PHYSICAL REVIEW D VOLUME 55, NUMBER 1 1 JANUARY 1997

Neutral current interference in the TeV region: The experimental sensitivity at the CERN LHC
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The possibilities to measure lepton forward-backward asymmetries at the CERN LHC in the reaction
pp(giq;)—!*1"are studied for dilepton events with masses above 400 GeV. It is shown that such measure-
ments allow accurate tests of the neutral current interference structure up to about 2 TeV center-of-mass
energies. The sensitivity of asymmetries at the LHC to new physics is demonstrated within the context of quark
compositeness and exofid scenarios[S0556-282(197)01301-5

PACS numbgs): 13.60.Fz, 13.85.Qk

I. INTRODUCTION (SSQ. He concluded that the combination of these dilepton

asymmetries, if experimentally accessible, should provide

Measurements of forward-backward charge asymmetriethe best sensitivity to new physics in neutral current reac-
Ag are traditionally a domain af" e~ collider experiments. tions[10].

Evidence fory-Z interference came from the observation of ~ The aim of this paper is to demonstrate that dilepton
the nonzero value ofcg in the reactionete”—pu*p~ at ~ @Symmetries can indeed be exploited experimentally and to

the DESYe*e~ collider PETRA around 1982 or 1943]. show the achievable accuracy of such a measurement at the
Furthermore Ay measurements with quarks and leptons attHC- Conseq“‘?.”“y’ dilepton asymmetries should be consid-
ered as an additional accurate tool to study the TeV center of

the; _p_eak provide precise Sid determlnathns[Z]. The mass domain. The study assumes the expected experimental
sensitivity of Arg measurements to new physics such as ad- e .

. g . ) capabilities of the LHC experiments ATLAF] and CMS
ditional Z' bosons or compositeness has been shown in gre

. : _ ; | and an expected integrated yearly luminosity of up to
detail for future high energg*e collider experiment$3]. 100 fb ! per experiment. The simulation of such an asym-

. . . - + — + —
Lepton asymmetries in the reactipAp—e~e”(u" 4 7) €& ety measurement at the LHC and its sensitivity to a few
be defined with respect to the proton direction. Such asymaey, physics examples is described in the following.
metry measuremen{gl| are currently less precise than the

correspondinge™ e results have so far only been performed
close to theZ resonance. II. ASYMMETRIES IN REACTIONS WITH QUARK

High mass dilepton events gt pcollisions originate from AND LEPTON PAIRS
the annihilation of valence quarks with sea antiquarks or ) — —
from the annihilation of sea quarks with sea antiquarks. As 1he reactiopp(qiq;)—e"e  andpp(qg)—u u ,as
the valence quarks have on average a much larger momewell as the inverse reactian’ e —g;q; are described by the
tum than the sea anitquarks, the boost direction of the dilepexchange of neutral vector bosons. Within the standard
ton system approximates the quark direction. A lepton asymmodel the couplings of the photon and theo quarks and
metry can thus be expected with respect to the boodeptons are known and precise calculations for the interfer-
direction. In contrast, dilepton events which originate fromence between the photon and theexist. y-Z interference

