus, we generate the
cant outstanding theoretical contributions to the error on theoft pairs with YFS exponentiation by substituting our soft-
results in[4—6] are the effects of soft-pair production in the pair virtual and real infrared functions frofiY] for the re-
luminosity regime. In this paper, we use our recently derivedspective YFS photon virtual and real infrared functions in
[7] soft-pair real and virtual infrared functions in the Yennie- our BHLUMI 2.02 MC event generat$®] (version 4.03 may
Frautschi-SuurdYFS) [8] exponentiation theoretical frame- also be used for this purpgsevith a consequent change in
work to achieve a Monte Carl@MC) realization of these the multiple photon phase space to the respective multiple
soft-pair effects, on an event-by-event basis. This realizatiosoft-pair phase space; this substitution we do in one branch
is achieved via the Monte Carlo event generatarumi 2.02  of the Monte Carlo algorithm while retaining the original
[9] of two of us(S.J. and B.F.L.W, yielding a new version multiple-photon YFS exponentiated generation in a parallel
2.30, which will be described in detail elsewhéi®)]. branch of the Monte Carlo algorithm. Thus, we retain the
More specifically, in Table | of5,6], the contribution of interplay between multiphoton and multi-soft-pair radiative
soft pairs to the theoretical uncertainty in the prediction ofeffects in low-angle Bhabha scattering and arrive in this way
version 4.036] of BHLUMI is calculated, using leading loga- at version 2.30 oBHLUMI. Such a multiple soft-pair radiative
rithmic YFS exponentiated methods as published 1id]. MC is an entirely new theoretical paradigm, affording, as it
From the standpoint of the experimental determination of theloes, the first ever realistic multiple soft-pair radiative events
possible manifestations of this contribution, it is desirable toin which the physical four-vectors of the respective soft pairs
have access to the events that contain the soft pairs therare available among the list of final-particle four-vectors; we
selves, in conjunction with the always present multiple-will illustrate this for the purpose of analyzing the soft-pair
photon radiative effects as well. Only in this way can one becontribution to the LEP or SLC luminosity cross section for
the ALEPH LCAL [1] detector acceptance.
Our work is organized as follows. In the next section, we
*Permanent address: Institute of Nuclear Physics, ul. Kawiorydescribe the basic theoretical framework of our calculations,
26a, Krakav, Poland, www home page: http://hpjmiady.ifi.edu.pl/ reviewing where necessary the relevant aspects of the YFS
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theory as it is realized by two of u$.J. and B.F.L.W.in  resummed this way is shown in Fig@a. The matching vir-
[9]. In Sec. Ill, we present our soft-pair Monte Carlo proce-tual graphs are also taken into account. They are shown ge-
dure and thereby arrive at version 2.30BsfLumI. In Sec.  nerically in Fig. Ib). In this way we of course do not take
IV, we present numerical results for the ALEPH into account all of the graphs contributing to the soft limit of
luminometer-type acceptances. Section V contains our corpairs production. The graphs of Fig. 1, however, constitute
cluding remarks. an important class of the corrections: the only graphs both
leading-logarithmidLL) and IR singular. In other words, we
do not claim any complete exponentiation of soft pairs, but
Il. THE MASTER FORMULA rather use the YFS approach to sum up the LL and IR domi-
In this section, we describe the relevant theoretical framenant graphs. It is not difficult to verify that such an extension
work we use to develop our realization of soft-pair effects byof the YES scheme results simply in replacements of all the
Monte Carlo methods. More precisely, the algorithm used irB(B), S(S), ands(8) functions by the sums of two compo-
this paper to generate pair emission is based on a certaffents: photonig(y) and fermionic ¢ ) ones. These basic
extension of the YFS scheme, as used[1n7]. Loosely B;(B;) and S;(S;) functions have been defined and calcu-
speaking, we allow the emitted soft real photons of the YFSated in[7].
scheme to be either real photons or virtual photons turning It follows that the master formula for the cross section in
into real pairs. The generic type of the real emission graphshis work is, in its structure, the same as[#i:

