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Medium-modified average multiplicity and multiplicity fluc tuations in jets

Redamy Pérez-Rampbs

II. Institut fir Theoretische Physik, Universitat Harmgu
Luruper Chaussee 149, D-22761 Hamburg, Germany

Abstract: The energy evolution of average multiplicities and mdiitipy fluctuations in jets produced in
heavy-ion collisions is investigated from a toy QCD-insgimodel. In this model, we use modified split-
ting functions accounting for medium-enhanced radiatibglaoons by a fast parton which propagates
through the quark gluon plasma. The leading contributiothefstandard production of soft hadrons
is enhanced by a factay’ N5 while next-to-leading order (NLO) corrections are suppegsby1/+/ N5,
where the paramete¥, > 1 accounts for the induced-soft gluons in the medium. Ourlte$or such
global observables are cross-checked and compared witHithiés in the vacuum.
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Recent experiments at the Relativistic Heavy lon CollidRHIC) have established a phenomenon of
strong high-transverse momentum hadron suppression fighvwsupports the picture that hard partons
going through dense matter suffer a significant energy loss o hadronization in the vacuum (for
recent review see [2]).

Predictions concerning multi-particle production in rerd-nucleus collisions can be carried out by us-
ing a toy QCD-inspired model introduced by Borghini and VWiedhnn in [3]; it allows for analyti-
cal computations and may capture some important featuresnoére complete QCD description. In
this model, the Dokshitzer-Gribov-Lipatov-Altarelli-Bsi (DGLAP) splitting functionsg — g¢g and

g — gg [4] of the QCD evolution equations were distorted so thatrifle of soft emissions was en-
hanced by multiplying the infra-red singular terms by thediam factorNV,. The model [3] was further
discussed and used on the description of final states hagrodsced in heavy-ion collisions [5].

Within the model, we make predictions for the medium-modif@erage multiplicityV4 in quark and
gluon jets @ = ¢, g) produced in such reactions, for the ratio= N,/N, and finally for the second
multiplicity correlators(N4 (N4 — 1))/N%, which determines the width of the multiplicity distriboti.

The starting point of our analysis is the NLO or Modified-LiadLogarithmic-Approximation (MLLA)
master evolution equation for the generating functionqlviich determine the jet properties at all
energies together with the initial conditions at threstasldmallz, wherex is the fraction of the outgoing
jet energy carried away by a single gluon. Their solutionthwiedium-modified splitting functions can
be resummed in powers m and the leading contribution can be represented as an eximgne
of the medium-modified anomalous dimension which takesaotmunt theV,-dependence:

Nazon! [ " Jmea(@x(Y) v}, @

whereymed(as) can be expressed as a power serieg/of, /N, in the symbolic form:

Ymed (s) = /Ny x \/a_5<1+\/%+0<]0\‘[—z>>.

Within this logic, the leading double logarithmic approxition (DLA, O(v/Nsas)), which resums both
soft and collinear gluons, and NLO (MLLA)(«;)), which resums hard collinear partons and accounts
for the running of the coupling constant, are complete. The choie&y = d© /0, where® <« 1is

the angle between outgoing couples of partons in indepémdetonic emissions, follows from Angular
Ordering (AO) in intra-jet cascades [4]. In order to obtdie hadronic spectra, we advocate for the
Local Parton Hadron Duality (LPHD) hypothesis [6]: globabalifferential partonic observables can be
normalized to the corresponding hadronic observables eertain constankC that can be fitted to the
data, i.e.N! =K x Ny

The evolution of a jet of energ§ and half-opening angl® involves the DLA anomalous dimensiog
related to the coupling constant throughyg = 2N, ag/m, with ag = 27 /AN Go(Y + ), whereY =
In(Q/Qo) (Q = EO is the hardness or maximum transverse momentum of the\jei)ln(Qo/AQCD)

is a parameter associated with hadronizatiQg i6 the collinear cut-off parametéty > Q, andAQCD

is the intrinsic QCD scale) andy = 1~ (3 Ne — 3Tr), WhereTr = ny/2, ny being the number
of active flavors. At MLLA, as a consequence of angular ordgiin parton cascading, the average
multiplicity inside a gluon and a quark je¥/, ,, obey the system of two-coupled evolution equations [7]