the annihilation of quark pairs from the sea must be symmetresults in large forward-backward asymmetries for center-of-
ric. mass energies well above tlie peak. For center-of-mass
The sensitivity ofArg measurements t@’ bosons at fu- energies above 250 GeV, essentially constant asymmetries of
ture multi-TeV p-p andp-p has been discussed by severalabout 61% are expected for the above reactions with up-type
authors[5]. In particular Langackeet al. have studied the and down-type quarks. New phenomena in the TeV range,
sensitivity of on-resonance asymmetries to the couplings o$uch aZ’ bosong5] or contact interactions between quarks
hypothetical new bosons at future multi-TeV hadron collid-and lepton due to compositenefskl], might considerably
ers. Such on-resonance asymmetry measurements at th®dify this picture. Fermion asymmetry measurements at
CERN Large Haron CollidefLHC) were simulated in detail high center of mass energies are consequently an excellent
for the 1990 workshop in Aachdi6] and also for the design tool to search for and perhaps study such new phenomena.
studies of ATLAS[7] and CMS[8]. The possibility of an Asymmetries with quarks and leptons in the final state up
asymmetry measurement at th@peak with a dedicated LHC to m,, (=\/§)~200 GeV will be measured in detail at
experiment has also been discusgefd CERNe"e™ collider LEP Il and the region of perhaps up to
However, asymmetries from continuum dilepton events atm,,~500 GeV will be investigated at the upgraded Fermi-
very high energypp colliders as an additional tool to study lab Tevatronpp collider[12]. To exploit the higher energies
the neutral current interference have so far only been studieat the LHC, we concentrate in this study on high mass dilep-
theoretically. Rosner has investigated the sensitivity of lepton eventy m,,<400 GeV.
ton asymmetries with on-resonance, off-resonance, and con- In pp collisions, unlike ine*e™ collider experiments, the
tinuum dilepton events at the superconducting supercollidecenter of mass frame is different from the laboratory frame.
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However, the four-momenta of the dilepton system are mea- ——— ‘

LHC 14 TeV ']
sured and one can calculate the leptetectron or mouhn 700 @ . ¢ E
angle 6* in the dilepton center of mass frame. The lepton 8600 F b Evonte with comrast Quark Direction
asymmetry A7 is defined from the angular distribution %igg i E
cosg* with respect to the quark direction and can be obtained 200 e ——_ E
best with an unpinned maximum likelihood fit to the 6bs 3200 i X E
distribution given by 100 F E
T N 3
do lyl Dilepton System
—————— o 3/8(1+ CcOLH* ) + AlLgCOD* . 1 12 :
d cosH* & 07)+ ArgCo @ [ (5 ' Fraction of Events with ]
o 1 correct Quark Direction B
Qo

S‘ 0.8 3
To simulate an asymmetry measurement with dilepton S 06 ]

events at the LHGwith 14 TeV pp collisions the PYTHIA 5 o4
Monte Carlo program{13] is used. ThePYTHIA dilepton g E

. w

event generators allow one to simulate the standard model — 02 [ ]
predictions with a photon andZ&exchange as well as modi- 0 e P Y S

fications due to compositenelsst] or the possibilities of the Iyl Dilepton System
additional exchange of 2’ including the interference be-

!
tween,y, Z, andZ’ [15]. _ _ _ FIG. 1. Rapidity|y| distribution of the dilepton system with
For the standard model simulation of dilepton events Withiespect to the beam direction for all events and the subsample

a mass larger than 400 GeV, one finds that about 70% Origizhere the sign of the rapidity agrees with the quark direct@n
nate from the annihilation ofiu quarks, 21% fromdd  The fraction of events with a correctly assigned quark direction is
quarks, and about 9% are from the annihilatiosgfcc, and  shown in(b).
bb sea quarks. Uncertainties from the quark flavor composi-
tion are not important for comparisons of a measuremenguark direction. The fraction of events with a correctly as-
with the standard model as essentially identical lepton asynsigned quark direction increases to move than 80% at a ra-
metries are predicted for the annihilationwod anddd quark ~ pidity of 1.
pairs and dilepton masses above 400 GeV. However, at a Uncertainties in the quark direction assignment and in the
pp collider, observable asymmetries must come from thoséraction of events which originate from the annihilation of
dilepton events which originate from the annihilation of asea-quark pairs have been studied with a variety of structure
valence quarku andd quark$ and the corresponding sea- functions[16] as implemented irYTHIA. From this study we
antiquark. The fraction of events which will show measur-find that for dilepton masses above 400 GeV these uncertain-
able asymmetries depends therefore on the mass and on thes are essentially negligible compared to the achievable sta-
boost of the dilepton system. tistical precsions of thed’y measurements. However, the
As a first step of the simulation, the charge asymmetrieslilepton masses below 200 GeV, the uncertainties are more
are determined with respect to the quark direction taken fronimportant for asymmetry measurements and require special
the generator. Using this approach lepton asymmetries dittention. At this center of mass energy range will already be
~61% are obtained from the fit to the @sdistribution of  covered by LEP II, we concentrate in the following only on
dilepton events and the standard model simulation. Thelilepton events with high mass.
asymmetry is essentially independent of the mass and rapid-

