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Abstract

We present the full one-loop radiative corrections to pair production of neutralineSein collisions within the Minimal
Supersymmetric Standard Model. Pautar attention is paid to the definition ofeak and QED corrections. The non-universal
QED corrections are extracted by subtracting the initial state radiation. We give numerical results for two different SUSY
scenarios foeTe™ — 3939 andete™ — 79%5. The weak and QED corrections are wseveral percent or even larger and
need to be taken into account atute linear collider experiments.

0 2004 Elsevier B.VOpen access under CC BY license.

1. Introduction

In the Minimal Supersymmetric Standard Model (MSS), one has two charginc;iqF and)zzi, which are the
fermion mass eigenstates of the supersymmetric partners @f thand the charged Higgs stateq"tz. Likewise,
there are four neutralino,éf—f(g, which are the fermion mass eigenstates of the supersymmetric partners of the
photon, thez® boson, and the neutral Higgs boso‘ﬂ%z. Their mass matrix depends on the parameterd/’, u,
and tarng, whereM and M’ are the SIJ2) and U(1) gauge mass parameters, and%taﬂ% with v1 2 the vacuum
expectation values of the two neutral Higgs doublet fields. If supersymmetry is realized in nature, charginos and
neutralinos should be found in the next generation of high energy experiments at Tevatron, LHC anded future
collider. Especially at a linearte™ collider, it will be possible to perform measurements with high precif2on
3]. In particular, it has been shown jg] that the masses of charginos arelitralinos can be measured within
an accuracy ofim+0 = 0.1-1 GeV. It is therefore obvious that such a high precision requires equally accurate

theoretical predictions. Despite the complexity, for some SUSY processes the full one-loop corrections have already
been calculated: farte~ — )}l.i)zf, i,j=12in[4],forete” — [jl;,l=e,p,i, j=L,Rin[5],ete” — fi f;,

f =gq,1,v (including the third generation) i, 7]. As to decays, the full one-loop rections were calculated for
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Gi — qx0, i =1-4, andj; — ¢ %, k =1,2in[8], and for the decaya® — f1f, fo— fiAoin [9], whereA®

is the pseudoscalar Higgs particle. For earlier calculations of radiative corrections to SUSY processes, we refer to
the review in[10]. All these calculations have shown that the corrections are important for precise predictions of
cross sections, branching ratios and asymmetries.

In this Letter, we present the calculation of the complete one-loop corrections to the neutralino production
e — )ZI.O)Z/Q, i,j=1-4.

For the calculation of higher order corrections, renormalization of the MSSM is necessary. For this purpose,
one has to employ appropriate renormalization conditions, or equivalently, one has to fix the counter terms for the
SUSY parameters. In this Letter, we adopt the onisfeieme for the chargino and neutralino systenfildf.
Equivalent methods were developed®12]. The schemes only differ in the fixing of the counter terms of the
parameterd/, M’ andu. Hence the meaning of these parameters is different at loop-level. The schemes, however,
yield the same results for observabéesmasses, cross sections, widths, etc.

Starting from the tree-level i&ection 2 we outline the calculation of the one-loop correctionsSection 3
discussing the renormalization both of the SUSY and SM parameters. The process-independent corrections to the
neutralino mass matrix are included in an improved tree-level. Particular attention is paid to a proper definition of
the weak and QED corrections as the latter play an important ré®edttion 4 we represent a detailed numerical
analysis forete™ — 7279 andete™ — 79%9 for a higgsino and a gaugino scenario fft and 2. Conclusions
are given inSection 5

et

2. Tree-level

In the MSSM the neutralino sector is specified by the gaugino mass parammeterd M’, the higgsino mass
parametey. and the Higgs mixing angle tah all appearing in the neutralino mass matrix (in the big-ino,
H1 2-ino basis)

M’ 0 —myz Sinfy cosp  my Sindy sinp
v — 0 M myz COSYw COSB  —myz COSHy Sinf 1)
—mzSinfy CoSp  mz COSHy COSB 0 —1 ’
myzSinfy sin  —myz coshy sinf —u 0

