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The supersymmetric evolution of the fragmentation functi@rstimelike evolution within N=1 QCD is
discussed and predictions for the fragmentation functions of the thetoyfinal protong are given. We use
a backward running of the supersymmetric DGLAP equations, using a method developed in previous works.
We start from the usual QCD parametrizations at low energy and run the DGLAP back, up to an intermediate
scale—assumed to be supersymmetric—where we switch-on supersymmetry. From there on we assume the
applicability of anN=1 supersymmetric evolutiofESAP. We elaborate on the possible application of these
results to high energy cosmic rays near the GZK cutoff.
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[. INTRODUCTION task then is to develop additional tools that can serve as
similar useful probes of the desert.

The standard model of elementary particle physics suc-
cessfully accounts for all the observed particle properties. Its
remarkable success suggests the possibility that it correctly
describes the particle properties up to energy scales which In this paper we start applying this philosophy to another
far exceed the currently accessible energy scales. Indeed, triRgysical setting. . . _
possibility has been entertained in the explorations of grand A different experimental observation—which also points
unified and superstring theories. Additionally, the spectaculafoward the validity of the big desert scenario—is the exis-

confirmation of the standard model in high energy colliders€Nce of ultrahigh energy cosmic rays UHECR above the

as well as the proton longevity and suppression of |eft_Greisen—Zat§epin—Kuzmin cutoﬁ.ApIaysible explanation for
handed neutrino masses, provide strong support for the graﬁae obse.rvat|on of such cosmic rays 1s the existence of su-
desert scenario and unification. The question then is how afé", qas>ve metas'gabl_e states with mass of the ordEr 10
' q ’E: 10GeV, and a lifetime that exceeds®0yr. The possi-
. . ility that such states compose a substantial component of
by r_lature, as direct 5|gn§1tures at _the CERN _Large Hadrthe dark matter as well as that they may explain the obser-
Collider (LHC) and Next Linear CollidetNLC) will be able  44i0n of UHECR has been discussed elsewhere. It has been
to probe the desert only up to a few TeV. Therefore we neeg,iher shown that realistic string models often give rise to
new tools to achieve this. An example of such a probe thagiates with precisely such properties.
has been used with great success is that of the gauge cou- The existence of such supermassive, slowly decaying
pling unification. The general methodology in this respect isstates may therefore serve as a probe of the grand desert. A
to extract the gauge couplings from experiments that are peplausible explanation of the observed showers in the
formed at the accessible energy scales. Based on concraHECR is that the original supermassive decaying particle
assumptions in regard to the particle content in the desert, thgecays into strongly interacting particles which subsequently
couplings are then extrapolated to the high energy scale arfedagment into hadrong3]. This hypothesis therefore needs
the unification hypothesis is tested. In this manner the conthe relevant fragmentation functions at the energy scale of
sistency of the specific assumptions in regard to the particléhe originally decaying particle. These functions, however,
content in the desert with the hypothesis of the gauge couwsimilarly to the case of the gauge couplings considered in
pling unification is subjected to an experimental test. Themuch of the literature on unification, are extracted from ex-
well known spectacular success of this methodology is irperiments at the currently accessilflew) energy scales
differentiating between gauge coupling unification in superwhich are much below that of the decaying particle. It is
symmetric and non-supersymmetric grand unified theoriesbvious that this points toward the use of the renormalization
[1]. The unification hypothesis is found not to be consistenggroup (RG) evolution. However, this evolution, as well as
with the low energy data, unless the minimal particle contenthe composition of the produced shower, depends on the as-
is supersymmetric, or is modified in some other way. Oursumptions made in regard to the composition of the spectrum
in the desert. We conclude that similarly to the gauge cou-
pling unification methodology, the evolution of the fragmen-
*Email address: Claudio.Coriano@Ie.infn.it tation functions by utilizing the renormalization group ex-
TEmail address: faraggi@thphys.ox.ac.uk trapolation, and the subsequent implementation in the

A. Motivations for this work
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analysis of the UHECR hadronic showers, can serve as a tooégion, thereby neglecting threshold effects which cannot be

that differentiates between different assumptions on the verinferred from first principles. As we cross any supersymmet-

high energy spectrum. ric region, starting, for instance, from the end of the regular
With these motivations in mind, here we develop the in-QCD evolution, it is possible to assume that supersymmetric

struments to evolve the fragmentation functions in supersymdistributions and fragmentation functions are generated ra-

metric QCD up to a high energy scale. In particular, in thisdiatively. We recall that a similar modeling—which neglects

paper we present for the first time the structure of the supeR0ssible effects of higher twist at the thresholds—is well

symmetric DGLAP (Exact Supersymmetric DGLAP or SPread in the case of ordinary QCD.

ESAP equations in the timelike region. We solve them nu-

merically for all flavors and introduce various combinations !l- INITIAL OR FINAL STATE SCALING VIOLATIONS

of non-singlet matrix equations to reach this result. We then A. The spacelike evolution

study the impact of the new evolution assuming a common

scale for SUSY breaking and restoration, parameterized b

the mass of the superpartners, here assumed to be mass

generate.

The first analysis of the spacelike evolution was carried
égg in Ref.[6], where simple models—obtained from the
analysis of the first 2 moments—of the supersymmetric par-
ton distributions were also presented. A complete strategy to
solve these equations and the strategy to generate supersym-
metric scaling violations ilN=1 QCD was put forward in

Given the long stretch it takes to proceed with the analysigefs.[4,5].
of the SUSY evolution, a topic of numerical complexity inits [N N=1 QCD gluons have partners called gluintere
own, the applications to cosmic rays of our work will be denoted byrn) and left- and right-handed quarks have com-
presented in a companion paper that will follow shortly. Weplex scalar partner&aquarks which we denote ag, andqg
also have decided to address issues related to the fragmenigith =, +qx (for left-handed and right-handed squarks
tion region of N=1 QCD starting from the “low energy” respectively.
end, since nothing is known of these functions at any scale. The interaction between the elementary fields are de-

The term “low energy”(the results we discuss here are ob-scribed by theSU(3) color gauge invariant and supersym-
tained in the 18-10° GeV energy range—from the point  metric Lagrangian

of view of collider phenomenology—is a misnomer, but it is
not in the context of high energy cosmic ray physics. There 1 . v I— — ~  ~n
is also another more direct reason for limiting our analysis to£= ~ 7 G.,Ca” T3Na(iD)Aa+iqiDg;i+D ,q:D"q
this range. We have discovered some features of the RG
evolution which require a special care at such large energies.  +D,q D¥q, +ig V2(NEqh T2+ M0 TR — H.C)
We find—in our numerical studies—the onset of an instabil-
ity in the evolution in the singlet sector of the fragmentation
which requires an independent investigation. It is not clear to
us, at this point, whether this instability is an intrinsic limi-
tation of the algorithm used in the numerical implementation . .
or if the perturbative expansion needs a resummation. A\{vherea runs over the adjoint of the color group ande-
such large scales this last option remains open. We shoufaoi[,es the flavors. )
also mention that we work in “x” space, and this might be a  Gir are the supersymmetric partners of right-handed
limitation. We hope to return to this issue in the near future.quarksg;g andq;_ are those of the left-handed quards .

