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Abstract

Kinematic fitting, where constraints such as energy and nmtune conservation are
imposed on measured four-vectors of jets and leptons, ismportant tool to improve the
resolution in high-energy physics experiments. At futete ™~ colliders, photon radiation
parallel to the beam carrying away large amounts of energynraomentum will become
a challenge for kinematic fitting. A photon with longitudimmomentump, ., () is in-
troduced, which is parametrized such thabllows a normal distribution. In the fity is
treated as having a measured value of zero, which correspgong , = 0. As a result, fits
with constraints on energy and momentum conservation cgawgell even in the presence
of a highly energetic photon, while the resolution of fitsiwaitit such a photon is retained.
A fully simulated and reconstructed e~ — ¢gqq event sample ay/s = 500 GeV is used
to investigate the performance of this method under réalisinditions, as expected at the
International Linear Collider.
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1 Introduction

Radiation of photons at angles so small that they escapg @lenbeam pipe is usually not
taken into account in kinematic fits. At previouse™ colliders such as LEP, the losses due
to photon radiation were acceptable [1]. At future fa@tisuch as the International Linear
Collider (ILC) [2] or the Compact Linear Collider (CLIC) [3bhoton radiation will be much
stronger due to higher center-of-mass energies and strdagessing of the beams, which
makes it desirable to model photon radiation in kinematsc fit

Kinematic fitting is a well-established tool to improve jeeegy and invariant mass resolu-
tions. A number of four-vectors representing the final spetgicles is fitted under constraints
such as energy and momentum conservation. The four-veaterparametrized by suitably
chosen variables such that the measured values follow axdppately Gaussian distribution
around the true values. &2 that quantifies the deviation between measured and fittedhmar
ters is minimized under the condition that the imposed cairds are fulfilled [4].

The improvement in resolution emerges from the redunddotnmation contained in the
measured values in the presence of constraints. Unmegsarraeheters reduce the redundancy,
since one constraint is used up for each unmeasured paratoatetermine its value. The
redundancy is quantified by the number of degrees of freeddrith is given by the number
of constraints minus the number of unmeasured parameters.

The two main effects that cause the emission of photonsealtiwith the incoming beams
so that they escape the main detector are initial statetradid SR) and beamstrahlung. ISR
is a higher-order QED effect, at which real photons are eulitiefore the actual interaction.
Beamstrahlung is caused by the electrical fields of the bescblliding with each other: elec-
trons in the one bunch are deflected by the field of the othestband thus emit bremsstrahlung
photons.

ISR is characterized by an energy spectrum that follows agpdaw with an exponent of
roughly—0.9 [5]. Thus the vast majority of events have at most one ISRghwith an energy
above a few GeV, which is the accuracy to which the total gnargl longitudinal momentum
of fully hadronic events can be measured by a typical detectaisioned for the linear collider.
This photon can, however, carry substantial energy of té@ed. Beamstrahlung on the other
hand has an energy spectrum with an exponentf3, but with an additional exponential
suppression of high energy photons [6]. The mean numberarhbahlung photons emitted
prior to the interaction can be of order one or even larggredeing on the beam parameters.

This paper presents a novel method to take the energy andiddimgal momentum of photon
radiation into account in kinematic fits. A priori informati about the momentum spectrum of
photon radiation is used to treat the photon’s momentum agasured parameter in the fit.
As a test case, the productionidf 1/ —/Z°Z° pairs decaying to light quark jets at the ILC is
considered, with fully simulated Monte Carlo events as nstacted by the International Large
Detector (ILD) [7]. A more detailed description of the methand its application tests can be
found in [8].

The main focus of this method is an improved treatment of ffeees of ISR, because ISR
is the main source of highly energetic photons. Therefordy a single photon is included
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in the kinematic fit, with an energy spectrum given by a poveasv, las expected for ISR. A
similar method with the inclusion of two photons in the fit aardenergy spectrum describing
the combined effects of ISR and beamstrahlung is the subfjextgoing work and beyond the
scope of the current publication. However, the method prteskehere leads to a significant
improvement also in the presence of beamstrahlung, as simosettion 3.

