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CP violating effects in top quark pair production at the future 2 T@Fermilab Tevatron and 14 Tepp
CERN LHC caolliders are investigated. We study three kind<C&f violating sources: the supersymmetric
CP-odd phase of the top squark trilinear soft breaking term Aa)g(the CP-odd parameter in two-Higgs-
doublet extensions of the standard mo@DM), and the model-independent top quark chromoelectric dipole
moment(CEDM), respectively. Optimal observables as well as simple observables are used. We find that it is
possible to observ€ P violating effects from argh,) in top quark pair production at the 2 TeV Fermilab
Tevatron with~30 fb~! integrated luminosity whenmg~200 GeV. If the experimental systematic errors are
sufficiently small, the CERN LHC with-150 fb * can put a limit of order 10! on the phase arg() and the
CP-odd parameter in 2HDM by using optimal observables. The CEDM of the top quark can be measured to
an accuracy of 10" cm g, at the Fermilab Tevatron and few 10 2° cm g, at the CERN LHC.
[S0556-282198)07119-7

PACS numbdps): 14.65.Ha, 11.30.Er, 12.38.Bx

I. INTRODUCTION extensions of the standard mod@HDM), and the model-
independent top quark chromoelectric dipole moment
At the future hadron colliders such as the upgraded FercCEDM), respectively. In the MSSMC P violation exists in
milab Tevatron with\’s=2 TeV and the CERN Large Had- strong interaction and in the 2HDNG P violation can have
ron Collider (LHC) with \/s=14 TeV, the annual top quark strong Yukawa couplings because of the heavy top quark
pair yields are about X10* (with integrated luminosity mass. Therefore, both can produce possible large effects. It is
f£=10 fb ') and 7x10° (with [£=100 fb '), respec- also useful to studyCP violation in a model-independent
tively. The large numbers of top quark pairs allow us to doway when we do not know what is the new physiGP
precise measurements on physical quantities associated Wi#blation in top quark pair production at hadron colliders is
the top quark. Among them are the production cross sectiongjiso studied in Refd5-14]. In Ref.[7], SUSY QCDCP

the top quark mass, and the discrete symmetry propertie : Lo :
Because of the QCD uncertainties and the experimental sy.i,/jolat'm‘]'l effects are studied in tigg—{t process by using a

: s . charge energy asymmetry observable that is only sensitive to
tematic errors, the precision of cross section measurement

only about 5%-69%1]. The discrete symmetry properties Eﬁe |me:_g|ne|1ryt§)art ofbtlhe loop mﬁagrals. _In thlzwork,b\;ve use
such as parity nonconservation a@dP violation do not suf- € optimal observables as well as naive observables con-

fer from QCD background uncertainty and their accuraciestucted from the final state momenta. Possible laoge

of measurements depend mainly on the statistical errors prd(-'°|at”_19 effects in 2HDM and 'the methods of qbservmg
vided the experimental systematic errors are sufficientl;}hen? m_top quark pair production at hadrpn co|||ders_are
small. Therefore the discrete symmetry properties can bgtudied in Refs[6,12]. We extend those studies by applying
measured more precisely than the cross sections. New phy@ptimal observables. In Ref8], the method of extracting
ics which has no observable contributions to the cross segeal top quark CEDM in the reactiapg—tt is studied. It is
tion may have observable effects in parity ©P violation.  found that the optimal observables are particularly effective.
Since the standard modéM) contributions to parity viola-  We include here an imaginary part of CEDM and the reac-
tion [2] andCP violation are small, possible observed large o qq_tt at the Fermilab Tevatron. Furthermore, we use
effects of them will reveal new physics.

In a previous worl 3], we have shown that the minimal the_ eiact_
supersymmetriqSUSY) extension of the standard model (bqg;q;bg,qs). In Ref. [8], the top quark spin in its rest
(MSSM) [4] gives observable parity violating effects at the frame is taken to be in the direction of the lepton. This is a
Fermilab Tevatron while its corrections to the productionkind of approximation, although the lepton is a good ana-
cross section are within the QCD theorectical uncertaintieslyzer of the top quark spin, because in the top rest frame, the
In this paper, we shall concentrate on @&-violating ef-  |epton momentum has the angular distribution proportional
fects induced by nonstandard model interactions. We inveso 1+ cosy with ¢ being the angle between the top spin and
tigate three kinds o€ P-violating sources: the supersymmet- the lepton momentum. The possibility of using polarized
ric CP-odd phase of the top squark trilinear soft breakingproton was studied in Ref14].
term arg@;), the CP-odd parameter in two-Higgs-doublet  In Sec. Il, we describe the models and the calculations.

The methods of extractinG P-violating effects are given in
Sec. lll. In Sec. IV, we present our results, discussions, and
*Mailing address. conclusions.

amplitudes of gg(qq)—tt—bl; V|1E 2_;2
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Il. MODELS AND CALCULATIONS i

1 p P~ t
A. CP violation in MSSM q >4\0_”<

q P Ny

m

In the MSSM, two possibilities can induc@P violation

in top quark interactions: the complex phase in Higgs boson i (a)pl Jt

mass parametek, and the complex phase in scalar top su-

persymmetric soft breaking trilinear coupli. The ex- ! >u-o-o‘/
perimental limit on the neutron electric dipole moment . T

(NEDM), d,<1.1x 10 %%¢—cm [15], places a severe con-

straint on the phase ofi. Therefore, the only significant (b) ©
SUSY CP-odd phase in association with the top quark is
arg(A,). In Ref.[16], it is argued that the phase afgj is -7 T ! f

not strongly constrained by current experiments and the ef- I H '
fects in single top quark production and decay are studied. In
this work, we shall assume agg=0 and let argd,) be a @ )
free parameter of na priori constraints.