The analysis of fragmentation functions of SUSY QCD is We remind here that in actual phenomenological applica-
a topic of remarkable phenomenological interest both fottions, it is useful to extract the light-cone dynamics—or par-
collider phenomenology and in the astroparticle contextton model picture—of supersymmetric collisions by invok-
While, recently, a detailed analysis of the supersymmetriéng a factorization of the cross section into hard and soft
evolution of the parton distributions of SUSY QCD has beencontributions. Fragmentation functions appear in this con-
presented4,5], the study of the evolution of the supersym- text. An integral part of this analysis is the use of renormal-
metric fragmentation functions is still missing. Of particular ization group equations, SUSY DGLAP, which resum the
interest is the study of a combined QCD-SQCD evolutionlogarithmic scaling violations and evolve distributions func-
with intermediate regions in the evolution characterized bytions and fragmentation functions to the appropriate factor-
partial supersymmetry(SAP) or exact supersymmetry ization scale.
(ESAP [5]. It is well known that a matching between these In our approachR-parity is conserved. However, we ne-
regions is possible with specific boundary conditions. Thesglect contribution from fragmentation into stable supersym-
boundary conditions should come from some deeper undemetric states which are subleading relative to fragmentation
standing of the way in which supersymmetry is broken andnto strongly interacting states. Similarly, we do not consider
restored as we run into the different stages of the renormakhe possibility ofR-parity violating operators. Limits on such
ization group evolution. In a first approximation, however, it operatorg7] would suggest that they cannot produce sizable
is possible to assume that the regular QCD distributi@ns effect on the fragmentation function. However, more detailed
fragmentation functions are continuous at each intermediatestudies may be required to ascertain this general expectation.

B. Step approximations

1 e e ey~
- 509%(aliT"aL— AR TQk) *+ mass terms, (1)
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for these functions are similar to the standard DGLAP equa-
tions, but with transposed kernel matriR PT). In leading
order the analytic continuatioffrom the spacelike or DIS
evolution to the timelike evolutionis straightforward, while
some complications appear to next-to-leading order. They
involve a breaking of the Drell-Yan-Levy relation, which ap-
pears to be violated at parton ley8l10]. Since our analysis
is in the leading logarithmic approximation, we will not con-
sider these aspects in our work any further.

The equations for the timelike evolution are given by

g( Qz)— gg@Dh+ Pyg®D} +Pyq

d
dlog(Q?)
FIG. 1. An illustration of the regular versus a mixed supersym-

X . ng
metric evolution.

®2, (D +Dg)+Psg® > (G
i P =1
These studies require the matrix of the anomalous dimen-

sions(for all the momentk or of the corresponding Altarelli- - = =

Parisi (DGLAP) kernels. We recall that the leading order +airtdiL+air)

anomalous dimensions are knoW®,6] both for a partial

SUSY evolution and for the exact one.

@

)\(X Q )_ g)\®D +P)\)\®D +Pq)\

B. The timelike evolution dlog(Q?)

In this work we focus our attention on the evolution of
fragmentation functions in the context of exact supersymme- ®E (Dg_-q- Dﬂ) + Pax®2 Qi
try, with coupled gluons and squarks. [ b =1
Figure 1 summarizes the basic strategy of our work. The
figure at the top depicts a regular evolutiém one-phase
evolution, while the one at the bottom illustrates a mixed
QCD-SQCD evolution(a two-phase evolution The first
stage is supersymmetric, the second one is regular. In the 1 1
first stage all the parton&SUSY and not SUSYare mass- - q( ,Q? )_ ( qu®D 5—Pyg® D;‘
less, in the second one only quark and gluons survive. At thed log(Q?) ™ 2Ny 2Ny

+0Qir+ Qi+ Tir) (3

end of the first stage the supersymmetric partners are extinct,

but their presence at the higher scales is saved in the bound- + P ®(Db +ph )+ P, ®D"

.. . qaq diL air qaq q;
ary conditions for the quarks and gluons fragmentation func- i i
tions, when the second stage of the evolution starts. (4)

Within the approximation implied by the use of a pure
SQCD evolution, no missing; events are allowed along the w1 1
development of the supersymmetric cascade, since elec_D (X,QZ):_S( gq®D p)\a®Df£
troweak and flavor mixing effects are not included. Their dlog(Q?) i 2\ 4ny 4ng
inclusion is still an open chapter even(i@CD) Monte Carlo
event generators for the final state. . . + Ep ~oD" + P~ D! ) (5)
The ladder structure of the supersymmetric showers in the 2" % a7
leading logarithmic approximation can be easily pictured in
terms of symmetric doubling of lines of regular QCD ladders d 1 1
in all the possible allowed cases. Showers can be equally— b ( QZ)— (4n qu®D an, an®D2

initiated by qq pairs, gluon pairs, gluino pairs or squark 0g(Q”)

pairs. The supersymmetric transitighe., those involving 1 . N
supersymmetric partnerstop[see Fig. 1(bottom] once the +3 Pqq®Dg+Pg® DaiR
supersymmetry breaking scal, =My is reached.