2 Representation of the Photon

Since photons from ISR and beamstrahlung escaping thetdebhewe to a good approximation
zero transverse momentum with respect to the beam directiey affect mainly the conser-
vation of (detected) energl and longitudinal momenturn,. The simplest method to cope
with highly energetic photons in a constrained kinematitsftherefore to drop the energy and
longitudinal momentum conservation constraints, thusmpsvo degress of freedom.

A somewhat better solution is to introduce a fit object repntisig the undetected photon
with one free, unmeasured parameter, namely its longitldiromentuny, ., and sep, , =
py~ = 0 and thust, = |p,,|. This allows the energy ang constraints to be recovered, at the
price of one unmeasured parameter, so that one degree dbfreis regained.

However, this approach neglects the information about tbmentum spectrum of the pho-
tons. Here this information is used so that the photon igdctkas a particle with a measured
momentum of zero and an uncertainty derived from its knowmotum spectrum.

2.1 Parametrization of the Photon Energy

In a kinematicy? fit the measured four-vector components of a particle orijeparametrized
with parametersy; (e.g.,E, 0, ¢) such that the differencg yeas — 7i.true DEtWeEEN the measured
i meas @Nd the true value, ., follows a Gaussian distribution with zero mean and standard
deviationdn; (for reasons of notational simplicity we limit the discumsio the case where the
parameters; are uncorrelated). Then,

2 (ni,meas - 771)2
R )
is, apart from a constant, proportional to the negativeitiga of the likelihood to obtain the
measured values, given the valugs

X2 = —2InP (1 meas|s) + const. (2)

Thus, they? fit seeks the best estimatg for the true parameter values by maximizing the
likelihood to get the observed parameter valuygs.; under the condition that the imposed
constraints are fulfilled, which are expressed by a numbeoattraint functiong (n;) = 0.

No assumption is made, or is necessary, about the distibwati the true parameter values
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However, if an ensemble of events is considered where theldison of a parameten;, ..
is known to be Gaussian with zero mean, then for this ensethelehoicen,,... = 0 also
leads to a Gaussian distributiongf... — 7:..ve, @nd for such an ensemble it appears justified to
estimate),,.. by means of a/ fit.

In the case of photon radiation, the distribution of the uasuged momentum, ., is known,
though definitely non-Gaussian. Thus we seek a parametrizaf the photon’s momentum
P2~ = Ps~ (1) Such that the true value gffollows a Gaussian distribution with mean zero and
unit standard deviatiofiy = 1. Then the photon will be treated as if it had a measured vdlue o
Nmeas = 0. The photon will then be added to the list of fit objects in thweknatic fit, thereby
introducing an additional contribution to the overgt of 1? /6n? = 2. By this procedure, the
a priori knowledge of the photon’s energy spectrum (in attr the fact that it is negligibly
small in most cases) is used, and all energy and momentuntraons can be applied.

The probability density functioP (y) for the energy fractiory = E./Epeam carried by
initial state radiation is well approximated by [5]

Py)=0y"", 3)
with the exponeng given by
=2 (w2 1), @)
T m;

which corresponds t@ = 0.1235 for /s = 500 GeV.
Considering that an ISR photon can be emitted by either beads|to

-1
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P (P2) = ’ : )pz—ﬁ

2Emax Emax

whereF,.x < Fpeam IS the maximum possible photon energy. As a consequencegutigity
z given by

L Pn\”
2 = sign(p,) z (6)

is uniformely distributed between1 and1, and hence
n=v2-erf(2), (7)

follows a Gaussian distribution with zero mean and unit ¢éad deviation. Heregrf ' (2)
denotes the inverse of the error function giverebly(z) = =% [ e " dt.
0

Conversely the expressions feandp, , as a function of the parametgread

2(n) = erf(n/V2) (8)
Dury (1) = 5ig0(2) Eumax|2]7 ©)
— sign(n) B [exf(1n]/v2)]” (10)



2.2 Propertiesof the Parametrization

Fig. 1 shows a graph qf, ., (n) for E,.x = 225 GeV and$ = 0.1235. The function has four
distinct bends arounh| ~ 1 and|n| ~ 2.5. Itis flat aroundy = 0, reflecting the fact that the
majority of ISR photons have negligible momentum; only figr > 0.7 significant momenta
abovel GeV are predicted.