The parameter arg{) enters in the scalar top quark mix- ~ FIG. 1. Feynman diagrams of tree-level and 1-loop SUSY QCD

ing. The mass eigenstatés and, of scalar top quark are Corrections ofCP violation toqg—tt.

related to the current eigenstatgsandty b .
9 th R DY In the presence of squark mixing,the strong squark-quark-

T,=T,cos 6, +Trsin 6ie~ A, gluino interaction Lagrangian is given by
“fz: —TLSin GteiBt‘FTRCOS 0, (1) gaq= gsT?@[(al— bl?’s)alj +(ax— bz?’s)azl' ]Ela+ H-(C-)'
' 6

The mixing angleﬁt,.phasqelt 'as well as thg Mmassex, , _Where g is the strong coupling constart? are SU(3)
can be calculated by diagonalizing the following mass mat”’benerators and for the top quaak, by, a,, b, are given

[4] : by
2
M7 mem; g 1 A
M= £ a;= —(cos 6,—sin #,e'?),
t Ve V2
mm, g th
MZ =m? +mZ+ (% - Zsinte 2B)m3 b= — —(cos 6+ sin &5
tL_me m;+ (3 —§sinffy)cog28)ms, 1= \/E(COS .+ sin 6,e'Pt),
MZ =m? +m2+ Esin249 cog23)m> 1 ~
tR R '3 w z a2=—ﬁ(cos¢9t+sin 6,.e” P,
M = —pu COt B—Ay, 2 1
= —_ — —qj 7|B
wherem-fL, mfR are the soft SUSY-breaking mass terms of b \/E(COS 6i=sin oie""). @)

left- and right-handed top squarks, fav, /v, is the ratio . _ _ . _
of the vacuum expectation values of the two Higgs doublets. The above interactions enter in the virtual corrections to
From Egs.(1) and (2), we can get the expressions for the main production processestafat hadron collidersqq

mgzl , 6;, and g, —tt and gg—tt. There are also weak squark-quark-
’ neutralino and squark-quark-chargino interactions. Since
> 1 9 > ) 5 > their coupling constants are an order of magnitude smaller
U 5[M7 + Mz = \/(M;L— M) +4mg|myg|<], than the strong SUSY QCD squark-quark-gluino interaction,
(3 we shall not consider them here. However, they may be im-
portant when the main processes are weak interacfibfis

m2 — M2 In Figs. Xa)—(e), the Feynman diagrams of the QCDEee—
tan 6,= N cos S, (4)  level and SUSY QCD virtual corrections of the process
my(— u cot B—|A{cos On) —tt are given. The corresponding Feynman diagrams of
|Asin 0 gg—tt are presented in Figs(&—(m) [the u channels of
tan B,= t A (5) Figs. 2b), (f)—(m) are not depicted The dashed lines in the
Y u cot B+|A|cos Oa, ' loop stand for scalar quarks, while the solid lines for gluinos.
In Ref. [7], CP-violating effects are studied using a charge
where HAt=arg(At). energy asymmetry observable which is only sensitive to the
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i shall assume thafM?2S is small enough to be within the
Z Pa, P22 ! LUl I 1 5 %—6 % uncertainty and therefore is neglected in our calcu-
::’@rn< % lations. We also discard terms iM3* which give only
. 07 b 1 oTTTT parity asymmetry3].
} (@) J (b) (© Let us denote the momenta of the initial and the final state
— . L1l D particles asa(pa)a(ps)—ti(p2)t;(p1). We may use, as a
%: %: E [/ further shorthand, the notation fa=q that u;=u(p;)(v;
Tl t TUBTY =v(p;)) denotes the Dirac four-spinor corresponding to the
@ © ® momentum and spin of particl@ntiparticle. Whena=g we
usee;=€(p;) for the gluon polarization function. In this no-
tation, the tree-level amplitude far=q can be written as
111 prasm TOVT, TSI
ETTO—— mlf_— m\—\.—- Mg:igg(TfiTlcm)US'y'uu4u27;LU1/51 9
(®) (h) @ wheres is the invariant mass of thig pair.
T T ToTTo - T The tree-level amplitude foa=g is composed of three
{ i i different production channels|t,u channel as follows:

M= —igZ(if apcT®);iu(p2) Vo (py)/s

:@E' :j>< = —igg(TeTP—T°T?); Mg, (10)
(m) (n)

Mgt=—ig2(TPT2),,u(po) £a(d+my) kv (py)/ (E—m?)

= —igd(TPT?); Mg, (11)
FIG. 2. Feynman diagrams of tree-level and 1-loop SUSY QCD
corrections ofCP violation togg—tt. M3'=M3(p3—ps, T2oTP, t—u0)
imaginary part of the loop integrals. Therefore, there are no = —ig5(TeT?); Mg, (12
contributions to the charge energy asymmetry from Figs. . : .
2(F)=(j),(m). ¢ g9y asy Y g whereq=p,—p4,['* is given in Appendix A.

. . — — To calculate theCP-violating effects induced by the

The one loop scattering amplitudes efq—tt and g5y QCp effects, we follow the method presented in Refs.
gg—tt were already presented in Refd7-19 for calcu-  [5 20], in which the amplitudes were calculated numerically
lating the total production rates ¢f pairs. To calculate the using the helicity amplitude method. To obtain the renormal-
CP-violating effects in thett system, additional renormal- ized scattering amplitudes, we adopt the dimensional regu-
ized amplitudes are needed. In terms of the tree-level ampliarization scheme to regulate the ultraviolet divergences and
tude M2 and the next-to-leading order SUSY QCD correc-the on-mass-shell renormalization scheme to subtract the di-

vergence$21].

The SUSY QCD corrections to the scattering amplitude
SM?3A for a=q arise from the vertex diagram, the box dia-
M2=M2+ sM2, ®) gram, as well as the crossed-box diagram. The renormalized

amplitudes can be written as

tions SM?, the renormalized amplitudes da—tt (a
=(q, g) at the one-loop level may be written as

where M2 can be decomposed into two par&2S which SMIAZ SM + SMPB+ SMCB (13)
contains even combination o ande,,,,,, andSM?A con- ’

taining odd combination ofys and €,,,,. The symmetry wheresM% is the vertex corrections of Figs(d) and(c),
breaking effects are contained &2 which has no contri- and sMPB and SMCB are the contributions from the box
butions to the total cross sections at next-to-leading orderiagram and crossed-box diagram of Fig&d)land (e), re-
while 6M2S will contribute to the total cross sections. We spectively. The results for these separate contributions are

SM® =ig2(Tf Th)va(Bo— B1)Usliz(—Dys)v1 /5, (14)
SMPB=ig2Z (TS TS ) P u; U301~ UpPala03Ysv 1+ Uplay + U, YsUgu 3P (15)
1956 (T5i Tim) f- [ U2P3ysU4v 30 1 — UaPaUavaysv 1+ UpUsvsPsysv 1+ Up ysUsv aPaval,
2
SMCB= 7 oM P8(ps—pa).- (16
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The form factorD® corresponding to the top quark CEDM and the form fadfdf are given in Appendix A.
The SUSY QCD corrections to the scattering amplitdiié9” of gg—tt can be written as

oM jgiA: —igZ(sMm +O}i+)+ oM _O}i7)+ M Sapl;i), (17)
with
TaTb+ TP TbTa—TaTh
O=r—o——, 0=, (18)

5M+: _%5M 52+ SM Self,t+ SM Self,U+ SM Ul,t+ SM v1,U+ SM v2,t_|_ SM v2,u_|_ SM boxl;_l_ SM bOX1U+ SM b0X2I+ SM bOXZLI,
SM ™ =—25M Sl+ SM selft __ SM self,u+ SM vlt_ 5MU1'U+ SM v2t_ SM U2,U+ SM box1t __ SM bOXllJ+ SM bOX21_6M box2u

SM 6 % SM 32+ %( SM bOX11+ SM boxlu) _ %( SM bOX21+ SM bOXZU) _ ( SM bOX31+ SM bOX3U) ) (19)

In the above expressions, the supersctijpt stand fort,u where
channel.sMs! is thes channel vertex corrections from Figs.

