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Di—jet asymmetry : A;

Jrazormm ©

r@ oms [ua=3s51p

0.2 o ppNE=ToTeV © PbPb VS, =276 Tevt b,,>120Gevic |
c
s [ S pvTHIA - PYTHIAVDATA p,,>50Gevie
8 >
<4 Antik |, R=05 lterative Cone, R=0.5 29,24
i
k=3
g 01~ -+ 4 4
2
a F

50-100% 30-50%

Event Fraction

10-20%

L L I I L
1 02 04 06 08 1 02 04 06 08

Ar= (Pr 1Py Py #Pr )

e Event fraction as a function of the di—jet energy imbalance in p+p (a)
and Pb+Pb (b—f) collisions for different bins of centrality
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@ N.B. A pronounced asymmetry already in the p+p collisions !

Jet Summer School @ UC Davis Jet evolution in a dense QCD medium: Il E. lancu, June 20, 2014 2/20



Tri—jets in p+p collisions at the LHC

CATLAS ~—=

4 EXPERIMENT
Run Number: 162620, Event Number: 16060241
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o Additional energy imbalance as compared to p+p : 20 to 30 GeV

Ay =Py JIP; Py )

o Considerably larger than the typical scale in the medium:

the ‘temperature’ ' ~ 1 GeV (average p, )
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No missing energy !

but a pronounced difference in its distribution in bins of w = pr

T T T T T
@) g b) ® >05Gevic g
@ 301005% L O 2 65 s ceve 0-30%

[ 10-20Gevic
3 20-40Gevic
[ 4.0-8.0GeVic
I >80 Gevic

PYTHIA+HYDJET

IS
S

N
S

° ” : projection of a hadron E

energy along the jet axis

<> (Gevic)
°

20—
° py < 0 : same hemisphere b e E
as the trigger jet E ke
E(C)CMS ‘ ‘ ‘ ‘30-100%5 ‘(d‘) B ‘ o ‘ R ‘U‘-S;]WL‘
° 9 > 0 : same hemisphere “or }T;if;z{mv 1
as the away jet s
s
o all hadrons with _i b
pr > 0.5 GeV are measured ’ '2°;

-0

L L L L PRI A A A VAR AN AR
0.1 0.2 0.3 0.4
A Ay

@ Pb+Pb: excess of soft hadrons (< 2 GeV) in the ‘away’ hemisphere
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These soft hadrons are found at large angles

@ The energy imbalance for a jet with a wide opening : R = 0.8
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@ Di—jet asymmetry : ET > EA
o No missing energy : £l + ET. = B2 + EM
o The energy lost at large angles, £2, — E1 ...
. is carried mostly by soft hadrons with pr < 2 GeV
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Bremsstrahlung

o After a hard scattering, a charged parton radiates a gluon

@ Bremsstrahlung favors the emission of soft & collinear radiation

. 42k
@ C2'R dw yEa (probability density)
2w

dpP =
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Bremsstrahlung

o After a hard scattering, a charged parton radiates a gluon
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@ Bremsstrahlung favors the emission of soft & collinear radiation

Cr dw 2k
asCr dw &k (probability density)

dp =
2 w k2

e Multiple emissions (‘fragmentation’) leading to a jet structure
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Bremsstrahlung

o After a hard scattering, a charged parton radiates a gluon
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@ Bremsstrahlung favors the emission of soft & collinear radiation

@sCr lnE ln—2
72 w k2

AP =

e Multiple emissions (‘fragmentation’) leading to a jet structure

o Each additional suppression is suppressed by a factor a;Cg, but
enhanced by the (energy & transverse momentum) phase—space
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Medium—induced radiation

@ AA collisions : the partons produced by a hard scattering can further
interact with the medium constituents
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@ Such interactions trigger additional radiation as compared to that that
would be produced by an off-shell parton in the vacuum
@ This medium-induced radiation has distinguished characteristics:
o a different emission probability (or ‘gluon spectrum’)
e a different angular distribution

e a different fragmentation pattern
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The BDMPSZ mechanism