Similarly to the QCD case, in the case of exact1l
supersymmetry we define singlet and non-singlet fragmenta-
tion functlonst(x,Qz). They describe the amplitude for a h __h h
parton of typef to fragment into a hadroh as a function of Dai(x,Q2)= aiL(X’QZH DaiR(X-QZ> @)
the Bjorken variablex (fractional energy of the fragment
and initial energyQ. Their operatorial definition is similar to to denote the fragmentation functions of squarks of flaxair
that of ordinary parton distributions. The evolution equationsa fractional energx and momentun®. It is also convenient

(6)

In the following we will use the short-hand notation
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to separate the equations, as usual, into singlet and non- ¢

singlet sectors using the definitions

n¢
DG,(x.Q%) =2, (D5 (x.Q%)~ Dy (x.Q%),

=ph

Ans

h _ i h h
D3, (@9 =2, (D5 (x,Q%) = D= (x.Q%)

__h
=D~qNS(X-Q2)

n¢
Dq+(x,Q%)=2] (Df(x.Q")+Dg(x.Q%)

Nf
DL.(x.Q)=3 (Of (x,Q)+D=(x.Q%).
=1 i G

The nonsinglet equations are

d
QZWDQV(X,Qz)— (@)

a(Q%

d
de—QzDaV(x,Qz)—

h
qq® D

- h
qu® DCTV)’

——(Pgq® Dh +Pgq®Dgy)

8

©)

and the singlet matrix equations, which ntjy anda,, with

the gluons and the gluinos

EE(X’Q? Pgg Pon Pgq
deiz h)\(XaQZ) Png Pa Pag
Q Dq*(X'Q) Pag Pax Paq
D:.(xQ%) ] LPa Pa Pg
Dg(x.Q?)

D}(x,Q%

Dy (%.Q?)

D5 (+(x,Q?)

where “T” indicates the matrix transposed. To solve for all
the flavors, it is convenient to introduce the linear combina-

tions

xi(x,Q%) = Dq<+>

Xi(%,Q%) =Dy -

h
Dq<+>

h

_DN
ng q(+)

and the additional singlet equations

(10

(11)
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(Qz)

h
Q _ZDq( (X, Qz)_ (qu®in(—)+Paq®DHi(—))

dQ
(QZ)
Q2 Qqu< )(X,Q2) = (qu®Dq( )+qu®Dq( )
(12
and
d
QZd—QZDQi(x,QZ) Q" )(qu®Dh +Pgq® DY)
d )
de—QZD-Ei(x,QZ) oQ? (qu®Dh Paa@D%).
13

The general flavor decomposmon is obtained by solving the
singlet equations fqu(+) andD? (+), then solving the non-

singlet equations foDh( y and D~ ) and forDh and D~

The fragmentation funcuons of the various fIavors are ex-
tracted using the linear combinations

L1 1
in:— Dq( )+D + Dq(+)

2
D%——%(Dzi()—Dzi—ningm) (14)
and
Dgi—z(Dgi( )+D] + Dzm)
Dgiz—%(Dgf)—Dgi—%ng) (15)

to identify the various flavor components.

There are simple ways to calculate the kernel of the SUSY
DGLAP evolution by a simple extension of the usual meth-
ods. The changes are primarily due to color factors. There
are also some basic supersymmetric relations which have to
be satisfied4]. They are generally broken in the case of
decoupling. We recall that the supersymmetric version of the
B function is given at two-loop level by

s 1
Bo= 5(1ch—2 n{—2n,)

1
B3= 5(34(:,1— 10C,n;—10Cpn,

—6Crn;—6Cyny) (16
wheren; is the number of flavors and for Majorana gluinos
n)\:CA .

The ordinary running of the coupling is replaced by its
supersymmetric running
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a%(Q3) 2 1 B3 InIn(Q2/A?) The basic idea was to generate these distributiad&-
> =357 T R 2\ 2 tlvgly as is usually done in QCD for the gluons, for instance,
m BsIn(@Q )\ o In@ ) using the fact that the matrix of the anomalous dimensions is
1 not-diagonal. The most general sequence of evolutides
+O(W) : (17 noted AP-SAP-ESAP in5]) is described by the arrays

(Qi, QAP (Qi,Qr)sar— (Qi . Qr)esar,  With  Qf ap

The kernels are modified both in their coupling-¢a5) and = Qi sap= M2, and Q¢ sap= Qi esap=Mg. In this work we

in their internal structur¢Casimirs, color factors, efcwhen  limit our analysis to a simpler AP-ESAP evolution and we
moving from the QCD case to the SQCD case. In order toun the DGLAP equation®ack starting from known QCD
illustrate the approach that we are going to follow in ourfragmentation functions—for which various sets are avail-
analysis of the fragmentation functions within a mixed able in the literatur¢11]—up to an intermediate supersym-
SQCD-QCD evolution, we recall the strategy employed inmetric scale. From this point op in energy we switch on
Refs.[4,5] to generate the ordinary supersymmetric distribu-the ESAP evolution of fragmentation functions. As we run

tion functions. the equations upward, supersymmetric fragmentation func-
In Ref. [5] for scaling violations affecting the initial state tions are generated. The boundary values of the low energy
were introduced 3 regions: (QCD) functions at the supersymmetry scabg, set the ini-
(1) the QCD region, described by ordinary QCMitarelli  tial condition for the(backward supersymmetric running up
Parisi or AB; to the final scale. In simple terms: we reach the mountain
(2) an intermediate supersymmetric region with coupledfrom the valley, and cross a fence along the way.
gluinos and decoupled squarisartially supersymmetric AP In general, if we split the intermediate SUSY scale into 2
or SAP); sectorsm, <mg (ESAP-SAP-AP evolutionin this (general

(3) the N=1 region(exact supersymmetric AP or ESAP case the solution is built by sewing the three regions as

Dg, (x,Q%) h oy o2 h oy o2
v D v(X’Q ) m2 D V(X7Q ) mZ
Di Q%) |~ q 0 e f g 4109 Q" P . a(@)e i + fmngd 10gQ*PEAR (X, @%(Q?))
D" (x,Q2) > Dg,(x,Q%)
® Qv + szf d |ogQ2 PE’SNASP(X,CYES(QZ))‘@ Dth (X QZ) (18)
2N 2V
in the nonsinglet and
Da(xQD 7 [ DAX.Q) DA(x,Q?)
D"(x,Q?) 0 2 0 2
_ M2\ 2 pNS 2 m,- 2pNS S 2
D2+(X,Q2) D2+(X,Q?) +fQS dlog Q= Py Ap(X, a(Q%))® D2+(X,Q2) +fm§qu l0gQ“Pt 340X, @(Q%))
Dg-(x.Q?) 0 0
DI(x,Q) DE(x,Qf)
DI(x,Q% Qf 2 pNS ES 2 DY(x.Q?)
D2+(X,Q2) + J‘mg)\d |0gQ PT,ESAF(Xla (Q ))® D2+(X,Q2) (19)
0 D3 (,Q?)