(the subscript- denotesi/dY")
Ngy = /01 dz g (@9 (Ng(x) + Ny(1 — z) — Ng) + ny®f (Ng(x) + No(1 —2) = Ng)|, (2
qu:/ol dmﬁ[ﬁ (Ng($)+Nq(1—fU) —Ng)] ) (3
which follow from the MLLA master evolution equation for tigenerating functionalN, , = Ny ,(Y),

Nyg(x) = NyoY +1nz), Nyyo(l —2) = Ny oY + In(1 — z)), ®§ denotes the medium-modified
DGLAP splitting functions:

@) = X (-2 a(1 - ),
Bi(o) = ol + (1o,
BI(x) = %(N?—Mr%) @)

which accounts for parton energy loss in the medium by erihgribe singular terms lik@ ~ N, /x as
x < 1 as proposed in the Borghini-Wiedemann model [3]. Thus, wNemcreases the DLA becomes
dominant and energy-momentum conservation plays a lessriamt role.

ForY > Inx ~ In(1 — ), Ny 4(z) (INg4(1 — x)) can be replaced by, , in the hard partonic splitting
regionz ~ 1 — z ~ 1 (non-singular or regular parts of the splitting functignshile the dependence
at smallz < 1 is kept in the singular tern®(xz) ~ N,/x as done in the vacuum. Furthermore, the
integration over: can be replaced by the integration oWéfx) = In (“"fQE—f). Thus, one is left with the
approximate system of two-coupled equations,

d? d
yaNa) = 3 (M- g ) M) ©
) = SE (- g ) ) ©

with the initial conditions at thresholt/4 (0) = 1 andN',(0) = 0 and the hard constants:

1 T11 4 Cr i
- SN+ =T (1-22E)|, G =3/4
“ 4Nc[3 *3 R( Nﬂ =3/

The quantum corrections ay, a; in (§[8) arise from the integration over the regular partef$plitting
functions, they ar® (/a5 /N,) suppressed arphrtially account for energy conservation as happens in
the vacuum.

These equations can be solved by applying the inverse Medlitsform to the self-contained gluonic
equation [(5), which leads to

dw 21 _9 N,
NhY) ~ — WP Y s 7
2 2Kk [ 2R e w0+ 2, )
where the contou€ lies to the right of all singularities aiV,(w) in the complex plane. Since we are
concerned with the asymptotic solution of the equatioas- 1 (E© > @), that is the high-energy

limit, the inverse Mellin transforn]7) can be estimated gy $teepest descent method. Indeed, the large
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Figure 1: MLLA (§) medium-modified average multiplicity asfinction of @ = E®© in the vacuum
(Ns = 1) and in the medium; = 1.6 and N, = 1.8) for ny = 3.

parameter i¥” and the function in the exponent presents a saddle poinf at \/ N, /5o(Y + A), such
that the asymptotic solution reads

NIY) =~ K x (Y + )% exp 4?8(1/“), ®)
0

whereo; = 4 — %. The constantr; is N,-independent because it resums vacuum corrections. There-

fore, the production of soft gluons in the medium becoraes [2(\/M— l)m] higher
than the standard production of soft gluons in the vacuumArdm (1) and[{8) one obtains the medium-
modified MLLA anomalous dimensiofineq = Niq% = /Nyyo — mg, which is nothing but the
MLLA rate of multi-particle production with respect to thevolution-time variable Y in the dense
medium. In Fig[}l, we display the medium-modified averagetiplidity (B) with predictions in the
vacuum (V; = 1) in the rangel0 < Q(GeV) < 200; we setQy = A, = 0.23 GeV in the lim-
iting spectrum approximation [7], and také = 0.2 from [7]. The valuesN; = 1.6 and N, = 1.8
in the medium may be realistic for RHIC and LHC phenomenol{@y5]; the jet energy subrange
10 < Q(GeV) < 50 displayed in Fig[]1 has been recently considered by the STWNRapration, which
reported the first measurements of charged hadrons andlgadéntified fragmentation functions from
p+p collisions [8] at,/sny = 200 GeV. Finally, the whole jet energy range in the same figurpaimicu-
lar for those values &) > 50 GeV, will be reached at the LHC, i@ = 100 GeV is an accessible value
in this experiment (see [3] and references therein).