ity of the lepton system. If instead a random assignment oy, g\ ATION OF AN ASYMMETRY MEASUREMENT
the quark direction is used, the angular distribution of the

leptons is well described by atlcog¢* function with an According to the design characteristics of ATLAH and
asymmetry of zero. CMS [8] high identification efficiency for isolated electrons
As the original quark direction is not known imp colli- and muons with excellent energy and momentum resolutions

sions one has to extract it from the kinematics of the dileptorare expected down to pseudorapiditieg:g£2.5 and for the
system. For this analysis, the quark direction is taken fromhighest LHC luminositie$10** cm™2 sec'!). For example,

the boost direction of the dilepton system with respect to thaising the beam spot constraint, the momentum resolution for
beam axigthe z axis). The correctness of this assignment is1 TeV muons and electrons should be better than 10% and
studied as a function of the dilepton rapidigy=3 In[(E  no charge confusion is expected up to much higher mo-
+p,)/E—p,)]. The rapidity distribution for dilepton events menta. With this accuracy, dilepton mass resolutions of bet-
with masses above 400 GeV is shown in Figa)Ifor all ~ ter than 5-10% for dimuon events and 1-2% for dielectron
dilepton events and for the subsample of events where thevents can be expected for masses of about 1 TeV.

signs of the boost direction and the quark direction agree. As For this studyPYTHIA events of the typ@p—e e (y)
shown in Fig. 1b), the fraction of events with a correctly andpp— u* ™ () are simulated at a center of mass energy
assigned quark direction increases as a function of the rapia 14 TeV. The produced leptons are in general isolated and
ity. For small rapidities(|y|<0.2) essentially all dilepton are essentially back to back in the plane transverse to the
events originate from the annihilation of sea quarks with sedeam direction. Dilepton events, either dielectron or dimuon
antiquarks and an almost random assignment is made for trevents, are accepted if the following criteria are satisfied:
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TABLE I. The standard model predictions, using two different structure functions, for the number of
accepted dilepton events, assuming 100% lepton identification for the used geometrical selection with an
integrated luminosity of 100 fb' and different mass bins. The expected asymmetries with their statistical
errors for the different mass and rapidity intervals are also given.

Structure Function CTEQ2L

. Ao
Mass(/*/7) Number of events
[TeV] (for 100 fb %) ly|<0.4 0.4&y|<0.8 ly|>0.8
0.40-0.50 14100 0.350.02 0.16-0.02 0.34-0.01
0.50-0.75 10300 0.050.02 0.18-0.02 0.37:0.01
0.75-1.00 2270 0.050.04 0.24:0.04 0.43:0.03
1.00-1.25 723 0.160.06 0.30:0.06 0.46-0.05
1.25-1.50 261 0.090.10 0.310.10 0.48-0.08
1.50-2.00 155 0.080.12 0.370.21 0.49-0.28
>2.00 42 0.160.21 0.370.21 0.49-0.28
Structure function EHLQ set 1
0.40-0.50 12150 0.350.02 0.15-0.02 0.32:0.01
0.50-0.75 9040 0.050.02 0.19-0.02 0.37:0.01
0.75-1.00 2050 0.040.04 0.25:-0.04 0.43:0.03
1.00-1.25 619 0.160.06 0.32:0.06 0.47-0.05
1.25-1.50 239 0.160.10 0.35:0.10 0.53:0.08
1.50-2.00 140 0.140.12 0.38-0.13 0.510.11
>2.00 44 0.1530.21 0.43-0.22 0.58:0.21