for the singlet solution, wheren,;=2n;. The zero entries the fragmentation functions when obvious. We define
in the arrays for some of the distributions are due to theDqus(x,Q%)=(Dq (x,Q%),D5,(x,Q%))T and  DA.(X)
boundary condl'tlons', since all the supersymmetrlc partners:(DAqV’DAqv)T and introduce the ansatz
are generated, in this model, by the evolution. n n

The general structure of the algorithms that solves these

equations is summarized below. We start from the nonsinglet "0 AL(X) a(Q?)
sector and then proceed to the singlet. From now on, to sim- DqNs(x,Q2)= 2 . ' log" > | (20
plify our notation, we will omit at times the indextt” from n=o M a(Qp)
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whereng is an integer at which we stop the iteration, which DA5SS(x)= U(x)®@q(x, )
usually ranges up to 20. The first coefficient of the recursion
is determined by the initial condition

2
DAFY (X)=— ﬂ—ESPE&x)@ DALY(X).

DAG(X)=U(x)®Dy%(x,Q}), (21)
(28)
where
The final solution is written as
5(1-x) 0
Ui(x)= 0 0 No DA, ( )o (a(mg)\))

Dgns(X,Q%) =Dgns(x,Q3) + El QD
0

U (x)=

S(1-x) 0 }
0 S(1—x)

(22) No DAS(X) aS( mg)
+ E S(mZ )
The recursion relations are given by 2N

3 DAES<x> aES(QfZ)
DA, 1(X)=— 2 = PINSDAL(X). (23) + 2 N (29
Bo (Mg°)
The solution in the firstDGLAP) region at the first match- As we have already mentioned above, in the analysis pre-
ing scalem,, is given by sented below the two SUSY scales will be collapsed into one
(Myy).
fo DAAP(X) a(ms,)
Dgus(X,myy) = >, i log" > (24) 1. QCD EVOLUTION OF THE FRAGMENTATION
n=0 : @(Qp) FUNCTIONS

valid for my<mg. As we will discuss in the next sections, As we have already mentioned, the timelike and the
these two scales will be taken to be degenerate and the ngpacelike evolution, in leading order, are essentially the
merical treatment simplifies considerably. We also mentiorsame. The singlet kernels are just the transposed of the ker-
that we do not find any significant difference, from our nels describing the evolution of the parton distributions. The
analysis, if this degeneracy between the gluino and squarérdinary QCD kernels, in leading order, are given by
masses is lifted. However, just for illustrative purposes, we

keep the two scales separated in the formal analysis pre- 1+x?
sented below in order to show how the matching is per- qu ns= Cr 1—x
formed in a more general case. Mass differences within a -
range of 100-200 GeV play a rather modest role in the 2
analysis and are hardly distinguishable. :CF<—_1_X
At the second stage thioartial) supersymmetric coeffi- (1=x)4
cients are given byS is a short form oSAP) 3
+= 5(1—x))
DASN(X)=U(x)@Dg(x,Mpy2) 2
SNS 2 T,NS S,NS P(O)(X) P((q%),NS
DAY (X)=— —Pg " (X)®@ DA I(X).
" By " ) PO(x) = ny(x2+(1-x)?)
(25
iy 1+(1—-x)?
We construct the boundary condition for the next stage of (0)(x) Cr—m———
the evolution using the intermediate solution X
& DAYX) [ a(Q?) (0) !
D, (x,Q2)= n 26 P (X) 2N, — +——2+X(1—Xx)
a(Q%)= 2 — ) (26) (1=%)+
B
evaluated at the next threshatab,, . + —05(1 X) (30)
n S, 2
D(x,Q?)= 2% DAH(X)EO a(Q%) _ (27) with Bo=11/3C,—4/3Trn; being the first coefficient of the
R n=o n! a(mgA QCD g-function andTg=1/2. n; is the numbers of flavors.

The equations for the fragmentation functions in QCD are
The final solution is constructed using the recursion relationgjiven by
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d (Qz)( h 1 h P ldeDAX'(y) XDAX'(X) CF
m q'( Q9= 2w qu®in+2_an9q®Dg DAY, =~ BOJ y—X 43_0
d 2 x| 1- DAX| +2 R 214 DAX'
diogi@d )" e P S 040 p 1001 =20DA 09 f (1+2)DAN(Y)
_3&DAXi(X) (36)
®D3> (31) 3, D0 -

and, as usual, can be decomposed into a non-singlet andSamilarly, the singlet equations generate recursion relations

singlet sector of the form
(Q) ) o
Q Qqu( )(XQ )= q,NS(Xaa(Q ) (+) CF 1dnyAq (Y) XDAq (X)
DAL, (x)=— ,8 y—x
®D2_<f>(x,Q2) (32) °
I Cr +) CFJ'ldy
Byl _ q il Bt d
for the non-singlet distributions and 4,80|09(1 X)DA, (X)+2,80 x Y
h 2 h 2 Ce
d Dq(+)(X,Q) =<qu qu) Dq(+)(X-Q) (1+Z)DAq( )(y) 33 DAq( )( X)
dlog(Q%) | Df(x,Q?) | |Pgg Pgg/ | Df(x,Q?)
Cr [2dy 1+(1— 2)? .
(33 - Z,B_OJ - 7z DAR(Y)
for the singlet sector, where
Ca (1dy yDAR(Y) —XDAR(X)
Dzi(—)(X,QZ)=D2i—D%i- (34) DAR1(X)=— 4,80f V=X

A fast strategy to solve these equations, as discusspdl,in —4C—|og(1 X)DAI(x) — 21 f dy
where a complete leading order evolution has been imple- Bo Bo

mented, is to solve the recursion relations numerically. In the
timelike case—that we are considering—these relations are
obtained as linear combinations of the spacelike ones. We get

X 2+ (1-2))DAL " (y) ~ DAY(X)

Ca(ldy 1l
o o) — —J —E—2+z(1—z))DAg(y).
&) Ce 1dnyA' )-xoAl ') Y
DAr‘H—l _4[30 y—X (37)

Ce d
—4B—Iog(1 x)DAq' (x)+2— J:Vy

The coefficients of the various flavors both ibﬂ_ and D%
i i
are then obtained from the relations

