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1. Introduction

Vector boson production plays an important role at the LH&hkas a benchmark process
for precision tests of the Standard Model and as a backgrousdarches for new physics.[1] It
is desired to measure this process at the 1% level, but @leetik corrections alone are typically
several percent, as seen in the studies of Ref. [2, 3]. A nuof@ograms are presently available
for calculating electroweak corrections to hadron scatjerand a comprehensive review of the
state of the art in calculating vector boson observableseat HC can be found in Ref. [1], which
presents tuned comparisons using HORACE [4, 5], PHOTOS, [8], BANC [9], WINHAC [10,
11, 12], WZGRAD [13, 14, 15], and FEWZ3 [16], together wittbograms implementing higher
order QCD effects, which are not presently included in HERVZI1, but will be implemented in
a future version.

The name HERWIRI is an acronym fbligh EnergyRadiationWith I nfra-Red I mprovements,
and recognizes the role HERWIG [17, 18, 19] has in the projg¢EiRWIRI2.x, which concentrates
on electroweak and exponentiated photonic correctionadiespendent of HERWIRI1.x [20, 21],
another project under the HERWIRI umbrella which implerseminon-abelian analog of the the
amplitude-level YFS-inspired [22] exponentiation deyad for KKMC [23] to modify the soft
behavior of the parton shower.

HERWIRI2.1 adapts KKMC, which was developed as a high-gienigenerator foete™ —
y,Z — f T for LEP physics, to hadronic collisions. An early, unreksghgersion of HERWIRI2 [24]
was based on the original KKMC and a reweighting scheme. Mew&KMC was later upgraded
to version 4.22 [27], which supports quark initial statesd ahis version became the basis of
HERWIRI2.1, which generates quark initial states using E\BDF [25] interface integrated into
KKMC 4.22.

HERWIRI2 generates a hard process figror pp scattering including ISR and FSR photons
added via KKMC, and the events may be exported for exterraishing, or showered internally
using HERWIGG6.5, which is included in any case as a meansauirorating HEPEVT book-
keeping and PDF management in a form which is consistent MERWIG. Tau lepton events
may be passed to a shower as-is, or tau decay may be implemaatEAUOLA [28, 29, 30] and
PHOTOS, which are incorporated into KKMC.

A HERWIRI2.1 run begins with an initialization phase wherrgraeters are set, both in
KKMC and HERWIG6.5. This insures compatible parameterdf internal HERWIG shower
is used. Even without an internal shower, HERWIG routines wsed for HEPEVT and PDF
management. In addition, the underlying MC generator, FQAMates an adaptive grid for the
subsequent event generation and calculates a crude in@gexplained in Section 3.

2. EEX and CEEX Exclusive Exponentiated Cross Sections

HERWIRI2.1 incorporates KKMC'’s options for calculatingponentiated ISR and FSR us-
ing either cross-section level exponentiation (EEX) or htuge-level exclusive exponentiation
(CEEX). The default CEEX mode includes initial-final inteménce (IF1) effects and exact emission
to ordera, a?L?, anda?L, whereL = In(p?/n?) with the hard process scafg and the relevant
masam, which is the final fermion mass for FSR and quark current f@dS$R. This is referred to
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as0(a?)-pragmatic.[23] EEX mode includes exact orderas well as exact order’L?, a®L, and
a3L3, which is referred to ag(a®)-pragmatic. The most precis@(a?) corrections in KKMC
may be found in Ref. [31]. Electroweak boson mixing enterthair? non-logarithmic order, so
EEX includes most-precis€(a?) corrections for which full electroweak gauge invarianca be
maintained in QED alone. When run in CEEX mode, alternatieaits are provided for EEX and
lower orders ino as well. There is also a CEEX weight without IFI, for companis

The cross section takes the form

o= z /dxldxzdvfi(pz,xl) f:(p?, %) 0 (p?, V) 8(p* — s %2) (2.1)
I

where p? = (py + p2)? for initial quark momentap; and p, given as fractiong; = x;P; of the
proton or anti-proton beam momerRa(j = 1,2),i indexes all relevant quark and antiquark flavors,
and f; are the parton distribution functions. In the EEX case, theased invariant mass after ISR
is (p—K)? = p?(1—v), wherekK; is the total initial photon momentum, and

