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For jets, with gTeat power comes great opportunity. The unprecedented center of mass energies 
available at the LHC open new windows on the QGP: we demonstrate tha.t jet shape and jet cross 
section measurements become feasible as a new, differential and accurate test of the underlying QCD 
theory. We present a first step in understanding these shapes and cross sctions in nuclear collisions at 
the LHC. Our approach allows for detailed simulations of the experimental acceptance/cuts that help 
isolate jets in the high-multiplicity environment of heavy iOIl reactiolls. We demonstrate for the first 
time that the pattern of stimulated gluon emission can be correlated with a variable quenching of the 
jet rates and provide an approximately model-independent approach to determine the characteristics 
of the medium-induced bremsstrahlung spectrum. Surprisingly, in realistic simulations of parton 
propagation through the QGP we find a negligible increase in the mean jet radius even for large jet 
attenuation. Jet broadening was found to be manifest in the tails of the angular distributions and 
its quantification requires high statistics measurements. 

PACS numbers: 

I. INTRODUCTION 

When a fast parton produced by hard scattering prop

agates in the hot/dense nuclear medium it may sufFer 

multiple scattering with other partons in medium and 

lose a large amount of energy [1 ]. This jet quenching 

mechanism has been used to explain the strong suppres

sions of hadron spectra at large transverse momenta in 

nucleus-nucleus collisions observed at RHIC and achieved 

great successes [2]. To calculate the parton energy loss in 

nuclear medium several theoretical approaches have been 

proposed, for example: BDMPS/ Zakharov / ASW formal

ism [3]' GLV thevLY of opacity expansion [4], Higher

twist(HT) approach [5], and AMY formalism [6]. Using 

different parameters , q for BDMPS/ Zakharov / ASW , 

dNg / dy for GLV , Tqg(x , Q)/Jq(x , Q) for HT , and as for 

AMY, these formalisms can describe the striking modi

fications of hadron spectra in A+ A collisions, especiR.lly 

the RAA (PT) fairly well. 

At present , most measurements of hard processes are 

limited to single particles and particle correlations, which 

are only the leading fragments of a jet. Though there is 

general agreement on the physics that controls inclusive 

particle suppression in the QGP and the experimental 

methodology of determining RAA (PT) within 20 - 25% 

uncertainty [7] , such measurements have revealed their 

inherent limitations: the inability to distinguish between 

phenomenological models of radiative and collisional en

ergy loss, and there exists a staggering order of mag

nitude uncertainty in the extracted plasma properties 

via plasma radiography [8]. Experimental interest in 

multi-particle correlations has stimulated extensive phe

nomenological work to better constrain the mechanisms 

of jet-medium interactions [9]. It appears that such mod

eling effort cannot be systematically improved due to the 

absence of factorization for the highly differential observ

abIes [10]. It is, therefore, critical to find alternatives that 

accurately reflect the energy flow in strongly-interacting 

systems, have a more direct connection to the underlying 

QCD theory, and exhibit a larger discriminating power. 

The high rate of hard probes at the LHC and the large

acceptance calorimetry, see e.g. [11], will enable precise 

jet measurements . Therefore, instead of studying only 

the leading hadron fragmentated from the jet, we can in

vestigR.te the modifications of the structure of a jet in hot 

nuclear medium. To do so one can study jet multiplic

ity inside a jet cone modified in medium, or the energy 

flow of the jet in medium [? ]. Because non-perturbative 

physics may impose a large impact on jet multiplicity 

whereas energy flow inside a jet cone can be calculated 

precisely within the framework of perturbative QCD and 

needs less non-perturbative input, the latter may provide 

a more reliable observable to investigate properties of the 

QGP via jet-medium interactions. 

In this paper we will study the jet shape in p+p 

and heavy-ion collisions, and give the predictions about 

the jet shape and its RAA in Pb+Pb collisions with 

.jS = 5500 GeV at LHC. By varying the radius of the 

jet cone R cone and the transverse momentum cut Wmin 

we can study the evolution of RAA (PT, Rcone, Wmin) for 
the jet cross section and jet shape to obtain a sequence 

of curves of RAA (PT, R cone, Wmin) instead of one single 

line of RAA (PT) for leading hadron , thus provide an op

timistic way to test theoretical models of jet quenching. 

The central quantity of our discussion is the 'jet shape'. 

This is a very intuitive quantity - each individual event 

is probabilistic in nature , but averaged over many events 

a smooth physical shape can be observed. We consider 

the jet energy density, as this can be calculated in a par

tonic framework and carried over hadronization by lo

cal parton-hadron duality. This duality exists in phase 

space, not on individual particles. If we start looking 
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at the distribution of individual particles, the complica-
tions of nonperturbative fragmentation need  to be taken 

into account.  But the shape of very high momentum jets 

should  not  be  significantly  affected  by  nonperturbative 

processes . 

Our discussion of jet shapes  in  pp  collisions  is  based 

on  the  work  by Seymour  in  [12].  We  refer  to  [12,  13] for 

discussion  of the  complications  of defining  a  jet,  asking 

whether  a  specific  particle  in  the  event  is  part  of  one 

jet, another or separate.  To make  the discussion simpler, 

we  will  assume  that  the  complications  of  the  different 

definitions  can  be  subsumed  into  an  Rsep parameter  as 

described below.  Once a  jet axis and all  the jet particles 

have  been  found  by  a  jet  algorithm,  the  'jet  shape'  is 

defined  as 

where  T, R are  Lorentzinvariant  opening  angles,  R;j = 
J(T/i  T/j)2 +  (cPi  cPj)2, and i represents a sum over all 

the particles in  this jet .  \f!(rj R) is  the fraction of the total 

jet  energy,  with  a  jet  having  radius  R, within  radius  r. 

It  is  automatically  normalized  so  that  \f!(Rj R) =  1.  To 

move  from  the integrated to the differential jet shape, we 

define 

(2) 

This  is  the  angular  density  of jet  energy  (remembering 

that  a  more  visual  representation would  be  'l/Jvis (rj R) = 
2;r 'I/J(1'j R)). In  terms  of  a  single  particle  production 

crosssection,  this  becomes 

JdE E da
. T , T , dEr .dr da 

'I/J(r; R) =  R ' da = dzz dzdr (3)

Jo dr JdET, ET, dEr. dr J 

where ET, is  the transverse energy of the constituent par-

ticles  inside  the jet  cone. 

This article will  be organized as  follows:  In Section II, 
we  will  outline a  calculation of the jet shape  in  a  pertur-

bative  framework,  compare  this  calculation  to  Tevatron 

data, and extrapolate to LHC energies.  A brief discussion 

of radiative energy  loss  in  GLV  formalism,  and medium-

induced contribution to jet shape due  to gluon radiation 

in  medium  will  be  given  in  Section  III.  Then  in  Sec-

tion IV we will give our numerical calculations of nuclear 

modification  factor  for  jet cross section and jet shape and 

discuss  their  implications.  A  summary  and  conclusions 

will  be presented in Section V. 

II.  JET SHAPES  IN  'ELEMENTARY' PP  
COLLISIONS  

A.  Theoretical calculations 

1. leading order results 

In  the  introduction, we  defined  the central quantity of 

our study,  the  differential  jet shape 'l/Ja(rj R). As  in  [12], 

the starting point of the calculation  is  the  leading order 

parton  splitting:  a  suitable  separation  of physical  time 

scales  enables  the separation of the calculation into pro-

duction and jet showering.  The QCD splitting  functions 

Pa~bc(Z) give  the  probability  distribution  of  the  large 
fractional  light cone  momenta  (or  approximately  the  en-

ergy  fractions)  of  the  fragments  relative  to  the  parent 

parton,  z  and 1  z  respectively.  To  lowest  order,  recall-

ing  that  'l/Ja(rj R) describes  the  energy  flow  ()(  z,  we  can 

write: 

z
d\f!a(rj R) Las 211


'l/Ja(r; R) =  d =  2  dz ZPa~bc(Z).

