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Outline of the talk

= A brief introduction to effective field theories (EFTs)

= An effective theory for jet propagation in matter - SCET.
Current status and derivation of in-medium splitting
functions

= Application of SCET to heavy ion phenomenology An
evolution approach to inclusive particle quenching

» Application of SCET to hadronic jet shapes. Resummation
to NLL accuracy

= Medium modification of jet shapes in SCET,

s Conclusions
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The Fermi interaction

» The first, probably best known, effective
theory is the Fermi interaction

E. Fermi
(Nobel Prize)
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= First direct observation of the
neutrino, Nov. 1970



Effective field theories

Three generations

of matter (fermeons)

i = Powerful framework based on
;f exploiting symmetries and
oo | phon controlled expansions for
problems with a natural
separation of energy or
distance scales.

- oo

= Particularly well suited to QCD
and nuclear physics

= Effective theories are ubiquitous. The Standard Model is likely
a low energy EFT of a theory at a much higher scale



Examples of effective field

theories [EFTs]

A
DOF in FT " Full = Focus on the significant degrees
N Theory of freedom [DOF]. Manifest
3 _ power counting
DOFinEFT | Effective
Theory
Q powercounting DOFinFT DOFinEFT
Chiral Perturbation Theory (ChPT) A p/\ q,g IK,TT

Heavy Quark Effective Theory

(HQET) Mb /\QCD/mb LI)’A hV,AS

Soft Collinear Effective Theory
o Q  re YA EAA



SCET formulation

= ModesinSCET C. Bauer et al. (2001) D. Pirol et al. (2004)
Collinear quarks, antiquarks E,E Soft quarks are eliminated through
Collinear gluons, soft gluons A, A the equations of motion

modes = (+,—, 1) p? fields
SCET collinear Q1N Q27 &, Ar
I soft QAN Q2N g, Ar

= Other formulations, e.g. SCET,and ultrasoft particles

= Especially , %
suited for jet 1 o
thSiCS n-collinear n-collinear

jet jet



Soft Collinear Effecyive
Theory with Glaubers




The big picture

= QCD inthe medium remains a multiscale problem

. QCD
']1 T A
gf
% 1,4 0 SCET
D,
d Jo
k- H
RS Medium
Js
Tracks \* ATLAS - . [)%
ﬂ- EXPERIMENT 3 i e Medium e
o o = Factorization, with modified J, B, S

Calorimeter
Towers
48N,

Aad et al. (2010) Ovanesyan et al. (2011)




The jet scattering kinematics

t

Kinematics and channels

— jet broadening and energy loss

s—isotropisation

V)

- backward hard scattering

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

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

dQ  d@q, da

(2m)>2

= Galuber gluon/ Glauber mode

(Phase Space / Flux)
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The Glauber gluon Lagrangian

= An effective theory of jet propagation in matter  Effective potential

. g 7l A,abe
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(2011)




Logs, legs and loops

* Inthe description of high

Final-state parton shower

: energy processed
LY e significant effort has been
Svorsrrmmm Qgﬁ‘fﬂs w}r}f ‘
o oy, devoted to understand the
g logs, legs and loops
T ,{‘éAf\ 2 2??)”2*
b i O g™, ) * Log - ratios of mass and energy scales,
%UZ,% § 3 phase space, cuts. Goal is to resum
03 P ) 2 .
i T g m“““% * Legs—the formation of parton shower,
2 e > 9 . .
Y 3 3 branchings, evolution
E * Loops—virtual corrections. Goal is to
Initial-state radiation include, find automated way to do some
of the loops

= The are connected, one of the goals of the talkis to see if some
of the technology can be ported to heavy ion collisions



The vacuum splitting kernels

= Splitting functions are
related to beam (B) and jet (J)
functions in SCET

Agsqg = (JIT Xn(xo)e™ |q(p)g(k)) .
Agsqg = <] TBAC( qu(j j(k»
Agsgg = (J TB/\C(UO |S/, )g(k))

i F
;/ Iy
4 ' 4
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W@l g

o o

Iy (k) = g7

l.+—}—1€

Gribov et al. (1972)

