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Outline of the talk

= An effective theory for jet propagation in matter SCET, A
tool to improve upon the the energy loss approach. Medium
induced splitting kernels

» Connecting the energy loss and the QCD evolution
approaches. lllustration at RHIC and predictions for the LHC

» Evolution and resummation for jet substructure observables
and jet shapes. NLL results in p+p collisions

= Quenching of reconstructed jets, modification of the
differential jet shapes beyond the energy loss approach



Logs, Legs, and Loops

CMS Preliminary

Final-state parton shower

S. Chatrchyan et al. PLB (2013) Initial-state radiation

= Traditional energy loss approach, phenomenologically successful but
cannot be systematically improved, higher orders and resummation

= |n HEP significant effort has been devoted to understanding the parton
shower. We demonstrate how this parton shower technology can be
applied to heavy ion reactions, NLO, NLL, etc

= The same techniques should be applied to hard probes: particles, jets,
and heavy flavor



The big picture

= Jet physics presents a multiscale problem, EFT treatment
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In-medium parton splittings,

properties, and DGLAP evolution
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QCD evolution in the soft gluon

energy loss limit

Pyrqg | <& glz,Q, L u]) , = |faconnection is to be found between
+

the energy loss and the evolution

20 approach, it is in the soft gluon limit
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= The main result: direct relation between the evolution and energy loss
approaches first established here



Comparison of energy loss and QCD

evolution approaches

= The in-medium QCD evolution approach works over a wide variety
of energies. This is, of course, expected because we have an
analytic proof of the relation between QCD evolution and energy

loss

® PHENIX 7°, 0-10%

Full evolution numerics, g=2.3

— - Soft gluon energy loss, g=2.3

Soft gluon analytic evolution, g=2.3
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decade of hadron
suppression
phenomenology



Results at the LHC 2.76 TeV

= Good description of the prdependence if inclusive particle
quenching, including high transverse momenta, centrality
dependence, particle species
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= Some discrepancy in the p; trend of neutral pion suppression (magnitude
appears well described). Important to check at higher CM energies.



Predictions for the LHC 5.2 TeV run

= We find results very similar to the 2.76 TeV run, within 10% of the
known R,,, accounting for the perturbative spectra, < 10% increase in
the medium density, CNM effect
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= At the highest transverse momenta there is sensitivity to CNM especially CNM
energy loss
= Further results and predictions are available in the preprint arXiv:



Applications of SCET_ to jet shapes

and jet cross sections

» Jet cross sections reflect
the total amount of energy
retained in the jet cone

10—

Collisional
E-loss
RYY 05
Collisional
0oL __ Leading particles
20
Rcone 0.5
Radiative i
E-loss

|.V. et al. (2008)

Jet shapes reflect the
energy density inside the jet
and the structure of the
parton shower




ki

Generalizing the concept of energy

loss to jets

kL= pj tan§ 21— ) = |n contrast to haron production, the
jet definition allows to generalize

R, ~ O(2) contains ,

the full shower z, ki
the concept of energy loss beyond

" the soft gluon approximation

}é T Y.-T. Chien et al. (2015)

= The universal quantities —in-

% 0=R medium parton splitting functions
come into play
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Fractional energy loss outside of the jet beyond the soft gluon approximation



Suppression of reconstructed jets

at the LHC, Pb+Pb at 2.76 TeV
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» Cold nuclear matter effects contribute toward the inclusive jet
suppression at high p;. Approximately ¥ of the effect

» Describes well the centrality dependence of the inclusive jet
suppression

= Thereis somepr dependence remaining to RAA. Important to
investigate soft function effects, collisional energy loss



Jet radius and rapidity dependence

of inclusive jet suppression
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» The radius dependence of inclusive jet quenching versus pr and R
captured. For small radii the calculation over predicts the differences

= Rapidity dependence is consistent with 1. The trend is captured by
the theoretical calculation
l.V. et al. (2008)



NLL calculation of jet shapes

= The jet shape is defined by the
ratio of two jet energy functions
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10.0 * NLL cone
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LO
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arXiv:1405.4293
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= We derived the algorithm
dependence of the jet shapes
(anti)k; vs cone