T 7r  l'
b ZTH1.fl 

(4) 
In Eq.  (4)  l' =  (1   z)p is  related  to  the opening angle p 

between  the  finalstate partons. 

In  'elementary' p+p collisions the inclusion of soft par-

ticles  (Zmin ~ 0)  is  not  a  bad  approximation.  Even  in 

this case,  however,  there are intrinsic limitations,  related 

for  example  to  detector  acceptance.  In  heavy  ion  col-

lisions  for  the  most  interesting case  of central  collisions 

there is  an enormous background of soft particles related 

to  the  bulk  QGP  properties.  Jet  studies  will  likely  re-

quire  minimum  particle  energy  >  1   2  Ge V  at  RHIC 

and even  more stringent cuts at  the LHC.  Furthermore, 

control over Zmin can provide detailed  information about 

the properties of QGPinduced bremsstrahlung.  Further 

kinematic constraints on the values of Z arise since both 
the resulting partons must be within an angular distance 

R of  the  original  jet  axis,  l' <  R, 1'z/(l  z)  <  R. In 

this  case they are identified with  the jet.  If not,  they are 

identified  as  two  separate  jets.  For  a  conebased  algo-

rithm,  the relative separation RscpR (as  opposed  to just 
the  distance  from  the  original  jet  axis)  is  an  additional 

criterion:  p < RsepR. We  find: 

z max {zmin' 1'; R if  T < (Rsep  l)R} ,  (5) 

z rnax {zmin' _7_'- if  r> (Rsep  l)R} .  (6)
RsepR 

Carrying out  the  integration  in  Eq.  (4)  we  arrive at  the 



LO jet shape functions  for  quarks and gluons: 

CFO'.s 2  (  1  Zmin
1/Jq(1') = 27r ;.  2 log  Z 

-~ [(1 - zf  Z;'in]) , (7) 

CA O'.s 2 (I  1  zmin 20g......:....c
27r  l' Z 

_ (~ _ ~ + Z2) (1 _ Z)2 
6 3 2 

2 2  3 1  4 ))+ ( 2zmin  3" Zmin + 2" Zmin 

TRNtO'.s 2((2 2Z Z2)( ~)2+ - ---+ 1-Z
27r  l' 3  3 

4  3  4))- ( 2  3" Zmin + Zmin . (8)Zmin 

In the Zmin ---> 0 limit Eqs. (7) and (8) reduce we recover 

the previously known result [12]. There is an implicit 

'plus-prescription' in these results, as we have not con

sidered the virtual corrections in the forward direction. 

Hence, the result I" not applicable for l' = 0 and does not 

have the correct normalization when integrated. How

ever, the shape is reflective of final-st.ale part.on splitting 

and For the leading order calculation one may apply a 

cutoff for small 1'. 
In contrast to the case of e+ +e- annihilation, hadronic 

scattering is accompanied by copious initial-state radia

tion that can fall within the jet cone. While the contri

bution of the ISR is small for small values of 1' / R, it gives 

an essential contribution at larger angles. A simple esti

mate based on a dipole radiation and the kinematics of 

the hard parton - soft gluon coincidence within a cone [? 
], similar for both quark and gluon jets, yields: 

CO'.s (1 1) (9)1/Ji(1') = 27r 21' Z2 - (1 - Zmin)2 

Again, the 'plus-prescription' to account for the l' = 0 

point is not explicitly shown. In Eq. (9) C ~ CF ~ CA /2. 
The leading order calculation is most appropriate for 

the rare, hard splittings of a very high momentum jet. 

The use of a running coupling improves this, weighting 

softer events more and harder events less: we use a run

ning coupling evaluated at the largest kr in the problem, 

1'(1 - Z)Er for the jet splitting and (1 - Z)Er for the 

initial state radiation. 

2. Resummation - all orders and multiple emission 

As l' ---> 0, in the collinear limit of parton splitting, 

the leading order contributions to the jet shape diverge , 

see Eqs. (7), (8) and (9). In fact, all orders in the per

turbative expansion diverge, including powers of log l' in 

the form O'.~ log2n-l 1'. With plentiful parton showering, 

it becomes becomes increasingly less likely that any par

ticular quark and gluon will be coincident with the jet 

axis . Quantitatively, this is described by a Sudakov form 

factor. The energy density at small angles is dominated 

by the hard parton in the splitting. If there is a splitting 

that leaves the hard parton at an angle 1'1 , a subsequent 

splitting at 1'2 < 1'1 will not contribute to the energy 

density at 1'2. Multiple independent splitting follows a 

Poisson distribution in number, with the Po contribution 

given by e- N Hence, the probability of emission at an 

angle less than l' is given by the Po of emission at angles 

greater than 1', i.e .: 

P( < 1') exp( - P1(> 1')) (10) 

exp ( - jR dr' 1/Jsott(r')) (11) 

This only applies for soft emissions which do not take 

away (much) momentum, i.e. at leading log accuracy. 

Improvements can be obtained at modified leading log 

accuracy (MLLA) when the running of the coupling con

stant is included in Pl. We don't take other (e.g. recoil or 

kinematic constraints) effects in evaluating the Sudakov 

form factor in the soft collinear approximation. 

The resummed 1/J(r) = :frP(< 1') and we carry out the 

integration in Eq. (11) including the running O'.s (1' Er) to 

obtain modified leading logarithmic accuracy (MLLA). 

Note that 0'.8(1-") = 1/ (2/30 log ~A ), with 47r/30 = bo = 
QeD 

¥CA -1TRNt. First , take the small l' limit in Eqs. (7), 

(8) and (9), keeping terms ex 1/ 1' and ex l/rlog(l / r) . 
Based on Z = max(zmin, rj R) in this limit we have two 

kinematic domains. For l' > Zmin R the results are similar 

to the known case of no acceptance cut-off and reduces 

to the known results if Zmin = 0: 

Pq(r > zminR) = exp (2CF log ~ II (2/300'.8 10g~) 

- [~CF - CR2 - c>(z . )] 2 q mtn 

X12 (2/300'.8 10g~)) , (12) 

Pg(r> zminR) = exp (2CA log ~ h (2/300'.s 10g~) 

- [~bo - CR
2 

- C~(zm i n)] 

X 12 (2/300'.8 10g~) ) . (13) 

We find it usefnl to use the same notation as in [12] 
and facilitate the comparison to the case of no kine

matic cuts: h(x) = log(l - x) / (27r/30), and 12(x) = 

(1 - log(l - x)/x) / (27r/30). The zmin-dependent correc



tions are  isolated  as  follows: 

c~(1' > ZminR; Zmin) =  2CF log(1   Zmin) 

3 2 
+2CFZmin, (14) 

c; (1'  >  ZminR; Zmin) =  2CA log(1 Zmin) 

.  (15) 

When  T <  ZminR the  integration  in  Eq.  (11) has  to  be 

split  in  two regions:  1"  E  (r, zminR) and r' E  (ZminR, R). 