G. Altarelli et al = |nthe vacuum we have the DGPAL splitting
-Altarefli et al. (1977) kernels that factorize from the hard scattering

Y. Dokshitzer (1977) cross section and are process independent



Splitting kernel results

» Explicitly verified the <dfﬂd2kL 272 S N1
e N e (1
gauge invariance and < > e o

9g—99

factorization in QCD

e 1_X -1:- g

- ,< ' - { aoar*:;:l "11"5'H'E'< dN - - dN
X Fa — (:B _) 1 B x)
q—99

Reversed convention

= The singular pieces A, B can Jo
I 1

be obtained form flavor / Pro(@) 4 Prg(@)] (1 2)dz =0,
and momentum 0

5 1
conservation sum rules / 95 Py (2) + Pyy(2)] (1 — ) dz = 0.



In-medium splitting kernels

dN _ = The cross section
dx
[ |
Double Born dlagrams
ot i . n W, a k., HQ
i o ta fe Q4o o ta ta
- - B ® ®2 ®1 ®2 ®1 a2
,ua N k;,u,a
A0 -@ [ o gt rw.g L -
= I B d' +q1 ,qz To +;q1 *;l]2 o ta 1 a
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= Transverse Wilson line

. o ab g’ ~(Pres) 1 1
10 Ol ( — — q+[.,:_>

M11 To 5 le i,a
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A. Idilbi et al. (2010)



In-medium parton splittings

and properties

= Directsum
dN(tot.) dN(vac.) N dN(med.)
dxd’k,  dxd’k,  dxd’k,

= Derived using
SCET,

= Factorize form the
hard part

* Gauge-invariant

= Dependonthe
properties of the
medium

G. Ovanesyan et al. (2012)
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The soft-gluon energy loss limit

Take the small-x soft gluon emission limit

N . C 1 O A 1 d medium
" (d_) _ (){_2 F[ + (QL')] / dAz /d2kj_d2qj_ 0€l2
dx { q—qg } ™ | Call + O(x)] Ag(2) Ot d°qL

g —499

M Gyulassy et al . (2000) 2k -q1 (kL —qu1)?
X ki(kj_ —a)? [1 — COS chg Az] :
dP( )
— (g~
X d-ag The result reduces to the GLV energy-
'~~\~~"‘~~‘\ |OSS diﬁerential intenSitieS

= Only 2 medium-induced
splittings survive

= There is no flavor mixing

= Results can be interpreted as

/ energy loss

Finite x analytical

""" Finite X numerical
SGA analytical

""" SGA numerical

L L L L L \
%
0.005 0.010 0.050 0.100 0.500  1.000



Application to inclusive
hadron suppression

“1 think you should be more explicit here in
step two.”




Improving upon traditional E-loss

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

10 -I Ll 1 1 L1l IIII.
: — aNy200350 ] Include the quenched parton and the
e WA98 r° (17.4 AGeV) .

— ayms001200 ] radiative gluon fragmentation

= PHENIX 7° (130 AGeV) |

SPS

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

o STARN (200 AGEY) 3 = Difficult to make connection to the

: standard LO, NLO, ...; LL, NLL ... pQCD
approach (higher orders and
resummation)

Raa(P;)

0.1
= * There is considerable model dependence

. and it is difficult to systematically improve
" Au+Au at s"?=17, 200, 5500 AGeV ] this approach

0.01

é 1 lllllalo 1 I Illll-lléo
p; [GeV] |. Vitev et al. (2002)



Evolution of the fragmentation

functions

= Yield LLA or MLLA (LL')

dDy(2,Q) _ as(@*) [*d2 /
dqan oo /Z 2 {Pq_)qg@ @)D, (

T IR

,Q) + Pq%gq(ZIaQ)DQ < )