Zo Z exp(Y| (Q; p? / Da1Dap exp(Ye (QF; o))
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Here,Dk represents the Lorentz invariant phase space density foramtumk, Q; andQr are soft
photon regions for ISR and FSB®(Q,k) = 1 or 0 depending on whethé&re Q or not, ’SV.,F are
initial and final state soft photon factors, ang are initial and final state YFS factors. The density
pgé‘x with n ISR andn’ FSR photons is constructed from a combination of soft phsotorsS(k)
andN-photon YFS residualBy (ks, ... ky),

" B (ki
ol = ﬂlSJ |_| Sy {[304—2 S kJ Zl Si((klj)) +} (2.3)

=

| = |

Detailed expressions may be found in Ref. [23], with the mtw electron replaced by a quark.
The YFS residuals are all evaluated at a segles p?(1— V), which represents the scale of the hard
y/Z process.

In the CEEX case, the photons cannot be sorted unambigumisliSR and FSR subsets, so
the sum over all such possibilities is performed, supthys an analogous role for the sum over ISR
photons in a given partition. The analog of (2.2) is

©0

oceex(P%,V) NZ ZN,/DqquzeXp(YF(Q P1, P2, 01, 02)) /|‘| Dkj (1—O(Q:kj))

_ . n(2) g
) <v— (2p=Ki(2)) K'('@)> 5 <K|(32) - kj> pCex (PL. P2; L, G2iKa, ... k), (2.4)
=1

P2
where & is a patrtition ofN photons into ISR and FSR subsets, which are summed in alilgb®ss
ways withn(#?) ISR photons and'(%?) = N — n(%?) FSR photons, anp((:'\é’gg is constructed as
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a sum of absolute squares of helicity amplitudes

Ba(k;)
Z1(kj)

" By(ky)
+,-Zle5”|(kjf)+'"}’ (2.5)

P n(2) n(2) . n
A =[] <) 1 S5 k)< Bo+
RCR! 2
where theﬁN are spinor-amplitude residuals and the absolute squarde afoft-photon spinors
S and ¢ yield § andSg, respectively, while the cross terms are responsible focdFrections.
A common soft-photon se® is used for both ISR and FSR, since the assignment to thesésset
arbitrary. Again, the detailed forms may be found in Ref.][2@ith incoming quarks replacing
electrons.

3. Primary Distribution

The cross section is constructed as a Monte Carlo integel pw« \/F X1, Vand a sum
over quark and antiquark flavors. The underlying FOAM MC gates these according to a crude
primary distribution which it integrates during the eveehgration. The C++ version of FOAM is
used, which allows the quark flavor dimension to be treatpdrsgely, with a predefined separation
into five flavors and five anti-flavors, and no cell division. eTtemaining three dimensions are
divided into simplicial cells during the exploration phase

Specifically, the default mappings used are

2

5 1-r r 2
pi= o Ly prznlax7 Xy = <%> ) V= Vmaxré/y7 (3.1)
min

for 0 <r < 1, wherey = y— 2Q%a /mand

_ 2Q%a (1+B)?
V== |n< 2 ) (3.2)

for a quark with charg€; and current massy, with 8 = /1 —4m?/s.
The FOAM integrand for the crude MC integral is

- 2Q%a/m
B B p2 y B Vv i
pi(P?,V) = 2NgP* (Prnax— Pin) In (;) 2 (1+@-v™?) vrynax<—_ )
fi(p%, %) fr(p%, %2) Ogom(P2(1 V), (3.3)

with quark or antiquark labeal chosen by dividing the unit interval intd\g equal intervals and
selecting according to the box into which the first random variablesfall

4. Electroweak Matrix Element Corrections

Electroweak matrix element corrections are added usirgjore6.21 of the DIZET [32] pack-
age developed for ZFITTER [33]. TheandZ propagators are multiplied by vacuum polarization

factors of the form
pEWG[J M%
8mav2

Hy, = Hz = 4sirf(26w) (4.1)
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Vertex corrections are incorporated into the coupling dd f via form factors in the vector cou-
pling:

2 _ Ts QiR (s)tanb (4.2)

Y T Sin28n) ' '
Box diagrams contain these plus a new angle-dependentfémtor in the doubly-vector compo-
nent:
(Z)§(Z,1) _ 1 () () _ o) (Diq) o010 _ (i.f)

9 v = sin2(26\,v) <T3 T3 2T, QR 7 (8) —2QiT; 'Ry (8) +4QiQt Fygy (S>t)) . (4.3)
The quantities in these expressions are tabulated at theneg of the run for hard process ener-
gies up to 1040 GeV, the highest energy supported by the KKiMé&face to DIZET. When EW
corrections are required for higher energies, they arailzkd as needed.