The  second  integral  is  trivially  obtained  form  with  l' = 
zminR and combined  with  the  first  one yields: 

(16)  

Pg(1' <  ZminR) = Pg(r > ZminR; l' = zminR) 

X  exp (  [~bo  C;(Zmin)] 

_  zminR) )x h 2f3oO'.8 log -1'- . (17)( 

Here,  we  denote  by  0: 8 0'8(ZminRET) as  opposed  to 

0'.8  = 0'8 (RET ) and 

< (  )  (1  zmin)cq T < ZminR; Zmin =  2CF log  . 
Z7TItn 

+3CFzmin ,  (18) 

c;(r < ZminR;Zmin) =  2CAIog(I-Zmin) 
Zm1.n 

+CA (4Zmin  Z;'in +  ~ Z~in ) 

- TRNj (2Zmin  2Z;'in + 4Z;;"in) .  (19) 

3.  power corrections  an estimate of non-perturbative 

effects 

We  have  evaluated  the  running  coupling  at  the  max-

imum  transverse  momentum  of  emitted  gluons.  If we 

went one step further and  included  the running coupling 

under momentum transfer  integrals,  then we  would  have 

contributions from  regions in which Q ~ AQCD or lower, 

i.e.  there  is  a  fundamental  nonperturbative  contribu-

tion  to  all  of  the  integrals.  An  estimate  of  these  power 

correction effects  with  finite  acceptance  is  as  follows: 

where  CR =  CF , CA for  quarks,  gluons  respectively, 

kmin = Zminr ET, P, is  the  renormalization  scale.  The 

first  term  in  the  first  parentheses  &o'(Qo , kmin ) is  the 

parametrized Ilonperturbative  contribution alld  defilled 

as: 

(21 ) 

In our numerical calculation we  use 

&0' (2Ge V, 0)  = 0.52,  &0' (3Ge V, 0)  = 0.42 

from  re£.[12,  14]  and  the  parametrization of strong cou-

pling  constant  at  small  momentum  transfer  in  ref.[15]. 

The second  and  the  third  terms  in  the  first  parentheses 

come  from  subtracting  off  the  perturbative  component 

in  the nonperturbative region[14]'  while  the term in  the 

second  parentheses  results  from  the  introduction  of de-

tector acceptance Zmin. 
A similar expression is  used  for  the  initial state radia-

tion: 

2CR
1/Ji ,pc(1') ---z;-2r ET 

Qo  (_' 
O'.8(P,)0'0  (Qo, kmin ) -

-2f30O'.8(p,)2 (1 + log ;0)) 
+ 2CR2rkmin  (O'.8(P,) 

27l' ET 

+2f30O'.8(p,)2 (1 + l:og  k~in)) ' (22) 

The  power  corrections  are  in  fact  sizeable  for  lower  jet 

energies,  even  at  large  1'.  This  suggests  that  any  devi-

ation  of  these  results  from  experimental  results  may  be 

due  to  incomplete  consideration  of  nonperturbative  ef-

fects.  Note  that  the generalization of power corrections 

to  finite  acceptance  implies  that  these  should  be  taken 

into account only  for  ZminrET < Qo. 

4. Total contribution to the jet shape 

As  mentioned  before  the  resummed jet shape at small 

rjR is  evaluated as  1/Jresum(r) =  ddrp(1') = 1/Jcoll(r)P(r). 



Taking  all  contributions  to  the  jet  shape  and  ensuring 

that  there  is  no  double  counting at small  r j R to  O(aJ) 
we  find: 

1/J(r) 1/Jcoll(r) (P(r)  1) + 1/Jw(r) + 1/Jw,i(r) 

+1/Jpc(r) + 1/Ji,pc(r) ,  (23) 

where  on  righthandside  of  the  equation  the  first  term 

comes  from  Sudakov  resummation  with  subtraction  off 

their leading order contribution at small r j R, the second 

and  third  terms  give  the  leadingorder  contributions  in 

the  finalstate  and  the  initialstate,  the  fourth  and  fifth 

terms  represent  contributions  from  power  correction  in 

the  finalstate  and  the initialstate. 

Our  normalization  will  now  be  off   in  any  compari

son with experimental data the difference between the 

integral of 1/J(r) and 1 is taken off the most inner bin. 

B. Comparison to Tevatron data 

This simple calculation gives a decent interpretation 

of high Pr jet shape data. The Rsep is often taken as a 

free parameter and fixed by comparison with data [13]. 
Rsep is usually jet momentum dependent and it is found 

that at high jet momentum usually theoretical calcula

tions with Rsep = 1.3 can give a good fit to experimental 

data [13]. But at lower jet momentum to fit the data we 

usually need a larger R sep [16]. 

In Fig. 1 we show the comparison of the numerical re

sults of jet shape with our theoretical model described 

above calculations with the experimental measurements 

of jet shape in pp collisions at Vs = 1960 GeV at Fer

milab in Run II (CDF II) [17]. In numerical calculations 

we include all contributions from leading order, resum

mation and power corrections and compare to data by 

varying the parameter R sep. From Fig. 1 we can see 

that at high jet momentum our theoretical model give 

very good descriptions on experimental data at CDF II 

with Rsep = 1.3 - 1.4. At low jet momentum to fit the 

data larger Rsep may be needed at with jet momentum 

Er = 45 - 55 Ge V, we find that om model with R sep = 2 

can describe the data fairly well except at very smallrjR 

region. The derivation of theoretical calculations from 

experimenta l data in small r / R region at low jet momen

tum may be due to large non-pertmbative effects. In the 

insert of Fig. 1 we give the values of Rsep at different jet 

momenta used in our numerical calculations. 

By comparing numerical calculations of our theoretical 

model with experimental measurements as illustrated in 

Fig. 1, we can see the our simple model is not sufficient 

to give a good description of the lower momentum data 

at Tevatron, without resorting to a momentum depen

dent Rsep parameter. This may be due to a change in 

momentum dependence at NLO the breakdown of our 

soft collinear jet splitting approximations. In other stud

ies with Monte-Carlo event generators, tweaking of the 

initial state radiation (from multiple parton interactions) 

1000 
3 
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2f-

: 
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+ 
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FIG. 1: Comparison of numerical results of our theoreti

cal mode with experimental data of jet shape with .;s = 
1960 GeV by CDF. 

was seen to be important - a more advanced treatment of 

this aspect may improve the result. More fundamentally, 

the deficiencies at lower momenta may be due to non

perturbative effects (as evidenced by the small change 

by including a rough estimate of the power corrections) 

or finite time effects and interference with the production 

diagrams. 

Nevertheless , by varying R sep our numerical results 

of theoretical computations agree quite well with the 

data at CDF II. The fitting values of R sep at different 

jet momenta to CDF data will then be fixed and used 

in our later numerical calculations of jet shape in vac

uum and in medium at LHC with center of mass energy 

Vs = 5500 GeV. 

C. Predictions for the LHC 

We use our theoretical model for CDF and apply the 

same momentum dependent R sep parameter to predic

tions for the LHC. The emphasis here is not on the best 



possible  prediction for  the jet shapes in  pp  collisions at 

the  LHC,  but  the  derivation  of a  simple  model  for  the 

baseline  comparison when  doing  calculations  for  PbPb 

collisiolls.  The  only  differellce  we  make  between  CDF 

and  the  LHC  is  in  production:  we  should  take  a  differ-

ent  ratio  of gluon  to  quark  jets.  As  we're  moving  to  a 

higher  collision energy,  the  collisions at LHC will  have  a 

greater gluon contribution than for  the  lower  CDF ener-

gies,  which  can be seen clearly  in  the  insert of Fig. 12  in 

Appendix.  Therefore  the  LHC  result  is  expected  to  be 

slightly wider  than  the CDF result. 

