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about studying this?
What can we learn from 

measuring this:

What should we measure to 

keep you guys entertained?

… and honest?



outline

 Why this is important & what tools to use

 Energy loss in cold, dense gluonic medium?

 Medium effects on soft particles in jets

 Medium effects on early branching
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Transport (experimental view)

 Momentum

Vn a good tool in A+A, less clear in p+A

In e+A??? Likely initial state effects only

 Energy

How much energy is lost to the medium?

Where does it end up?

 Particles

What does this mean for a cold, dense gluon gas?

(which is spatially not so large)

Look for effects on hadronization by varying A???
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From Berndt Mueller



Experiment Design

 Currently have ≥ 4 concepts

Each is pretty close to “perfect”

 Need the physics to inform inevitable compromises

$, space, rate, sociology…

This includes the magnitude of effects we are 
supposed to measure!

 Need the physics to guide R&D on detector 

technology

 Need help from theory (the time is now!)

Here is where you keep US honest!
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Energy loss observables

 High pT hadrons

 Jets

 g – jet
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 q large!

 decreases 

w/ √s

 parton

exchanges 

momentum 

w/medium

>

JET collaboration analyzed hadron RAA



High pT hadrons in p+A

8
 No evidence of energy loss At EIC also…?!



Jet RAA
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 Consistent picture as 

in the hadrons

 Nuclear effects are 

small



p+Pb vs. p+p g-jet
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no difference 

observed in 

the associated 

jet spectra

Within ~ 25%

Need better 

precision !

At EIC need better than 10%



In Pb+Pb: pT balance killed by medium
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D. Perepelitza, HP2018



At EIC
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Kyle Lee



Processes of interest?
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Sea quarks at small x…

Brian Page



Photon-gluon fusion jet pT
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At EIC these jets are wimpy!



Integrated L = 2-10 fb-1; rate = Page/2
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√s<90 GeV not useful for eP

Jet pT = 15-20 GeV



To reconstruct those jets
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only ~10 particles in the jet, 

so need excellent tracking efficiency + calorimetry

Homework: find rates for the other processes

(e.g. dijets look feasible & interesting – E. Aschenauer)



Next…

Look inside the jets
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Medium modification of jets
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High energy jets fragment mostly outside the plasma

radiate gluons as they transit plasma, producing   

secondary showers with enhanced splitting

Lower energy jets start to fragment in medium

Y. Mehtar-Tani:

1602.01047

Blaizot, et al, 

PRL114, 222002 

(2015)



What to measure?

 Jet fragmentation function – large angle radiation?

g - hadron correlations

D(z) of jets

 Groomed jet splitting functions: zg - early (angular 

ordered) splitting modifications?

 Jet mass, girth, etc. – rearrangement of fragments 

inside the jet due to medium interactions?
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At LHC

20

Use these 

data to 

quantify 

QGP 

transport 

properties

Kaya Tatar, HP2018



Fragmentation function via g-h at RHIC

 Enhanced production of jet-correlated soft 

particles at large angles for soft g triggers

 Parton energy dependence? 21

PRL 111, 032301 (2013)



LBT reproduces the data
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JETSCAPE
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arXiv:1705.00050

Collinear 

emission: 

core narrows

+

Scattering 

w/medium: 

large angle 

emission



What happens in d+A?

24 d+Au looks like pp



g-hadron at the LHC
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Isolated 12-15 GeV photon – hadron correlations

as a function of z

Miguel Arratia, HP2018



Fragmentation functions
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 p+Pb looks a lot like pp

 Again, higher precision is needed

 What effect of dense gluon medium at EIC??

Miguel Arratia, HP2018



Compare to Pythia g-jet simulation
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Note from ATLAS

28Dennis Perepelitza, HP2018



Situation at the EIC

 Does cold, dense gluon medium modify jets????

 Look inside reconstructed jets

 Easier: 

low underlying event allows larger R jets

smaller background -> easier to interpret

 Harder: 

. modification is likely 

small (how small?)

. Photon tag absent

 Use DIS jets instead??