2(c) and(d), SM*? from (e), SM>®™ the self-energy correc-

tion from (f), sSM** from (g) and (h), SM?2! from (i) and

(), SMPXE from (k), SMP?! from (1) and SMP*3! from

(m). In the following we only give the explicit results of the B. CP violation in 2HDM
s channel(no crossed diagrayrandt channel contributions.

The u channel results can be obtained by the following sub- [N ordinary 2HDM, there are three neutral physical Higgs
stitutions: bosons, namely, tw& P-even scalardd, h, one CP-odd

pseudoscalaA. CP violation in the scalar potentidl22]
PsPs, acb, T (20) induces mixing of theCP-even andCP-odd neutral Higgs
bosons, thus leading to three physical mass eigensigtes
All s, t-channel termsi®M*, SM~, &M?canbewrit- > (i=1,2,3) with no definiteCP parity. Their Yukawa cou-
ten as followed according to their Lorentz structures: plings to the top quark can be written @s the notation of

[23])

Mi=M§+M§, Mgo=Mi—Mg—2M5. (24

w

SMX = e €Ul 150+ T3 ¥, Yo+ F3P1,P1,+ TaP1,4P2s

Ly=—m(V2Gp) 2> t(ay+iajys)td;, (25

+ fép2,u.p1v+ f)l(opzﬂpzy‘F f)1(3¢4p11/7ﬂ+ f>1(4¢)4plﬂ’v =1
+f>1<5¢4p21;7ﬂ+ f)1<6¢4p2M7V] YsU1, (21)

whereGg is the Fermi constant, and
where X=s1, s2, self, v1, v2, boxl, box2, box3, re-
spectively. The ten form factors corresponding to each dia- -
gram are given in Appendix A. They are not all independent aj=dy;/sin B, a;=—dgcotp, (26)
when we sum over all possible channé&l$?-odd property of

x .
oM~ requires and dy; ,d;; are the matrix elements of ax3 orthogonal

matrix that describes the mixing of the neutral stdt23).
We assume that the two heavier Higgs bosgns4,3) may

Those relations are verified by our explicit formula of the P& Néglected and defime-a,, a=ay, ¢=¢,. The strength
form factors. We find that all form factors are proportional toof CP violation is proportional to 2lfey(—iay)*]

=11, fl=fls f7+2f5,="1%. (22)

Acp=2Im(a;b})=sin 26;sin G;. =2aa=—2ycp(ycp is defined in[12]).
The color sum of the amplitude square including the next- The one-loop Feynman diagrams of Higgs boson contri-
to-leading order correction is butions to the processegy—tt andgg—tt can be repre-

sented by Fig. (b) and Figs. Z), (f), (g), (i), (k), and (n),
respectively. Now the dashed lines in the loop stand for
Higgs bosons, while the solid lines for top quarks.
The one-loop amplitudes can be easily obtained from
=g ZMg |2+ 3|My |2+ ¥ ReMg sMTT) those of the MSSM by the method given in Appendix A with
ot ©an st no changes oBM%¥, SM*, SM~ and the modification
+6RegMy oM™ T)+8ReMg M)}, (23)  on sM? which comes from Fig. @):

> {[MJ>+2ReM§sMIAT)}
color
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OM 2= € esup{a(13'0,,,+ F3Pa,Pas) — 82151 €410 RS ¥ >W9< :‘;}“ﬁ< %

+aai(f} "9t £5'P3,P4,) Vs

(a)
— 15 €40poPaPS Tt [(S—m5+im,T ), (27)

oosoT T ‘
whereT; is the nggs boson width antf', ; are given in I +crossed one +crossed one
Appendix A. M ? is composed of two partsiM %¢, which is TTER——

CP even and contains terms af, a% sM®, theCP odd

term proportional t@a. We keep theC P-even term because (@ (e)
whenm,>2m, it may be important. The 8RM(; M o)
term in the color sum of Eq23) should be replaced by

FIG. 3. Feynman dlagrams of top quark CEDM corrections of
CP violation toqgq—tt, gg—tt.

8RE M M 2T+ 24(| SM |2+ | 5M %°|?)
+ 48Rd SM % 5M %°T), (28)

Ill. EXTRACTING THE CP-VIOLATING EFFECTS

Since M3 contains odd combinations g and €uvpo
its interference with the tree-level amplitude will be zero if
we sum up all the initial and final state spins or polarizations.
To see theC P-violating effects, the spins of at least some of
the particles must be identified. Because the initial state spins

are difficult to determine, the helicities of the fiialmust be
When the particles in the loops are heavy compared to thinferred from their decays. If we assume the SM couplings of

external particle momenta, it is convenient to describe thehe top quark to its decay products and sgt=0, all decay

loop induced interactions by an effective interaction La-products of the top quark will have left-handed helicities.

grangian. Even when the loop masses are not too large, Bhat means the spin information of the top quark can only be

model-independent study can give us knowledge about thgansfered to the momentum correlations among the decay

sensitivities of given colliders. That approach is particularlyproducts.

useful when we do not know the underlying new physics. We assume the SM decay of the top qdaakd apply the

We assume the following additional top-quark-gluon effec-narrow width approximations of the top quark andboson

tive interaction propagators:

We computd’, by using the formula and parameters of Ref.
[12].*

C. CP violation from model-independent top quark CEDM

id—
Lo=—5 to"" ysF3, T8, (29 1

77 2_ 2
R _
G im ryemyy T
where o#"=(i/2)[y*,y"], F5, is the the gluon field
strength. The coefficierd, is the top quark chromoelectric
dipole momen{CEDM) which we assume to have an imagi- . - —
nary part as well as a real part. We denote idfs-id; . The parton level cross section for reactiaa—tt
The CEDMd, contributes to the€ P-violating amplitudes  —bly »,bl; v, (ba;q;bgzq,) can be written as

through the diagrams of Fig. 3. Let us defifi£=dt/gs

whereY stands for top quark and/ bosonI'y is the width of

_AR. A4l 5 5 i A ~ ' ’
=dy -Hdt. The_contrlbutlon. of Flg: Ga)_ AtO.qCI*)tt can be o= le‘ | |2a _d0 dQ\’,WdQ\’N,dQﬁdQ 3
obtained by simply replacin@?® with id, in Eq. (14) and (87)1% m?m3,I'2Tr'3,
setting SMPB=sMCB=0. We denote the contributions to (32
gg—tt of Figs. 3b)—(e) as SMS, SMP, sSMVt, sM?:Y (for -
the crossed diagramgsespectively. Then we have where y=y1—-4m{/s and
SM T =MV 4 MY, (my+mp)? (My—m,)?
A= 1- . - > ~(mZ—ma)%m¢,
m; m;

- _ S__ b T u
M~ =—-26M>-25M°+ MV — SMVY, 33)

SM?=0. (30 , DL : .
dQ,, . (dQ,,-) is the solid angle element &% (W) in the
W w—

SMS, 8MP, 5MU! can also be written as the form of Eq. rest frame of thganti) top quark,dQ +(dQ ) denotes the
(21) with the constant form factors given in Appendix A.

2The top quark decay asymmetry in the MSSM is found to be
The misprint ofT'; is corrected. small[16,24].
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solid angle element df{ (1) in the rest frame ofV* (W),
M |2 is the average amplitude square excluding the top quar

PHYSICAL REVIEW D 58 114002

where all momenta are in the laboratory frarke;(E;-) is
the energy of "(17) (I=1,=1,=e, u, here we do not dis-

andW-boson propagators after the decays of the top quarkdinguish e, ), the subscripts of the momenta denote the

IM[Z=

s;t >

color,spin

{IM3[>+2ReMGoM*AN)},  (34)

where 15, is the color,spin average factdg,=36 andsS,
=256. In our calculatlonst IM|2 is easily obtalned from the

amplitude ofaa—tt by the following substitutions:
- g= _
Uz— gtpYu(1=ys) (P mu, y*(1 = ys)uy,,

) 35)

g p—
v1— §U|27,L(1_ ¥s)v Vz(pl_ my) y*(1—ys)vp,

corresponding partcheP is the momentum of the proton in
the case opEcoIIision.Al, A,, andT, are studied in Ref.
[12]. f, and O, are used in Refd8,11], respectively. Be-
causeA;, A, areT (time reflection[27,29) even, they are
only sensitive to the absorptive patisiaginary partsof the
loop calculations and,. On the contraryT,, f,, andO,
are T odd and only sensitive to the dispersive pafrsal
parts. A;, T,, f,, and OL all require the events that two
top quarks decay semileptonicall, uses the events that
one top quark decays semileptonically and the other hadroni-
cally. Among the above observables, oilyis Lorentz in-
variant.

While all the above naive observables use only parts of

where g is the weak SU(2) coupling constant. The abovethe information, the optimal observables studied in Refs.

expresssions are calculated numerically.
The hadronic cross section is obtained by convoluting Eq
(32 with parton distribution functions:

1 1 —
dap;(p)zazg fodxlfodxz[fg(xl)f%’”(xz)

+(P=p(P)]doaa/(1+652), (36)
wheref?(P) fﬂ(p) are parton distribution functiondDFS.

It has been studied extensively in the literature how to
pick out the momentum correlation information contained in
2Re(M§sM aATy and therefore theC P-violating effects by
looking at the expectation values of t@dP-odd observables
constructed from the momenta of the top quarks and thei
decay product§5—-12,16,25—28 In this study, we adopt the
following simple observables that are constructed from ob-
served momenta and can be easily used by experlmentalls

{Sonstant (denote it as A=Acp, 7vcp,

[30-37 use the full information in 2R&136M3AT). There-
fore they are the most effective ones.

In the case of model-independent top quark CEDM,
2Re(M§sM ATy contains two terms that are proportional to

df andd}, respectively. In the MSSM , it depends on the
particle masses in the loop as well as a multiplicative con-
stant\cp. However, since our main goal is to search @i
violation induced by this\cp, we must assume all the
masses in the loop are known. In the 2HDM, from the first
term in Eq (28) which isCP odd, one can separate a factor

Yep=— aa. Although in the resonant region, contributions
of the other three terméelonging to higher than next-to-
leading order may be large, they are still overwhelmed by
the tree-level and the next-to-leading order contributions. As
'bn approximation, we shall drop them in the definitions of
the optimal observables. Therefore we can always separate a
df, di) from
Re(M36M?3AM in all the models considered.

Apart from some common factors in E¢36), the had-
ronic cross section can be written as

>

a=aq.g

doppip)= f > {IM32+ \2RgMESM3ATY)
color,spin

X[ £2(x) 2P (x3) + (p p(P))]dd dxydxy, (42)

where d® denotes the phase space. In the following,
2ReM3sM3Ah) is calculated by settinghcp=1, ycp

=1, d,=1, andd,;=i in the form factors in each model,
respectively. The optimal observable is defined as

LX) 2P (x5) + (p—P(p))]

A1:E|+_E|f, (37)
AZ_pt p|+_pt p|——Ot Q:, (38
T2=(Po—Pp) (P1+ X Pi-), (39
vopP Pl -PEPE
f2— €uvapPi+P) blt)z (40)
(Pi+- Pi-Pp* Pp)
OL=—=3P (P+XP-)P-(p+—P-), (41)
m;|P|?
> > 2RgM3sMA
a=q,g color,spin
Oopt:
> > My

a=q,g color,spin

— (43)
(x) P2 (%) + (P p(p))]
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The above observable depends on the parton distribution

functions. It is inconvenient for practical use. In thp col- Colozs _ 2RgM§SMAAT)

lision, it is not aCP-odd observable because of the asym- 0, =P ' (46)
metry of quark PDFscf. Apperﬁix Q. Because atthe 2 TeV D IM329,