With the unitary matrixV, which diagonalizes the mass matkix

diagmif,mig,mig,mig)=N*YNT, (2)

we can rotate from the gauge eigensta,it?s: (—id, =23, g, &f,z)j to the neutralino mass eigenstate basis
At tree-fevel and neglecting the electron mass in all Yukawa couplings the production process
ete” - 3% (,j=1,234

contains contributions from the Feynman diagrams showfign 1: the directs-channel due to th&® exchange
and the crossed andu-channel due to thé; r exchanges.
From the interaction Lagrangian

8 0-. 1
L0, =— Z “lCL P, CRrPgrle, 3
70 coty 1€y [CLPL + CrPRle (3)
_ 8 00,1 L /"R ~0
'CZO)ZIQ)?J(')_20099WZ“X")/ [0,'./' PL+O,'j PR]XJ', 4)

L ..0o= g]CiLéPRXlQéL + gfiRéPL)ZioéR +h.c, (5)

eex;
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Fig. 1. Tree-level.

we obtain the couplings

] 1
Cr.r =3R4 sirfoy, 13L=_§, PR =0, )
L 11 R* 1 * 1 *
Oij7 = =017 = —5NisNjz+ 5 NiaNja. ")
V2

3. One-loop corrections

The radiative corrections to the neutralino pair prdtucinclude the following generic structure of one-
loop Feynman diagrams: the virtual vertex correctiéing. 2, the corrections to thé, r and 70 propagators
Fig. 3 and the box graph contributiofs$g. 4. The notationF, V, andS stands for all possible fermion, vector
and scalar particles in the MSSM, respectivélydenotes the FP ghosts. Diagrams with loops on the external
fermion lines are included in the definition of the caemterms as wave function corrections. In this work,
the complete set of Feynman graphs is calculated with help of the packages FeynArts and F¢13IiCsle
implemented our renormalization procedure into these packages. For a proper treatment of the appearing UV
divergencies, counter terms are introduced in the on-shell renormalization scheme. To preserve supersymmetry,
the used regularization setme is dimensional reductioDR). The loop graphs with virtual photon exchange also
introduce IR singularities. Therefore, real photorigsion has to be included to obtain a finite result:

O,COI’I‘( +

ee — )Z,O)Zjo) = Oren( +

ete” — )250)2?) +o(ete” — f(l-o)Z?y). (9)
For the numerical analysis, we have also used the programs LoopTools 4| FF

3.1. Renormalization

3.1.1. Wave function counter terms

In the prescription of the used on-shell renormalization scheme all involved fields get the following shifts to
obtain the so-called wave function corrections:

1
-0 L 1e5L 1¢5R p \=0 fr 1+58Z; 0 fr
X — (8i) +§5ZijPL+§5zijPR)Xj, (fR) — ( 0 1+%32R ) (10)
fL 1+ 157/ 0 fL
Zy— (1+38222)2,+ %877, A,, ( — 277L ), (11)
w ( 2 ) nwT2 yau Fr 0 1+%8Z£ Fr
with the definition of the renormalization constants
_ 207,(0)

8Zz7=—RI1z7(m%), 8Zzy = 2 (12)

z
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Fig. 2. Generic vertex corrections.

+ crossed graphs + crossed graphs

Fig. 3. Generic progzator corrections.
62] = —NIT{ (m%).  8Zf=—RITjp(m? ).
. . 1
57" — m[—nL (02) = (1 (0%) + 1% 03) + 5 (17 (03) = 1% )

(1 )+ 13|

(13)

(14)
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Fig. 4. Generic box corrections.

L " L 2 L SL 2 SR 2
o2t =~ a) () 0% + 5 (1) = 1)
g (1) + 3 (r2) | (15)
82 —cljiﬁ[m OHL(m 0)+m o 017 (m 0)+m oHSL(m 0)+m oHSR( )2E]°)]’ (16)
§ZR=5z"(L < R), SZR = SZ-L.(L < R), 825 = SZ.L-(L < R), (17)
wherell ) (k%) = kPLIT; )(kz) + kPrITE )(kz) + PLITY E?) + PRI'[(”)(kz) M (m?) = (3% 11 (k?)];2_,,2 and
¢ij = 2/('”;20 _mi")' For the neutralinos it hold& X (p?) = IT% (p?), HSR/L( 2) = SR/L(pZ) because of their
i J

Majorana nature. Since we neglect the selectron mixing, no sfermion mixing angle need to be renormalized.