We find, as expected, that the production of soft hadronseasas asV, > 1: the available phase
space for the production of harder collinear hadrons isictstl as the model itself states. The medium-
modified MLLA gluon to quark average multiplicity ratio,= N, /N, = N/ /N, following from (8)
and (B) reads

2
o _ Yo Y0 o Nc
r=rg |1 rl\/ﬁs—FO(—NS)},ro——CF, 9)

where we introduced the coefficienf = a; — a; in the term suppressed by //N; as N; > 1.
Therefore, if compared with its behavior &t = 1, we check, as expected from the model [3], that
becomes closer to its asymptotic DLA limi§ = N./Cr = 9/4, as depicted in Fid] 2. Settiny, = 1
in (B), one recovers the appropriate limits in the vacuun®[40]. Finally, the gluon jets are still more



T T T
MLLA, N3=1 —

2T MLLA, Ng=1.6

MLLA, NZ=1.8 -oooenev

212 |

1 e ]

208 | 7 .

20 40 60 80 100 120 140 160 180 200
Q(Gev)

Figure 2: MLLA ratior (§) as a function of) = E© in the vacuum §¥; = 1) and in the medium
(Ns = 1.6 andN,; = 1.8) forny = 3.

active than the quark jets in producing secondary part@festhe shape of the curves are roughly the
same.

The normalized second multiplicity correlatds = (N4 (N4 — 1))/N3 defines the width of the multi-
plicity distribution and is related to its dispersion by foemula D% = (A; — 1)N3 + N4 [9]. These
moments, which are less inclusive than the average muitiplprove to beC-independent and therefore
provide a pure test of multiparticle production. The meditnodified system of two-coupled evolution
equations for this observable follows from the MLLA mastguation for the azimuthally averaged gen-
erating functional [4] and can be written in the conveniemtrf

d

1
NP - N2) = /0 dr3 @y [NV +na)+ (NP +In(1 - 2)) - NO(¥))

+(Ng(Y +In) = No(¥)) (Ng(Y +1In(1 = 2)) = Ny(1))]
T 01 da2 0! [2 (Nq<2>(y +Inz)—N2(Y +1n 3:)) - (Ng<2> (Y)—Ng(Y))

+ (2Nq(Y tlnz) - Ng(Y)) (2Nq(Y Fln(l - 2)) — Ng(Y)ﬂ , (10)

d 1
(NP = N) = /0 da2 [Ng@) (Y +Inz)+ (Nf) (Y +1In(1 —2)) — N (Y))

+2 (Ng(Y +lnz) - Nq(Y)) (Nq(Y +In(l—2)) — Nq(Y)>] . (1)

which proves to be more suitable for obtaining analyticdlitians in the following. We use a new
method to compute solutions at MLLA by replacim\f;f) = AyN?% on both sides of the expanded
equations at ~ 1 — z ~ 1. The notations in[(1D,1L1) follow the same logic as thos¢]{f)(5Applying
the analysis that led to the systef{{]5,6), we obtain froffLf)o,

> @) 2) = 2 (N, d (2) 4 d N?, 5
dy? (Ng _Ng> = 0 (N magy )N+ (@ _bl)%dY (12)
2 C d

4 (@ _N2) = YFe (2)

e (Nq Nq> - (N a1 dy> N (13)

where

1 |11 T Cp
— TN, 428 (o2
b 4N, [3 N, ( Nc)
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Figure 3: MLLA second multiplicity correlator inside a ghuget (I3) as a function of) = E© in the
vacuum (N = 1) and in the medium§; = 1.6 and N, = 1.8 for ny = 3.

The constantV, only affects the leading double logarithmic term of the aiuns. The terms propor-
tional toaq, (a1 — b1) anda, are hard vacuum corrections, whipértially account for energy conserva-
tion, indeedyg% ~ v/Ny7§ and the relative correction to DLA i8(y/cas/Ns).