Aroundn = 0 the value ofp, , does not change and thus cannot influence the glgbal
of the kinematic fit. Therefore, the penalty teffhleads to a local minimum of the? at this
value ofn. This will also be the global minimum if the measured fourrmenta of the final
state particles are compatible with no missing momentum fil8R. In this case, a fit with a
photon fit object has exactly the same result as a fit withouncaqgmn.

Due to this local minimum, any minimization method based erivatives will always yield
n = 0 if this value is used as starting value in the minimizatiohenefore, to find the global
minimum, in addition a different starting value must bedriéor instance; (p, miss) calculated
from the missing, of the event.

For 15 |n| < 2.5, the curve rises steeply, so that large values of missingggre:nd mo-
mentum from ISR and beamstrahlung can be accommodated Bynégratic fit at a moderate
penaltyn?. Thus, for photon momenta that are large compared to theetesolution, the
kinematic fit should find a global minimum of the close to the true photon momentum, with
a small bias towards low photon energies, despite the fatttiie “measured” value of and
thus ofp, , is set to zero.

Above|n| ~ 2.5, corresponding tdp, .|/ Emax =~ 0.9, the curve flattens again, so that ex-
tremely large photon momenta are suppressed due to théaéadhey are increasingly unlikely.
This region is, however, of little interest in realistic dyses.

3 Performance Tests

The method described above is applied to the proeess — W~ — 4 jets events. The
fraction of successful fits, the width and the shift of theomstructed’* mass peak are used
to compare the performance of the various kinematic fit vasia

3.1 Data Set

The analysis sample was generated using the matrix elereeetator WHIZARD [9], which
takes into account all Feynman diagrams at tree level |gatdira given final state, including
interference terms. Here, the process~ — uddu is chosen, because it contains no heavy
quarks in the final state, so that the jet energy and angleursagnt is not compromised by
the presence of neutrinos from semileptonic decays.

In addition to the dominarit/* pair production, alsd@® pair production contributes to the
formation of this final state, and at a even smaller levellsibgson production with subsequent
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radiation off final state quarks. Due to the inclusion of iféeence effects, it is conceptually
not possible to identify events from these additional psses and remove them. The centre-
of-mass energy ig/s = 500 GeV, and thelW’* mass was set tay;," = 80.419 GeV.

The initial state radiation is also simulated by WHIZARDdamme ISR photon per incom-
ing lepton is stored in the event record. In contrast, thegnspread of the incoming beams
and beamstrahlung is taken into account in the event georeray a corresponding variation
of the momenta of the incoming leptons, using a beamstrgrdpectrum that was simulated
with GUINEA-PIG [10]. For this calculation the nominal begrarameter set of the ILC was
assumed, [11], in particular an energy spread.ot % and0.07 % for the electron and positron
beams, respectively, a beamstrahlung paramgéter = 0.047, a mean energy loss by beam-
strahlung ofigs = 0.023, and a vertical disruption parameterBf = 19.1.

Thus, the momenta of ISR photons are directly accessiblearetvent record, while the
combined effect of beamstrahlung and beam energy spreatb s deduced from the total
four-momentum of all final state particles.

A full simulation of the ILD detector [7] is performed by theEANT based simulation pro-
gram MOKKA [12]. In the event reconstruction, which is impiented as part of the software
package MarlinReco [13], the tracks are matched to the icaéder clusters by the Pandora
particle flow algorithm [14] and the resulting reconstrutfsrticles are forced into four jets
by the Durham algorithm [15], with a four-vector recombioatscheme, i. e. the four-vectors
of two particles that are combined are added without resgaknd thus the resulting jets are
massive. Each of the four jets has to have a minimum energy.of> 5 GeV and a polar angle
that fulfills | cos ;c¢| < 0.9.

