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Medium induced gluon radiation

Jet Quenching

+ Hadroproduction in collisions of/with Heavy Ions

with a stress on the physics of colour

the collisions/participants dilemma and “colour capacity”
“baryon stopping”

confinement in HI environment




HEPP and HENP

Historically, the nucleus has always been a primary source of inspiration for
High Energy Particle (HEP) physics.

Gribov's paper “Interaction of photons and electrons with nuclei at high
energies' laid a cornerstone for the concept of partons.

Rigorous applications of QCD to scattering in media are scarce, in the first
place because of the complexity of the problems involved.

Diffractive phenomena in hadron-nucleus scattering, and inelastic
diffraction in particular, make a nucleus serve as a probe of the internal

structure of a hadron—projectile.

The Landau-Pomeranchuk-Migdal effect is an example of such an
application which addresses the issue of QCD processes in media “from
the first principles” (if such a notion can be applied to QCD in its present

state).



nucleus as “hardener”

It is becoming more and more clear that small distances
naturally emerge in the multiple scattering environment.

Treating phenomena that look a priori soft, such as

inelastic diffraction off nuclei,
medium induced radiation of gluons,
physics gathered under the Colour Glass Condensate banner

one observes that the characteristic hardness scale grows invariably as ()2 ~ A1/3

A priori soft minimum bias hadron interaction processes become “hard”ish

Example of such "hardening" -

medium induced gluon radiation, the LPM effect,
jet broadening and jet quenching



B aHHOTauun A y>xe nobpto3xxan Ha NpegMeT MoTepb dHEePruu.

OHEPrnA He KOLLESNEK, €€ HeNb3A NoTepATb. Et0 MOXXHO TOJIbKO NoaeNnTbLCA:
Ha coypapeHua (collisional losses), NMOO Ha conpoBoXaatoLlee N3nyyeHmne
(radiative losses). [loroBopuM Npo BTOPOU ctoXKeT. [loaTomy - nosi-oTeBera.

[epen TeMm Kak NpUCTYNUTb K aeny, ewé ogHa bpto3xkanka - npo

cpeaHune BeJindnHbl Vs. manHble/i(apaKTeprle.

YTO MOXXHO racuntb?
CBET, U3BECTb, KOHKYPEHTA,... [0BOPAT, MOXXHO racuTb N CTPYMW.

O KX[-cTpyax B cpene, npo "jet quenching" v np., roBOpAT 1 NUWYT B TEPMUHAX
cpeaHuUX noTtepb aHepruu, cpeagHero (0odaBfieHHOro) nomnepe4YyHoro UMmnysibca v T.1.

B aTon cBA3W HenuwHe bygeT HaNnOMHUTbL NPO
Deceiving "means"

mean energy loss

mean squared transverse momentum, etc



St. Petersburg paradox (D. Bernoulli)

(1738, Gommentarii Academiae Scientiarum Imperialis Petropolitanae)

Tossacoin. 1 head=$2; 2 successive heads=%4... 3 heads=$8, etc
tail = game over

1/1 1
e L ey ¢ 29
Averagewm.2<2 $2+4 $.+..> $ - o0 (,,)
Mathematically correct. Physically - irrelevant!

"after 29 rounds...not enough money wn the Kingdom of France"

playing against a Banker with limited resources:

Banker Bankroll Game value
Millionaire $1,050,000 $20
Jeff Bezos (Jan. 2021) $179,000,000,000 $37
World GDP (2020) $83.8 trillion $46

Similar deceptions often show up in HEP!



QCD is about radiation
Dimensionless coupling (renormalizable dynamics)

dk4
dw o k—2, ]‘Ci < QQ
dN

dsmth q and g transverse momenta

Gauge symmetry (vector gluon field)

dw
dw x —, w<<EFE gluon energy
W

rare Broad distributions of everything

’ R smth

Here is essei;tial Physics while

it is here the Means are usually sitting!
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Speedy Recall
of the basics

of induced radiation physics



LPM

Landau-Pomeranchuk-Migdal effect is about radiation induced by multiple scattering
of a charged particle traversing the medium.

In 1953 Landau and Pomeranchuk noticed that the energy spectrum of photons caused by
multiple scattering of a relativistic charge is essentially different from the Bethe-Heitler pattern.