N\|Z\z
O
N————
W—/

N\|N

aQ) + Pq%gq(Z/vQ)Dg ( ,

N\|N
O
N———
H—/

N\|N

dD,(z,Q) as(Q?) ['d 2
dgl(nQ ) = (7'(' ) /z 7{Pg—>99(zlaQ>D9 (;7Q>
Quark fragmentation function
o087 4 7 T .
Input Q=2 GeV +P, 442, Q) (Dq (—,,Q) + g term > }
My code Q=100 GeV o
100 N = |°7°77TT DSS code Q=100 GeV | |

= Vacuum evolution frozen under
Q,~1GeV

= |nthe medium: effective
thermal masses, finite o,

D yn(2)

0.1¢

0.001-  “"My”=Ovanesyan’s

00 02 04 06 08 10 :
, de Florian et al. (20xx)



Application of the evolution/

resummation approach

= The goal is to evaluate the nuclear modification and the
related cross sections

H(p,pr) @ f(p) @ f(p) ® D™ ()

Raalpr) =
H(p,pr) @ f(p) @ f(p) @ D(p)
H
PT We have choices.
The simplest choice is:
AQCD fl D W= PrT

= Runthe DGLAP evolution with the medium induced splitting kernels
» Really important to find connection to proper E-loss applications
and understand the uncertainty form the choice of method



Vacuum evolution in the soft gluon

limit
P (@ 2,0, L ]> = [faconnection isto be found
q9—q9 g\r, &, L, ;
v + between the energy loss and the
204 evolution approach, it is in the soft
P9—>99 + (79[377@7L7M]>+7 g|U0n ||m|t
Pyqg =0,

U

Equations  dDj,,.(z, Q) asfldz’

Py—gq =0, decouple dlnQ o [Pc—>cg(3/7 Q)]+ Dh/c(z/z’, Q).

dDy, . (z, ) 1 1 1 /
g/ln(;Q) - QCR% {/ dz' 77— [; Dpse(2/7,Q) = Dh/c(z,Q)] + Dpye(2,Q) In(1 — z)}

z

(1 -+ z%) Dh/c(z, Q) =~ [1 —n(z)] Dy/c(2,Q)

= Using the "+" function, expanding around z' = 1 and relating
derivatives to local slope we obtain the evolution to LLA

— 2s |1n -2 |{[n(2)—1](1—2)—In(1—z
E Dyu(2,@) = o 2 @ @02 w2y o }




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 —2CR%s |In £ z)—In(1-z
h/cd(ZQ)_GQRW{ Gl -00-9m0=) o

Xe_ _1]{f01—z dz’ Z/f dQ/ dz/dQl< Z.Q />}_f11—z ds! f dQ/ dz/dQ/ /,Q/)

[ = Dh/c(z,Q)e_[”(z)‘m%ﬁ‘wbﬂ. }

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 dzzE(z) _>Z_>O<7>’

/ ! /dN !/
/1 zdz /0 1< dz’dQ’ /1_2 e Rl c| Ovanesyan et al. (2014)




Reminder - traditional energy loss

phenomenology

! L ! L AE\ uench .\ __ o PC(E) z
/OdeP(e)—l, /OdeeP(e)—<f/ Ds (,,)_'A de(l_e)DC<1_€)

M. Gyulassy etal. (2002) Successfully predicted the energy and

transverse momentum dependence of R, ,
ALICE Collab. (2014)

2 [05%Pb-Pbys.—276TeV T 510%Pb-Pbys.-276TeV T 10-20% Pb-Pb ys,.=2.76 TeV = ]
oc
:ET{OALICE o GLV sgWHDG ] n® ALICE T =® ALICE 1
I
1.0 0T T If
0.5 1 —+ =
00_:::}:::}:::{:::{:::}:::':::{:::{:::}::_T + ‘}:H'H:{:H}:H};:—T ‘}; S
2 [ 20-40% Pb-Pb ys,, = 2.76 TeV [PTARSSa A AT VS = 2.76 TeV jlpsaRasIN Al va =2.76 TeV
o L @ =° ALICE 4+ @ =° ALICE 4+ @ =°ALICE i
1.0~ -+ —+ I—
: T T fii\ iM & iU \\\\\\\\\
0.5-4% __{"“- ¥ ++ T _ﬁ\\\\\\\\\\\\\\\\\\\
T % 1 - 1 NN
e i
B g t——— T T
) 3¢ P PP PETE PERE FTRS ITRS P PR PRSI = | JET BT Pwl POl PE e PT R b w1 PP PETE PR PETE DT Pl PE Y1 PETE DTS I =