= Significant improvement over fixed
order calculation
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= Toresum the jet shapeto NLL
accuracy we use SCET RG
evolution techniques
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Medium-modified jet shapes at NLL
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functions from the splitting functions
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» First quantitative pQCD/SCET description of jet shapes in HI



Predictions for the 5.1 GeV Pb+Pb

run at the LHC

.~ photon+jet, 30-50% |1
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Santa Fe
Jets and Heavy Flavor Workshop

January 11-13, 2016

= For more details and
results on inclusive and
tagged jet cross sections
and shapes see poster by
Yang-Ting Chien
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Conclusions

= An effective theory of jet ropag?ation_in matter SCET; was
constructed (collinear sector). All medium-induced parton

splittings derived, factorization and gauge invariance proven

» The connection between the traditional energy loss
phenomenology and the QCD evolution/parton shower ap]Proach
to jet quenching now established. Very good description o
inclusive hadron suppression, predictions for the 5.2 TeV run

= First SCET calculation of jet shapes performed to NNL accuracy.

Improved predictions for p+p collisions. More work needed to
understand heavy flavor

» Calculations of jet cross sections and jet shapes are now available
beyond the energy loss afproach. Comparable description of
mcIusweAet suppression to the energy loss approach. Much
improved description of jet shape modifiction

= We will look in the future at heavy flavor, soft functions and
collisional interactions of the parton shower in the medium



NLL calculation of jet shapes

= We use SCET resummation techniques

and SCET .

We start form the natural scales that
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eliminate all large Iggarlthms in the {“ 1) _ | T gy ()10 2 F a0 g
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Phase space for the jet energy

distribution

ki =p§tanf z(1 — )
b _ffj‘(l | = To first non-trivial order, the
=pg tan (1 —x :
phase space for the jet shape
contributions is tractable

Y.-T. Chien et al. (2014)

» Define a jet energy function
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Solution to the resummed jet shape

s Jet function

9 R CiAr(pnjp.p)
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» |ntegral jet shape
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We start form the natural scales that eliminate all large logarithms in the
fixed order calculation and evolve to a common scale [resumming In(r/R)]



Limitations of the calculation
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= Deviations at large R and/or small energy



NLL calculation of jet shapes

= We use SCET resummation techniques and i~ By x R
SCET.
E. E, .y .
\I’w(") _ <El>w . Jw (;L‘)/Jw(,u,) B Jw (#,) 1w X

(Er)o — J5R(u)/Ju(p)  J5™ (1)

The jet shape is a a ratio of 2 jet energy functions . The measured jet energy
functions are obtained at 1 loop. We start form the natural scales that
eliminate all large logarithms in the fixed order calculation and evolve to a
common scale [resumming In(r/R)]
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NLL results in p+p collisions

= We derived the algorithm === NLLcone
dependence of the jet shapes < ‘ NLL anti-k;
(anti)k,/cone ;| -0
= Significant improvement over 0 ¥
: y(r) " .
fixed order calculation 05 i
arXiv:1405.4293
02+ J
. . | o« CMSdataR=0.3
= The calculation does not include 0.1
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functions and hadronization r
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See talk by Chien in this conference r



Examples of effective field

theories [EFTs]

A

DOF in FT " Full = Simple but powerful idea to

N Theory concentrate on the significant

Q | degrees of freedom [DOF].

- Effective : :

DOF in EFT Manifest power counting
Theory
Q powercounting DOFinFT DOFinEFT

Chiral Perturbation Theory (ChPT) A p/A\ q,g IK,TT

Heavy Quark Effective Theory

(HQET) Mpb /\QCD/mb LI)’A hv,As

Soft Collinear Effective Theory
oy Q  re YA EAA



lll. In more detall: the jet

scattering kinematics

= What is missing in the YM Lagrangian is the interaction
between the jet and the medium