o 1 1 [ d%g,d®p, . U
2 anr ] @ p1+q1—p2—q2—i21 ki= 2 K, |eXY5(Q1,P1,P2)+Y,(Q2,01,02)
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The virtual form factorY; is given by the expressiof]
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FIG. 1. (@ The class of real emission dia-
grams resummed in our soft-pair YFS exponen-
tiation calculus. The kinematics is as indicated in
the figure;(b) typical virtual corrections included
in our soft-pair exponentiation calculus.
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From now onm denotes the electron mass, whergastands for the mass of the additional created fermions. Numerically,
only the caseu=m is important. Let us note that the above-mentiolgaonsist of virtual components only. Because of the
finite mass of the pair no additional real IR cutoff is needed and therefore there is no real emission compgnedote also
that the definition of theB ,)(s) function in Eq.(5) is done in thes-channel withp,,q, being the incominge™ e~ four-
momenta. In order to get to E(¥) one has to do an analytic continuation to thehannel.

All the photonic functions in Eq1) are the same as defined[®). For the reader’s convenience we collected them also in
Appendix A. Finally, the functiong,, ;, corresponding to residual not exponentiated parts of the matrix element are discussed

later on and collected in Appendix B.
To conclude the presentation of the master formula we rewritg Edn the more compact notation ¢8]:
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where the radiation distributiordw stand for This form of dw! highly resembles the photonic radiation
K elementdw{ of Egs.(7) and(2). This, in turn, suggests that
y_JdNiz " also for pairs one can use the Sudakov variables, in a manner
do k Y(P1,P2, k)1 =0 (Qy3ki)] ™ similar to how they were used for photons[8]. The main
. 5 difference is that here, in addition to tltie and g, variables,
doo' = 54 (k- ke —k dk —o d%ka, dks, we have one more independent variailg; the mass of the
@i ( ~kp) kg, pair. In thep,p, rest frame(QRS, denotes this framewe
: define
X St(P1,P2.Ka; Kp,) €S)
It is worth noting at this point again that, unlike the photonic Tt It
dw?, the pair radiation elemendw’ does not have any ki(o):Tp(ai+,3i), k§3):%(—ai+,8i),

O-type cutoff in the infrared region. For this reason there is
no real-pair contribution to the YFS form factor, E@L).

This simplification is, as mentioned earlier, possible since
pairs have a natural IR cutoff given by their nonzero mass. k2= |tp|51,3i—k-2, kKV=krcosp;, kZ=kysing; ,

IIl. THE MONTE CARLO ALGORITHM

The first thing we do in order to evaluate E§) into a -
form suitable for a Monte Carlo algorithm is to replace the i~
true functions ﬁ0+1 T Bo+1, with the simple one
bo=(2a?s/t?). The trueﬁO+l d|str|but|on along with all the
other simplifications will be restored by a reweighting pro- K
cedure in the Monte Carlo algorithm. This simplification al- P =1
lows us to integrate out the®k, dky, 6)(ky—ka —Kp,) in
Eq. (8), and rewrite it agcf. [7])

1 4u® 1 &
P o _R - ==
dowj=— . ) ki k2 K2 P1P2
2
x| 1+ _2)< Pr P2 ) ) (9)  The phase-space limits are given by the following set of
K2\ paki pok inequalities:

7<| =
N
=
N

0<a,Bi<l, aBi= , Eiﬁi<1, $,=0, $;=(q;+0qp)>

With these variables, the radiation element of Ej.takes the form

2 ~
1e) ~ = = 4u? 2u”| 1 aif
dol=— /| —| dadgdk 2d¢;\/1— — | 1+ — | = , 10
“ 677(77) R e N S 1o

WhereVi:Ei+(m2/|tp|)Ei andEi=Ei+(m2/|tp|)Ei. Finally, the master formul#6), rewritten in the Sudakov variables,
becomegsee[9] for details of evaluation

TS 11 (ltmad dlt t N
=% 3 S| iy u [1 (doy+dof)
n=0 /=g |tm|n| S 0 t =1
% [ TL oy, +dof ) (Bors,+ Bos e 01, 1D
i'=1

The actual construction of the algorithm is done in the following stemswill discuss here in detail only the points that
are new or different for pairs in comparison to the photonic algorithf®pf
(1) The radiation elemerdw! is simplified tod@
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oo 1fa\®_~ 11
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wherey/ =B+ (m?/9) andz/ — %+ (m?/s)B; . Also the phase-space limits are extended to