In  Fig.  3  we  demonstrate our  numerical  results  of jet 

shape at different jet encrgies with two jet COIlC  radii R = 
0.7  and  R = 0.4  in  p+p collisions  with  Vs =  5500  GeV 

at  LHC.  From  jet  energy  ET = 50  GeV  to  jet  energy 

ET =  500  GeV, one  can see  jet  shape  becomes  steeper, 

which  implies  that  with  higher  jet  energy,  the  forward 

radiation  will  be  more  favored.  By  increasing  cone  ra-

dius  from  R =  0.4  to  R =  0.7,  jet  shape  will  be  wider 

due to more energy carried away by soft radiation will  be 

found  inside a  larger cone radius.  On the other hand, by 

imposing  an  acceptance  cut  Wmin =  10  GeV,  jet  shape 

will  be  shifted  to  smaller  rjR region  with  higher  peak 

because the forward radiation becomes more pronounced 

by  cutting  the  contribution  of soft  radiation.  However, 

the  differences  of jet  shapes  due  to  different  choices  of 

jet cone  radius  R and acceptance cut Wmin may  die  out 

with  increasing  jet  energy  ET as  shown  in  Fig.  3.  This 

observation could  be  explained  by  the  fact  that  at very 

high  jet  energy,  jet  shape  has  been  very  steep  already 

because  of  dominated  forward  radiation ,  and  there  are 

fewer  contributions  from  hard or  largeangle  radiations. 

By varying cone radius and acceptance cut,  the contribu-

tion  from  hard or  largeangle radiations will  be  changed 

a  little accordingly, but not significantly, and hence affect 

jet shape at very high jet energy slightly. 

III.  MEDIUMINDUCED CONTRIBUTION TO  

THE JET SHAPE  

The  principal  mediuminduced  contribution  to  a  jet 

shape comes from  the radiation pattern of the fast  quark 

or gluon, stimulated by their propagation and interaction 

in  the QGP.  There is  a  simple heuristic argument which 

allows one to understand how interference and coherence 

effects  in  QCD  amplify  the  difference  between  the  en-

ergy distribution  in  a  vacuum jet and  the  inmedium jet 

shape  [26].  Any  destructive  effect  on  the  integral  av-

erage  parton  energy  loss  b.Erad , such  as  the  Landau-

PometranchukMigdal  effect,  can  be  traced  at  a  differ-

ential  level  to  the  attenuation or  full  cancellation of  the 

collinear,  kT « w, gluon bremsstrahlung: 

b.Erad dIg (  E)
LPM suppressed  =>   dw W rv  LPM suppressed 

dIg 
=>  dwd2 kT (kT «W)LPM suppressed,  (24) 
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FIG.  2:  (Color  online)  Numerical  predictions  for  jet  shape 

at  p+p  collisions  with  VB = 5500  GeV  at  LHC.  Solid  line 

represents  jet shape  with  R = 0.7, Wmin = 0  GeV,  dash  line 

stands  for  jet shape with  R = 0.4,  Wrnin = 0  GeV,  and dash-

dot  line  is  for  jet shape with  R = 0.7,  Wrnin = 10  GeV.  The 

insert  shows  the  integrated jet shapes. 

and we  indicate the parts of phase space where the mod-

ification of the  incoherent dIg jdwd2 kT is  most effective. 

Indeed,  detailed  derivation  of  the  coherent  inelastic 

parton scattering regimes  in  QCD  was  given  in  [23]. In 

all cases,  the origin of the LPM suppression can be traced 

to  the  cancellation  of  the  collinear  bremsstrahlung. 

The  destructive  quantum  interference  is  most  promi-

nent [or finalstate radiation, where the largeangle gluon 

bremsstrahlung  was  originally  discussed  in  [25]  to  first 

order  in opacity.  Even though  to carry out realistic sim-

ulations  to  higher  orders  in  opacity  with  full  geometry 

will  require  computational  power  beyond  what  is  cur-



FIG.  3:  (Color  online)  Numerical  predictions  for  jet  shape 
at  p+p  collisions  with  .jS = 5500  GeV  at  LHC.  Solid  line 
represents  jet shape  with  R = 0.7,  Wm.in = 0 GeV,  dash  line 
stands  for  jet shape  with  R = 0.4,  Wm.in = 0 GeV, and  dash
dot line is for jet shape with R = 0.7, Wrnin = 10 GeV. The 
insert shows the integrated jet shapes. 

rently available, we first present an analytic proof that a 

cone-like pattern of medium-induced emission persists to 

all orders in the correlations between multiple scattering 

centers (elementary emitters) and we focus on the case of 

immediate interest: light quark and gluon jets and final

state bremsstrahlung. Generalization to massive partons 

can easily be achieved, see e.g. [24], but it is important to 

note that the effect of a heavy quark mass versus the jet 

energy depends on the coherent scattering regime [23]. 

A. Radiative energy loss in the GLV formalism 

In our calculation we will use GLV formalism of ex

panding the medium-induced radiation in the correla

tions between Inultiple scattering centers [23]. We first 

recall the definitions of the Hard, Gunion-Bertsch and 

Cascade propagators in terms of the gluon transverse mo

mentum k and the transverse momentum transfers from 

the medium q i : 

H 
k 

k 2 ,C(ili, ··i",) = 

(k  %1 - qi
2 

- ... - q i= ) 

(k )2- q. - q . - ...  q . 
1.1 l2 t'H 

' 

Bi H - C i , B (ilim)(JI ·in ) = C (ilJ=) - C(jl'Jn) 

(25) 

The relevant inverse gluon formation times can be writ

ten as: 

For final-state radiation, the intensity spectrum reads: 



k+ dN9 (FS) c:~. ~ [gJ:~:,\ 1[D Jd'<L (-iJe-l~Z-j) d:~~j) - 8'(<L)) ] dk+d2k 

x   [2 C(1 , ,n) . t1 B (m+!.  ..  ,n )(m . .. . n) (COS  (~W(k , .. ,n)LlZk)  cos  (~W(k , ..  ,n )LlZk) )  ]  , (27) 

where  L; ==  0  and  B(n+l,n) ==  Bn is  understood.  In 
the  case of finalstate  interactions,  Zo ~ 0 is  the  point of 

the  initial  hard scatter  and  ZL =  L is  the  extent  of  the 

medium.  The  path  ordering  of  the  interaction  points, 

ZL > Zj+l > Zj > zo, leads  to the constraint  L~=l LlZi ::; 

ZL. One implementation of this condition would be LlZi E 

[0, ZL  L;:~ LlZj] and  it  is  implicit  in  Eq.  (27). 

There  is  an  obvious  limit  of  the  GLV  radiative  spec-

trum when L » )..9  » Tf, where).,9  is  the mean free path 

of  the gluon  in  hot  QGP.  Here ,  the contributions  of cos 

terms vanish after  integration over  the  unobserved qi  or 

LlZi due to rapid oscillation.  It is  easy to see  in  this  limit 

for  n= 1 that, 

In  the very high energy  limit  E >  00 ,  leading  to a  large 

k phase  space,  a  change of variables k >  k - ql  shows 

that  the  first  two  terms in Eq.  (28),  cancel, leading to  an 

incoherent BertschGunion gluon emission in a  hot QGP 

medium with  (n) =  f . By direct  inspection one can see 
9 

that n > 2  terms do  not contribute.  In fact,  it  is  easy  to 

. wdN9 

[II Qj  q . 
r ~ O dwd¢dr j=l iJel(Zj) d2

Qj J 

qm + . .. +qn) (  (~(qk+
  (  )2  X  cos  ~ 

qm + ... + qn k=2 

Here,  we  have  already set  r =  0  where  possible.  To  use 

this  general  notation  we  have  to  clarify  certain  special 

cases:  for  m  =  n we  have  cos[(qn+l +  qnfLlZn+I/2w] == 
1.  For  the  transverse  propagators  and  m  we  have 

wr(qn+l + qn)/(qn+l + qn)2 ==  n. It  is  know  that  the 

leading n =  1 contribution to finalstate mediuminduced 

radiation  leads  to  limr~o wdN9 / dwd¢ dr =  0  [25].  Our 

goal is  to show that this result is general and holds to any 

order in  the expansion.  Its implications are that there  is 

verify  that  for  any  bremsstrahlung  regime,  initialstate, 

finalstate and  no  hard  scattering,  this  limit  holds  [23]. 
More  generally,  in  this  limit  it  can  be  shown  that  the 

Reaction  Operator  it >  O.  Naturally,  for  finite  jet  en-

ergies  there  will  be  corrections  when  k+dN9/dk+d2k is 

evaluated  numerically with actual kinematic bounds. 