-) C (-)
X(1+2)DA" (y)—3B—FDAgi (X)
’ Qi_l Xi 1 qi(i)

DA;'= 5| DA +n_fDA"

CFjldy yDAI(y)—xDAT ()

(=)
DAﬁJrl: 180 y—X

o 1 1 -
Ce ) 1dy DAqi=—(DAXi——DAqi( )). (39)
—4IB—|Og(l—X)DAg (X)+2B—j — no2 noong n
0 0

X (1+2)DAI (y)— 33 Fpat(x). (35 IV. THE ESAP (N=1 QCD) FRAGMENTATION

Moving to N=1 QCD, we introduce recursion relations
A similar expansion is set up for the non-singlet variaple for appropriate linear combinations of non-singlet fragmen-
=q{")— 1/ tation functions
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v chldnyAX'(y) XDA!(x)
n+1" BO y X

— 45 (1-x)DA}N(X)— 2= DAY (X)
Bo Y Bo

—2—J a, DA\fl(y)+2ﬁ—

Y oA
XJ y (1+2)DAJ(Y) (39

X

Cr (1dy yDAX'(Y) XDAX'(X)
DAY, = f
n+1 ﬂo y X

C - Ce_ -
— 4 Tlog(1-x)DAY(x)— 2- - DAYi(x)

Bo n Bo

—2—j —yZDA{]('(y)-FZﬂ—

ty X
xf y (1+2)DAJ(Y) (40

X

. . . h h
and two similar non-singlet equations fquH and D5
i i

S 1dy yDAT () DA ()
n+l- Bolxy y—X
Cr ) Cr_ ¢
—4—og(1-x)DAY "(x)—2—DA% (x
Bo o IBA () Bo " (x)
_,=F g
2 DAn (y)
(=)
L—(l+z)DAqi (y) (41)
-0
opi CFfldnyAq' y)- xDAT (x)
n+1 ,BO y—X

4 0g(1- DAY (x)— 25F DA (x)
—4—log(1—-x)DA" (x)—2——DA" "(x
Bo g n Bo "

NS e
25| 5on! o)
+2—f —(1+2) DAE‘H(y). (42)

Analogous equations are satisfied by the combinatm)E]s)
and Dg(_) by replacing in Egs(41) and (42) Dz_(f)—>D2(,)
h h '
and Dai(_)—> DNq(,) .
Moving to the singlet sector we obtain
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CA 1dnyAg(Y) XDAJ(X)  Ca

g — _a=A
DA+ 1(x) ,30 y—X 4/30
1dy
xlog(1—x)DAY(x)— DAg(x)+2— —
BoJx
X (1+2z)DAY(y)
1dy g
2,30.[ +z 2) DAL(Y)

+2—f —y(z +(1-2)?)DAY(y)
f Y 21 (1-22DA%y)
f Y 2+ (1-2)DANY)

—4— f —z(1- z)DAq(y) (43

ldy
2—
al.y

CAfldy DAMy)—xDAMX)  C,
—4—
Bo y—X Bo

DAR(X)=—

~+ —2) DAY(y)

X log(1— x)DA"(x)+2—f —(1
\ \ e
+2)DANY)—DANX)— 2Bf (1

Z)DAJ(Y) — 2—f ~zDALY) (44)

1dy
2—
5l

—2—f —y(l Z)DAN(Y)

(+)
DAY 1(X)=—

~+ —2) DAY(y)

G fldy yDAY (y)—xDAL " (x)
Bo y—X

Ce (+) dy
A q
4/3 log(1—x)DAY (x )+2BOJ

X (1+2)DAL" )(y)—ZZ AL ()
—2F f & oA ) (45)
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DAL ()=~ rametrizations must be put to zero by hand $&0 and
sp<<0, respectively.
_Z_I _(DA)\(X) DAq(H(y)) Typical fragmentation functions in QCD involve final
states withp, p, 7=, 7" and kaonk® and we refer to the
1 DAq DAq original literature for a list of all the fragmentation sets. We
4CFJ' y YDAR(Y) ~XDA(X) have chosen an initial evolution scale of 10 GeV and varied
Bo y—X both the mass of the SUSY partnévge assume for simplic-
ity that these are all degenerptnd the final evolution scale
f —DAq 4&I09(1—x) (Qy) in our backward evolution. At the end of the evolution,
once the supersymmetric fragmentation functions are built,
Ce we interpretQ; to be the energy available for the decay of
x DAL " (y)—2=F DAt (x) (46)  the massive state. We perform two types of investigations:
Bo (1) we analyze the dependence of the evolution on the gluino
massm, , assumed to be degenerate with the quark m@ss;
wherez=x/y. we investigate the variation in size of the fragmentation
functions in terms of the scal®;. SinceR-parity is con-
V. NUMERICAL RESULTS served, the fragmentation scalenis, , two times the gluino
mass. Since our concern is in establishing the impact of su-
As an illustration of the prOCEdUre we adopt In our Stud'persymmetnc evolution and compare it to standard QCD
ies, let us consider the decay of a hypothetical massive staigolution across large evolution intervals, we plot the initial
into supersymmetric partons. The decay can proceed, for ifragmentation functions, the regularly evolved QCD func-
stance, through a regulqlq channel and a shower is devel- tions and the SQCD-QCD evolved ones. The latter two are
oped starting from the quark pair. Tie=1 DGLAP equa- originated from the same low energy form of REE1].
tion describes in the leading logarithmic approximation the It is possible to include in the evolution of the fragmen-
evolution of the shower which accompanies the pair, and wéation functions also different thresholds associated with
are interested in studying the impact of the supersymmetrynore complex spectra in which the SUSY partners are not
breaking scaler,) on the fragmentation. In our runs we degenerate. These effects are negligible. Also, threshold en-
have chosen the initial set of R¢L1], with parametrizations hancements may require a more accurate treatment and will
that can be found in the Appendix. be discussed elsewhere. On general grounds, however, we do
In our analysis we focus on the proton fragmentationnot expect them to play any important role, especially since
functions and, following Refl11], we introduce the scaling we are interested in very extended renormalization group