L . T(? ~ 4,u,2 S
0<y;,zi<1, yiz= v k=z—, Ky macm—- (13
p max S Y |tmin|
The |t is one of the input parameters of the program. It is discussed at leng#. in
(2) Next, the YFS form factol+ Y/ is replaced by ¥ {:
2
a\“8 2 t
Yf+y;ﬂzy$z(—) 8 s 21ltsl. 14
T 9 S

(3) Along with similar simplifications for the photonic part of the cross section, as descritj®d (see Appendix A for a
brief summary and notationand the simplificationﬁoﬂyﬂL ,80+1f—>bo=(2a23/t2) made at the very beginning of the
evaluation of Eq(6), the resulting crude cross sectiog becomes remarkably simple:

o]

- 1 1 (ltmad d|t]
=3 3 |

277 n n, ’ ’
— = —bof d¢f I1 (d@7+dah) | I1 (d@;, +dzr){,)e2YA+2Y?. (15)
n=0 n'=0 nin I S 0 i=1 i"=1

tmin‘

The above crude cross section is easy to integrate analytiections due to the electron pairs, i,25m case, and discard
cally, and yields the resutiy=4ma*(1/|t minl — Ltmal)- all other fermion species.

(4) The last step of the algorithm, after all the  Specifically, in Figs. 2—-4, we show the comparison of our
P1,P2.01.02, andkik/, (i=1,...n,i’=1,...n") momenta BHLUMI 2.30 MQ p_redictio_ns for the soft-pair effepts with the
are generated, is the generation of the internal degrees gfalogous predictions using the LL, semianalytical methods
freedom of the pairs, integrated out in E@). It is done N [11,19. In each figure, we present our MC and LL semi-
conveniently in the rest frame of each palit, k, ) with the ~ analytical results for the wideW), narrow (N), and mixed

. i (M) LCAL acceptancesg,b,c) in the standard convention
z axis along the(p,/pok—p,/p;K) three-vector. The angular a4t the angular ranges corresponding to these cut®are
distribution there has a form that is easy to generate: <0o5<0, with ©,=2.7°, ®,=7.0° for the wide accep-
tance;0,=3.3°,0,=6.3° for the narrow acceptance; for the
mixed acceptance it corresponds to one wide and one narrow
angular range. The predictions are given as a function of the
energy cutz., on the variablez=1-s'/s, which corre-
The last issue to be addressed here is the choice of matrfPonds to the energy fraction of the outgoing clusters into the

element and the resulting,, ;. functions. In the present LCAL acceptances as prescribed in Rif]. I_:or complete-_
f ess, we always show the results for two different clustering

version of the program we use matrix element for one real,qqrithms for the LCAL acceptance, referred to as Ical and
pair corrections from the graphs shown in Figa/lonly. We .51 i what follows. We will see that our results are rela-
neglect the up-down interference, the effect of fermions exy ey insensitive to which version of the LCAL trigger we
change, the two-photon-emission-type graphs, etc. In othgfse ™y, Fig. 2, we present the results for the pure soft-pair
Word§ we keep_only those g_rap_hs that give both Ie"_"d'ngéalculations, in which the photonic radiation is turned off,
logarithmic and infrared contributions. As far as the virtual where we show the soft-pair effect as the deviation from
corrections are concerned, only the graphs matching the reghiy of the ratio of the cross section with the pairs effect
ones are included, cf. Fig(t). included to that of the respective Born approximation. We

The corresponding matrix elementg,, and Sy, aré  gee that there is good agreement between the MC and the LL
listed in Appendix B. The more complete matrix element assemianalytical results for all three acceptancésN,M).
presented ir[12,13 will be implemented elsewhere in our For definiteness, we note that for the interestiigcase, we
program[14]. get for thez.,=0.5 the MC result-2.7x10 % in units of the
Born cross section.