R S T R - P R T - R e S s R TR VU TR - B R S TV - VU T T
P (GeVic) p; (GeV/c) P, (GeV/c)



Uncertainty from the

iImplementation of the approach

- Full numerical solution to the in-medium DGLAP,
full splitting kernels

= Four - Full numerical solution to the in-medium DGLAP,
approaches to soft gluon limit of the splitting kernels
compare - Analytic solution to the in-medium DGLAP

evolution in the soft limit
- Traditional energy loss with muti-gluon emission

| ! | ! |
= - :
_ 0 = Differences are
® PHENIX 7, 0-10% o o
0.8 —  Full evolution numerics, g=2.3 - minima | betwee N
— - Soft gluon energy loss, g=2.3 . .
—~ T Soft gluon analytic evolution, g=2.3 1 |mp|ementat|on s for
o 0.6 Soft gluon evolution numerics, g=2.3 — . .
< inclusive hadrons
T 04F  Gental Ausau. 52200 Gev = Validates more than a
I === decade of hadron
L _ suppression
1 l 1 l 1 l 1
0} L n - > phenomenology



Numerical results: E-loss vs analytic

evolution in the soft gluon limit

» All approaches include final-state effects only

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

T I T I — —— Soft gluon energy loss, g=2.0
1.5_ T T T ] — - Soft gluon energ)./ loss, g.=2.1
2t B ke Atk
E N 4i e @ ALICE ch. hadron R,,, 0-5%
| Lo CMch hadon Ry, 05% The coupling between the
1 | 1 | 1 | 1 | 1 -1 . .
~ogf 0 10 2 3070 5 | jet and the medium can be
o T .
;5506'_ | - constrained to 5%, The
L b—— g scattering cross sections/
0.41- b properties of the medium
o2l Za to 20% (~g*)
i Central Pb+Pb, s'2=2760 GeV i
1 | 1 | 1 | 1 | 1
OO 20 40 60 80 100

p; [GeV]



Numerical results: full-x vs small-x

evolution

» Implement the fully numerical solution of the DGLAP evolution
equations: the full splitting kernels and the soft gluon limit

(small x)
I . I — — Full evolution numerics, g=1.9
I ST 7717771 — - Full evolution numerics, g=2.0
B 1 | — Soft gluon evolution numerics, g=1.9 .
1.2 o) 1'25- [\ - — - Soft gluon evolution numerics, g=2.0 - The COUpllng
T I @ ALICE ch. hadronR,,, 0-5% .
1+ * 0.75 B /// B @ CMSch. hadron RA:,AO—S% between the JEt and
I I B R B | 1
sl T w the medium can be
O p; [GeV] 7 .
= T constrained to the
<

061 same accuracy - 5%

s Full evolution woks
slightly better at low
virtualities

0.4+

Central Pb+Pb, s"?=2760 GeV |

1 | 1 | 1 | 1 | 1
OO 20 40 60 80 100

p; [GeV]




Future directions

"Modified” fragmentation 10T T 7T
: Q =40 GeV
M~
functions ! Gluon fragmentation
: 10 £ Significant
- Eomlnated_by quark” - differences
ragmentation, sm o T
agmentation, sma N 102k Cental Pb+Pb |
differences, inclusive NI T < PIN
o - s =2.76TeV NN
measurements " I \
~ -3 | A | A | I 1
~ 10,
: : : T 10 Q = 40 GeV
= 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 :
. . — — Soft gluon energy loss \
of jets, tagged jets and Al

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

hadron parton
T / pT

dijets

Z=p



Jet shape resummation in
SCET

"I'm firmly convinced that behind every
great man is a great computer.”