5. Resultsand Comparisons

In this section, we present results both with and withoutdxdra shower for proton collisions
with a CM energy of 8 TeV, using a cut 50 Ge¥ p < 200 GeV on the generated quark scale
p= \/? In these tests, only muons are generated. The IR boundatgfilsed by setting a
minimum valueVpmin = 1072 in (2.2) or (2.4). In principleymin could be set to 1 or less, but
smaller values lead to lower efficiency. Electroweak patanseare taken from the benchmark
choices in Ref. [1]. HERWIRI2 was run in variable-width mofie these tests. Comparisons
are made to HERWIG6.5 and HORACE3.1, which use fixed widtbsthe Z mass and width
parameters were redefined in those programs as suggestesf.[jft]Ro maximize compatibility.
All plots are for 25 million event runs with variable weights

Figs. 1 — 3 show results for a run showered with HERWIG6.5. diface of shower was made
largely for simplicity, since HERWIG6.5 is already used $mme PDF support and bookkeeping
functions in HERWIRI2.1, but also because it was the bagighe studies of Refs. [2] and [3].
HERWIRI2.1 results are shown for three cases: the best EEXCand EEX results with ISR and
FSR (red), the CEEX result restricted to FSR only (blue), anelsult with no photons (green) gen-
erated by HERWIRI2.1 using HERWIG's hard cross section. sehare compared to HERWIG's
result (black). The cross sections in each case are showabie T. The best EEX result agrees
with the CEEX cross section to 0.04%. A comparison is alsavshior HORACE3.1, with the
same parameters. The HORACE comparison should be corgidezbminary until it has been
more carefully tuned, but the agreement of the signs andrgemagnitude appear promising.

Figures 1 - 3 show a collection of results for 25-million evams of HERWIRI2.1 in CEEX
mode ¢(a?)-pragmatic), both the full ISR+FSR result (which includ&s &s well) in red and
FSR alone in blue, showered with HERWIG6.5. The result of MEG6.5 alone is shown for
comparison. Figures 4 - 6 show results of 25-million evensrwithout a shower, in which case
comparisons to the HERWIG6.5 hard process (in black) andd&RACE3.1 (in green) are shown.
While the cuts are different from the studies in Refs. [2] Bl the sign and general order of
magnitude are as anticipated.
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Generator Photons Cross Section % Dif.
HERWIG6.5 | None 10396+0.2 pb —
HERWIRI2.1 | CEEX ISR+FSR 98621+026pb | —51%
HERWIRI2.1 | EEX ISR+FSR 98582+0.26 pb | —5.2%
HERWIRI2.1| CEEX FSR 98605+0.11pb | —5.2%
HERWIRI2.1 | None (HERWIG Born)| 103869+0.08 pb | —0.09%
HORACE3.1 | FSR 100915+0.79 pb| —2.9%

Table 1. Cross sections for the showered tests. All results are fonilion events. Differences are relative

to HERWIGG6.5.
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Figure 1: Muon invariant mass and transverse momentum distribufienslERWIRI2.1 for ISR + FSR
(red) and for FSR alone (blue), showered by HERWIG6.5. Theegdistribution is generated by HER-
WIRI2.1 using HERWIG's hard cross section and the blackithistion is made by HERWIG6.5 alone.

6. Conclusions and Outlook

We have described the event generator HERWIRI2.1pfpror pp collisions with ordera
electroweak matrix element corrections and owepragmatic CEEX photon emission (ISR, FSR,
and IFI), and presented some of its first results, includmgarisons to HERWIG and HORACE.
The early results are promising and generally in accord exjectations. Further comparisons
with more careful tuning and a variety of final fermions andscwill be forthcoming, as will
showering with a variety of modern generators. We also thteradd NLO QCD corrections in a
factorized approximation.
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Figure 2: Muon pseudorapidity distribution plotted
having energy greater than 1 GeV for HERWIRI2.1 with ISR + F&RI) and FSR alone (blue), showered

by HERWIG6.5.
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Figure 3: Photon total energy distribution and total photon transsenomentum for HERWIRI2.1 show-
ered by HERWIGS6.5, plotted as in the previous figure.
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