~ (4 1dy entries in Table 2 of that paper. The charm and bottom pa-
.5 2ot
0

variable runnings.
Let us now come to a description of our results. Figure 2
In(,uzlA@) shovv_s the initial condition for the up quark fra_gmentation
s=In———=-. (47)  function into protons, and we have chosen the initial evolu-
In(u3/ASY tion scale Qo) to be 10 GeV, as it has been extrapolated

from collider data in Ref{11]. The evolution of this function
In LO we haveA2=88 MeV [11] and use three different follows QCD from this lowest scale up to a Sci‘le of
values foru,, namely[11] 200 QeV(rnz)\:_Qi_), above which we use the f_u[N_—l
evolution. In this figure we have chosen a lower initial frag-
. mentation scale@;) of 1 TeV. As one can observe from the
V2 Gev ifa= u.ds.g two plots for the up and down quarks, in general, the small-x
wo=19 m(n,)=2.9788 GeV ifa=c, (48) (diffractive) region gets slightly enhanced when SUSY ef-
m(Y)=9.46037 GeV ifa=b. fects are taken into account, although the changes are quite
small. The reason for this behavior is to be found in the fact
) ) R o that the highest scale is not large enough to allow a discrimi-
This leads to three different definitions afFor definiteness, nation of SUSY effects from the non supersymmetric ones,
we use the symbd, for charm ands, for bottom along with  since not enough room is available for the supersymmetric
s for the residual partons. We parametrize the f.f.'s as evolution.
In Fig. 3 an analogous behavior is found for the fragmen-
y tation functions of charm and strange quarks. Again, small-x
1+ —) (49 enhancements are seen, but regular and SUSY evolution are
X hardly distinguishable. The situation appears to be quite dif-
ferent for the gluon fragmentation functiofisf’s) (Fig. 4).
and express the coefficierlts a, 8, andy as polynomials in - The regular and the SQCD evolved f.f.’s differ noticeably in
s, sc, andsb Fors= sc—sb—O the parametrizations agree the diffractive region, with a gluon fragmenting much faster
with Eqg. (2) of Ref.[11] in combination with the appropriate when SUSY is in place, compared to the non-

D(x,u?)=Nx¥(1—x)?
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0.40 T 1.0 T T T
up-> protons (initial) charm->protons (initial)
ame QCD -——— QCD
——- 5QCD 08 ---- $QCD J
0.30
= -
5 020 z
> x
0.10
0.00 .
0. 0.8 1.0
(a) x (a) X
0.20 T w 0.40 T w T . T
down->protons (initial) strange->protons (initial)
e QCD 1 —— QCD
--—-5QCD ---- SQCD
0.15 0.30 1
’;<‘ —
5 010 & 020 1
x <
0.05 0.10 h
0.00 0.00 :
: 0.0 04 0.6 0.8 1.0
(b) X (b) X
FIG. 2. Fragmentation function for the @p graph and down FIG. 3. Fragmentation functions into protons of the charm and

quark (bottom graph xD§(x,Q?) at the lowest scaléinput) Qo strange quarksxDPP(x,Q?) at the lowest scale(input Q
=10 GeV, and their QCDor regulay and SQCD-QCD evolutions =10 GeV, and its evolved QCDregula) and SQCD-QCD evolu-
with Q;=10> GeV. The SUSY fragmentation scale is chosen to betions withQ;=10° GeV. The SUSY fragmentation scale is chosen
200 GeV. to be 200 GeV.

supersymmetric case. This may be related to the wider phasghe scalar charm distribution appear to grow slightly faster
space available for gluons to decay in the presence of supethan the remaining scalar ones, but the gluino f.f. is still the
symmetric channelsQ; is not too large, in this case, and fastest growing at small-x values, which indicates a larger
equal to 1 TeV, which renders the plot particularly interestingproability for gluino to fragment compared to scalar quarks.
from the experimental viewpoint. Overall, these probabilities, even at small-x values, re-
However, it should be kept in mind that even if the evo-main small by a factor of 100 compared to the ordinary QCD
lution predicts a larger probability for the fragmentation of afragmentation functions. This is not a big surprise, given the
given parton into a specific hadron, compared to QCD, thidow scale used in this specific example Q.
change does not automatically translates into a noticeable In Figs. 6 and 7 we come to the second part of our analy-
effect on the final multiplicity of that hadron in the final sis, and we start investigating the dependence of the frag-
state. In fact, as we are going to show in the next section, ahentation functions on a varying initial scal@ . We have
least in the case of the multiplicities, SUSY effects remainselected the up quark and the gluon in these figures. The
small up to pretty large fragmentation scales. impact of a varying scale on these functions appear to be
As we raise the final evolution scale we start seeing someather small in the quark case, while is more pronounced for
interesting features of the supersymmetric distributions. Fothe gluon case. Supersymmetry is broken and restored, in
instance, this is illustrated in Fig. 5 where we show thethese two examples, at a scale of 200 GeV.
squark f.f.’s for all the flavors and the one of the gluino for ~ An important point which deserves thorough attention is
comparison at a nominal fragmenting initial scale of 1 TeV.the study of the dependence of the fragmentation functions

075001-10
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FIG. 4. The gluon fragmentation functiong'H(x,Qz) at the
lowest scalginput) Qy=10 GeV, and its evolved QClregula)
and SQCD-QCD evolutions witf);=10° GeV. The SUSY frag-
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0.2

0.4

0.40 T T
gluon (initial) up (1 TeV)
— QCD n e 102TeV
——-SQcCD 1 ---- 10" Tev
0.30
=
a 0.20 e
>
0.10 i
. 0.00 -
0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X

mentation scale is chosen to be 200 GeV.

on the SUSY scalen, , which is shown in Fig. 8. We have
varied this scale in a considerable rari®em 200 GeV up
to 1 TeV) and kept the initial fragmentation scalg fixed at
100 TeV. The changes for the up quark fragmentation funcs

FIG. 6. The up quark fragmentation functiorDﬁ’H(x,Qz)
evolved with SQCD-QCD for varying final values @;. The

SUSY fragmentation scale is chosen to be 200 GeV.

different behaviors that the quark-squark sector has com-
pared to the gluon-gluino sector, we have shown the f.f.'s for

the b quark and thé squark. Although all the functions get
a small-x enhancement or are more supported in this
X

-region, the largest fragmentation appears to come from the
tions are all within a 5% interval. A similar result is pre- gluon-gluino sector. The gluon fragmentation function is still
sented in Fig. 9, where we illustrate in a same plot the de

pendence on the SUSY scale, of the fragmentation

functions of both the squark up and the up quark.