Symbolically, the photon radiation intensity per unit length reads

’ d/ | o, E . W E
- dwdz E> LPM: E = ELPM .

Here E is the energy of the projectile, and ELpm is the energy parameter of the problem, built
up of the quantities characterising the medium. These are: the mean free path of the
electron, )\, and a typical momentum transfer in a single scattering, | (of the order of the
inverse radius of the scattering potential):

E[_PM = A /12 :

In QED the parameter E_pwm is in a ball-park of 104 GeV.
Such a large value explains 4 decades it took to experimentally verify the LPM (SLAC 1995).

dl Q

The LPM spectrum should be compared with the Bethe-Heitler formula ~ —
— Independent photon emission at each successive scattering act. dw dz A

Contrary to B-H, the LPM spectrum is free from an “infrared catastrophe”. small photon
frequencies are suppressed, so that the energy distribution is proportional to  dw/ \/:

Integrating over photon energy one deduces the radiative energy loss per unit length :




LPMin QCD

H BnAnancA B aTy 3agadky B Ha4yasne 90-Tbix. Cny4anHo, yBnaeB Kak MOU
konnern-npmnatenn Dominique Schiff (Orsay) & Rolf Baier (Bielefeld)
wTyaunpytoT npenpuHT Guylasy & Wong. B HEM yTBep>XOanocb, 4TO
Hukakoro JII'NM adpdpekTa B KX HeT, Tak Kak rMiOOHHbIE MHTEPJIEPEHLNM
OTCyTCTBYIOT. TOYHee, noAasneHbl no usety kak 1 /N 3

2
: 1
N v N | Cp 2 + Cr
- A v 2N
........ ‘ 2
....................... noe N —1

......................... - orfer® Cr=—,

----- tes® \(\ 2NC

Bblno AcHO, 4YTO 3TO Henpasaa. [loTomy 4To. HeACHO 6bIN0 TONbKO, MOYEMY...

B npnno)XeHnn K KapTUHKE MHOIMOKpPaTHOro pacceAHnA Aeno BbIrAQeno Tak,
Kak 0yaTo KBapK, ogHa)abl UCMYCTMB INOOH, 0TKa3bliBasiCA HAOTPES3
B3aMMOOEeNCTBOBATbL CO cpenoun. Kak 6yaTto nuwnicA CBOEro LBeTa.

B HEKOTOpOM CMbIC/ie 3TO NpaBaa: CBOK "UBETOBYHO
cusy" KBapk TepAeT. TonbKo OHa He ncnapAeTcAa, a
nepepaeTcA U3NYYEHHOMY UM FTIHOOHY.

Cobaka 3apbliiacb B MHOFOKpaTHOM MepepacceAHnn cpenou rnooHa,
KOTOPbIN eLLE He U3NYYUSICA, a TONbKO cobupaeTcA "BbITU B BOJTHOBYHO 30HY"!
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CnpaBeniMBOCTb BOCTOP>KECTBOBasA.
JTTIM-3apdoekT BepHyncA. ToOnNbKO BCTas C HOI Ha rosioBy...

BwmecTo JIT'IM-nopaBneHmna MArknux ooToHoB, W dn”/dw X \/(;
KorepeHTHocTb KX[-n3nyyeHnAa npueena, HaobopoT, K ero YCUJTIeHUIO :

dnglue 1
W X ——

dw \/(;
[TOTOM ObIJ10 MHOIO Yero:

"Beninkun n yxxacHbin" Al Mueller (Columbia Univ.) ctan npoBepATb Halw pe3ynbTar,
TakK Kak He MOr NMOBEPUTb, YTO 3TO MOXXET ObITb NMpaBaon.

Yb6eomBwmnch, NpucoeanHmnicAa K komaHge. B pesynbtaTte, Cnyy4mnocs:
ncnpassieHne awmnok, o6o0LLEeHNne Ha KOHEYHbIN pa3Mep MULLEHN, CBA3b C
"yimpeHmnem cTpyn' c cpene (jet broadening). Yeunnamun R. Baier'a pesynbtaTthbl
NPUNOXXMNCL K MPOCTbIM MOLENAM pacLumpatowenca cpenbl (B mbicnax o KIT1).