= Kinematics and channels
t —jet broadening and energy loss
s—isotropisation

u — backward hard scattering

* Fully dynamic medium recoil,
cross section reduction (5% —
15%). Completely dominated
by forward scattering

do do  Cy(R)Co(T) |v(qur: E,m1, ma) -

aQ d?q, - da (2m)2

G. Ovanesyan et al. (2011)
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Ill. Main results: jet broadening

m et broadening and its M. Gyulassy et al. (2001)

gauge invariance O —t = i O
AP = —_—
p p _ _ _
To b a1 Z ta @ Classes of diagrams (single Born,
@1 ®1 Do double Born). Reaction Operator

= General result. Will evaluate the broadening (or lack off) of jets
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* |nspecial cases such as constant density and the Gaussian approximation
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n*

Starting with a collinear beam of quarks/gluons dN(p,) 1 ¢ Ixa%e

L
we recover M. Gyulassy et al. (2002) dpr 2w xp*é X=7




I11. Main results: iIn-medium

splitting / parton energy loss

2
T < N w_,<+ ¢ < Gluon splitting functions factorize
: form the hard scattering cross section
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G. Altarelli et al. (2978) %% (k) = gT2~

’ ,Ll‘.a

= Note that a collinear Wilson v /,: /
: : p | P
line appears in the R; gauge A @ Lo AP @l — 4 =@——

ta t @ q
X ®1 X1
b kgt
: : v [
Single Born diagrams MO @t @
Zo ta To | @

®1 ®1




[1l. Main results: in-medium
splitting / parton energy loss
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rule A. Idilbi et al. (2010)



lll. Numerical examples

» Leadingintensity term
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» Sub-leading intensity term
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10'1 — —— No cuta. no recoil, analytics H
= F — — No cuts, no recoil, numerics ’E
o No cuts, no recoil, emall x approximation. analytics -
0 T — — No cuts, no recoil, amall x approximation. numerics / T
- L
= 2L I
S 9 e 7
- —_————————
’."" e
-
= "
-
-3 - -
10"~ -
10_: 1 1 1 1 111 Il 1 1 1 1 11 11 ]
-3 -2 -1 0
10 10 10 10

q->49

(xdN/dx)

s Kinematic effects

1
10 F T T T g
—_—— L=5 fm. u=0.75 GeV, A_=1 fm, o,,=0.3
o
10 E
—— No cuts, no recoil
-1 172 12 .
10 qmm=(E w2) 7Lk =E (x(1-x)) . no recoil
L — q . =(2Enu )2, K_ o =Ep(x(1 -x))'. no recoil
| —— Full kinematics cut, no recoil
—— Full kinematics cut, recoil m_=1 GeV
': lII[ 1 1 IIIIIII 1 1 11 1 111
10 " 3 ) 1 0
10 10 10 10

X

We have theoretical control over
the in-medium splittings

The large-x and kinematic effects
are of the same order

Will be incorporated in future
phenomenological applications



V. Inclusive jet cross sections In

A+A reactions

» Jet cross sections with cold nuclear matter and final-state
parton energy loss effect are calculated for different R

0‘4‘4(]?,. wnun 1 1 g NN (R Wmm) . min \
' = { P, Za.0 [Jie)|l = 1/ (1 = [1 = f(Rs, p1; )gglei
d? Epdy / e % 1 — (1= f,4) 6> d*ElLdy ( e )
L o s N y [fm \n G . g 1
N /_ o ‘T — = Calculate in real time

/ ‘j: Fraction of the energy
| redistributed inside the jet

|
) l““‘ﬁ
ns/unit rapidity)/dxdy [ 1/fm”] \

dIe(i)
ﬂ dr ‘IT d‘“_dgiT

Ri® . Er; o dlPG)
b dr o do 5

fRi, PFgg =

The probability to lose
energy due to multiple gluon

|. Vitev et al (2008)

dyd*Er
. R E+- R. miny __ _ 1 1 AE,.;
= O bta N A 4( ri B pr) = Ni: doPP(Er;R,p7'") [ Pygle)de =1, f 6Py g(6)de = —==
< bm) dyd?Er Jo Jo E;