@ pQCD description originally developed for a single gluon emission
(Baier, Dokshitzer, Mueller, Peigné, and Schiff; Zakharov, 96-97)

@ Gluon emission is linked to transverse momentum broadening
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@ Appropriate for the total energy loss by the leading particle (e.g. Ra4)
@ The LHC data call for a global understanding of the jet evolution

@ Recent extension of the theory to multiple medium—induced emissions
(Blaizot, Dominguez, E.I., Mehtar-Tani, 2012-13)

Jet Summer School @ UC Davis Jet evolution in a dense QCD medium: Il E. lancu, June 20, 2014 9/20



The formation time (1)

@ In—medium rescattering changes the mechanism for gluon emission

o in the vacuum: the virtuality Q? of the parent parton

W, kL

Jet Summer School @ UC Davis Jet evolution in a dense QCD medium: Il E. lancu, June 20, 2014 10/ 20



The formation time (1)

@ In—medium rescattering changes the mechanism for gluon emission

o in the vacuum: the virtuality Q? of the parent parton

%%%

e in the medium: the acceleration provided by the transverse kicks

o This leads to different formation times & spectra

@ Remember: in QM, it takes some time to emit a gluon (or photon)
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The formation time (2)

@ The formation time can be estimated from the uncertainty principle :
1 1

T AE T wtE,.-E

p p—k
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;UJCL

o p' = (po,0,0,p.), Q*=p§—p2>0, Epzpz;
o k= (w,k,k.), = k2 + k%~ L

o Epp=+(p: —k:)? + k> ~p. — k. + m

@ Soft gluon : k. < p. = 75 ~ 2’“2
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The formation time (3)

@ A more physical argument : quantum decoherence

@ The gluon must lose quantum coherence with respect to its source

o> the quark—gluon transverse separation b, at the formation time 74 must
be larger than the gluon transverse wavelength A\| = 2/k

e High energy kinematics: w > k| = small angle: 0 ~ k, /w

G
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w,kJ_
2 2w
by 01y 2 A\ ~2/k; = ~ o~
1 T < AL /K1 = 02 K2
o In light—cone coordinates: 7/ ~ 2]5—; = 1/k™
1
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Formation time in the medium

@ The formation time is controlled by the gluon kinematics: 7/ ~ ;%
1
e in the vacuum: the kinematics is fixed at the emission vertex

e in the medium: it is further altered by scattering during formation
PR— T
/ bﬁj@%
g7
L

Ty

o a lower limit on the gluon transverse momentum: Ak? ~ g7y

e an upper limit on the formation time :

2w
Tf:g

2w

q

& kiquTf — Tfs
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Formation time & emission angle
o

2% q~ g 1/4
& Opw) ~ Y ~ (w)

@ Soft gluons (small w) : short formation times & large emission angles

ek
- O
Tf o < |_ »>

T~ L = we = GL%/2

@ Maximal w for this mechanism :
@ Minimal emission angle: 0. = 0¢(w.) ~ 2//¢L?

@ Soft gluons (w < w,) have 7y < L & 05 > 0.
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Formation time & emission angle

2w NG 26\ /4
Tr(w) ~ — & bf(w) ~ LS ( q)

q w w3

@ Soft gluons (small w) : short formation times & large emission angles

| o R
P = Q? ﬁ f
- ? . < - .
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Formation time & emission angle

2w NG 26\ /4
Tr(w) ~ — & bf(w) ~ LS ( q)

q w w3

@ Soft gluons (small w) : short formation times & large emission angles
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e Typical values (consistent with the phenomenology) :

G~ (1+2) GeV?/fm, L ~4fm, w.~40 GeV, Qs ~2 GeV, 6.~0.1
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LPM effect

@ The probability density for an emission with energy w (and any k)

dPNozs L

— ‘BDMPSZ spectrum’
dw w Tf(w)

@ Bremsstrahlung x average number of emissions :

o the gluon can be emitted anywhere inside the medium (L), but its
emission takes a typical time 7 (w)

@ The BDMPSZ regime corresponds to L = 7¢(w) >/

o a large number of successive collisions, of order 7;(w)/¢, which
coherently contributes to a single emission

e suppression factor //7;(w) < 1 as compared to incoherent emissions
(LPM suppression)

o The emission rate rapidly decreases with w : dP/dw o 1/w?/?
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The average energy loss