K TeM e pesynbTatam Npo UHAYLMPOBAHHOE N3TyYEHUE ITIOOHOB MPULLIEN
bpoHuncnas (Cnasa) 3axapoB, MPUMEHMBLUNIN 3M1EraHTHbIA METOMA, OCHOBAHHbI
Ha PYHKLUMOHAaIbBHOM UHTEerpane.

[TocnegHUM (o717 MEHA) WTPUXOM anonen cnyydunnca "jet quenching'.

MaTemaTnka Bcero aToro Becbma 3yboapobutesnbHasn, HO OTBET, KakK 3TO 4acTo

bblBaeT C XopoLen pmnsnkoun, Mo>XKHO yoeanTenbHO 06 bACHUTL Ha nNasnbuax.
|



LPM Ha nanbyax
Inclusive spectrum of medium-induced gluon radiation: =

u./'dn (g L [12)\ 2 2 L 2
== 4/, 2\ cw < w2\ | =
dw m [)\] Wk pASW=H A

N, > 1 scattering centres that fall. inside the formation length of the

gluon act as a single scatterer. At th“e‘ same time, the gluon is subject to
Brownian motion in the transverse momentum plane:

; lcoh 1 w
ki’l’N b 12, Y Neoh, o —= o~ — -
co coh. \ \ k_2L
Combining the two estimates results iﬁ\
. 2
W 1L
Neoh. > 4 | —— and k% ~/—.
coh #2)\ \ ad
Thus,
w dl ~« (Xg 1 G \/‘ELPM
dwudz N Nop A W
Finite Medium
2 5
= o total coherence:
ct<l — w<wnpx=—1L
= max \ 1 B-H per brick

12



transport coefficient

The only (non-perturbative) parameter of the problem, characterising the
medium — transport coefficient

: 67 d L
Y L 2 ~2 90 2 2 —2 2 L
q 3 /)/ d@ Qa’Q2 pe << QB —,u)\

Hence, for L large enough stays under perturbative control |

To extract from experiment a large g — to observe a new "hot” state of
quark—gluon matter as compared to a "cold” nucleus.

Handle on g in cold nuclei — for example, medium effects in Drell-Yan
pair production, DIS on nuclei [Francois Arleo]

Expectation:
quot ~ 10—30 gcoLp



transport coefficient

, o dot)
~(R) _ d 2 2
q P q4 g dq2

Here p is the density of scattering centres, and do'® is the single scattering cross section for
a projectile parton in the colour representation R, with C'yp the corresponding colour factor
(Crp=(N?—-1)/2N. = 4/3, Cy = N, = 3 for quark and gluon, respectively).

In “cold” nuclear matter ¢ can be calculated perturbatively and related to the gluon density
[2G(x, Q*)] of the nucleus at a low momentum scale Q* ~ ¢ L and small but not too small x,

GeV?

fm

oo = 0.000 GV? ~ 0.045

In the case of heavy ion collisions, the scattered hard parton traverses a medium that is
expected to have an energy density much higher than that of nuclear matter, and the corre-
sponding transport coellicient. ¢, can be much larger. If hot matter is formed in the final state,
a perturbative estimate for the QGP with T = 250 MeV gives

GeV?

fm

dhot = O-QGCX[‘% ~ 1



facing the music of the spheres

Imagine a target hit by a relativistic projectile :

a fast nucleon or a he-e-e-eavy ion

To be able to state that new physics manifests itself we better understand
what would have to be expected if the physics were “old” ?

A difficult question is that of the scaling :

Collisions or Participants ?