V. QGP - modified jet shapes

S (Er)iO(r — (Rier):) = Surprisingly, there is no big difference between

Wini(r; ) = > (Er)iO(R — (Riet):) the jet shape in vacuum and the total jet shape
S R) = din (r; R) in the medium
dr = Take aratio of - p———
. . R=0.4 acuum [Eelelnloll={= ealistic
10 the differential Case
- -0 = Medium 3 . <r/R> E.=
i ,—~ R=04 ] jet shapes tR>E=20GeV | 0.41 045
1 e N7 == — = <r/R>E;=50GeV 0.35 0.38
ﬂo GeV =3 <r/R>,E;=100GeV | 0.28 0.32
10E I } ' } ' I ' \l' — <r/R> E;=200GeV | 0.25 0.28

T T T
b =3fm, Pb+Pb at the LHC
R=04

(r/R)
N
B % / ]
)]

< |
i /
— |

/

/
|

{
14 .4
|

N
I\ 7
v

:§ N
_d IU 5 T | T | T | T | '/-:'—'.
S g
= -~ Total T
g LF =~ 3 ]
> L ~ .. =
> i 100 GeV ~— A ]
L] 75k _ .
F 3 L —_—— E- =20 GeV J
[T ] = 05F | Less cees EL=50GeV | o
i \_\—\‘v: - | reliable — E_ =100 GeV .
E = 3 025 | e—— .= . E_. =200 GeV 7
F | 200GeV T —=— ] - . . -
R S % ' 0.25 ' 0.5 ' 0.75 1
0 02 04 06 08 | r/R

R | . Vitev et al. (2008)



lIl. Why are Mach cones initiated by

jets unlikely

de|x_| g , de|x_| g
= =0.08,0=0.1,t = 5[fm] s b =0.08, 8=0.7, t = 5[fm]
mbD~T & mD~7T ¢

x [fm] X [fm]

= Anindividual parton (or a collinear system) can produce a Mach cone on
an event by event basis. Multiple events will reduce the observable effect

|. Vitev (2005)

= Typical medium-induced shower multiplicities are N9=4 (quark) and N9=8

(gluon) and emitted at large angles ~ 0.7 (much larger than in the vcuum)
= Each parton quickly becomes an individual source of excitation and these
multiple sources wipe out any conical signature



V. Resummation, RG equations

and Higgs production at the LHC

= SCET is very effective in resumming in large infrared logarithms
using Renormalization group equations

90 . . . :
o ]0 V V3 = 14 TeV
General structure of Sudakov logs s = — 70 R MSTW2008NLO  fixed order
N 60
Y/ — 2 L — 1 o (/_1> /'g 50 E
C(n-p,p) =14 as[L7HL 1] =108 n-p o 40 E MSTW2008NNLO -
30 -
Hai[L*|+|LP|+ L? + L+ 1] 20 |
10 | MSTW2008L :
—H(i’[[“ + T + LA + L} + L? + L+ 1] %100 120 140 160 180 200
' mpg (GeV)
90 ¢ T T T
80 | V5 = 14 TeV
I_L N I_L 28 resummed
= 50 _ MSTW2008NNLO _
| o <o N3LL |
" |t canimprove upon traditional 0 |
: 20 F :
techniques, such as CCS 1o | MSTWEOSNEO T yigrwoosto
0100 1I2() 1I40 1I60 1[80 200

mpg (GeV)

J. Collins et al. (1985) V. Ahrens et al. (2009)



V. Factorization in SCET and

angularities

= Factorization theorems have been proven in SCET for a number
of observables: event shapes [e*e’], Higgs [pp], top [e*e] ...