The jet momentum four-vectors are parametrized in termsefgy £, polar angled and
azimuthal angle, with resolutions [16]:

0Bi/Ei = 32.24%/\/Ejer/ GeV +1.242- 101 B/ GeV —1.446%  (11)
50 = 0.03925/\/Eiet/ GeV + 0.3373 GeV /By (12)
§¢ = 0.05873/\/Eier/ GeV + 0.3207 GeV /By (13)

The mass of the jet as calculated by the jet algorithm is kepstant whert)., is varied.

Since the method presented here concerns radiation egagimain detector, a subsample
of events is selected such that at generator level onlygietgienergy from ISR is present in the
detector acceptance. Therefore, events are rejected 8iRtphotons of energige™ > 5 GeV
and polar angles.29° < g5 < 179.71°, which corresponds to the acceptance of the beampipe
calorimeter (BeamCAL). No cut is applied on the energy oeclilon of the beamstrahlung.

In order to investigate the influence of ISR and beamstrahtumthe performance of the
kinematic fit, the event sample is divided into three subdasaccording to the total energy
Eisr of the ISR photons:

e A subsample with smallisg < 5 GeV, where the ISR is expected to have a small effect
and thus a kinematic fit is expected to perform well withouadditional photon, is used
to evaluate whether the addition of such a photon leads tesadbresolution.

5



e A subsample with moderate ISR energy € Eisg < 30 GeV) is used to evaluate a
possible bias of the kinematic fit, and whether the additiom photon removes this bias
and increases the fraction of good fits.

e A subsample with largé/isg > 30 GeV serves to quantify how well the fit with photon
works, and whether it has any advantage over a fit where theye@d longitudinal
momentum constraints are dropped completely.

3.2 Evaluation Method

In order to investigate the performance of the proposed oaktkinematic fits are applied to
the four jets in the events from the test sample, compariegetlent hypotheses “4 jetsiy)
and “4 jets + 1 photon”4j + v). Both event hypotheses are fitted with five constraifs-(
fit): conservation of energy, conservation of the three matom® components and equal di-jet
masses. In addition, the events are fitted also using onlthtiee constraints3('-fit) that are
not affected by the presence of photon radiation, i. e. azasien of the transverse momentum
components and the equal mass constraint.

As discussed in Sect. 2.2, both valygs = 0 andp, , = p, miss are considered as starting
values for the photon momentum in the kinematic fit, and tealtavith the better? is chosen.
Values of 5 = 0.1235 and F,,,.x = 225 GeV, which is the maximal photon energy that allows
W= pair production, are used in the photon parametrizatior{H). Fig. 2 shows the quantities
z andn of Eqgs. (6) and (7), calculated from ., of the most energetic ISR photon in the event.
It can be seen that indeeds distributed uniformly and follows a Gaussian distribution.

The sample used for the performance tests includes theteftéddoth ISR and beam-
strahlung. Since the photon parametrization used heredes derived from the ISR momen-
tum spectrum, tests are first performed that exclude theteffebeamstrahlung. The beam-
strahlung is artificially “turned off” by using the total gerated energy and momentum of the
final state particles, including the ISR photons, in the gmand momentum constraints, rather
than the nominal values 9f p.,, = 0, > E = /s = 500 GeV. Alternatively, the constraints
are set to these nominal values, so that the combined etiet®R and beamstrahlung can be
studied.

An important indicator for the performance of the variouséinatic fits considered is the
fraction of good fits, which are defined as those having a fibabdity » > 0.001.

Due to the intrinsic widths of th&/* andZ° bosons, which are not negligible compared to
the detector resolution at an ILD-type detector, the equas constraint is only approximately
fulfilled by the four-vectors on generator level and therefreduces the fraction of good fits.