3.1.2. Neutralino and sfermion mass matrix renormalization

In the MSSM, the four neutralino masses depend on the SUSY paranié¢te®, 1, and tarB and the
SM parametersiz and siy. As M, u and targ also enter the chargino mass matrix, the renormalization of
the neutralino, chargino and SM sectors is interrelated. Therefore, it is necessary to take into account radiative
corrections to thet® masses and the rotation matrix. For the on-shell renormalization two different approaches are
essentially known in the literatufé1] and[8,12]. Although the corrections in the neutralino masses are in general
small, these shifts can lead to large effects near the threshold. It would be possible to adopt a renormalization
scheme for each channel in such a way, that the two medineutralinos are input panaters and do not obtain
mass corrections. A threshold shift would thus be avoided, but this leaves us with the problem that the renormalized
processes have unequal counter terms for different production channels, which would lead to different meanings
of the neutralino and chargino mass parametdese we use the on-shell scheme describgd 1h. We define an
improved tree-level, where the process-independent mas# renormalization is already included and separated
from the residual weak corrections. Absorbing the finite correctiofn; to the rotation matrixV;; in the improved
tree-level is equivalent to defining an effective coupling maWix+ AN;;.

This yields the following counter terms for the neutralino mass matrix and the rotation matrigv;; .

4
1
oYij =3 D NiiNuji[m;oIT,; (mf?lo) +myoT (m2o) + I, (mf?lo) + 1T} (m%) . (18)
I,n=1
1, o -
ONyj =3 (825 — 8Zi) Nij. (19)
k=1

The same renormalization prescription can be applied to the sfermion sector. Counter terms for the SUSY breaking
massesV; ; andMy; 5, i, both entering the sfermion mass matrices, are introduced. Fiigg in the down-
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type mass matrices results in a correction to the up-type masses and mixing[&Bylétence, in our case, we
have no additional corrections to the selectron masses. The correction to the electron sneutrino mass, which only
appears in loop graphs, is of higher order and do not need to be considered.

3.1.3. Renormalization of the SM parameters
Since we use as input parameterdaheMS value at theZ pole,a = a(mz)|ys = €/ (4r), we get the counter
term[9,16]

de 1 62 Q2
—=(4ﬁ)2€|:421: (A+Iog 2>+22Nf (A+Iogm—%)

e
f m=1 fn

) Z(A+Iog sz )—22(A+IogQ—22>}, (20)

w

+4Z(

with xy =mz VYmy < mz and x; = m;. Ng is the colour factor,Ng = 1, 3 for (s)leptons and (s)quarks,
respectivelyA denotes the UV divergence factat,= 2/¢ — y + log 4.
The masses of thg boson and théV boson are fixed as the physical (pole) masses,

Smey =RMzz(m%),  Sm% =Rww(m%,), (21)

and sirf oy is fixed by co®w = mw /my.
3.2. Definition of weak and QED corrections

As mentioned before, the full one-loop corrections become IR convergent if also real photon emission is
included in the calculation. Because of these large additional corrections, it is desirable to treat the weak and
QED parts separately. The easiest way to define pueakwcorrections” would be to separate off all Feynman
graphs with an additional photon attached to the tree-level diagrams. However, in our case this cannot be done in a
gauge invariant and UV finite way due to the selectron exchange channels. Another possibility would be to use the
soft photon approximatiofi 7], where only “soft” photons up to a maximal eney¥ are includeds Weak = Soft
ando QEP = shad The weakness of this definition is the larg& dependence of the weak and QED components

 log ATEZ. The sum of both is, however, cutoff independent. Therefore, we extra¢t fheerms and the leading
logarithms> L, = 7 log # caused by collinear soft photon emissifmom the weak corrections and add them to

the QED correction§l8]. With this definition, both corrections are nawE independent. The main part of the
QED corrections arises from these leading logaritimsoriginating from photons in beam direction. This leads
to a large dependence on experimental cuts and detecoifisptions. We therefore use the structure function
formalism[19] and subtract the leading logarithmiz(er) terms of the initial state radiatiom;'SRLL (5). After
subtraction of these process-independent terms, onlydheuniversal QED corrections remain. This gives for the
total cross section the final expression:

ootlgy — slree gy 4 gWeakg) 4 ;QED( oy (22)