 Anqularity observables: generalization of 1 7
J Y 9 Ta = (—QZ\j)Hexp(—/};(l—(1,))

traditional event shapes
-0 < a < 2

C. Berger et al. (2003)

* Factorized in hard function,
jet functions and soft

function

1 do ' ,
— = /(]f‘,, Jn(en)deqnJn(en)

oo de '
desS(es )(5(6 — €, — € — (%S)

C. Baver et al. (2008) A. Hornig et al. (2010)




Splitting functions and the

parton shower

= Making the connection to the standard LO, NLO, ...; LL, NLL
... pQCD approach (higher orders and resummation)

- Need to understand the » medium
process-dependent

contributions LO o

- Need to understand the E I

dependence on the o

properties of the nuclear ~ NNLO

medium

* [n the vacuum O(o.?) splitting kernels

S. Catani et al. (1997)

* |In the medium the full O(c..) known, now
being implemented G. Ovanesyan et al. (2011)

®* [n the medium O(o*.) only g2qgg known, M. Fickinger et al. (2013)
computationally demanding 36



SCET formulation

Energetic quarks and leptons C. Bauer et al. (2001) D. Pirol et al. (2004)

collinear modes A2 i
Pe = (P:p-.p1) ~ (@A) = QA% 1,))

Include also soft quarks and gluons
Ps = (p+7p—7p_L> ~ (AaAaA) — Q()\? Aﬂ)‘)

= SCET Lagrangian to all

Collinear quarks, antiquarks £, E
orders in A [Can expand to Collinear gluons, soft gluons A, A

LO, NLO, ...]

= The missing mode

2 e
hard process \2%pc™ I
> 7,

2

+— jet (coll. splittings)

f poOwer

corrections

g~ [A2, A%, A]

A new mode - the Glauber gluon



The vacuum splitting kernels

Qs 1+ (1—x)
In the vacuum we have (dmd2k¢>q_>qg ~ 9r2 Cr T K2’ (.., +A0(x))
the DGPAL splitting N N e
kernels that factorize dxdng = 27:22@1( s 12
T g—99
from the hard scattering )
cross section and are +a(l - x)) 2 Gl +Bo(x))
process independent N e ) L
ded?’k 1), - 272 k3
Gribov et al. (1972) iN \ [ dN |
_ (dm d?kJ@ng - (dm d2k¢>q_>qg (z=1-2)
G. Altarelli et al. (2977)
~ 1-X e », < 5
Y. Dokshitzer (1977) - J// - '?"f’"”"'**’;: "’~“'°""“‘<
T X \ m’-’.

Reversed convention

= Thesingular pieces A, B can be
obtained form flavor and .
momentum conservation sum rules 1
= Can be re-derived using SCET. Use /D |
only the collinear sector ,
/ 2nsPye(x) + Pye(x)] (1 — z)dxz = 0.
JO



The soft-gluon energy loss limit

Take the small-x soft gluon emission limit

dN as | Crp[l 4 O(2)] dAz 0 o 1 dotpedium
dx { q— qg } T | Ca[l + O(x)] Ag(2) Ol d*qL

g —499

M Gyulassy et al . (2000) 2k -q1 (kL —qu)?
X ki(ku “a)? [1 — COS :UpaL Az] :
dpP
X4, (4=99) The result reduces to the GLV energy-
50 T loss differential intensities

20

= Only 2 medium-induced
splittings survive

= There is no flavor mixing

m Results can be interpreted as

\ / energy loss

10

Finite x analytical
""" Finite X numerical
051 SGA analytical
""" SGA numerical

02

L L L L L L
~N
0.005 0.010 0.050  0.100 0.500  1.000



Medium-modified evolution of the

fragmentation functions

Using the same techniques. The vacuum and the medium
induced evolution factorize

din D (2, Q) - N .
/ _ ! !
e =) -0 [ e ol - [ e 60,

me —20R% |In X
Dh/cd(>Q>:e Rﬂ[

& =) -1(1-2)-n(1-2)} Dyel: Q0
Xe _1]{f01_zdzlzlf 4Q' T (# /’Q/)}_ff_zdzlf AQ' 1 (')

E = Dh/c(z,Q)e_[”(z)‘1]<A—J;E>Z‘<N~g>z. }

The main result: direct relation between the evolution and
energy loss approaches first established here

AE 1-2 AN ., =z 4N AE
<E> :/ dzz/ dez’dQ’( Q):/O dzza(z) _>Z—>0<f>’

/ ! /dN /
/1 zdz /0 1< dz’dQ’ /1_2 @) 2 (V9 B Ovanesyan et al. (2014)