~ Qg Le (W< we = GL*/2)

@ The average energy loss by a leading particle with energy F > w,
We
AFE = / dw w —— ~ Qswe ~ agGL?

e integral dominated by its upper limit w = w,

@ Hard emissions with w ~ w, : probability of O(as)

e rare events but which take away a large energy
e energy loss w,. per event = average energy loss AF ~ o w,

e small emission angle 6. = the energy remains inside the jet

@ Irrelevant for the di-jet asymmetry &
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Soft emissions at large angles

@ Recall: Soft gluons (w < w.) have 7y < L & 6, > 05 > 0.
e soft emissions have the potential to transport energy at large angles

e they also have a large emission probability = multiple emissions

@ AP(wp) : the probability to emit a gluon with energy w > wy :

we dP e S & C
wo dw wo w\ w \ wo

e integral dominated by its lower limit w = wy

e When wy ~ a’w,, this probability becomes of O(1)
e quasi—deterministic emissions: visible event—by—event
e a smaller contribution to the energy loss : AE . ~ a2w,

o ... but this can be lost at very large angles : 5 ~ 6./a? ~ 1 ©)
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Multiple emissions

e When w < a’w, : probability for one emission exceeds unity !
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Multiple emissions

e Multiple, soft, emissions by the leading particle (‘primary gluons’)

= M i M AP(w,L) ~ ag L
%,

T (w)

Jet Summer School @ UC Davis Jet evolution in a dense QCD medium: Il E. lancu, June 20, 2014 18 /20



Multiple emissions

e Multiple, soft, emissions by the leading particle (‘primary gluons’)

@g@@@@

M AP(w,L) ~ ay L

2

o After being emitted, the soft primary gluons keep on branching

Mﬁm@i £
w ya
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Multiple emissions

e Multiple, soft, emissions by the leading particle (‘primary gluons’)

M o a7 AP, L) ~ ay 2

2

o After being emitted, the soft primary gluons keep on branching

Wﬁi /

6@%@

%b ouT X
1=

@ Their subsequent branchings are quasi—-democratic

o the daughter gluons carry comparable energy fractions: x ~ 1/2
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Quasi—democratic branchings

@ Non-trivial ! Not true for bremsstrahlung in the vacuum !
@ Bremsstrahlung in the vacuum : splittings are strongly asymmetric

o= X(l)o

dP ~ asd—w ~ asd—x
x

(1-x)wy )
APNQS/NQIH
€

o probability of O(1) when a;In(1/z) ~ 1 = favors z < 1
e argument independent of the parent energy wy
> all that matters is the splitting fraction x

e 'soft singularity’ (x — 0) of bremsstrahlung
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Quasi—democratic branchings

@ In—medium radiation : a consequence of the LPM effect

® = X0,
dw |w
dP ~ oy — (] =

w w

(1-x)ay
N dz [ we
~ as —

E x Two

e the rate also depends upon the parent gluon energy wy
o probability of O(1) when wy ~ a2w, for any value of x

o the phase space favors generic values of z: ‘quasi—-democratic’
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Quasi—democratic branchings

@ In—medium radiation : a consequence of the LPM effect

® = X0,
dw |w
dP ~ oy — (] =

w w

(1-x)ay
N dz [ we
~ as —

E x Two

e the rate also depends upon the parent gluon energy wy
o probability of O(1) when wy ~ a2w, for any value of x
o the phase space favors generic values of z: ‘quasi—-democratic’
@ A similar scenario at strong coupling (Y. Hatta, E.I., Al Mueller '08)

@ ... but no other known example in a weakly coupled gauge theory
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A typical gluon cascade

@ The leading particle emits mostly soft gluons (z < 1)
@ The subsequent branchings of these soft gluons are quasi—-democratic

@ Very efficient in transporting the energy at small z, or large angles

Jet Summer School @ UC Davis Jet evolution in a dense QCD medium: Il E. lancu, June 20, 2014 20 / 20