2
o "eaks) = oSOy + % ((1 —L,)log AET gu)otre%), (23)
S

2
o QED(5) = ghardgy — & ((1 — L) log AET ;Le)a"ee(s) — o'SRLL (), (24)
T S
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with
1
oISRLL () = ﬁLe/dx & (x)0 " xs). (25)
T
0

(b(x)—llm{S(l x)[ +2I0g(e)}+9(l x—) (26)

1+x }
Further improvements would be to consider a more realistic electron spectrum and incorporate bremsstrahlung in
the calculations. Due to their strong dependence on the actual experimental conditions, we do not include these
effects.

4, Numerical results

For the numerical analysis, we concentrate on the production channels

ete” — f(f)zg and efe” — )ng(g

They are of special interest for fue experiments because of their degagducts and for kinematical reasons

[2]. Due to the tree-level coupling structure, we study here two different scenarios: in the higgsino scenario the
two lightest neutralinos are both nearly pure higgsinos and therefore the process is dominateddhattreelzZ©
exchange. In the gaugino scenario with a bino and a Winfofasnd ;zg states, the selectron exchange diagrams

play the most important role. In the following, we distinguish between the naive tree-level, the improved tree-level
with the corrections to the neutralino masses and the rotation matri¥;; included, and the conventional weak

and QED corrections to the improved tree- level as discussed in the last section. For the SM input parameters we
usea(myz) =1/127922,mz = 911876 GeV, andny = 80423 GeV.

4.1. Higgsino scenario

For the definition of the higgsino scenario we use the following MSSM on-shell parameters in the convention
[11]: tang = 10; u = —100 GeV; M» = 2M; = 400 GeV, My ;. = My p,r = 350 GeV, Ay = 400 GeV,
M 40 =700 GeV. This gives the one-loop corrected neutralino masses:

7Y (94% higgsing:  87.8 GeV, %3 (97% higgsing: 1100 GeV,
79 (94% bing: 2094 GeV, 72 (96% wino): 4152 GeV.

In Fig. 5 we show the naive tree-level cross section foe filifferent channels. The double higgsino production
ete™ — 7Px2 with i = 1,2 is highly suppressed due to the behaviour ofzﬁéioi? coupling.
Numerical results for the radiative corrections to ﬂfezg production are given ifig. 6. The total non-universal
weak and QED corrections are in the range-G2% in the investigated parameter region and thus have to be taken
into account in future experiments. In the case@ﬁg productionFig. 7, the small tree—leveZOX2 X5 coupling
leads to an enhancement of the corresponding vertex corrections and to large box graph contributions. For the same
reason, the effect owing to the neutralino rotation matrix corredtigris also highly increased. Therefore, there
is a big difference between the naivedamproved tree-level cross section.

4.2. Gaugino scenario

In the case of the gaugino scenario, we use as input the SPBbenchmark valugR0], defined at the scale
Q = 4547 GeV. With these values, we can calculate our onigieiameters in a consistent way by subtraction
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Fig. 5. Neutralino pair production in the ime tree-level approximation with {full, dashed, dotted, dash-dotted, dash-dot-
dotted}= {3070, #0%5. 13- #9x3. k.
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Fig. 6. Corrections to thg9%9 higgsino scenario. Left: the total cross-section in the naive tree-level approximation (dotted line), the improved
tree-level (dashed line), and the fdl(«) corrected without ISR (did line). Right: the full O («) without ISR (solid line) weak (dashed line)
and non-universal QED (dash-dotted line) eations relative to the improved tree-level.

of the corresponding counter terms, e = MlDR(Q) — 6Y11(Q), and obtain: tag = 10.2; u = 3531 GeV,
M1 =979 GeV; M2 =1976 GeV; M 40 = 3936 GeV.
In the sfermion sector, we only neétte selectron mass parametevg;, = 1980 GeV; Mg = 1380 GeV. For
all other parameters, we can use DR or on-shell values. The differences are of higher order for our calculation.