In Fig. 3, we continue our LCAL studies with the illus-
tration of the interplay of the soft pairs and the multiple

In this section, we illustrate our soft-pair MC with explicit photon radiation by plotting, for all three acceptances, the
results into the acceptance of LEP/SLC-type luminometersatio to the respective Born approximation of the difference
For definiteness, we consider as an example the ALEPHetween the cross section with both soft-pairs and multiple
LCAL acceptance. In all the following we discuss only cor- photon radiation included and the cross section with only

doi~[1—(1—4u2/k§i)co§0ka_]d costy_d¢y_ . (16)

IV. RESULTS AND DISCUSSION
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multiple photon radiation included. This we do again as aeffects are another consideration, however. The LL semiana-
function of the energy cut.,. Again, we find agreement lytical results for the W and N cuts are also negative; for the
with the results if11,15 and between the LL semianalytical M cut, there is a region between,=0.1 and 0.6 where the
results and the MC. This gives us a good indication of themultiple-photon effect is positive. Thus, as usual, the naive
technical precision of the MC, as we shall discuss presentlyassessment of real radiation is not sufficient to determine
Here, we note that in the interesting M case, we get for theompletely the effects of radiative corrections. We note that
Z.=0.5 the MC result-1.3x10*in units of the Born cross the LL semianalytical results in Fig. 4 are everywhere within
section. 3o of the MC results.

Turning next to Fig. 4, we look more deeply into the  This brings us to the discussion of the precision of our
interplay between the soft pairs and multiple photons byresults. The conservative estimate we can make is based on a
plotting the difference from unity of the ratio of the differ- comparison with the LL semianalytical results as we have
ence between the cross section with both multiple photondone, taking the worst case comparison plus an additional
and soft pairs included and that with only multiple photons30% to account for simplifications in matrix elementiss-
included to the difference between the cross section witling graphs, higher orders, et@as an upper limit on the total
only soft pairs included and the respective Born approximagprecision of the MC results. This gives us the basic result
tion. The deviation of this ratio from unity shows exactly the —1.3x10 *+2x10 * for the LCAL mixed acceptance at the
interplay between soft pairs and multiple photons. Here, thexperimental cug.,=0.5. We stress that, in addition to the
effect is always negative in the MC, i.e., the multiple photonconfirmation of the estimates [11,15,3, our soft-pair MC
radiation reduces the size of the soft-pairs effects. Intuitivelyprovides an event-by-event realization of the soft pairs them-
this is reasonable because, at a minimum, the initial-stateelves, with the final four-vectors of the pairs available
radiation reduces the amount of energy available for softamong the list of final-particle four-vectors. Thus, detector
pairs creation, so that at least the real soft-pairs effectsimulation of the soft effects may now be effected as neces-
should be reduced by the multiple photon radiation. Virtualsary.
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]

V. CONCLUSIONS soft-pair effects in the LEP or SLC luminosity process and a

In this paper, we have created a new paradigm in theof-lrm estimate of its total precision. One may now treat soft

. e . airs on an event-by-event basis, in complete analogy with
ret_lcal physics: we have c_reated a YFS ex_ponenhated SOfglj'vhat is done for photons. We find this situation exciting
pairs MC event generator in which the dominant LL and IR.

) X . indeed.
singular effects are summed to all ordersvnThe respective
MC event generator is version 2.30 efiLumi [9].
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—05 : same correspondence to calculations done with
s K BHLUMI 2.30 for the two LCAL realizationglcal
r ] and Icaj;) and with our LL semianalytical formu-
] las as they do in Figs. 2 and 3.
-1F - MClecal -
i MC lealy ]
semianalytical, LL ]
-1.5 Lo e e e ]
(b) 0 0.25 0.5 2 0.75 1

Y,(Q,p1,p2)=2aB(Q,p1,py) +2a ReB(py,py)

1 d3k P, p
<2 [ G octniof e

kp; kp,

k2 (277)3 2kpl—k2 2kp2_

The :80,17 functions read

B6(QuP1,P2,01,02) = B (QuP1.P2.01,G) (1+ 280+ 8,7+ 87),

Q7
n -~ 1),

e

1
80=2 ReF1(Q%) —2a ReB(Q%) = 5P Bi=2—

2a,(1)2 (S+ul+s2+u?)
S 4tptg '

E(O)(valip27qliq2):

B3 (V) a 3 30
B1)(Q.P1,P2,01,02.K)) = —5— 772 D17(Q,P1,P2,G1,02.Ki) = S(P1,P2. ki) Bo_(Q.P1,P2,01.02),

a(t)?
S 4i 1/ (Q pllp21q11q21 J) S(Ql!q21kj)ﬁ (Q!plip21q1aq2):