The equal-mass constraint is applied mainly in order to sbdbe correct jet pairing. The
fit is performed for all three possible jet pairings, and th&ipg that results in the begt value
is chosen as the correct one under the assumption that thetggh from either &1~ or
a Z°Z° pair. Because of th&/* and Z° width, the equal-mass constraint leads to an aver-
agex? contribution that is significantly higher than the value esigd for the addition of one
constraint, i.e. one degree of freedom. As a consequende 56t of the 3C-fits have a fit
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probabilityp > 0.001. If the equal mass constraint is not used, the fraction ofddgde rises
from 52 % for a5C + ~ fit on the full sample (including ISR and beamstrahlung®1ds. A
more elaborate treatment of the equal-mass constraimgakto account thél” boson width
(seee.g. [17]) that would increase the fraction of good fé&s #or the5C fit is, however, beyond
the scope of the present analysis.

Fig. 3 shows the the invariant di-jet masses before andthiéddinematic fit for the complete
sample, including ISR and beamstrahlung. A clear peak atifienass is observed, while the
much smallez® mass peak appears only as an enhancement on the right shelGftmass
peak.

Imposing an equal-mass constraint leads to an implicitaayieg of the two di-jet masses
in each event. Therefore, the average di-jet mass beforft isecompared to the dijet masses
after the various kinematic fits in Fig. 3.

For a quantitative comparison of the different kinematig, ffach mass distribution is fitted
with an analytic function. Thé&/’* mass peak is expected to follow a relativistic Breit-Wigner
distribution, folded with a Gaussian distribution that eets the detector resolution. Here, the
mass peaks are fitted with a Voigt functidfr(x) [18], which is the convolution of a non-
relativistic Breit-Wigner (Cauchy) distribution of width and a Gaussian distribution with an
RMS of . Thus the following function is fitted to the histograms irettange7’s < m <
95 GeV:

fm)=N-((1 = fz) Vory (m—mw)+ fz - Vor,(m —mz)) (14)
The values for theZz® massm; = 91.19 GeV and the decay widtAsyy = 2.14 GeV and
'z, = 2.50 GeV are fixed to their literature values [19]. The same Gaussidthw, reflecting
the detector resolution, is used for tHé* andZ° mass peaksV corresponds to the number of
histogram entries anf; to the fraction ofZ-pair events. However, because the symmetric Voigt
function does not describe the asymmetry of a relativistieitBNigner distribution correctly,
f~ is not an accurate estimate of the fractionZdfevents in the sample.

gen

The parameters of interest are the Gaussian widihd the differencé\my = my —my,

gen

between the fittedl’* massmy and the inputV* massmsy".

If large amounts of energy are missing, the fitted jet ensrgéve to be larger than the mea-
sured ones to fulfill energy conservation. Consequentljetdinasses are shifted to higher val-
ues and thus a largésmyy is obtained. Due to the imperfections of the lineshape figrazero
value of Amyy is to be expected, for which a correction would be applied nea analysis.
However, if this mass shift depends on the amount of enemy ISR and beamstrahlung, it
leads to a broadening of the signal and thus a loss of reealuith addition, systematic un-
certainties arise from the description of the ISR and inipaldr the beamstrahlung energy
spectrum. Therefore, a mass shift that is independent cdirth@unt of energy lost to ISR and
beamstrahlung is desirable.

3.3 Reaults

Tab. 1 summarizes the results of our tests. It lists theivaaf good fits, the mass shift and the
width of the Gaussian part of the Voigt function for the costplsample, as well as the three

1The average of two independent random numbers distribwieatding to a Breit-Wigner of widtf follows
a Breit-Wigner distribution of the same width