SettingNg(2) = G»N? in (13) and making use of](8), the system can be solved iefgtby taking terms
up toO(a) into consideration. The analytical solution reads,

2
1-— < a1+2b1> >
Gy—1=—3 VN (14)

3— (4&1

2|§w/—\

X))

while its expansion in the form + ~,/+/Ns leads to

1
Go—1lr~=-—¢ il

Y0
— 15
s o(R) as
where the linear combination of color factors can be writtethe form
1 (55 Tgp 112TrCrp 32TrC%
S Pt i et s 8 16
“a= 4N<9 N. 9 N.N. 3NN (16)

We use [[@5) and](9) and substitutg> = Q2NZ into (3) such that the solution reads

Ne (1 % %
—1l=—=—1=- O -+ 17
@ Cr ( “ W) + <N8 : (17)
where we obtain the combination of color factors

1 <55 4Tg Cp 8TR0%>

AN.\9 "9N.N. 3N.N?

é1 = (18)

Setting N, = 1 in (1§) and [1J7) we get a perfect agreement with the vacuunitsef®]. In Fig.[3 and
Fig.[4, we compare our results for the medium-modified seconttiplicity correlators [(1J5) and[ (17)
with predictions in the vacuumN; = 1) [9] in the limiting spectrum approximation inside the tyal
rangel0 < Q(GeV) < 200 for RHIC and LHC phenomenology. Similarly to the MLLA ratigNy),
Eq. (@), the hard correction®(+) are suppressed by a factof\/N;. As expected from the model,

5



15

MLLA, N=1 ———
- MLLA, N.=1.6
148 MLLA NS=18 —-...-

14 | B

13+ ,

Q2

125 |
12 b

115

11

105 Il Il Il Il Il Il Il Il Il
20 40 60 80 100 120 140 160 180 200

Q(Gev)

Figure 4: MLLA second multiplicity correlator inside a qiget (I7).

we check that these results approach their DLA limits wh&nincreases; moreover, the multiplicity
fluctuations of individual events must be larger for quatk gs compared to gluon jets just like in the
vacuum [9]. Another interesting feature of these obseesmbbncerns the shape of the curves. They
are roughly identical and prove not to depend on the mediuranpeter N;. Moreover, there exists
evidence for a flattening of the slopes as the hardness oétli+ FO increases folV; > 1 (vacuum
and medium). This kind of scaling behavior is known as theadblielsen-Olsen (KNO) scaling [11]:

it was discovered by Polyakov in quantum field theory [12] axgerimentally confirmed by e~
measurements [13] for the second and higher order multipiorrelators.

In this paper we have dealt with the medium-modified averag#ipticity and the medium-modified
second multiplicity correlator in quark and gluon jets atlIRlnd LHC energy scales. The starting point
of our calculations is based on the Borghini-Wiedemann wW8fkwhich models parton energy loss in
a nuclear medium. The average multiplicity is found to beagwled by the factoy/N, acting on the
exponential leading contributiof] (8); this leads in pautge to the rescaling of the anomalous dimension
Ymed (Y — Ymed = V' Ns70) or equivalently, to the enhancement of the in medium cogptionstant.
Since hard corrections are suppressed by the extra fRt{aNs, it is straightforward to check that G
and@- approach the asymptotic DLA limitg = N./Cp, G2 = 4/3 andQ2 = 1 + N./3CF [4] when

N increases. The previously mentioned KNO-scaling expeedrby G, and @@, proves no special
sensibility to the model and should normally hold like in treesuum.

Finally, since these results are model-dependent, theystilblge improved in the future, specially after
the N,-dependence of the non-singular parts of the splittingtfans (4) has been exactly computed.

Perspective: Many experimental characterizations of the medium-madiifigrajet structure in heavy-
ion collisions at RHIC and at the LHC require a soft momentwitradff p%“t, with Q > p%“t to remove the
effects of the high multiplicity background. In [3], the sbhckground was subtracted by integrating the
single inclusive differential distributiog% (“hump-backed plateau”) over the ran@e> pr > pS,
with p,f’r“t > Agcp. Accordingly, the equivalent computation should be penfed for the second mul-
tiplicity correlator by integrating the double differeaitinclusive distribution (two-particle correlation)
mlﬁ% over p; 7, with the lower bounds of integratiqvf}% > Agep (¢ = 1,2). Imposing such

a cut-off in our calculations will affect the normalizatioather than the behavior and the shape of these

observables as a function 8f; and the jet energy scale of the procésgl4].
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