Numerical results: E-loss vs analytic

evolution in the soft gluon limit

= The energy loss approach

Note that we have ignored other nuclear matter effects: Cronin effect, cold
nuclear matter energy loss, power corrections/shadowing. At the LHC final-

state effects dominate

I . I — — Soft gluon energy loss, g=2.0
LS ' T 7 — - Soft gluon energy loss, g=2.1
- | — Soft gluon analytic evolution, g=2.0
12+ 1.25 — : :
: ke - § — - Soft gluon analytic evolution, g=2.1
§ | - g ® ALICE ch. hadron R, ,, 0-5%
1= o7k ,4 ________ ] | e CMSch. hadronR,,, 0-5%
0.5 1 | 1 | 1 | 1 | 1
— 0 10 20 30 40 50
Q|__ 0.8 p; [GeV] _
E ==
c 0.6F
04F BT
02F  _&* "
- Central Pb+Pb, s “=2760 GeV |
0 1 | 1 | 1 | 1 |
0 20 40 60 80 100

P, [GeV]

MC code was written by our
summer visitor to evaluate
the e-loss/medium splittings

The coupling between the jet
and the medium can be
constrained to 5%, The
scattering cross sections/
properties of the medium to
20% (~g*)



Numerical results: full-x vs small-x

evolution

» Implement the fully numerical solution of the DGLAP evolution

— —— Full evolution numerics, g=1.9

— - Full evolution numerics, g=2.0

m ALICE ch. hadron RAA, 0-5%
@ CMS ch. hadron RAA, 0-5%

— Soft gluon evolution numerics, g=1.9
— - Soft gluon evolution numerics, g=2.0

Central Pb+Pb, s'?=2760 GeV
] ] ]

equations
; T ' T
| 1.5 T | | T | |
1.2 1.25—_\ —
(5 [ PEEwe
1 0.75—/’ —
. I B R
- 030770 20 30 40 50
QI_—O.S p; [GeV]
E:
c 0.6
04
0.2
1 1 1
0 20 40

60 80

p; [GeV]

100

= The coupling
between the jet
and the medium
can be
constrained to
the same
accuracy - 5%



Future directions

"Modified” fragmentation 10T T 7T
: = 40 GeV
functions P Q = 40 Ge |
T Gluon fragmentation
: 10 E  sianifi
* Dominated by quark I e
ragmentation, sma O -
e e 9 o2k Cental PbePb |
differences, inclusive S10E T SN
o " s =2.76TeV . N
measurements ~ i N
- -3 | I | I | 1 1
c 190 Q = 40 GeV
: : : 10 F = e
= Points the directions N -
where significant .
improvement can be
. . [ —— Full evolution, numerics
eXPECted — |0n9|tUd|na| i Soft gluon evolution, numerics
and transverse Structure -- - - Soft gluon analytic evolution 3
. . — — Soft gluon energy loss \
of jets, tagged jets and Al v

L L I L I L
1007 02 03 04 05 06 07 08 09

hadron parton
T /pT

dijets

Z=p



Results at the LHC 2.76 TeV

= Very good description of inclusive particle suppression at
ALICE, ATLAS and CMS for Pb+Pb run |

1_4 T I T I T 1_4 T I T I
i ® ATLAS charged hadron R, , [n|<02, 0-5% ] i ® ATLAS charged hadron R, , [n|<02, 0-5%
1.2+ m  ATLAS charged hadron R,, <0.25, 0-5% — 1.2+ m  ATLAS charged hadron R,, [n|<0.25, 0-5% —
1 Theory: SCET medium evolution, g=1.9+/-0.1 . L 1 Theory: SCET medium evolution, g=2.0+/-0.1
1+ - 1F -
N4 = 350, with cold nuclear matter energy loss i - N, = 350, without cold nuclear matter energy loss
/T_ | — — | —
F 0.8 £ 0.8
3 e <
o 0.6 —— o 06
0.4 7 0.4+
2T Central Pb+Pb, s"%-2760 GeV | 0.217 112
- entral Fb+Fb, s = eV I Central Pb+Pb, s' “=2760 GeV  _
O ! I ' I : O | 1 | 1
0 50 o [GeV] 100 150 0 50 100 150
T o, [GeV]