For the neutralino states we get:

70 (97%bing: 948GeV, 72 (88% wing: 1815 GeV,
%3 (99% higgsing: 3603 GeV, % (88% higgsing: 3774 GeV.

Note that the SPS1a scenario is definedByparameter values. Thus the one-loop on-shell parameters given here
can differ from those calculated in other renormalizatioimesnes. The on-shell masses are of course the same up
to higher orders.

In Fig. 8 we show the tree-level cross section for all three possible gaugino production channels and the higgsino
)23?22 production. The double higgsino chanagk~ — 2;@0 with i = 3, 4 or mixed gaugino—higgsino channels are
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Fig. 7. Corrections to thégig higgsino scenario. Left: the total cross section in the naive tree-level approximation (dotted line), the improved
tree-level (dash-dotted line), with the weak corrections (dashed line), and the (tujlcorrected one without ISR (Bd line). Right: the full
O (a) without ISR (solid line), weak (dashed line) and non-universal QED (dash-dotted limettions relative to the improved tree-level.
The dotted line shows the effect of the mass matrix corrections relative to the naive tree-level.
+o— =0 =0
e'e” — X; X;
I

I 1 ! | 1
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Fig. 8. Neutralino pair production in the naive tree-level approximation with {full, dashed, dotted, dash-dettgl}?. ¥972. 972, 7973}.

suppressed due to the given coupling structure. Thef@l) radiative corrections for thﬁfi(g production, given

in Fig. 9, are only in the few percent range because of theekation between the weak and QED corrections,
especially near the threshoM/hile the QED corrections for th,ég)zg channel, se€ig. 10, are also moderate and
show a behaviour similar to the previous case, the weak corrections strongly depghdFor large,/s this can

be studied in the so-called Sudakov approximalfitj. The corrections are 10% at~ 750 GeV and even larger

at higher energies. One reason is that;t@ebeing mainly a wino, has also an 11% higgsino component, which
effects the weak corrections in a way similar to b’[’&pair production in the higgsino scenario. This results in a
large negative correction for the sum of the QED and weak part.

5. Conclusions

We have calculated the full one-loop electroweak corrections to the neutralino pair productdein
collisions. The chosen renormalization scheme can be used for the complete MSSM parameter space and all
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Fig. 9. Corrections to thezf)zg SPS1la scenario. Left: the total cross-section in the naive tree-level approximation (dotted line) and with
weak (dashed line), and fuld (@) (solid line) corrections without ISR. Right: the ful? (@) without ISR (solid line), veak (dashed line) and
non-universal QED (dash-dotted line) cottiens relative to the improved tree-level.
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ete” — x3x9 ete™ = X3 Xz
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Fig. 10. Corrections to thég ;Zg SPS1la scenario. Left: the total cross-section in the naive tree-level approximation (dotted line) and with
weak (dashed line), and fuld (@) (solid line) corrections without ISR. Right: the ful («) without ISR (solid line) weak (dashed line)

and non-universal QED (dash-dotted line) corrections relative to theoirad tree-level. The dotted line shows the effect of the mass matrix
corrections relative to the naive tree-level.

production channelg™e™ — ;Z,.O)z‘? with i, j = 1,2, 3, 4. The process independent corrections to the neutralino
mass matrix are included in the definition of an improved tree level. We paid particular attention to an appropriate
definition of weak and QED corrections. We extracted the moirersal QED corrections by subtracting the initial

state radiation (ISR). The full one-loop corrections without ISR are in the range of 5-20% and in some cases even
larger, and thus have to be taken into account in future linear collider experiments.
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