B.  Collinear radiation  in GLV  formalism 

The example  given  above  illustrates  that  while  limits 

can be  imposed and taken in  the GLV  results , such limits 

are  artificial  in  that  the  formation  time  of  the  gluon  at 

the  emission  vertex  spans  Tf E (0, (0). The  Reaction 

Operator  approach  is  not  an  approach  of  averages  but 

compares differentially Tf to  the separation between  the 

scattering  centers.  For  example,  even  when  k  >  0  the 

formation  time  can  be small  or  large, depending  on  the 

momentum  transfers  for  the medium.  Let  us  investigate 

this  case  in  more detail:  we  note  that  k+ ~ 2w and k  ~ 

Twn, where T is  the angle relative to  the jet axis.  Here, n 
is a unit vector transverse to the jet axis which defines the 

azimuthal angle ¢ of gluon emission.  Using the results of 

Eq.  (27) ,  the  2D  (¢, r) angular distribution of gluons  at 

nth order  in  the correlated scattering expansion  reads: 

L"n  Jd2 (  1  diJel(Zj) .\"2 ( ))] ql+"  ' +qn  (qm+l+ . .. +qn11m  --:--::-c--:- ex  W --- - u  . wr 
(ql+···+qn)2  m=l  (qm+l+···+qn)2 

... +qn)2,,) (~(qk+ . .. +qn)2,,))
2  UZk  cos  ~ 2  UZk .  (29) 
W  k=l  W 

very  little  overlap  between  the  techniques  used  to  com-

pute  the  "vacuum"  and  mediuminduced  contributions 

to the jet shape.  A general proof requires demonstration 

of  the  absence of unprotected divergences  for  any  set of 

momentum  transfers  {qi},  finiteness  of  the  momentum 

transfer  integrals as qi  >  00  and a  mechanism that kills 

the smallangle contribution. 

1.  We  now  look  at  the  the  large q i  limit.  The  trans-

verse propagator contribution itself in  Eq.  (29)  be-



haves  as  ~ l/qr Furthermore,  irrespective of the 

small  qi  behavior  of  the  momentum  transfer  dis-

tribution  from  the  medium,  for  large  momentum 

transfers  the  cross  section  is  suppressed  by  the 

Rutherford  ~ l/qt behavior ,  ensuring  the  finite-

ness  of the  integrals. 

2.   Next, we examine the potential singularity as  Iql + 
... +  qn I ---> O.  The difference  in  the  LPM interfer-

ence  terms  in  this limit goes as O((ql +  ... +  qn)2) 

and  for  the  most  problematic  transverse  propaga-

tor term even as O((ql +  . .. +  qn)4). In summary, 

not  only  is  there  no  divergence,  but  the  integrand 

vanishes . 

3.  We  now  collect  the  interference  phases  associated 

with problematic propagators as Iqk+' .'+qn l ---> 0, 

1 < k ::; n. Expanding around  a  small  net  trans-

verse momentum sums we  find  that the singularity 

is  canceled: 

Actually,  the lack of singularities persists also away 

from  the small T limit. 

4.  With  the  integrand  well  behaved  and  all  integrals 

finite  we  see  that  the  phase  space  factor  T in  the 

numerator is sufficient to ensure vanishing medium-

induced  bremsstrahlung contribution at  the center 

of the jet.  It is  assisted by partial cancellation from 

angular integrals of the  type Jqi . q; f (qi, q; )d¢ij . 

It  is  only  for  the special  case of n. (ql  +  ... +  qn) 

where  the  antisymmetric  integrand  under  q;  ---> 

 q i  for  all  i fully  ensures  the  vanishing  zeroangle 

radiative contribution. 

This completes our proof that at any order in  opacity 

.  wdN!ed 
(31 )~~ dwd¢dT = 0  . 

Numerical  simulations,  using  MonteCarlo  techniques, 

confirm illdependently that dIg / dwd2 k vanishes as k  ---> 0 

[30?  ]. 

C.  Numerical methods and  QGP  properties 

Results  relevant  to  the  LHC  phenomenology  are  cal-

culated  using  full  numerical  evaluation  of  the  medium-

induced  contribution  to  the observed jet shapes and  the 

modification  of  the  inmedium  cross  sections.  .let  pro-

duction,  being  rare  in  that  (J(ET > ET min)TAA(b) « I, 

d2follows  binary collision  scaling  ~ Nbin./d2x J.... In  con-

trast,  the medium is  distributed according to the number 

of  participants  density  ~ d2 N part./d2 x J... . Soft  particles 

that  carry  practically  all  of  the  energy  that  is  stopped 

in  a  heavy  ion  collision  cannot  deviate  a  lot  from  such 

scaling.  We  take  into  account  longitudinal  Bjorken  ex-

pansion  since  transverse  expansion  leads  to  noticeable 
corrections  only  in  the  extreme  /h  ---> 1  limit  [28] .  In 

our  approach  all  relevant  finite  time  and  finite  kine-

matics  integrals,  such  as  the  ones  over  the  separation 

between  the  scattering  centers  !::J. Zi =  Zi - Zil,  the 

bremsstrahlung  gluon  phase  space  AQc D  < w < Ejct., 

AQCD < kJ... < 2w [33],  and  the  transverse  momentum 

transfers  0  <  qi <  /Sf4  =  jmD Ejct / 2,  are  done  nu-

merically  [23].  In  our  simulation  we  generated  inplane 

jets,  ¢jet   ¢  react ion plane  =  O.  This  is  of  little  impor-
tance  in  central  Pb+Pb collisions  (b=3  fm),  where  the 

medium effects on jet  propagation are most  pronounced, 

but  in  semicentral  (b=8  fm)  and  peripheral  (b=13  fm) 

reactions  this  will  lead  to  smaller  than  average  energy 

loss. 

The evolving  intrinsic momentum and length scales  in 

the  QGP  expected  to  be  created at  the  LHC  are deter-

milled  as  follows:  we  first  estimate  the  QGP  formation 

time  TO =  l/ (PT) =  0.23  fm ,  where  (PT) ~ 850  MeV 

was  obtained  from extrapolations  to LHC energies  made 

by  using  Monte  Citrlo  event  generator  results,  fit  to  the 

CDF  collaboration  data  from  VB =  l.8  GeV  P  +  P col-

lisions  [31] .  Here  we  account  for  the  observed  25%rv 

increase  in  the  mean  transverse  momenta in  going  from 

N +  N to  A +  A collisions  at  RHIC.  Gluons  domi-

nate  the soft  parton multiplicities  at  the LHC  and  their 

time and  position dependent  density  can  be  related  to 

charged hadron rapidity density in the Bjorken expansion 

model  [32]: 

2 2 
p =  ~ d (dNg /dy) ~ _1_ ~ IdT1 1 d (dNCh / d7]). (32) 

T d2 xJ... T AJ... 2  dy d2 xJ... 

Here, dNch / d7] =  K,Npart./2 with K, ~ 9 for  VB =  5.5 TeV. 