The shape of the gluino density as a function of the initialP2
fragmentation scale is shown in Fig. 10. The growth appears
to be rather pronounced at small-x. Increasing the fragmenf
ing scaleQ;, fragmentation occurs at larger x-values.

Figure 11 illustrates the behavior of f.f's of all types at a
large initial fragmentation scale. In order to illustrate the

the largest and fastest growing at small-x, due to the small-x
behavior of the gluon anomalous dimensions, while the frag-

mentation functions for the bottom quark and for its super-
rtner are rather small.

Finally Fig. 12 has been included in order to clarify some
ssues concerning the possible impact of our results on the
multiplicities of the final state hadrons due to the supersym-

metric evolution. While a more detailed analysis of this and
of other similar issues will be presented elswewhere, here we
1.0
0.04 = — . . ' luon (1 TeV)
' gluon eV) susy
[}
! ! (L:J'p (squark) \ \ - 10 TeV (susy)
! \ T down i ---- 10’ TeV (susy)
' ' ---- charm ] Y
0.03 ! ‘. ——-= sfrange ll
H \ —-— gluino '
\ \ i
\ \. \
\ 1}
= ) \
a 0.02 - q 0.5 \
> )
)
0.01 .
N
\\
\‘\
0.00 ‘ == : -~
0.0 0.2 0.4 0.6 0.8 1.0 0.0 ===l
x 0.0 0.5

1.0
FIG. 5. The fragmentation functions of squarks and gluino atthe FIG. 7. The gluon fragmentation functio«Dg'E(x,QZ) evolved
lowest scalginput) Q=10 GeV, withQ;=10* GeV, and SUSY
scale 200 GeV.

regularly and according to SQCD-QCD for varying final values of
Q;. The SUSY fragmentation scale is chosen to be 200 GeV.
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' ' ' ' 1.0 T T T T
up (m.ambda=200VGeV) gluino (Q=100 TeV)
025 L My =500 Ge ] | —mme Q=10 TeV
’ ST Migeg,=1TeV i ———= Q=1TeV
QCD 0.8 | f ]
0.20
2 i
a 0.15
x
0.10 i
0.05 | E 4
0.00 : : : :
0.10 0.12 0.14 0.16 0.18 0.20 .

X 0.4 0.5
FIG. 8. The up quark fragmentation functiorDﬂ'E(x,Qz) _ _ _ _
evolved regularly and according to SQCD-QCD for varying final ~ FIG. 10. The gluino fragmentation functionD§P(x,Q?)

values of the SUSY scale,, , and Q;=10° GeV. The SUSY evolved in the region 200Q; GeV for different values 0Q¢ The
fragmentation scale is chosen to be 200 GeV. SUSY fragmentation scale is chosen to be 200 GeV.

would like to make some comments in this directions. Wi 1 )
For this purpose, consider the decay of the metastable RgQCD(QZ):Zl e’ » d z(Dgi(z,Q2)+Dai(z,Q2)

state intoqq pairs(for QCD) and into aqq or aqq pairs(for min
SQCD mediated by a heavy photon{). In one case we h 2 h 2
follow a standard DGLAP evolution, in the second case we - in(Z’Q )+ Dai(Z’Q ) (51)

analize the probability for the supersymmetric partons to end
up into protons using the SUSY evolution. In Fig. 12 we

focus on the following observables, characterizing the finalVith Zmin=mn/(Q/2) being the minimum fractional energy
state required for the fragmentation to take placg. are the

charges of then; quark and squark flavors.

Nt 1 We recall that sinc@garmn(x,QZ) is the probability for a
Rbcp(Q9)= 2 eizf , d2z(Dg(z,Q%)+ D%(z,QZ)) given parton to fragment into a final state hadhoat a given
i=1 Zmin : fractional energy, given an original fragmentation scalg

(50)  the two observables above describe the total probability for

and 1.0 . ‘ : : :
gluon (M,,,4,=200 GeV)
0.40 T T T X gluino
up squark (m,,,.,,.=200 GeV) 0.8 L ---- bsquark 4
‘\ s UP (M rpga=200 GEV) ) ——-b
===~ UpP (Mynpe=300 GeV)
0.30 - —-— up squark (M,,,,,.=300 GeV) |
3
[
< x
a8 0.20 A J
x
0.10 . 1
0.0 L "3=== e
0.0 0.1 0.2 0.3 0.4 0.5
0.00 -
0.0 0.2 0.4 0.6 0.8 1.0 X

FIG. 11. The quark and squatkotton) fragmentation functions
FIG. 9. The quark and squatlp) fragmentation functions for a together with those of gluon and gluino far,=100 GeV and a
varyingm, and a fixed large final sca@;=10 GeV. fixed large final scal®;=10° GeV.
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0.170 . ' results are substantiated further in the forthcoming experi-
— Raeo ments, as we elaborated in the Introduction, it precisely ne-
= Rsaco cessitates the type of analysis that we pursued in this paper.

0.165 | ] It opens up the need to extrapolate the QCD parameters to

the new scale, and the inclusion of any new degree of free-
dom which is crossed in the extrapolation. As we discussed
here this also opens up a plethora of new issues and chal-
o 0.160 ] lenges for the QCD extrapolation and analysis.

Although these variations are small at the energy probed
in our numerical analysis, other sources of enhancement
0.155 - ] could set in at higher scales. First of all, at a higher frag-
menting scale, we expect more remarked differences in the
overall distributions of the total fragmenting multiplicities
(above the 2% level observed in Fig.)1But we also expect

0.150 %0 2000 3000 4000 that various(and_ less inclusiv)ecorrelations(s_uch as energy-
Q(GeV) energy correlations and event shape varigbteay affect
more substantially the structure of a supersymmetric final

FIG. 12. Rqcp andRsqcp for protons in the final state vers@  state with respect to standard QCD. As we approach the
(in GeV). GZK cutoff, these features may become much more pro-

nounced, although the result has clearly to do with the dis-
tributions and coupling of the supersymmetric constituents in
producing a hadroh, through quark channels and their cor- the metastable state that undergoes decay.
responding supersymmetric counterparts. The natural question to ask is then: what are the distribu-