The minimump, of each charged lepton should be largerdistribution is fitted using the unbinned maximum likelihood
than 20 GeV; the pseudorapidity| of each lepton should be method. These lepton asymmetries are shown in Fly. &
smaller than 2.5; he two leptons must have opposite charge; function of the dilepton mas@sing about 10 times the
the two leptons should be back to back in the plane transintegrated luminosity expected per experimemtarge and
verse to the beam direction with an opening angle betweestatistically significant asymmetries are found for large dilep-
the two leptons of more than 160°, the dilepton mass has tton rapidities up to masses of about 2 TeV.
be larger than 400 GeV. The extracted asymmetries are smaller than the ones ex-
Especially for dilepton pairs with masses in the TeV re-pected from the standard model and depend on the mass and
gion these criteria seem to be sufficient to select essentially
background-free events. However, if required by back-
grounds, isolation criteria for electrons an muons and veto 60
criteria against events which have a large jet activity can be o 50 |
applied without a significant loss in statistics. S -
For an integrated luminosity of 100 H about 2.8 10* % 30 |
dilepton events with a mass above 400 GeV are accepted§ 20
with these criteria. Table | shows the number of expected @ 44
events for different mass intervals. For a real experiment the b be )
number of events will be further reduced by the imperfect -1 08 -06

(@' ' Dilepton Mass 750-1250 GeV

™ all Dilepton Events
¢ accepted Dilepton Events

e L e

AR AW -
04 02 0 02 04 06 08 1

geometrical detector coverage and lepton detection efficien- c08 @ Lepton
cies e. The number of events given in Table | should be »g9 E® Lepton Charge Asymmetry
multiplied by €2 and the estimated asymmetry errors will @ o8 [ O true Quark Direction v 0.4 <lyl <08 3
. L. i E07 P ® lyl > 08 QO lyl<0.4 E
increase by roughly ¥ Accurate efficiency estimates are g ™/ 5 E
. . E +———0—1—"]— [h -
difficult to make, but values of 90% and more have been 2‘0.5 2 ——
used for other simulationg7]. c 04 | — " E
As discussed in Sec. Il, the lepton asymmetry is obtained .g_g-g 3 e E
. . . . . .. £ v E
;rom th_T_hcog*gg%t_nbgtt)lon mfthed_(ljllepton center ct))f mass 9 o4 ) ‘vi M S |H_.—‘ — 7
rame. The cog" distribution for dilepton masses between o 5 5°00: °1000 500 2000 2300 3000

0.75 TeV and 1.25 TeV and an absolute rapidity of more Dilepton Mass (GeV)
than 0.8 is shown in Fig.(3) before and after the selection

criteria are applied. As expected, the used lepton selection gig. 2. (a) The standard model predictions for the @bsistri-
criteria effect only largécost*| values. bution of the negatively charge lepton with and without acceptance

Lepton asymmetries are now determined from theftos criteria for a mass of the dilepton system in the interval 0.75-1.25
distribution of the negatively charged lepton with respect toTev and an absolute rapidity of the dilepton system larger than 0.8.
the boost direction of the dilepton system along thaxis.  Asymmetries for different dilepton mass and rapidity intervals are
For various dilepton mass and rapidity intervals, theos shown in(b).
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10'F @ o " Actepted Dilepton Events 100 b7 - Iated.dilepton pair production also with rather old structure
S PV, ] funct_mhs. As can be seen from Table |, the cross section
] 1081 1 A*230 TeV . predictions show a considerable spread of up to 15% for the
S ., -1 A'=30 TeV used structure functions. In contrast the asymmetries are
> 107§ 3 found to be quite insensitive to the structure function choice.
E o L ] Of course, a satisfactory interpretation of any asymmetry
2 ] measurement requires the simultaneous description of asym-
! N N B A L A metries and dilepton cross section.
0 500 1°°°D“eptlf‘°,aass (6223;’ 2500 3000 It is interesting to compare the estimated accuracy of
07 —_— asymmetry measurements at the LHC with measurable quark
z L (b) ,  Lepton Asymmetry lyl>0.5 asymmetries at a high energy lineglre™ collider. The most
“E’ 06 - hd ﬁi;ﬁl"& ] accurate and efficient asymmetry measurements with quarks
E o5 | O A=30Tev ] in the final state can be obtained for the reaction
2 ul D e"e”—bb. To obtain asymmetry errors at,,~1 TeV of
s o4 =Q=E£_”_ T E about 2—3%, at least 1000 accepted and tadgedents are
2 o3 oF . required. The cross section for the react®re” —bb at 1
- 02 , ‘ o TeV center of mass energy is approximately 100 fb. Assum-
2000 2500 3000