Fermilab Tevatron, the maitt production mechanism is color,spinj '

gg—tt, and at the 14 TeV CERN LHC, the main process is
gg—tt, we can neglect one process at each collider. wavhere the sunis over all possible solutions of the neutrino
consider onlygg—tt at the Fermilab Tevatron argig—tt ~ momenta ;= /Si[fg(x'l)fg(p)(x'z)+(pHp(p))] comes
at the CERN LHC in all of the following calculations. Then from thett phase space, flux factor, and PDFs because of
we have the optimal observable different momentum reconstructidef. Eqs(32) and (36)].
There may be possibility that the reconstructed initial parton
energy exceeds the prof@mtiprotor) energy. That kind of
> 2REMZSM3AT) reconstruction should be discarded in the calculati@ds.
1:°°'°r'5p'“ (44)  also depends on PDFs. For practical use, we define a nonop-
timal observable as an approximation:

IMGI?

color,spin

O|’ :EI Ol' (47)

Since the neglected process consists of only about 10% of
the total cross section, E¢44) deviates from the truly opti-
mal obs_erval_)Ie by at most 20%0, has_ the property of  Again the suni is over all possible solutions of the neutrino
Lorentz invariance, one can calculate it in any frame. It hasnomentunt

the same symmetry property as 2RE{sM>A") which is We now consider the case where one top quark decays
CP odd. In the MSSM and 2HDMQ; has no definitsT ~ semileptonically and the other hadronically. The missing
parity and depends on the loop particle masses. We note thaeutrino momentum can be fully reconstrucféd]. But be-

the optimal observable defined fdf is only sensitive talff ~ cause we cannot distinguish the quark and antiquark jet, we
still have ambiguity of twofold uncertainty. When two
quarks decay all hadronically, there is fourfold uncertainty.
We define therefore alternatvely the optimal observables

independent ofl} . The same holds true fat;. This is be-
cause the two terms proportionald§ andd; have different

discrete symmetry.
To calculateO,, we need to know all the momenta of the

initial and final state particles. That cannot always be Z 2REM3SM aAt)
achieved. It is still useful because it can provide us with the Ou— color,spinj (48)
upper limit signal to noise ratios of any oth€rP-odd ob- 2= al2 '
servables. Let us first look at the case where two top quarks colczpinj IM3|
decay semileptonically. The two neutrino momepta, p,, ’
will be unknown. But they may be determined indirectly by
the following eight equationE3]: D 2RgMASMaAT)
0,— color,spinj’ (49)
PP CS M
color,spinj’

( v + +)2:( v + 7)2:m2 ’ (45) .. . . .
PPl Pra P, W where the sunj in O, is over the two possible assignments

of the jet momenta, and the supm in O, is over the four
(pV1+ pi++pp)2= mf, assignments.
! The statistical significance of an observablean be de-
scribed by the signal to noise ratiadefined as

(Py, T P15 +PR)° =7,
r=(0)/\{0?), (50)
+p,-+pp) = — +p++
(pv2 pl2 pb)transverse (pV1 pll pb)transverse where(O),(Oz) are the expectation value 6F, OZ, respec-
tively:
Similar situation exists in the study ofr production in
e"e” collision [33]. The above equations give rise up to

fourfold solutions(see Appendix B Considering this ambi-  30ne can also defin®, by settingz;=1 in Eq.(46), the numeri-
guity, we can define a modified optimal observable cal difference between the two definitions is minor.
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. 2HDM, we treat the SUSY particle masses and Higgs boson
j O'dappp) mass as free parameters allowed by current experiments. We
(0= : (51) assume that all the squarks except for the light top sqtiark
f dapp(p) to be degenerate. The light top mass is required to be above

50 GeV([37]. We choose gluino massy and Higgs boson
It is interesting to note that for the optimal observables andnass=100 GeV.
unit , we always havgO)=(0?). Care must be taken i The signal to noise ratio results at the 2 TpY Fermilab
calculating ther of A,. Becauseh; is the difference of two  Tevatron and at the 14 Telp CERN LHC are summarized
observables@;andO,) which are calculated using different , Taples 1-V. We do not present the results for 2HDM at
events(i.e., diffgzrent indepenozlent distribution functionee e Fermilab Tevatron because the effects are too small un-
have (A2)=(07)+(0F)~2(0y). If the experimental eror |ess the Higgs boson mass is less than 100 GeV. We denote
comes only from statistics, the number of eveMs.en: the signal to noise ratioof an observabl® asr (0). All the
needed to observ€P violating effects at ir level (68%  taples show that (O/) is slightly smaller tharr(O,) and
C.L.) satisfies|r|=1/\/Ngyent OF Neyene=1/r2. To reduce the r(0,) is about 3/4 ofr(0,), r(0,) about 1/2 ofr(0O,).
statistical errors, one can combine the measured results of t erefore,0/ is a good approximation fo®; .
three dgcay mod_es: Ieptonic-leptoniq, Ieptonic—hadronic, and Taple | shows the results at the Fermilab Tevatron from
hadronlc-hadronlc modes5]. Assuming their cprrespond- five sets of SUSY parameters. We see that the naive observ-
ing number of events afd; Ny andN;, , _respegtlyely, then  aples have signal to noise ratios all1l%. It is difficult to
we can define a combined signal to noise ratio: observe such small effects at the Fermilab Tevatron. The
optimal observables, on the other hand, hexel % as long
as the gluino mass is around 200 GeVhey are about 3—10
wherer,, r,, andr, are the signal to noise ratios of the times more effgctive 'Ehan the naive ones. The combined sig-
observables which use leptonic-leptonic, leptonic-hadronicl@l to noise ratios 00, ,0,, andO, are all between these of
and hadronic-hadronic events, respectively=N,+N; Oz and O,. BecauseN, is small compared wittN; and

+N;; is the total number of events of the three modes. NotdYjj . the combined is just a weighted average of these of
that r, depends only on the ratiosl, /N, N; /N, and 0, and O4. Assuming we can obtain 30 B integrated

Nj; /N, not onN. The signal is detectable avllevel when  luminosity, then the total number of fully reconstructed

rc:\/(N||r§+Nj|r§+ijr§)/N, (52)

ro|=1/YN. events is about 3810 [1]. It is reasonable to assume that
we can have purely hadronic evems =2X 10%, hadronic-
IV. NUMERICAL RESULTS AND CONCLUSIONS leptonic eventsN; =1.2x 10*, and purely leptonic events