We study the numerical values ORpcp(Q) and  tions of supersymmetric partons in a decaying metastable
Rsocd Q) as a function oR (in GeV), the initial fragment-  state of very large mass prior to fragmentation? At such large
ing scale of partons into protons. We show in Fig. 12 thescales, so far from the 1 TeV scale preferred by many stan-
variation ofRycp andRsqcpwith the initial energy scal®  dard supersymmetric models, the renormalization group
in a given intervall TeV— 4 Te\). The fragmentation prob- strategy can be easily embraced to its fullest extent with
abilities, in this specific case, differ by approximately 2%.sizeable consequences on the low energy end. On this and
The opening of supersymmetric channel, in our results, tendsther related issues we hope to return in more detail in the
to slightly lower the probabilities for fragmentation, com- near future.
pared to standard QCD. Here we have chosen a nominal

gluino mass of 100 GeV. ACKNOWLEDGMENTS
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approximation and presented, for the first time, results for the

f.f.’s of all the partons into protons within a radiatively gen-

erated model. Our analysis here has been quite conservative APPENDIX A: INPUT FUNCTIONS

and focused on an intermediate energy region where small-x For convenience we have included below the list of f.f.'s

effects, linked to resummation and Regge behavior, whichaken from Ref[11] that we have used.

might invalidate a simple leading logarithmiim Q?) evolu- Dp/E(X 2):2Dp/5(x 2).

tion, may still be under control. Within the obvious approxi- u A d A

mations involved in our study, we can still envision that N=0.40211 0.21633— 0.070452+ 0.0783E>

some of the features present in our results may become more ' ' ' '

pronounced once we increase the original energy scale at

which fragmentation occurs. However, some variants, com-

pared to the ordinary QCD scenario, are noticed. — — —
An obvious question is why should we consider inclusion B=2.80160+0.78923—0.05344°+0.01466

of supersymmetry in the fragmentation function in the first _ .

place. After all the fragmentation functions are measured at y=0.05198-0.04623" (A1)

the GeV scale and current experiments requires their ex- —

trapolation to energy scales which are still below the SUSY D's)/p(X'MZ)i

threshold. In this respect our analysis was motivated from _ _ _

the recent exciting results from ultra high energy cosmic rays N=4.07885-2.973923—0.92973+1.23518°

observations, which may indicate the existence of a new had- . . .

ronic scale, of the order of #8GeV, or so. If the UHECR a=—0.09735+ 0.25834— 1.52246°+ 0.77066°

a=—0.85973+0.1398%B—0.82412%+0.43114>
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B=4.9919H 1.1437%— 0.8532@2+ 0.4560%° .+1dy X\ —
I = E v PLy AW (B2)
y=0.07174—0.0832F> (A2) o _ . _ _
N At this point we introduce the linear interpolation
DEP(x, u?):
K(y)=(1— - )A( X)+ 2 Alx.y) (B3
N=0.11061 0.07726,+0.054222— 0.03364> Xi 17 Xi Xip=X

_ — — and perform the integration on each subinterval with a
a=—1.54340-0.20804;+ 0.29038; — 0.23662; change of variable/— >x/y and replace the integral(x)
with its discrete approximatiody(x) to get

B=2.206810.62274,+0.297132—0.2186 >

_ 1 ldy
In(x) :A(Xo)l_ SIL 7 P(y)(y—s1)

y=0.00835,+0.00065> (A3)

M z

DP/P(x, u?): +

_ Si Sj d
A(xi) J —P(y)(y Siv1)

i=1 Si=Si+1ls,, Y

P4

N=40.0971 123.53F,+ 128.6667 — 29.1808;

—S Al — fs'lymy)(y—sifl)

_ — — i=1 Si—1—SJs Y
a=0.74249- 1.2963%,— 3.65003} + 3.05343,
(B4)
_ ~ 22 23 —
B=12.3729-1.04933,+0.34663,— 1.34413;, with the conditionA(xy. 1) =0. Introducing the coefficients
- W(x,x) andW(x;,x), the integral is cast in the form
y=—0.0429G,— 0.3035@7 (A4)
n
Dglp(x,ﬂz): .],\,(x)=W(x,x)A(x)+iZ:l W(X; ,X)A(X;) (B5)
N=0.73953-1.6451%+1.0118%°—0.10175° where
- - &2 _ 23 1 [idy
a=—0.76986-3.58783+ 13.8025°— 13.8903 W(X,X) = L (y—s)P(y),

1_81 Sy y

B=7.69079-2.8447@—0.3671%°— 2.21825°

Si s dy
_ wox 0= " Fiy-s0p)
y=1.26515—1.961172. (A5) 15, Y

SI Si y
APPENDIX B: THE WEIGHTS OF THE N=1 KERNELS Sil—SJ V(y_si—l)P(y)- (B6)

Si

We briefly recall the numerical strategy employed in this
analysis. A more detailed description will be given else-
where. We just mention that the radiative generation of su-
persymmetric distributions requires special accuracy since fl « f(x) :fl f(y)—f(1) B7)
these scaling violations grow up very slowly. We define (1—x), 0 y 1-y
P(x) xP(x) andA(x) xA(X). We also define the convo-
lution product

We recall that

and that

ldy yf(y) xf(x)
(B8)

The integration interval iry at any fixed x-value is parti-
tioned in an array of increasing points ordered from left to
right (Xg,X1,X2, - -« Xn:Xnt1) With Xxg=x andx,, ;=1 be-
ing the upper edge of the integration region. One constructs a
rescaled array X,X/X,, ... X/X5,x/X1,1). We define s; Ing(x)=
=x/x;, ands,, 1=X<$,;<S,_1< ...$;<Sp=1. We get

as can be shown quite straightforwardly.
We also introduce the expressions

1
= Sllog(sl) +log(1—s;)
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In(x)= — | log| TS+ Inty(x)= ——1 B9
ni(X)—Si_SHl 0og 1-s n 1(X)—1_310951- (B9)
1-s Sji1 Using the linear interpolation formuld3) we get the rela-
+Si+1log 1—S-+l S t|0n
| |
_ 1dy yAL(Y) —XAq(X)
_ 1-5s T og(1—X)An(X)+An(X)INg(X)
Jnti(x)_si—l_si Iog(l_sil) Y X n n
N
S.
+s_4logl —— + 27 An(x) (Ini(x) = Int(x))
Si—1 =1

1-s_4 (BlO)

NLE 5 AT

which has been used for a fast and accurate numerical imple-
mentation of the recursion relations.
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