FIG. 3. Expected dilepton mass distributiof® and lepton
symmetriegb) for the standard model and for quark compositenesslog4

L PR R
1000 1500
Dilepton Mass (GeV)

with different A= values.

rapidity of the dilepton system. This difference comes from

ing an optimistic efficiency of about 10% to identifyevents
and measure correctly the chargeboflavored jets, one can
estimate the required LHC equivalent yearly luminosity to be
about 100 fo!, corresponding to an average luminosity of

sectecm™2

IV. A7z AND EXOTICA

two sources, the contributions from events which originate
from the annihilation of sea quarks which must have zero We now discuss the sensitivity of th; measurements
asymmetry and from the cases where the valence quark caat the LHC with respect to two different exotic physics sce-
ries a smaller momentum than the sea antiquark. Both corrarios as implemented inYTHIA. These arga) composite
tributions reduce the asymmetries and can be considered adels according to the model by Eichtenal. [11] and(b)
random background. This background is especially importana heavyZ’ with quark and lepton couplings identical to the
for low dilepton masses. standard modelZ [15]. To demonstrate the sensitivity of
Possible uncertainties from these backgrounds were studsymmetry measurements two extreme scenarios for the total
ied and found to be much smaller than the obtainable statisZz’ width have been used. The width has been modified by
tical errors from an integrated luminosity of 100 fb The  changing the decay rat8’ —W*W~to very large values.
expected standard model asymmetries, uncorrected for backer various otherZ’ scenarios with their detailed lepton
grounds, with statistical errors assuming an integrated lumiasymmetry predictions we refer to the literatlids3]. The
nosity of 100 fb' are given in Table I. In order to study the different model predictions for dilepton event rates are deter-
sensitivity to structure function uncertainties we have simu-mined with the above selection criteria. For the asymmetries

TABLE Il. Accepted number of dilepton events and expected asymmetriely/ffdarger than 0.5 for
different compositeness scalds , corresponding to an integrated luminosity of 100 ¥bFor the standard
model ( A”) the statistical errors of the asymmetry results are also given.

Number of event$100 fb™1)

Mass(/ /")

[TeV] A” AT=20TeV A*=30Tev A =20TeV A~ =30TeV
0.4-0.5 14100 13940 14020 14380 14118
0.5-0.6 6200 6127 6137 6462 6351
0.6-0.9 5755 5591 5655 6180 5923
0.9-1.1 978 885 940 1152 1023
1.1-14 525 466 487 674 559
1.4-3.0 267 320 257 558 353

AL(ly|>0.5
0.4-0.5 0.28320.010 0.270 0.279 0.291 0.288
0.5-0.6 0.328:0.015 0.296 0.310 0.323 0.324
0.6-0.9 0.3450.015 0.325 0.344 0.373 0.359
0.9-1.1 0.392-0.035 0.342 0.356 0.434 0.416

1.1-14 0.42%0.048 0.321 0.368 0.498 0.465
1.4-3.0 0.45%0.068 0.345 0.383 0.554 0.484
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"Aovepted Dilopton Events 100 57 ] sitivity at the twoo level to A= values of almost 30 TeV.
o0 E The sensitivity of off- and on-resonance lepton asymme-