Hard interactions are commonly expected to scale as nc, soft — as np.
The QCD LPM effect gives a striking example to the contrary ...

|5



hard and soft

Recall 12
kJ2_ ~ % W

n
Rapidity distribution of LPM gluons ¢

R

n
Here comes confusing part ...

radiation corresponding to /larger hardness scales follows the pakticipant scaling

while the less hard radiation (smaller ki and energies) obeys the collisional scaling pattern

... In a striking contradiction with the general qualitative expectations !

|6






Quenching of hadron spectra in media

R. Baier
Fakultat fir Physik, Uniwversitat Bielefeld,
D-33501 Bielefeld, Germany

Yu.L. Dokshitzer!
LPTHE, Université Pierre et Marie Curie (Paris VI),

4, Place Jussieu, 75252 Paris, France
A .H. Mueller?3

D. Schift
LPT, Unwversité Paris-Sud, Batiment 211,

F-91405 Orsay, France arXiv:hep-ph/0106347v1l

damedium(pl) N do.vacuum(pl 1 S(p_L))

dp* o dp*
21 a? W, ]
S(p_L) = " = . We = %LQ


http://arxiv.org/abs/hep-ph/0106347v1

To find the inclusive particle spectrum, one has to convolute the production cross section of
the parton with energy p, + e with the distribution D(e) in the parton energy loss e

{ medium /, o vacuum ‘
) [ gepi 2 1)
dp’ | dp?

The quenching effect is customarily modelled by the substitution

do.m(:dmm(p_]_) B do,va.cnum(p_L + S)
2 o n2 '
dp? dps
The shift parameter S is usunally taken equal to the mean medium induced energy loss

S = AEE/dGGD(e) x o, L*.

emerges as a result of the Taylor expansion based on the € < p, approximation:

/de D(e) - dop. +¢) = /a’e D(e) - do(p.) + /deeD(e) d_do(p.) — ..

a2 dp? dp, dp?
d d d d AF
g (o) b tD)
dpJ_ dp, dpJ_ dpJ_

Such an approximation misses, however, one essential point, namely that the vacuum distribution
is a sharply falling function of p,. This causes a strong bias which leads to an additional
suppression of real gluon radiation. As a result, the typical energy carried by accompanying
gluons turns out to be much smaller than the mean

19



In reality, the high-pt spectrum falls much faster than canonical. For many reasons:

do

2/ 2 1 2D | 2 pi
dp X O‘s(pJ_)p_Ll{D (x— —;lnpi>} (1—|—cexp{—?})
1 1 ronin
¥) 3" @ Or o
{D(xp% 1;lan)}

Final state pt-dependent form factor suppression to be added.
Depends on what is measured : a single particle or a jet. - How defined *?

Actually, d O.vacuum ( P ) 1 | d d O.vacuum ( D )
5 xX — n=n(p) = — In -
dp’ P dinp, dp
do.vacuum ([)_L ) n = ]- O

= const - (1.71 + p. iGe\"])_lz'M

dp?

PHENIX

Steepness of the Vacuum spectrum biases Medium-Induced radiation in

d o.medium ‘ \ d g vacuum 1 6\
; (PL) — /(IF D(e) (Qpi )
dp? dp|

20



L'Z

N | Qs

characteristic gluon frequency W,

the inclusive energy spectrum of medium induced soft gluon radiation (w < p )

W, [ w [ w 200,
COS {(1 + 1) 24, ” — 2— In [cosh 7 sin” 2.0] v = ﬂ.ﬂ R

This distribution peaks at small gluon energics,

dl(w) «
= —1
dw W !

1w |
w(di)): {‘/;—w—an} 1+0O |expg —

while for energies above the characteristic scale it 1s small and falling fast with w:

N o— | —

dw 12
Derivation of parton energy loss distribution is straightforward. Qualitatively,

W

dl(w)  « (wc ) -




Fixing aggregate energy is taken care of by Mellin trick:

D(e) = / d”_ D(v) e,
C

S 2T

. 0 dI(c
D(v) = exp [—/ duw - ) (1—e "“’“’)] .
0

dw

Integrating by parts, an elegant formula emerges involving multiplicity of gluons with
energy larger than a given W:

OO0 "
exp —/ dze ~ N(—) .
Jo 44

o -

dovacumn (])L + 6) /dpi N ])_L n -~ e (_ﬁ )
do-vm:mlm(p_L)/dpi . N, + € ‘J PL

the convolution yields ‘ drvacuum (p 4+ 6)/(]])2]
Q) = [aenio (s
d o vacuuin (p_) /dp]_

D(2) =ew{- [ dzen (2]
Pl 0 n

22
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D(v) = exp —1// dwe ™ N (w)
0