Subsample Constraints, ISR only Full Photon Spectrum
(Fraction) Hypothesis| Good Amyw ow Good Amy ow
fits (%] [GeV] [GeV] | fits[%] [GeV] [GeV]
All events — 55%  +0.78 2.05 | 5% +0.78 2.05
(100 %) 3C,4j 55% 4082 206 | 55% +0.82 2.06
5C, 47 42% +0.67 1.21 31% 4091 1.30
5C 47 4+~ 54%  40.53  1.25 52%  +0.75  1.35
FEisgr < 5 GeV — 56%  4+0.80 2.04 56%  +0.80 2.04
(75 %) 3C, 44 56 %  40.85 2.06 56 %  4+0.85  2.06
5C, 45 53%  40.63  1.19 40% +0.86 1.27
5C, 454+~ | 55% 4049 1.24 | 54% +0.69 1.31
5 < Eisr <30 GeV | — 54%  4+0.79  2.07 54%  +0.79  2.07
(11 %) 3C,4j 54% 4+0.84 208 | 54% +0.84 2.08
5C, 45 5% +1.68 1.25 12%  +2.19 1.29
5C,4j4+~ | 53% 4071 1.27 | 50% +1.07 151
Esg > 30 GeV — 53% 4059 199 | 53% 4059 1.99
(13%) 3C, 44 53%  40.66  1.99 53%  40.66  1.99
5C, 45 0% — — 0% — —
5C 47 4+~ 47%  4+0.64 1.21 42%  +0.91 1.38

Table 1: Results of kinematic fits under various conditidiS8R only” refers to the case where
the effect of beamstrahlung and beam energy spread is rehfimra the fit as explained in the
text, while “Full Photon Spectrum” includes these effeéist each fit variation, the fraction of
good fits with fit probabilityp > 0.001, the differenceAm, between the fitted and generated
W mass ofmi;" = 80.419 GeV, and the width of the Gaussian part of the Voigt function is
given. The rows refer to the results from averaging the meakdi-jet masses without a fit
for events where the 3C fit converges, the 3C fit with only tv@nse momentum and equal-
mass constraint, the 5C fit under a four jet hypothesis witligitndinal momentum and energy
constraints in addition, and the 5C fit with an additional I##ton fit object. The subsamples

are distinguished by the total ener@isr of ISR photons, excluding beamstrahlung.

subsamples with different amounts of missing energy du8fophotons. The results are given
for the average of the di-jet masses before a kinematic fihgube3C' jet pairing, as well as
the di-jet mass after applying3' fit or a5C' fit without or with an ISR photon. The results are
reported for the case where the effect from beamstrahlusdbkan excluded by adjusting the
energy and momentum constraints (cf. Sect. 3.2), and forethléstic case where effects from
ISR and beamstrahlung are fully taken into account.

Resultswith I SR only

A comparison of the fit results demonstrates the gain in gl achieved by kinematic fitting:
The Gaussiaw, which corresponds to the di-jet mass resolutiongis= 2.1 GeV for the
average of the two di-jet masses without a kinematic fit angdraves toc = 1.3 GeV if a
kinematic fit with five constraints is used. A fit with only tlereonstraints does not improve the
resolution compared to the simple averaging of the unfitigdtdnasses.
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The fit with five constraints and no ISR photon cannot be agdpiethe subsample with
Eisr > 30 GeV, because fit probabilities above the cutpof= 0.001 are essentially never
achieved due to the missing energy and momentum that ararge o be accommodated by
the experimental resolution of a fe@eV. Therefore this subsample, which contair$s’%
of all events, cannot be used for an analysis. Tbefit with an ISR photon, on the other
hand, achieves almost the same performance for the twomphsawithFisg > 30 GeV and
Ersr < 5 GeV interms of the fraction of good fitd{ % vs. 55 %) as well as in resolutiors(=
1.21 GeV vs. 1.24 GeV) with only a small additional bias in the W mass/uw = 0.64 GeV
vs. 0.49 GeV).

The sample with moderate ISR enegy Eisg < 30 GeV, which comprisesd1 % of the
events, demonstrates that th€ fit without the inclusion of an ISR photon tends to develop
a mass bias. This is because the energy carried away by therpisofalsely attributed to
the final state jets, which increases their energy and theisntbariant mass: The mass bias
increases from\my = 40.63 GeV to +1.68 GeV. At the same time, only5 % of the events
yield a goodbC fit under thed; hypothesis. In contrast, thig + v hypothesis shows the same
performance in terms of fraction of good fit, mass shift argbhetion as for the sample with
small missing energy.