— Standard Model . .
100l . o 1oV 2 (hoet20 Gov) try measurements to 2 is demonstrated with two extreme
%, & 1TeVZ (=860 GeV) ] scenarios. For this study & with a mass of 1 TeV and a

e width of either~120 GeV or of~860 GeV is used. The
] resulting dilepton mass distributions from the exchange of a
photon,Z, andZ'are compared in Fig.(d) with the ones

A R i °°¥°$?‘|'" from the standard model with photon ad@dexchange only.
1000 1500 2000 2500 3000

Events / 50 GeV
=
T

I
0 500

Dilepton Mass (GeV) Clear mass peaks will demonstrate the presence of such a
1 e Z' boson up to a few TeV. Only for a very broad might
208 [ Lepton Asymmetry lyl > 0.5 E the dilepton cross section measurement alone not be suffi-
Eo8 | ] ; X
2.s L E cient. However, lepton asymmetries even far away from the
§0'4 3 4+7 Z' peak, as shown in Fig.(8), reveal large deviations from
2 0'2 : sges ] standard model scenarios. We have also studied the con-
c o © O Standard Model ] tinuum asymmetries for highet’ masses with a relativel
[=]
g ° o o 1Tevz (om0 ooV, | large width and find significant deviations from the standard
. tot™ -
g2 ] model neutral current structure up to masses of about 2.5
I T I N T T TS S S S SR SO RS SR} 1
04 0 500 1000 1500 2000 2500 3000 TeV.

Dilepton Mass (GeV)
V. SUMMARY
FIG. 4. (a) Expected dilepton mass distributiof® and asym-

metries(b) for the standard model and for two exo#¢ scenarios. We have demonstrated the feasibility of lepton forward-
backward asymmetry measurements with dilepton con-
tinuum events at the LHC. Such measurements, assuming the
expected performance of ATLAS and CMS, appear to be
almost straightforward. For an integrated luminosity of 100
fb~1, lepton asymmetry measurements will allow an accurate
: " O tudy of neutral current interference effects up to dilepton
either a positive or a negative interference term. As a resulf, - <cas of about 2 TeV. The obtainable asymmetry accuracy
of the contact interaction one expects a flattening of thqs comparable with the ones a 1 TeV lineare*e~ collider

steeply falling dilepton mass distribution as shown in Fig. ith K final . luminositv of
3(a) for A* of 30 Tev and for the standard model \1v(|)to f?)lj?r inal states and an integrated luminosity of about

(A==c). Detailed discussions of these. cross section  prop 5 study of two different exotic scenarios, quark

changes can be foupd ). I'n Table ”.’ dilepton event compositeness or exotié’ models, we conclude that con-

;‘;ﬁes a?d a_?zmmetrlels arle gl\;en rf]ordq]lffferent mzsfei athuum lepton asymmetries at the LHC can be considered as
scales. The central values for the different models Nave , 4 gitional and accurate experimental tool to observe and

been obtained from a high statistic simulation equivalent 8 e .
. . X ..~ study new physics in the TeV center of mass energy domain.
about 1000 fb!. Taking dilepton cross section uncertainties y phy 9y

of up to 20% into account, the event rate with masses above
1 TeV alone will perhaps not be significant enough to ob-

serve compositeness with* scales of about 25-30 TeV. | am grateful to E. Richter-Was for many detailed discus-

However, the asymmetries, as shown in Fih)3nd Table sions about this analysis and her critical comments on the
Il will improve the sensitivity to compositeness phenomenamanuscript. | also would like to thank F. Pauss for several

considerable. The combination of cross section and asymmaetimulating discussions and F. Behner for his suggestions on
try measurements should thus allow one to increase the sehew to write an efficient fitting program.

it is further required that the dilepton rapiditigg be larger
than 0.5.

The compositeness scenario is simulated suchuheatd
d quarks are composite with a scale", the sign indicating
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