The following table summarizes characteristics of Pb+Pb 

collisions at the LHC and initial QGP properties.  An in-

elastic  cross  section  (Jin =  65  mb  has  been  used  in  an 
optical Glauber model where necessary.  Note that in Ta-

ble  [? ] the quoted mean  temperatures, Debye screening 

scales and gluon mean free paths are obtained as averages 

Class  II Central IMidcentral IPeripheral II 
b [1m]  3  8  13 

Npart 361  165  18 

dN9/dy 2800  1278  137 

(T(70)) [MeV]  751  693  426 

(mD(70)) [GeV]  1.89  1.73  1.07 

(A9(70)) [fm]  0.25  0.27  0.46 

TABLE  I:  Summary  of  the  relevant  energy  loss  parameters 
for  central,  semicentral  and  peripheral  collisions  at  VB  = 
5.5  TeV  collisions  at  the LHC. 



with the binary collisions weight T AA (Xl.; b). In our eval

uation we use g8 = 2.5, (as = 0.5) to describe the scat

tering of the jet with the medium but the QGP-induced 

bremsstrahlung is calculated with a running O:s(kl.) for 

emission vertex, similar to the MLLA approach for the 

vacuum jet shapes. 

Assuming local thermal equilibrium one finds: 

The Debye screening scale is given by mD = gT, recall 

that we work in the approximation of a gluon-dominated 

plasma and N f = O. The relevant gluon mean free path is 

easily evaluated: ).,g = l/(]"ggp with (]"gg = (9/2)7ra;/m1 

Evaluation of the medium-induced energy loss and its 

contribution to jet shapes is numerically expensive. Ex

act results have been obtained only for E jet = 20, 100 

and 500 GeV. We interpolate for other values of interest. 

D . Energy loss distribution 

A consistent energy loss theory provides complete in

formation for the differential distribution of the lost 

6.Erad, i.e. the bremsstrahlung spectrum in Eq. (27). 

The main point that we want to make here is that the 

this distribution is completely determined by the porop

erties of the QGP and the mechanisms of energetic quark 

and gluon stopping in hot and dense matter. Therefore , 

selecting different jet radii Rand PT min of the particles 

will significantly alter both the jet shape and the am

mount of energy lost by the hard parton which can be 

recovered in the experimental measurement. In contrast, 

we have seen in Fig. 3 that the jet shapes scale approx

imately as a funcion of r / R, i.e. they are independent 

of the selection of cone opening angle R . The jet cross 

section weakly depends on R, unless R ---> O. Finally, 

Zmin = 0.1 - 0.2 is necessary to noticeably alter the jet 
shape, implying that ~ 20% of the parent partoin enegy 

has to be missed via PT min cuts to observe significant 

effects Oil 'l/Jvac (r). 
A clear experimental strategy will then be to use the 

leverage arm provided by R (= Rmax in the evaluation of 

the 6.Erad) and PT;min (= wmin in the evaluation of the 

6.Erad) to determine the distribution of the lost energy. 
This is illustrated schematically in Fig. 4. Theoretically, 

the first quantity to be calculated theoretically is: 

R
m3X

in  E 19 
6.E  (Rmax , wmin) = ~ 1 r _d_(w, r) . (34) 

E R w",'n J dwdro 

We present in a 3D Fig. 5 this fractional energy loss for 

a quark jet and a gluon jet with energy Ej et = 20 GeV 

inside the jet cone to the as a function of jet radius Rmax. 
minand the acceptance cut w . "Increasing Rmax or de

mincreasing the acceptance cut w we will recover more of 

the paent parton energy, lost via gluon bremsstrahlung. 

We note that in Fig. 5 the mean energy loss was cal

culated as an average over the probability distribution 

Jet axis 
R(2)___.1,--___ 

R(l) 

FIG. 4: (Color online) Schematic illustration of the cone ra
dius selection R and the and the particle/tower PT / ET. The 
measured energy is the one that falls above Wmin and within 
R. 

P(E; E) [? ], reflective of multi-gluon fluctuations: 

6.E j.l
(E) = (-) = dE EP(E; E) . (35)

E 0 

For large fractional energy loses, such as the illustrative 

example of a 20 GeV jet in central Pb + Pb collisions at 

the LHC, 6.Eg /6.Eq is much smaller than the asymp

totic ratio CA/CF = 9/4 due to the kinematic constraint 

6.E < E [18J. 
The separate dependences of 6.Ein (Rmax., wmin) / E on 

the cone radius an the momentum acceptance cut are 

more clearly illustrated in Fig. 6. We show central, 

mid-central and peripheral collisions, impact paramters 

b = 3, 8, 13 fm, respectively, in Pb+Pb collisions at 

LHC with VS = 5500 GeV. We notice that the ratio 
6.E in / E( Rmax, wmin) goes down at larger impact pa

rameters because the energy loss of the jet decreases in 
peripheral collisions. However, at each impact parameter 

there is a variation of the amount of the bremsstrahlung 

energy, recovered in the cone. This is precisely the vari
ation that will map on a variable R~ e ~ (Rmax ,wmin). 

For example, in the limit of a very small opening an

gle and/ or large momentum cut to eliminate the softer 

QGP-induced radiation the suppression should approx

imate that of leading hadrons (up to differences arising 

form the possibly softer particle spectra due to fragmen

tation). 

min Rleading parton
R::~ (Rmax 

---> 0 and/or w ---> E) AA 

~ R~~. (36) 



· 1 

(J"AA(R wmin) 
d2E' d = 

j1 ,
PtE; R,w

mln 
) 

T y <=0 

1  (J"PP( R w min ) ) 

X (  (1 _ (1 - J(R/00;W / O))E)2 d2~ydy , 

(37) 

where  By = ET/(I  (1   J)t) , J(R/oo, wmin/o) is  t he 

fraction  of  t he  lost  energy  that  falls  within  the  jet  cone 

R and carried  by  gluons of w > Wmin defined  by: 

f(R /oo,wmin/ o) = D. E((O, R), (w,oo))  ,  (38) 
. D. E((O, 00), (0,00)) 

T he  full  mediummodified jet shape  is given  by: 

r1 
(  '/ R ) 1 (  )  (  1 d(J"PP(R,PT min)

~ltot , r 

FIG, 5:  (Color  online)  3D  plot  for  the  ratio  of  t he  energy 
partons lose  inside  a  jet  cone  of  opening  angle  Rm ax with 
w > w'TIln to  t he total parton energy,  We  have  chosen ajet of 

energy  E jet =  20  GeV  in  b=3  fro Pb+Pb collisions  at LHC 
and varied  the jet radius  R rnax and  the acceptance cut wrnin , 

The  upper surface  is  for  a  gluon  jet and  the  lower  surface  is 
for  a  quark jet, 
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FIG,  6:  (Color  online)  1D  projections  of  Eq,  (34)  The  left 
(wminpanel shows  the  trend  vs  the jet  radius  R rnax = 0)  and 

the  right  panel  shows  the  trend  versus  the  acceptance  cut 
rnin 

(R
max

w = R OO), A gluon  jet  of  E jet = 20  GeV  in  b = 
3,  8,; 13 fm  Pb+Pb collisions at LHC was  used as an example 

IV.  THE SHAPE OF JETS  IN HEAVY ION  
COLLISIONS  

The  ability  to  select  t he  cone  radius  R and  the 

minimum  particle  energy  PT min will  a llow  for  the 

first  t ime  for  a  full  2D  recollst ruction  of  QG Pillduced 

bremsstrahlung  spectrum  both  in  angle  r ~ kT /W 

and  energy  w, This  approach  relies  on  the  fact 

that  the  shape  functions  1/Jvac, (7,/ R) and  1/Jmcd, (7,/ R) = 

(1/ D.Em d)d [ 9 / dr are  substant ially  different,  T he  full 

mediummodified  jet  shape  can  be  calculated  basing on 

the formulas  as: 
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ine)  Nuclear  modification 

funct ion  of  jet  energy  ET 

fa

at 

ctor 

im-
pact  parameters  b =  3  fm  (solid  line) ,  b = 8  fm  (dot  line) 
and  b =  13  fm  (dashdot  line)  in  Pb+Pb  collisions  with 

..;s = 5500  GeV. 