= The coupling between the jet and the medium can be constrained
to the same accuracy - 5%



Applications of SCET_ to jet shapes

Jet shapes Early prediction and
> (Br)iO(r — (Riey)i) “comparison” to CMS data
i \T )i — Ujet )i

\I’in ;R — ) — — —r— — —
t (r ) ZZ (ET )2@ (R — (Rjet )z) 2 l oS 0.10‘,/sz1e->100 Ge\lllc CcMS Pn!.-liminary u
d\l] n ’ R L Ivan, ET=1OOGeV, b=3fm L dt = 150.0 ub™ -
15(7“, R) = % . i lvan, E_=200GeV, b=3fm —[ o ,‘——-:
|.Vitev et al. (2008) S = | ¥ :
%S 1 _,.—.’(L-\\’ AAAAA //_='{,? ..... _.— ................. B _—
= Jetshapesreflect the eneray = | ]
density inside the jet and the 05|~ .
structure of the parton : :
shower [ 1 o | i
0O 0.2 0.4 0.6 0.8 1

r’'R

C(n-p,p) =14 as[LAH L i+ 1] = Small and intermediate r/R - this

is the region where we hope we

can improve usin% SCET

B A T4 I3 e 124 L1 resummation techniques and full
! | SCET; medium-induced

splittings

Htas[L*+| L3+ L* + L+ 1]

LL  NLL



Jet quenching

» For my 21" birthday M. Gyulassy and X.N. Wang published
their seminal paper on “gluon shadowing and jet quenching

dN,/dn RM(PT) RPA(PT)

1000
E . Au+Au(b=0) 2000 — Au+Au(b=0) I p+Au(b=0)
-y L
-
800

b 1000 — R ,
r 1 1 i 4 T -

500

8 3
- r
S

|
L |
‘oo |
L .7
’ |
1". 'J:r | i
r |
) / - .
4001 . f,/\lﬂlﬂ | [
‘ 1 | 4f [w
[ 200 — | r a’
. L ‘ i r_ . [n
200 |~ | r n
L [ w
n
| I

]

11,_‘_ 100~ V5 y=200 GeV

.

0 2 4 6 0 2 4 6 8 0 1 2

n Pr

M. Gyulassy, X.N. Wang. (1992)

—

PHYSICAL
REVIEW
| _ETTERS

14 J.xl:l‘..i.") 2002

= Jet quenching defines high p;, m; physics

in heavy ion collisions

PHYSICAL
REVIEW
[ ,ETTERS

Articles published week ending
15 AUGUST 2003

;ﬂix‘hi _’r?':w!?y

75‘.5“ E
Y e 2 PlGevic) 4 ’

Particles and Fields




Traditional E-loss — successful but

open questions remain

= While still LO, it predicted in 2002, 2006 —the R, , at high p-
for both RHIC and LHC

10 :l 1 L1 L L 111 1 1 Ll L L 111

== Ny=200-350 3 Include the quenched parton and the
® WA98  (17.4 AGeV) - . . .
SPS _ avieyso01200 ] radiative gluon fragmentation

m PHENIX =° (130 AGeV) |
—— dN°%/dy=2000-3500
¥ PHENIX ° (200 AGeV)

" STAR I (200 AGOV) = Difficult to make connection to the
: standard LO, NLO, ...; LL, NLL ... pQCD

T,,\AdGpp

% approach (higher orders and
o resummation)

0.1 : :
: " There is considerable model dependence

and it is difficult to systematically improve
this approach

" Au+Au at s °=17, 200, 5500 AGeV ]

0.01

2 10 100 . V., M. Gyulassy (2002)
p, [GeV]