Approximating




In the essential integration region W ~~ 1/1/ ~ pi/'n < We,

soft approximation applies, and

S~

D(v) ~ exp {—mc (\/Qﬂl/w(, —In2In(rw,.) — 1.84146)}

Representing the quenching factor as A .
P : | S Q(p__) = D (i) — exp {—“ : S(p_)}
P Pl
27'(' CYQ W "p_L
S(pr) =~ - -

A more accurate expression for multiplicity of medium induced gluons, including hard
gluon corrections,

2w, | 1 , W
N(w) ~ o { = [— — 2+ \ﬁ] 4+ 2 nex+1—2x } , r= —.
- a0 \/7 - ]

And for the shift function, correspondingly,
S(pL) =pu1 / de N(zp,)e ™"

()

7 2 1 o3 ‘ 1

~ W, 27 1 — +— ) —— 2| Inn+vg—1+ —
4 /

nw, vTn o 2n nw, n

23




mean and typical

Mean energy loss

AF X (xg\/We Wnax Cmax = min{ w,., F }

can be applied as shift only for very large transverse momenta, 7| = NW,,

m~J

where quenching itself is vanishingly weak:

nw,

~InQ(p) = " AF « o -
Pl PL

< .

Instead, typical values of aggregate gluon energy that dominates the answer are

TOW,. Py T 5
(¢) ~ - _ for pL< —a nw,.,
2n 2
Pl : T 9
(€) — for  p, > 5 nwW,
n 2

24



Shift normalized by BDMPS energy loss AF =

Normalized shift

0.2 0.4 0.6 0.8 1 DI

n wWe

Shift S(p,) as a function of X' = 1 for n = 4 (lower curve) and n = 10 (upper curve)
25



Expression for Shift is formally B /OC o , { n w}
S ‘ - dt.b’ 4\' W - — —
Infrared Safe (integrals converge). (PL) 0 () exp A

However, the answer remains very sensitive to small momenta (confinement region)

Q n floating, L=2 fm Q n floating, L=5 fm

Pt

Figure 3: “Infrared” dependence of the quenching factor for hot medium. The curves (from
bottom to top) correspond to the gluon energy cuts 0, 100, 300 and 500 MeéV.
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Hadroproduction

and Colour



multiple collisions and Hadron Multiplicity

a % k é
> >4+ —> >4 —> —>
q
b
It Tij-Fk—L Tqu—l— 9L — ki ifape TC = ifabe T° ks T a1 — ki
k2 k2 ((U_ — k_L)2 e k2 (qJ_ - k_l_)2

Accompanying radiation depends on the
t-channel colour exchange
but not on the nature of colliding objects !

Such an universality - in the language of the Gribov-Regge theory
of high energy hadron interactions - is known under the name of Pomeron



pion scattering

= two “quark chains’
known as the Pomeron

color-wise:

Successive collisions of a projectile with limited color capacity
do not produce an additional hadron yield ....

Where are then multiple Pomerons 77



proton scattering
Consider double scattering (two gluon exchange)

The (3-quark) proton is more capacious, but still . ..

> i 32393 =1+8,+8.+10

...
-~
el
L -

-
-
-
-
---------

828—=1+8, +8,+10-+H10 + 27

Calculate the average colour charge of the two-gluon system:

T Double density
1 8+ 8 10 + 10 27
i N a2 62 =2 — of hadrons
—2 Pomerons
Cannot be realized on a va/ence—bur/tprévn
1 04 8 + 8 3 10 6 — 4 nowhere near
2—7 l 77 ' 2—7 — two Pomerons...

Successive collisions of a projectile with a /imited colour capacity do not
produce much of additional hadron yield ....

Where are then multiple Pomerons 77



AFS

Recall the good old “Amati—Fubini—Stanghellini puzzle”.

Successive scattering of a particle
DOES NOT produce branch points
in the complex J plane (Reggeon loops).

—< - It is the non-planar Mandelstam construction
— that generates “Reggeon cuts’, with Reggeon “ladders
— attached to separate — coexisting — partons.