N, =0.2x 10*. The corresponding & level statistical errors
We first check our caEuIations with QCD gauge invari- gre r;=0.71x 1072, rj=0.91x 102, r;=2.2x10 2.
ance in the procesgg—tt. That can be done by replacing The combined error is 0.54%. In Table®, hasr>r, only
€3, €, With p3, p,. We find that the correction amplitude whennm;_is around 50 GeV andh is around 200 GeV. We

is consistent with gauge invariance. Then we check our calyjyays haver (0,)>r;, 1(O4)>rj; when n;~200 GeV.
culations with known results in the literature. Our partonTherefore, it is possible to detect tiP-violating effects by
level results are all in agreement with R€fg,12]. By using using optimal observable®, and O, when g is around
Js=40 TeV, m=160 GeV, and 10 sample of leptonic 200 GeV. The effects are detectable by a combined measure-
events, we find thed; limit on dy is 2.8x10 % cm g5 ment whenmy is in the range 100-300 GeV.
which is very close to\n, in Ref. [8]. That means that  Table Il shows the results at the CERN LHC in MSSM. It
taking the top quark spin in its rest frame to be in the direcshows the same features as Table I. However, at the CERN
tion of lepton momentum is feasible. We can also reproduc@ HC, the numbers of events are much larger than those at
the results o, in Ref.[11] with ;=0 by including both  the Fermilab Tevatron. With 150 3 integrated luminos-
qq—tt andgg—tt processes in the calculations. ity, we can assumél;;=10", N;=6x10°, and Ny =1C.

As mentioned previously, in the following calculations, We further assume the experimental systematic errors are

we consider onhag—tt at the Fermilab Tevatron argyy below the statistical ones. In addition, there are also theoret-
w9 ical uncertainties coming from possible n@PR-violating

—tt at the CERN LHC. The parton distribution functions of ~yntaminations at thep CERN LHC. Because the initiap

. . . y . 2
Mar'gn-Roberts-Snr_Ilng(MRS) set A’ [35] with scaleQ state is not & P eigenstateC P-conserving interactions can
=m? are used.m, is taken to be 176 GeV. To look at the

largest possible effects, we set t@d>-violating parameters
Acp and ycp to be of order 1, namelyycp=1 (this needs
0= /4, cf. Appendix A, ycp=1. In the MSSM and

produceC P-asymmetry effects int final state. We present a
general analysis of the contaminations to the Lorentz invari-
ant observables in Appendix C. We find that within the

The value is close tm,, so that the gluino threshold is close to
“4It should be noted that all the results are insensitive to the PDRhe top quark one. Thé P-violating effects are large because of the
and Q? choices. CTEQ4M36] gives similar results. threshold effects.

114002-8



CP VIOLATION IN TOP QUARK PAIR PRODUCTION . .. PHYSICAL REVIEW D 58 114002

TABLE I. Signal to noise ratia in pa~>t?+x at the 2 TeV Fermilab Tevatron in the MSSM with
Acp=1, for five sets of SUSY parameters labeled h}{l(,m;2= mg,mg) GeV. The combined results are for

O/, O,, andO,.

A, A, T, f, 0, o/ 0, O, Combined

(100,500,10p 0.25% —0.23% —0.16% —0.16% 0.82% 0.79% 0.62% 0.45% 0.54%

(100,500,20p 0.59% —0.42% 0.08% 0.12% 1.82% 1.73% 1.41% 1.04% 1.18%
(100,500,30p 0.12% —-0.17% 0.13% 0.11% 0.78% 0.74% 0.56% 0.40% 0.49%
(50,500,200 0.80% —0.58% 0.08% 0.14% 2.49% 237% 1.93% 1.43% 1.69%
(100,1000,20p 0.58% —0.42% 0.11% 0.15% 1.77% 1.68% 1.36% 1.01% 1.19%

TABLE Il. Signal to noise ratia in ppﬂtt_+X at the CERN LHC in the MSSM with -p=1, for six
sets of SUSY parameters labeled b;rtg rrrtz,rrrg) GeV. The combined results are f@y , O,, andO,.

Ay T, f, 0, o/ 0, O, Combined

(100,500,10p —0.12% 0.11% 0.22% 0.92% 0.81% 0.71% 0.53% 0.62%
(100,500,20p 041% —-0.13% -0.35% 1.82% 1.61% 1.41% 1.05% 1.23%
(100,500,30D 017% —-0.13% -0.29% 0.85% 0.72% 0.62% 0.44% 0.53%
(100,500,40D 0.06% —-0.08% -0.17% 0.41% 0.34% 0.29% 0.20% 0.24%
(50,500,200 0.63% —0.14% —-042% 250% 222% 1.97% 1.47% 1.71%
(100,1000,200 047% —-0.17% —-048% 212% 1.88% 1.62% 1.20% 1.41%

TABLE IIl. Signal to noise ratior in pp—>tt_+x at the CERN LHC in the 2HDM withycp=1. The
combined results are fd/ , O,, andO,.

m,(GeV) A T, f, 0, o/ 0, (o) Combined

100 —0.20% 0.10% 0.28% 1.09% 0.97% 0.82% 0.60% 0.71%
200 —0.16% 0.12% 0.30% 0.96% 0.85% 0.69% 0.49% 0.59%
300 —0.15% 0.14% 0.36% 1.12% 0.97% 0.78% 0.54% 0.66%
400 —-0.13% 0.20% 0.45% 1.55% 1.52% 1.31% 0.92% 1.11%
500 —0.05% 0.15% 0.31% 0.91% 0.87% 0.76% 0.53% 0.64%

TABLE IV. Signal to noise ratia at the Fermilab Tevatron and CERN LHC with model independent top
quark CEDMdR=1 GeV ! g4=1.97x10 ** cm g, and the accuracies with whiaf can be measured
at the Fermilab Tevatron and CERN LHC with assumed numbers of events given in thda[Rtis(given in
units of 1018 cm g,. O, is given only for leptonic events. The combined results aredipr O,, O,.

T, f, O, 0, o} 0, O, Combined
Tevatron r 39.9 40.9 —35.2 124 88 75 47 61
df 10.9 10.6 12.3 3.5 4.9 2.4 3.0 1.7
LHC r —53.6 —-112 238 199 154 99 128
df 0.37 0.18 0.08 010 0.052 0.064 0.037

TABLE V. The same as Table IV, but fat, .