The fact that for all fit hypotheses only about half of the @sdrave reasonable fit prob-
abilitiesp > 0.001 can be mostly attributed to the equal-mass constraint. €kelution for
the difference of the di-jet masses is approximatelyGeV (twice the resolution for the di-jet
mass average for the unfitted jets), which is of similar siztha broadenirigpf 4.3 GeV due to
the intrinsic W width. This indicates that in a real analythis naive equal-mass constraint has
to be modified to take the naturdl width into account. Other factors that reduce the fraction
of successful fits are events from processes otherithar boson pair production and the fact
that the jet error parametrization employed in this analgsies not include the effects of parton
showering.

Resultswith | SR and beamstrahlung

The right-hand side of Tab. 1 shows the results for the caseravthe effect of both, ISR
and beamstrahlung, is considered. Because the three splesaane defined on the basis of
the ISR energy only, the momentum distribution of the beemhéing photons is the same
in each of the subsamples. A comparison with the case whdyetlom effect from ISR is
considered, demonstrates that the photon momentum paraatieh Eq. (10) derived from the
ISR momentum spectrum also works quite well in the presehbeamstrahlung, at least at the
level of beamstrahlung that is expected for the nominal lla@ameter set.

Since beamstrahlung in the Monte Carlo simulation usediisranalysis is simulated solely
through a variation of the energy of the incoming leptongransverse momentum is carried by
the beamstrahlung. Therefore the results foritfit and the di-jet masses calculated without
a kinematic fit do not change when beamstrahlung effectsarsidered.

2The difference of two Breit-Wigner distributed random nuenbfollows itself a Breit-Wigner function with a
width that is the sum of the two individual widths.



The performance of theC' fit under thed; hypothesis is significantly reduced when beam-
strahlung effects are considered due to the larger amoumissing energy. Overall, the frac-
tion of good fits goes down fromh2 % to 31 %. For the subsample with less tharGeV of
ISR energy it is reduced froiB % to 40 %. At the same time, th&/+ mass shift increases by
approximately.2 GeV for the whole sample. For the subsample with mediti@s, however,
the mass shift increases froml.68 GeV to +2.19 GeV.

On the other hand, with th&j + v hypothesis, théC' fit performance is much less affected
by beamstrahlung effects: The fraction of good fits staysoainconstant, and the of the
Gaussian width of the mass peak increases only moderatety, 1f 25 GeV to 1.35 GeV for
the complete sample. The mass shift increases by appradynia?2 GeV for the full sample,
which is similar to thet; hypothesis. However, for the subsample withd Eigg < 30 GeV
the mass shift is significantly reduced frop2.19 to +1.07 GeV by the inclusion of the photon
in the fit. The increase of the mass shift with respect to the d8ly case indicates that the
45 + ~ hypothesis cannot fully accommodate beamstrahlung sfféetcause typically both
beam particles radiate off significant energy. This may ssitate the inclusion of a second
photon in the fit.

As a final check, Fig. 4a) shows the fitted longitudinal moraemt, , of the photon versus
the generateg:®! of the most energetic ISR+beamstrahlung photon pair inveatewhere the
momenta of the ISR and beamstrahlung photons with eithétiy@mer negativep, are added. It
can be seen that the fitted photon momentymcorresponds quite well to the true momentum,
without any visible bias. In particular, the fact that theofin is treated as having a measured
1.~ = 0 does not lead to a large bias towards small valugs of This is explained by the fact
that the functiorp, ., () of Eq. (10) rises very rapidly, as discussed in Sect. 2.2.

Fig. 4b) shows the differencap, ., = sign(ps?') - (p., — P55'). The mean(Ap,,) =
—1.03 GeV is small, and negative, showing that the reconstrugted| is slightly smaller on
average than the generated one, as expected, but thatakiis Imdeed quite small. The resolu-
tion for p,  is found to be3.10 GeV. Finally, Figs. 4c) and d) depict the mean bids, .,) as
a function of the true momentup§®’. The bias increases linearly withps®! for small values

of |p£2'|<5 GeV up to a maximum bias ofAp, ) ~ —1.8 GeV around|ps| ~ 50 GeV,
and then becomes smaller again, reflecting the fact thatge |ahoton energies the photon’s

momentum is essentially taken from the measured jet momenta

4 Summary and Conclusions

In this paper a method is proposed to take the effect of ISRacstount in kinematic fits by
introducing a photon that is treated as if its measured monmemvere zero. The longitudinal
momentunyp, . is expressed as a functign., () of the parametey such that the true value of
n follows a normal distribution with zero mean and unit stanaddeviation.