The Glauber gluon Lagrangian

~Z0 2 Z,
= An effective theory of jet O : B
propagation in matter t q= (A2 0Q

— \_” —-)"“"'l-r ~
L( (sn 411 7" E € P (Sn,p’r

p.r' g
A. ldilbi et al. (2008) G. Ovanesyan et al. (2011) Effective
potential
. H.a __ - a 77
= Feynman rules for different R
u.a e 7 7
sources and gauges g = sgre L2 T
1 -1
gyAaie _ g abe g [qx nop e+ (42— ) - (9 — ) — & (g + 1)] . -

v
vuvAabe abe A n + - Doy
X5 =gf [fffi (—TP +p1 —2p7

+g (n*nep+pL+91) |

[
S’
_+_
=

A
v n
| (—TP+ Pl —’m)




Evolution and resummation of

large logarithms

= Collinear splitting kernels

" dN Vs 14+ (1—2)2 1 vs 1 Ry
ar a-r | q—rq0 2T a I;,* 1

Rggal(;r) = 2C'4 (l ;I + 1 1.1 + z(1 — ;T))
P;gal (7) — TR (3-2 + (‘1 - ;1")2) .
Piy(a) = Cr T
Gribov et al. (1972) G. Altarelli et al. (1977) Y. Dokshitzer (1977)
dDh',.-'q( 2, Q) as(Q) L dy | > o ~
dIn@Q - - /: A I:Pq—:'qg(_ll,)Dh,,fq <? Q) + P, —:'gq(?':',.)Dh,x'g <? Q)}
dDh,:’g( 2, Q) as(Q) . dz’ , 2 I 2
dnQ 7 / > | Foos() D (_ Q) + Pooaa() zq: Ph/a (_ Q)

= Yield LLA or MLLA (LL")



Suppression of reconstructed jets

at the LHC, Pb+Pb at 2.76 TeV

1-4;* Visnw =276 TeV u=0 GeV L4 sy = 2.76 TeV centrality 30-40% |
o R=030nf<2 pu=0.18Gev/ 12 R=04,|n|<2 centrality 0-10% -
~ centrality 0-10% p=035GeV| ! ]
L0 m oo g=20(0.2) | N g=20@02) |1
05, | 08 D |-
Raa ™ | Raa ++ s :
067 I % } ] 0.6 F{?w { : { I ,
ol m}{{ 110 i } | Bt "
] ALICE !’ ATLAS |
02F ATLAS ozl
[ CMS [
YT e 0 w0 om0 a0 30 0. T
50 100 150 200 250 300 350 400
pr pr

» Cold nuclear matter effects contribute toward the inclusive jet
suppression at high p;. Approximately ¥ of the effect

» Describes well the centrality dependence of the inclusive jet
suppression

= Thereis somepr dependence remaining to RAA. Interesting to
investigate soft function effects, collisional energy loss



Numerical NLL results in p+p

200675 7
= We derived the 100 " NLL cone
algorithm sol . NLL anti-k;
dependence of the Lo
. : 2.0 r
jet shapes (anti)k; vs ‘
cone y(r) 'O :
0.5r
. . arXiv:1405.4293 ¢
= Significant 02 .
Improvement over 01 o CMsdataReo3 ]
fixedorder L. j——
Ca|CU|ati0n 0.00 0.05 0.10 0.15 0.20 0.25 0.30
r
= Forlarge radii (0.7)
works less well
(hadronization et al.) Justtshowthat = R
also for smaller the fixed orderis ~ °} oo o
energies divergent m

.'lllllllllllllllllllAllLlllAllll
0.00 0.05 0.10 0.15 0.20 0.25 0.30



Jet shape modification in heavy ion

1.6 A S S A S .
v—sNN 276 TeV | me CNM only ] = |Improvements relative
. =0.3,0.3<|n <2 E _
A g oy | MR l to the traditional E-loss
o (r)PPPD - Cer;rahty oo } ] approach are indeed
Py R — ; } { significant
o8| j = CNM effects do not play
00 cMs a role in intrajet (or jet
O'4(;.‘00‘ 005 010 o015 020 o025 ‘0.‘3;) CorrEIatlon ObservableS)
_ r = Jet quenching alone
= Ll St el (ests, leads to narrowing of

T e e the shape.

ol e v = The broad parton
Elr w’ ow ] shower leads to
=0 : enhancement in the

0.5~ |.V. et al. (2008) ,

: : periphery