Aq A, O, o} (o) (o) Combined
Tevatron r —80.5 57.4 214 179 169 127 146
d} 5.4 4.4 2.0 2.4 1.1 1.1 0.73
LHC r 83.2 —-21.1 381 332 332 248 282
d{ 0.24 5.8 0.052 0.059 0.025 0.025 0.017

aNote that forA,, only half of N; can be used.
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framework of a parton model, there are no contaminations teameter in 2HDM, and the model-independent top quark
these observabled\;, A,, andT, are discussed in Refs. CEDM are investigated. Optimal observables as well as
[6,12). They are well below the signals. Therefore, the-1 simple observables are used. The optimal obervables are usu-
level errors are r;;=0.32x 1073, rji=0.41x 1073, ry, ally 2—10 times more effective than the naive ones. It is
=1.0x10 3. The combined error is 0.2410 3. The naive  Possible to observ€ P-violating effects from argh) in top
observableT, is on the margin to be detectabl, and f, quark pair production at the 2 TeV Fermilab Tevatron with

are better thaiT,. They can be used to observgp at few ~ —30 fb™* integrated luminosity whemi;~200 GeV. If a

%10~ when mg is within the range 100-400 GeV. The combined measurement is applied, the range of gluino mass

observableO| is 25 times better. AlfF(O,)=10 r; and in which the CP violating effect§ are detectable is
r(04)=10 r;; for m;~100-300 GeV. We can pin down ~100-300 GeV. The CERN LHC with 150 8 can put a

Ncp to 10 % by using these optimal observables. limit of or.der 10 % on )\Cp. [theref_ore on arg{,)] in MSSM

In Table IIl, we give the results of signal to noise ratios in and ycp in 2HDM by using opt.lmal observables provided
2HDM at the CERN LHC. It is obvious thak, and T, are the experimental errors are sufficiently small. The CEDM of
only detectable and cannot be used to put limitem . f,is e top quark can be measured to an accuracy of

- - i 10 *® cm g, at the Fermilab Tevatron and few
2 times better which may be used to limigcp to 0 s
(3-4x10"%. All the optimal observables havelarger than <10~ ¢m gs atthe CERN LHC. More accurate measure-

about 10 times statistical errors. Therefore, they will put ament ond; can be obtained than aff* with given number of
limit of order 107 on ycp. events.

Tables IV and V are the results of model-independent top
qguark CEDM. An overall feature of the two tables is that
both at Fermilab Tevatron and CERN LHC, the accuracies of The author is grateful to O. Nachtmann and A. Branden-
d; are better than those afff. With the above assumed burg for helpful suggestions and discussions and to O.
numbers of events at the Fermilab Tevatron, the best limitflachtmann for carefully reading the manuscript. The author
on df and di are 2410 *®¥ cmg, and 1.1 also benefits from communications with W. Hollik. This
X 10 % cm g, respectively, by usin@,. Also by using work was financially supported by the AvH Foundation of
O, at the CERN LHC, we can obtain the limits of 5.2 Germany.
X102 cm g and 2.5¢10°%° cm gs on dff andd!, re-
spectively.

To summarize, we have studiiP-violating effects in We give here the nonzero form factors for the matrix
top quark pair production at the future 2 Tgdp Fermilab  elements appearing in the text. They are written in terms of
Tevatron and 14 Te\wp CERN LHC colliders. Three kinds the conventional one-, two-, three-, and four-point scalar
of CP-violating sources, the SUSE P-odd phase of the top loop integrals defined in Ref38].
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APPENDIX A: FORM FACTORS

squark trilinear soft breaking term, aiy), the CP-odd pa- In the following, the form factors are given in the MSSM:
|
o .

D= 2 {F1Cya(—Pa, k.M ,mg,mg) +F5(Co+ C1)(— Pa, K, Mg, i )} mg(— 1)1 ik, (A1)

=P i i 4

o . )
fDB:izzlz{Dls(_pz.pmps,mj:mé'maama)}ﬁmé(_l)lﬂ”\cp, (A2)
fil:_ZDS(pl'p4_p2'p4)/:°~ (A3)
fS1=4D%/s, (A4)
fst=—4D%s. (A5)
2_ Us i+1;

3= 2, {Col = Paokug i, )}z mg(— 1) Hincp, (A6)

~ (F1+F2)a . i ~
fge”,tzj;lz{_Bo(t,mg,rr}%j)+Bo(mtz,ms,rn%j)}Tsma(—1)J+1|)\Cp/(t_mt2). (A?)

vit Flas i+

f5 '=j§12{—Co(—pz,p4,ﬂr,-,ma'ma)}ﬁma(—l) e, (A8)

114002-10



CP VIOLATION IN TOP QUARK PAIR PRODUCTION . .. PHYSICAL REVIEW D 58 114002

folt=2Dv/(1—m?).

3= 2, {~ Co(P1,~ pa.,.m, m~>} —mg(— 1) incp, (A9)
f42'=4Dv/(t—m?), (A10)
f221=2D%/(1—m?), (A11)
where
D= 2, {F1Cui(~P2.Pa.IM,.Mg.M). + o Co Caa)(— P2.Pa. MG, Mo~ DIt hinee,  (AL2)
fgoxu:jg;z{_4D27}Z—;m§(_1)j+1”\0|3':1, (A13)
fgmn:j:m {mZ(Do+2D 1+ 2D 13+ Doyt Dzs)_mSDo_zl)z'F34(2Dlz+ D24—D2e)

—2p;-Pa(Dos— D26)+4D27} Wr( 1)) iRy, (A14)
f!;oxu:jZ {- 4D26} rrr( 1)+ iNepFy, (A15)
fg7%= 2 {4(Dzs~ Dagly > M5~ 1) " HincoFy, (A16)
fgoxt= 12212{4(D12+D24 Dze)} rrr( 1)1 YNy, (A17)
f?SX“—J 2{ 4(D13+D26)} m~( 1)+ N epFy, (A18)
fogti= {ZDlﬂj_sma(_l)jH”\chlv (A19)

512 m
flljg)(l't:j:l‘z{ 2[)13}L rrr( 1) iNepFy, (A20)
f?ﬁ”"j,:m{ 13} —mg(— 1) ik, (A21)
foox1i_ SV oD A8 (- 1)1+l g pF, (A22)
i1z 4o 9

The aboveD functions have the arguments- 02,p4,p3,rrrj,m§ ;Mg ,Mg).

foox2t— 2{ 4D27} rrr( 1)1t LiNgpFs, (A23)

%= 2 4 4(D 15+ Dagby > M~ 1) N coFy, (A24)
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fg"*= 2 {4(Das- Dagly > M5~ 1) "N coFa, (A25)
fg¥%= 1:212{4(D0+2D12+D24 Dzs)}f mg(— 1) inepFy, (A26)
fESXZI_J 2{ 4(D13+D26)} mN( 1)+ iNepFs. (A27)
The aboveD functions have the arguments-,,p,,p3,My ,rrrj,rrrj,rrrtj).
=2 (- 4D 7}~ 1) ik coF o, (A28)
foox3t = J_22{4( D23+D26)} m~( 1)+ LN cpF4Fy, (A29)
o= 3 {4 Das+ Dagly > My~ 1)1 *likcoFaFa, (A30)
fBOX31:J= 2{4(D12 Dist Do~ Dzs)} — 1) tiNgpF4F,, (A31)
fi8%'= 3 {4(D1y~Diz+Dar~ Doyl -y~ 1)) ikcoF o, (A32)
fog :j:1,2{2(D12 Ds)} W( 1) tingpF4Fs, (A33)
f?ng:j:lvz{—Z(Dll 12)} W( 1)1 tiNgpF4Fs. (A34)

The aboveD functions have the arguments-0,,p4,— P1, M, Mg, Mg ,m;j).