. Need your advice
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Jet substructure

 Undo the stepwise clustering of energy/particles 

into a jet

 “groom” the jet to remove the softest stuff

pro: lets you look at the early splittings

con: the soft stuff is very interesting

 Have a number of observables, I will talk about zg

and jet mass
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Zg in p+A
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 p + Pb looks like PYTHIA (i.e. like pp)

Will the dense gluon system probed 

by e+A affect the first splitting????
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Jet mass
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35Kyle Lee
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Conclusions

 Jets at EIC will be soft (like at RHIC)

 p+A collisions suggest that jet modifications will be 

(very?) small

 Mapping early splitting as a function of A in eA would 

be valuable (and probably doable…)

 DIS jets could be interesting in eA

 Dijets offer a way to study the photon structure at EIC
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 Backup
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Chu, Aschenauer, Lee, Zheng; arXiv: 1705.0883



How can system thermalize quickly?

 One of the key questions for hot QCD

But it’s very hard to measure directly!

 To pin down physics of many-body QCD in hot 

dense matter:

How is the deposited energy transported?

Heavy vs. light quark probes

How are jets quenched?

 How important is coherent scattering?

 Parton interactions in hot, dense QCD and 
cold, dense QCD should be similar
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What tames the low-x rise?
• New evolution eqn.s @ low x & moderate Q2

• Saturation Scale QS(x) where gluon 

emission and recombination comparable

First observation of gluon recombination effects in nuclei:

leading to a collective gluonic system!

First observation of g-g recombination in different nuclei 

 Is this a universal property? 

 Is the Color Glass Condensate the correct effective theory?

gluon 

emission

gluon 

recombination

= At QS

What is deep in the nucleus?



See hints at RHIC for saturation of gluons 

43

PT is balanced 
by many gluons

Dilute 
parton
system 

(deuteron)

Dense gluon

field (Au)

Saturated gluon field is

easier to equilibrate???

But – incoming parton dynamics are still 
confusing (the probe loses energy)



Small systems: drop of QGP even there?
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p/d + A show same trend as A + A

hydrodynamics in small systems?!



Initial State:

what’s where? 
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Figur e 1. An illust rat ion of the fit funct ion RA
i (x) and the role of the parameters xa , xe, y0, ya ,

and ye.

xa and xe, eliminates 6 out of the 13 parameters. The remaining ones are expressed in

terms of the following 6 parameters with obvious interpretat ions:

y0 Height to which shadowing levels as x → 0

xa, ya Posit ion and height of the ant ishadowing maximum

xe, ye Posit ion and height of the EMC minimum

β Slope factor in the Fermi-mot ion part ,

theremaining parameter c0 isfixed to c0 = 2ye. Therolesof theseparametersare illust rated

in figure 1 which also roughly indicates which x-regions are meant by the commonly used

terms: shadowing, ant ishadowing, EMC-effect , and Fermi-mot ion.

The A-dependence of the fit parameters is assumed to follow a power law

dA
i = dA r ef

i

A

A ref

pdi

, (2.5)

where di = xa, ya . . ., and where the reference nucleus is Carbon, A ref = 12.

The baryon number and momentum sum rules eliminate y0 and py0 for valence quarks

and gluons, leaving us with 32 free parameters. This is st ill way too large number of

parameters to be determined only by the data — further assumpt ions (based on prior

experience) are needed to decide which parameters can t ruly be deduced from the data

and which can be taken as fixed.

2.3 Exper iment al input and cr oss-sect ions

The main body of the data in our analysis consists of + A DIS measurements. We also

ut ilize the DY dilepton product ion data from fixed target p+ A collisions at Fermilab and

inclusive neutral-pion product ion data measured in d+ Au and p+ p collisions at RHIC.1

Table 1 lists the sets included in our analysis and figure 2 displays their kinemat ical reach

1 In cont rast to our previous analysis [4], we do not include the BRAHMS forward rapidity charged

hadron d+ Au data here. These data will be separately discussed in sect ion 4.
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d+Au -> J/y from PHENIX
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Shadowing, breakup & Cronin effect
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 pT broadens (multiple 

scattering) w/Ncoll; effect stronger 

at y=0

 J/ψ suppressed to higher pT @ 

mid & forward y (lower x in Au);

RdA>1 at high pT backward  

(Cronin effect in Au nucleus )

 pT, y, centrality dependence was 

not reproduced by the models

PRC87, 034911 (2013)

J/y



but
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coherent parton energy loss and 

pT broadening from multiple 

scattering in the nucleus is 

consistent with data!

ˆq0 = 0.075 GeV2/fm

Arleo, et al 1304.090 