From QCD point of view, the projectile hadron has to have enough colour capacity
in order to be able to “fully absorb” many gluons in a multiple scattering off nucleus



colour capacity

To have n. Pomerons attached, one must compare n. with the number of
independent (incoherent, resolved) partons inside the projectile :

1
dx
~ [XGproj (x, Qrzes)] ,  Xproj = 1.

C(Xh7 Qres) — /

h

Parton capacity of the projectile depends on the energy (x5) and on the
resolution — k| 4 of the observed final state hadron h.



STOPPING



painting a proton

Single scattering scenario

Coherent "diquark"

d
P u ) u A

- CE
=
=

Coherence of the diguark ain't broken:

Leading Baryon: B(1) — B(2/3) + M(1/3) +...



re-painting a proton

Kick it twice to break the coherence of the valence quarks
d > d

P u u C: u
u > S
C d C
C Proton is “fragile’
C_—.. + + -
C P> p K n +..
How deep ? The baryon number sinks in the vacuum ...

In "old terms" one can employ a baryon Regge trajectory tools.

In the QCD framework, it is important to keep in mind the key feature of colour

dynamics of quarks :  the colour is linked to the baryon number !

Baryon number currents floating in the vacuum get aligned in a colour field.
Understanding the structure of colour field, should explain the depth of B sinking.

How to see baryon number transfer (“stopping ”) in pp collisions ?
Look for fluctuations with higher particle multiplicity on one side

At LHC energies, the projectile p (on the higher multiplicity side) sinks into the sea
not because of /ack of energy but due to its “decay” = BN transfer.



baryon stopping in AA and pA

We know proton to be fragile.

It suffices to kick it with a photon (with 1GeV virtuality) and it is blown to pieces (DIS).

If nuclear environment does shift minimum bias phenomena to harder end,
we should expect manifestation of proton fragility in scattering of - and off - nuclei.

And indeed, this is the case.
The corresponding phenomenon is well know under an unfortunate name of proton stopping.

PbPb Even more importantly, the same happens in pA
» 50 What matters is the number of collisions ! (forget QGP)
-\5 I 0 Pb+Pb, Central 5% Projectfle Componlent of' net [:l>roton' spectrum
R o scaled p4p ;
I 00000 ./“'"‘ [
N 00 H{*})’ Q% A
. C ) 1.0 .
20 — OO 0 ) ‘* A%
I : ¢
10- °°0000°0 31 -
() L T T N T I
3 -0 1) 3y 5 63 |

CERN \/g — 17 GeV (NA49) 01 %5z o oz 04 o6 o8 1



Baryons disappear from the fragmentation region

0.6 ,
p+p @
i N+N H
e 051 o 0+Pb ®
CERN /s = 17 GeV (NA49) £ 0.4 = ERERD 4
@ A
s 03}
® <xpg> of net protons 3 > | ot
a A
"c'& 0.1 |
Y 0 | O? .
, -0.1 e —
Known as Proton Stopping. o 2 4 6 8 10

Better be called Proton Decay
v — number of collisions



Confinement in Multiple Collisions

In the framework of the standard hadron (multi-Pomeron) picture

(e.g., the successful Dual Parton Model of Capella & Kaidalov et al.)
one includes final state interactions to explain spectacular heavy ion
phenomena like J/psi suppression, enhancement of strangeness, etc.

“Final state interaction” is a synonym for “non-independent fragmentation”
— cross-talking Pomerons, overlapping strings, “string ropes”, . . .

From the point of view of the color dynamics, in pA and AA
environments we face an intrinsically new, unexplored question :

After the pancakes separate, at each impact parameter we have a dense color field
whose strength corresponds to  n, / fm? o< A/3 “strings’.

How does the vacuum break up in such - stronger than usual - color fields ?

LEP has left the question unanswered

»
»

Strength of the color field lifting off strangeness suppression

Geometry of the field collective hadron flow effects

38



instead of conclusion

Practical advices to HENP experimenters:

O listen to theorists they are not (necessarily) fools

@ don’t trust theorists they build their reputation on plausible ideas
you - on truthful finding the facts of Nature.

@ publish s.v.p. your results not waiting for
a theoretical prediction/explanation paper to appears.

© you are not checking theory of strong hadron interactions
which does not exist.

© such theory will be learnt and eventually built
based on your results.
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