With  the  numerical  methods  and  relevant  parame-

ters  described  in  last  Section  we  can  calculate  numeri-

cally  nuclear  modification  factor  R ~~ (Rmax, Wmin) and 

jet shape  in  Pb+Pb collisions  at centra l of mass energy

JS = 5500 GeV,  Fig.  7 illustra tes  jet  energy  ET de-

pendent  R~~ (Rmax, Wmin) at  different  impact  parame-

ters  b = 3,8,13  fm  with  fix  jet  radius  Rmax = 0.4 and 

without  acceptance  cut  (omegamin = 0).  We  can  see 

R~ e~ (Rmax, Wmin) will  go  up  with  increasing  impact  pa-

rameter  becallse  of less  nuclear  medium  effect  at  larger 

impact  parameter,  which  is  similar  to  RAA for  single 

hadron  spectra  in  Au+Au  collisions  at  JS = 200  GeV 

observed at RHIC.  Also  R~ e~ (Rmax .Wmin) increases with 

ET from less than 0.4 to slightly larger than 0,6 in central 

collisions at b = 3  fm , 
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panel)  at b = 3 fm  in  Pb+Pb collisions  with  VB = 5500  GeV. 

In Fig.  8  the  evolutions of nuclear modification  factor 

of  jet  shape  are  shown  by  varying  the  size  of  jet  cone 

radius  Rmax and detect  acceptance cut Wmin . From  the 
top  panel  of  Fig.  8  one  can  observe  that  by  increasing 

the cone radius  Rmax, the curve of  R~ e!( Rmax,Wm in) for 

all  Er will  goes  higher  and  finally  reaches  to  one  when 

Rmax = 2.0.  This  kind  of  evolving  with  jet  cone  ra-

dius  results  from  the  fact  that  the  larger  the  jet  cone 

radius  is ,  the more  lost  energy of  the fast  parton should 

be  found  inside  the  jet  cone,  and  when  jet  cone  radius 

Rmax = 2.0,  a ll  lost  energy  will  be  inside  the  cone 

and  we  obtain  R~ e ~ (l1.,nax = 2.0, Wmin = 0)  = 1.0  . 

Furthermore,  the  bottom  panel  of  Fig.  8  shows  that 

R~ e~ (Rmax, Wmin) decreases  with  increasing  acceptance 

cut Wmin, due to less energy in the cone with larger accep-

tance cut.  Fig. 8 clearly demonstrates that the quenching 

of  the jet cross  sections  R~~ (Rmax, Wmin) depends  crit-

ically  on  the  choice  or  Rmax and  Wmin . Thus,  for  the 

same centrality, Er and  Vs  the continuum of quenching 

values  is  expected  to  help  difINentiate between  compet-

ing models of parton energy loss  [29],  thereby eliminating 

the  order  of magnitude  uncertainty  in  the  extraction of 

the  QGP density. 

Now  we  turn  to  the  numerical  results  on jet shape  in 

Pb+Pb collisions  with  colliding  energy  Vs = 5500  GeV 

at LHC as illustrated in Fig.  9,  Fig.  10 and Fig.  11.  From 

Fig.  9  we  can  read  clearly  the  dependence  of medium-

induced  jet  shapes on  the  impact  parameter , jet energy 

and  cone  radius.  With  the  same  jet  energy  and  same 

cone radi1ls,  and  the different  features between jet shape 

in  vacuum  and  mediuminduced  jet shape by  increasing 

the impact parameter,  the mediuminduced jet shape be-

comes  flatter  whereas  jet  shape  in  vacuum  keeps  intact 

because  the  latter does  not have a  impact parameter de-

pendence.  By  decreasing  the  cone  radius  from  R = 0.7 

to  R = 0.4  we  also  obtain  flatter  jet  shapes.  However , 

we  observe  that  with  higher  jet  energy,  both  jet  shape 

in  vacuum  and  mediuminduced  jet  shape  will  become 

steeper with  higher peak at small r/ R by comparing  fig-

ures  in  the  top  panel  to  figures  in  the  bottom  panel  in 

Fig.  9, which demonstrates that at higher jet energy,  the 

jet  energy  distribution  in  vacuum  and  mediuminduced 

jet energy distribution are more characterized by soft ra-

diation  at  small  r / R. Furthermore  the  global  property 

that  mediuminduced  jet shapes  are always  found  to  be 

much  flatter  than  jet  shape  in  vacuum  shows  the  large 

angle gluon radiation in medium are more favorable than 

that vacuum. 

In  Fig.  10  jet  shape  in  vacuum, ' mediuminduced  jet 

shape  and  total  jet  shape  with  different  cone  radii  and 

different  jet  energies  in  Pb+Pb  collisions  with  Vs = 

5500  GeV  are  illustrated  together  for  comparison.  An 

interesting conclusion by  reading this figure is there is no 

very  large  difference  between  jet  shape  in  vacuum  and 

the  total jet shape in heavyion collisions.  The underlin-

ing reason for  this surprising results is  although medium-

induced gluon radiation may  broaden the jet shape a  lit-

t le  bit , this kind of effect may be offset by the effect of jet 

energy shifting to higher value due to energy loss as com-

pared  to  the case without energy loss(in vacuum), which 

should  result  in  steeper  jet  shape  because  jet  shape  at 
higher  energy  becomes  much  steeper,  as  shown  in  pre-

vious  discussions.  By  shortening  jet  cone  radius  from 

R = 0.7  to  R = 0.4  we  sec  a  larger  difference  between 

jet shape  in  vacuum  and  the  total jet shape  in  medium, 

which  can  be  easily  understood  from  the  fact  that  by 

decreasing  jet  cone  radius,  less  energy  carried  away  by 

radiated gluon  will  be  inside  the  jet cone,  and  thus  the 

effect due  to jet quenching will  be more pronounced than 

the one with  larger cone radius. 

To demonstrate more clearly the difference of jet shape 

in  vacuum  and  the  total  jet  shape  in  heavyion  colli-

sions  in  Pb+Pb  collisions  at  LHC ,  we  plot  in  Fig.  11 

the  ratios  of  the  total  jet  shape  in  heavyion  collisions 

to  jet  shape  in  vacuum  with  several  jet  energies  Er = 

20 , 50,100 , 200  GeV  for  different  jet  cone  radii  at  im-

pact  parameter  b = 3  fm  in  Pb+Pb collisions  at  LHC. 

In  the  small  r/R < 0.25  region ,  our  model  of  leading-
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FIG.  9:  (Color  online)  Jet  shape  in  vacuum  and  medium
induced jet shape for jet energy at 20 GeV (top panel) and 
100 GeV (bottom panel) at different impact parameters in 
Pb+Pb collisions at LHC. 

order calculation with Sudakov resummation and non

perturbative contribution will be less reliable because in 

this region, soft and collinear radiation will dominate and 

next-to-leading order corrections should be noticeable. In 

large r/R > 0.25 region our model gives excellent descrip

tions for data at Fermilab in Run II (CDF II) as shown 

in Fig. 1 and in our discussion will focus on this region 

only. Fig. 11 shows at 0.25 < r/ R < 0.5, the ratio of the 

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 

rlR rlR 

FIG. 10: (Color online) Comparisons of jet shape in vacuum, 
medium-induced jet shape, and total jet shape with cone ra
dius R = 0.7 and cone radius R = 0.4 for different jet energies 
ET = 20,50,100, 200 GeV respectively in Pb+Pb collisions at 
LHC. 

total jet shape in heavy-ion collisions to jet shape in vac

uum is smaller than one, while when r/ R is larger than 

0.5 , the ratio is larger than one. As we discussed previ

ously, the deviation of the ratio from unity will be more 

obvious with smaller jet cone radius (R = 0.4) where less 

radiated energy will be included in the jet cone. With 

cone radius R = 0.4, the ratio could reach about 1.5 

when 1/R --> 1. However, to observe this large enhance

ment at r / R > 0.5 at experiments very high resolution 

in experimental measurements should be needed . 