The performance of this method is evaluated using a samplecof — uddu events, which
is dominated byv "W~ pair production, at/s = 500 GeV. The sample includes the effects
from ISR and beamstrahlung. It is fully simulated and retamsed, using the simulation
for the ILD detector at the ILC. AC kinematic fit with energy and momentum conservation
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constraints and an equal-mass constraint is applied, ancetults for the fit hypothesis with
four jets and a photon are compared to three alternativé§: fit with a conventional four jet

hypothesis, &C fit where the energy and longitudinal momentum constrairgsieopped, and

the results obtained without a kinematic fit.

The5C fit with the new4; + ~ hypothesis performs as well a$@’ fit with a 45 hypothesis
in terms of resolution, while &C' is significantly worse and does not yield any improvement
over a mass reconstruction without any kinematic fit.

For events with significant energy from ISR photods{ Fisg < 30 GeV), the fraction of
good fits with a fit probabilityy > 0.001 drops from40 % to 12 % for a5C fit without a photon,
and goes to zero foFisg > 30 GeV. In addition, as the missing energy is distributed to the
jets by such a fit, a shift of the reconstructed di-jet massesitds larger values is observed.

Both problems are solved by the new + ~ hypothesis: even for large values bfsg >
30 GeV, the fraction of good fits and the di-jet mass resolution arglar to the values obtained
at Eisgr < 5 GeV, while the mass shift remains small.

In short, under the; + ~ hypothesis, &C fit achieves the same resolution as with a con-
ventional4; fit hypothesis, but independent of the amount of ISR energhout developing a
mass bias, and with a similar fraction of good fits axafit.

Although the parametrizatiop, , () was developed using the momentum spectrum of ISR
photons, the method also performs well in the presence ahbiahlung, at least at the mod-
erate level expected for the nominal parameter set of the ILC

In a future development the parametrization could be adafmdenclude beamstrahlung
effects. This may be necessary in scenarios with enhancatdimhlung, such as the “low
power” parameter set proposed for the ILC, or at CLIC. We ekplegat under such conditions
the addition of a second photon in the fit would become necgssarder to take into account
the energy loss suffered by both beam particles.
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Figure 1: The photon’s-momentump, ., as a function of the fit parameter as given by
Eg. (10), forE.. = 225 GeV andj = 0.1235 in the rangdn| < 4 (a) and0 < n < 1 (b).
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Figure 2: The parametets(a) of Eq. (6) and (b) of Eq. (7), calculated from the longitudinal
momentuny, ., of the most energetic ISR photon in the Monte Carlo samplertes in the
text, usingE,.., = 225 GeV and( = 0.1235. z is expected to be uniformely distributed in
—1 < z < 1, andn should follow a Gaussian distribution with zero mean and stéindard
deviation, which is shown for comparison in the plot.
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Figure 3: Invariant di-jet masses;; for the Monte Carlo sample described in the text: a) the
average of the two di-jet masses calculated from the med$ome-vectors, using the jet pairing
from the 3C fit sample; b)m;; after application of th&C' fit; c) m;; for the 5C fit under a4;
hypothesis; d)n;; for the 5C fit under a4; + + hypothesis.
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Figure 4: Fitted photon momentum , plotted against the true momentyit of the most
energetic ISR+beamstrahlung photon combination in thetdeg, distribution of the difference
Ap, = sign(pg)) - (p., — pg') (b), and mean differenc@\p, ) versus the true momentum
for the full range ofp%% (c) and small valuegpg®'| < 10 GeV (d).
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