IB]_’ (Q plvaIql!qZ!kJ)_

2 d*k i 2p;—k  2p,—k \?
+2aRef— ( PiX P2 |

1213

(A1)
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1 s?+ u? 2mi kp;| si+u? 2m2 kp,
D(l) ’ ] ] ] 1k = { - z 1~ + ° 1, ~ ]
1 QPP 80907 e 5y | Tl U Tel kee) T\ TR K
1 s?+u? 2m? kq,|  si+u? 2m2 kq
D(];) I ) ) 3 1k = { ! - ° _1 + L - _e _2 )
1 (QPrP2 920 = Gegrigy) | TR |17 Tl ka1 T Tl Kay
n 2
t=Q%= pz+i§1 ki_pl) . tp="2p1P2, tg=—2010;,
S=2p1d1, S1=2pPp0dz, U=—2p;0z, Ui;=—20;pP,. (A2)
The simplified form ofdw{ used in actual generation is
da;dB o[max @, B;)— A
ai:g a|~B| [~ )(:Vl ﬁ{‘ ] (A3)
m (@it 8B (Bi+ dsa))
with A being the photonic IR cutoff.
Finally, the simplified form factoly, reads
Yi=22 I > A A4
A= ; nW naA. ( )

APPENDIX B

In this appendix we present the one-pair real and virtual matrix elements and corresp,@@fd&aflgal,81f functions.
We found the one-pair real cross section resulting from the graphs in @g(Ubper line only, single emissiprio be

a\t 1
dfftl)zr;:(;) 8s MG, 12dQ(p,,02,Ka Kp), (B1)
with
IM G, [2=[8MZ(2D1 Do{ 2( P okim) 2tq + BMA(Pmkm) 2+ (2t + 3K?) (tq + 4md)t+ 2K *tq— K(12m3+ 8m’)t,
— 2t[AmZtq— (PpUp)®— (Km@p) 2+ 32(m3+ m2) M1} — 4Dy Dy( Dy + D,)[ (tq + 4md)t + Kty ] — K*(DF + D3)
X [(tq+4m2)t+4mity]— 4K Di(pyGp) + Do PoUp) 12+ Dy Da( D+ DF) (tq+4mE) + 2D Dj(tg—4m3))

— 32X3(tq+4m) — 1283t X2+ 327, Dy D[ 4(Kp0p) 2t + (Dy — Dy) 2ty + 4m3(Dy+ D) 2] — 32 2(p1p) X

_ZDZ(kap)(plkm)_Dlpz(kap)][z(DZQp)x+2D1(kpqp)(p2km)_Dlpz(kmqp)]] ) (BZ)

DDt My
km=Ka—kp, Kkp=Katkp, Mg=k3,
Pm=P1—P2, Pp=P1+P2, t,=pa,
Un=01—0z2, Up=01+0dz, tq=02,
Dy=—2(p1kp) + M,  Dp=2(poky) + M,
t=t,~MZ+D1+D,, K2=MZ+4mi+4nm?,
X=D;(p2km) +Da(P1Km)
and

dapi dSkJ

dQ(p; :---akj)zz_pp TR
i j

(B3)
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2a?
dag,fj:? ($2+u+s2+u?)dQ(p,,0qy). (B4)

Note that for one pait_=tq=t, but with some additional emission this is not true any more. From the above cross section we
derive theg,; function

d 1r d Or
_ _ Ooy _’é Ooy (BS)
P 300000 Ka k) ) (P07
The virtual corrections of Fig.(b) at the one-loop level lead to the formyla6,17]
o 2
e |
1 19 1 265 19
(M) — — 13,72 2~ 2
F 36L +72L + 367 216)L+CF+7277,
383 1172 B
L-in—t {108 86 e B6
oz CrT) g ,, 3385 1978 (B6)
3¢ 506 186 M
Finally,
— do (a)z do dof [ (a)2< 1 35 }
(0+1)v Ov Ov 2
=———"" 4 —| ReB = 1+4| =| | &= L2= == L+Cy] |,
o= 30ipr00 L7l "W G, dQp | T N F (22 T 2
103 2 B
ER
Co=) a73 172 &7
3266 MM
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