V. CONCLUSION 
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APPENDIX A: JET CROSS SECTIONS 

In this paper we focus exclusively on large momentum 

transfer processes , p} » A~CD' that can be systemati

cally calculated in the framework of a reliable theory, the 

perturbative QCD factorization approach. Factorization 
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FIG.  11:  (Color online) The ratios of total jet shape in  heavy

ion collisions to jet shape in vacuum with jet energies ET = 

20,50, 100,200 GeV for cone radius R = 0.7 (top panel) and 

cone radius R = 0.4 (bottom panel) at b = 3 fm in Pb+Pb 
collision with yS = 5500 GeV. 

not only separates the short- and long-distance QCD dy

namics but implies universality of the parton distribution 

functions (PDFs) and fragmentation functions (FFs) and 

infrared safety of the hard scattering cross sections. For 

hadronic collisions, one of the most inclusive processes 

is jet production. To lowest order (LO) the invariant 

differential cross section reads [19]: 

dCIhahb 

dYcd2 pTc 

Here, 8 = (Pa + Pb)2 is the squared center of mass energy 

of the hadronic collision and Xa = P~ / P: , Xb = Pb / Pb

are the lightcone momentum fractions of the incoming 

partons. In this formulat ion, for massless initial-state 

quarks and gluons , 

_ ( ) I (v's mTc +(-lYc) Yd max(minl - + - n -- - --e (A2) 
mTd mTd 

where m}, = m~ +p},' In Eq. (AI) ¢i/ h, (Xi , J-Lf i ) is the 
distribution function of parton "i" in the hadron hi and 

J-Lr and J-L f i are the renormalization and factorization and 

scales , respectively. In this work calculations are done 

strictly in the collinear factorization approach and we use 

the CTEQ6.1 LO PDFs [20]. 1M ab~cdl2 are the squared 

matrix elements for ab --+ cd partonic sub-processes. 

Numerical results for inclusive jet cross sections in high 

energy hadronic collisions are shown in Fig. 12. The top 

panel compares the LO calculation, Eq. (AI), to CDF 

data on jet cross sections in p + p at v's = 1.96 TeV. 

Excellent agreement between data and the theory us

ing K = 1.5, independently extracted from the charged 

hadron h+ + h- differential cross section at the Tevatron. 

It indicates", 50% next-to-leading order correction. Al

ternatively, we have studied the sensitivity of the cross 

section to the choice of the factorization and renormal

ization scales J-Lr = J-Lf = PT / 2 and 2PT. Tot surprisingly, 
the uncertainty is also on the order of '" 50%, similar to 

the phenomenological K-factor. Jet shapes depend on 

the parton species, quarks versus gluons, and the insert 

shows the fraction of quark jets versus PT at the Teva

tron. The bottom panel gives predictions for the corre

sponding jet cross sections at the LHC for v's = 14 TeV 

and 5.5 TeV, without quenching. Insert shows the in

creased fraction of gluon jets relative to the Tevatron. 

We can now evaluate the feasibility of jet shape mea

surements at the LHC. During the first three years 

of running , even at a fraction of the designed I:- = 
1034 2cm- s- 1 

, LHC is expected to deliver an integrated 

luminosity of 10 fb- 1 per year. In heavy ion collisions, 

= 1027 2nominal I:- cm- s- 1 is not expected to be achieved 

either. An integrated luminosity of 1 nb- 1 per year is a 

realistic projection. The anticipated quenching factor for 

energetic jets is two to four, RAA = 0.25 - 0.5 [18, 22]. 

Taking this into account but neglecting for the moment 

the complications associated with jet reconstruction in 

the high particle multiplicity environment of heavy ion 

collisions, from Fig. 12 we find that excellent < 10% 

statistical precision can be achieved for inclusive mea

surements of jets of PT as high as 160 GeV in Pb+Pb 

reactions and 1.3 TeV in p+p reactions. Jet shape mea

surements require higher statistics since the shape func

tions are precipitously falling as of r / R --+ 1. We expect 

that very good, < 30% at large r/ R '" 1, jet shape mea

surements will be possible to PT as high as 100 GeV and 

900 GeV in Pb+Pb and p+p collisions, respectively. 

With this motivation we proceed to the theory of jet 

shapes in the vacuum and the strongly-interacting par

tonic medium which we anticipate will become the next 

as opposed to a repetition of the program at RHIG. 
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FIG.  12:  Top  panel:  Inclusive  jet  cross  section  in  p+ p  col-
lisions  at  the  Tevatron  Vs = 1.96  GeV  calculated  to  LO  in 
PQCD  and  compared  to  the  CDF  run  II  data  [21 ].  Insert 
shows  the  fraction  of gluon  jets as  a  function  of PT . Bottom 
panel:  predicted  baseline  jet cross  sections  in  p+p collisions 
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APPENDIX B: JET SHAPE AND Rsep 

A simple calculation with only leadingorder contribu-

tion  gives  a  decent  interpretation  of  high  PT jet  shape 

data.  The  R sep parameter  is  often  taken  as  'free',  here 

we  will  start with  R 5ep =  1.3.  In Fig.  13,  we  can see  the 

good  description  of high  PT data,  and  also  the  decreas-

ing accuracy as the momentum is decreased.  We can also 

see  the  necessity  of including  the  initial  state  radiation, 

especially  for  the  larger angles relative  to  the jet axis. 

Hence,  leading order splitting (with a caveat of the use 

of a  fit  Rsep) provides a  good description of Tevatron jet 

shape data above", 200GeV, with decreasing applicabil-

ity below this.  The inherent problem is  that the Tevatron 

jets alter  in shape as you decrease  the energy.  However , 

the LO treatment only moves the line up or down (except 

for  the zeroth  bin  that changes  to adjust  the  normaliza-

tion  see  fig  ()):  the only  energy dependence  in  the  LO 

splitting  calculation  is  in  the  scale  of  the  coupling.  We 

need  to  include  further  physics  that  has  an  energy  de-

pendence. 

One solution is  to use  the Rsep parameter as variable -
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FIG, 13:  Caption 

to fit  the results at lower energies by  increasing this  from 

l.3.  However,  this  is  not  a  very  physical  solution.  The 

obvious  deficiency  in  our  treatment so  far  is  the  neglect 

of higher orders .  'vVe  shall see  that  the  inclusion of some 

of these  higher order effects  works  in  the  right direction, 

but does not remove the need for a momentum dependent 

Rsep. 

A  convenient  method  of fitting  Rsep to  the data is  to 

fit  the data in  fig  0 of ref  ():  the  total of the  jet within 

r =  0.3  of  the  jet  axis.  The  resulting  shape  will  follow 

[rom  this.  In  fig  0, we  show  the  result  of  the  fit  below 

and  the  Rsep parameters  above.  At  high  energies,  we 

settle  at  R sep =  l.3  as  used  above;  at  lower  momenta 

R sep needs  to be  increased. 

As  we  go  below  ~ 75GeV , it  is  impossible  to  fit  the 

width data using  LO  only,  even with a  variable  R sep ' 
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