In the above, the color factos,=3, F,=—4%, and)\cp 2Im(a,b}) =sin 26sin &;.

The form factors of 2HDM can be obtained from those of MSSM by seftind, F;=1, F,=0, fDB=f§2=O, and
the following substitutions:

Acp—2aa=—2ycp, (A35)
m—m., nM—mg, (A36)
g t ty ¢,
as \/EthGF
— (A37)
Am 1672

In 2HDM, the form factors of Fig. @) defined in Eq.(27) are

o \/EthGF 2 1
fi= W‘Mmt[mt Co—P3- Pa(2C2—2Cy3+Co) + 21}, (A38)
\/EmZGF
f5/= S {Am{Co+ 4(CorCaal) (A39)
us
J2m?G
3= #Mmtco}, (A40)
T
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where theC function arguments arepg, —k,mg,m;,my). whered, is defined in the text.
The constant model-independent form factors are Other definitions are
D*=id,, (A41) k=pi+P2=pa+ps, §=K, T=0?=(p,—pa)?
fi=—2id(py-Pa—P2-Pa)/S, (A42) U=(po—pa)? (A51)
fS=4id,/s, (A43) IH=(—pstpa)es €4+ (2ps+p3)- €3€f
A A~ _ . y7a
3= —4id, /5, (A44) (2P5Pa)- €aes.
vt oA APPENDIX B: SOLUTION OF THE NEUTRINO
for=2id,, (A45) MOMENTA
f5'=4id,/(t—m?), (A46) We give here briefly the method of solving the neutrino
o momenta in Eqs(45). Let pi=pi, Pi>=p(, Pp=Pp. P,
fi5=2id/(t—mp), (A7) =(EX.Y,2), p,,=(E".X'.Y".Z), pp=Pi+Pp, P
S =p/{+py, Po=—(Pp+Pp+p+p/). Then we can get
012 2id, /(i m?), (Ad8) Pi +Pp, Po=—(PotPptPI+Pr) g
X=aE+bZ+58, Y=cE+dzZ+¢, (B1)
f°=—id,, (A49)
X'=a'E'+b'Z'+8', Y'=c'E'+d'Z'+¢&,
f5=id,, (AS0)  where

Eiwp/ —Eiply — PP+ PPl
o —Eipp{ +Eipjy g PibPI = P{Pib
B Ay ’ B Ay ’

~ (M pip) /20 mi2ply (M P2 miy 205,

o= A, A, ’

Ay=pLP!—piLpY

anda’,b’,c’,d’,8",&¢' are obtained from the above equa- (py—é—¢")a+c(p§—6—6")
tions by the substitutions of momenta withdub those with h'= A ,
". We further expres&,E’ in terms ofZ,Z’: 2

A,=ac’'—ca’.
E=fZ+gZ'+h, E'=f'Z+g’Z'+h’, (B3 2
Inserting the above expressions 8= X?+Y?+Z2, and
where E'?2=X'24+Y'2+2'2, we get the following two quadratic
equations foiz, Z':

f=——% 9= A , AZ’+BZZ +CZ'*+D+UZ+VZ'=0, (BY)
2 2

A'Z'2+B'ZZ'+C'Z2+D'+U’'Z'+V'Z=0, (B6)

B4
A, B4) with

—ad+ch —ad +cb’ A=f2—1—(af+b)?—(cf+d)?, B=2[fg—ag(af+b)
f’: y "= ’
A g A —cg(cf+d)], (B7)
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C=g%—a%g?—c?g?, D=h?-(ah+8)?>—(ch+¢&)?, (B6), we shall get the same quartic equatiorZoivhich has
up to four real solutions. Although those solutions will be
U=2[fh—(ah+ §)(af+b)—(ch+ &) (cf+d)], doubled when we calculat®’ with the two expressions ob-
tained from Eq(B5), half of them are false solutions to Eq.
V=2[gh—ag(ah+ 8§)—cg(ch+¢&)], (B6).

and A",B",C",D",U",V’ can be gotten from the above AppeNDIX C: ANALYSIS ON THE CONTAMINATIONS
equations by replacing the variables withouwith the ones TO CP-VIOLATING EFFECTS IN pp COLLISION
with ' and interchangind’, g'.

Egs. (B5) and (B6) can obviously give at most four real We assume the partons inside the proton have no intrinsic
solutions for ¢,Z’). They can be solved by standard meth-transverse momenta and denote the parton level reaction as
ods: solvingZ’ in Eq. (B5) as functions ofZ, we get two  a(x;)a(x,)—tt with x; andx, being the Bjorken scale pa-
expressions foZ’, then inserting them separately into Eq. rameters. The hadronic level cross section can be written as

do=2f2(x,) f2(xp)da(aa—tt)dxgdx,/(1+ 8, 2)

={[fg(x1)f§(x2)+fg(xz)fg(xl)]+[f§(x1)f§(xz)—fg(xz)fg(xl)]}d&(agett_)/(1+5a,;)dx1dx2, (C1

where f 5, f% are the parton distribution functions af quark reactions which are subdominant processes at the
and a in proton. The functionF+(x1,x2)=fg(xl)fg(xz) (?ERN LHC. There are nonzerGP-vic_)Iating contamina-

b P ) _ Goar tions only when the observables contain asymmetry between
+1a(x)f5(x1) is CP even(its CP transformation is just , " anq x,. Since the Lorentz invariant observables can
the interchanging ofx;, x;), so that no contamination gajways be calculated in the center of mass frame of the
comes from it. Now we look at the functioR~(X;,X2)  parton which depends only om;x,, they will receive
=fg(xl)fg(xz)—fg(xz)fg(xl). Contaminations should no contaminations. Therefore, within the framework of
come fromF~(x4,X,) term since it isCP odd. F~(x;,X,)  the parton model, there are no contaminations to Lorentz
=0 for a=g. There are no contaminations from the initial invariant  observables. In our study, they are
gluon reaction. All contaminations come from the initial f,,04,0,,0,,0;,.
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