Applications of SCET to jet shapes

4 Jet shapes Early pr(?diction and
“comparison” to CMS data
> i(Er)iO(r = (Rjet)i)

Yine 1 ) = L A = e
. ( | ) Zz <ET )Z(-) (R - (Rjet )7,) ’ 2 : —— :,':: t;-::(:"z,;;;‘re;jz(:;;v/c }::"z i’::)':":’y :
d\I’iIlt (T; R) i lvan, E =200GeV, b=3fm = eRan - b

¢<7'; R) = o , 151 ) \/¥f=_

i BN = i

|

P Ip(”

» Jet shapes reflect the enerﬂy
density inside the jet and the

structure of the parton shower 05~ .
00: 0|2 o|4 ' O|6 ols :1
r ' R
L = log —
Cip, ) = 14 as[LA+ L 1] R = Small and intermediate r/R - this

is the region where we hope we
can improve using SCET
LAl e 2 L resummation techniques and full

%! | SCET; medium-induced
splittings

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

LL  NLL



Phase space for the jet energy

distribution

ki =pjtand z(1 — )

g —pf ton = To first non-trivial order, the
phase space for the jet shape
contributions is tractable

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

» Define a jet energy function

To(Brp) = 3 (00%0(0) [ Xe) (Xl (0) 0)6(Er — B<"(Xe))
Xe

= Need the distribution of the average energy Jf (1) = /dE,.E,. J,(E,, 1)

| liat f . U, (r) = <E7>w _ Jfr(#{)/*]w(ﬂ') _ J;‘,E'r(ﬁ")
- ImEgIElEsiUnadel o (ER)w  JSR(u)/Ju(p)  J5R(u)
2 w? tan? L w?tan? L
ZJ9E () = a |aln® 2 + bln 2 1 finite
" 112 112



NLL calculation of jet shapes

= We use SCET resummation techniques Wi, ~ By x R
and SCET .

We start form the natural scales that

o . . E Y i
eliminate all large Ic_)garlthms in the d{;I (1) _ T () 8 0o aE
fixed order calculation and evolve to a np i H

I ngr A [ UJQ t-c E E |

common scale [resumming In(r/R)] W = | —CuTeusp(a) n 22 50000, | J85 ()
n jL 1L
Leusp(as) = (Z—;)To + (%)21_1 +--, Order | eysp v 3
m Toresum the v(as) = (%)th (%)2,\1 4. NLL | 2-loop | 1-loop | 2-loop
= o
jet shape to
NLL accuracy AL L-loop 2-loop
3 .f(, = l'.—;l(v_.x = %T}'N}' .’jl = —,'1('”)‘ == %(V_QT].'II./' = l(v[.‘Tl.‘lll/'
F('usp I_\() =4 Fl = 1[(% — ﬁ-:)('g — %T];Hl/'
0~ —3C} 0 —Bo




Solution to the resummed jet shape

= Jet function

iE.; - iE, A (.Uz t-&n‘){? Il
Jo T () = J57 (g, ) exp [—2CiS (pj,., p) + 2A:(pj,, )] 2
Jr

» |ntegral jet shape

JeEr () TP (ug,)
JER(LY TR ()
Y.-T.Chien et al. (2014)

W (r) =

102 CiAr (1jg Hiy)
CXp[—QCVZS(/lJr /l]R) + 2;12 (/l]r /[JR)] X (ﬁ)

w2 tan 5

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)]



Numerical NLL results in p+p

collisions

200077 T
100 NLL cone
= We derived the sob . NLL anti-k;
algorithm 20 . -
dependence ofthe () 10 :
Jet Shapes (antl)kT ! arXiv:1405.4293 ¢
0.2 o
V5 cone o1l e C(MSdataR=0.3

= Significant

_ r
Improvement over
fixed order —
. Justt show that > R
calculation the fixed orderis ™} | R
divergent i

J1....1....1....1...A|.L..A....|'
0.00 0.05 0.10 0.15 0.20 0.25 0.30



Limitations of the calculation

2007 T T T T T T T 200 T T T T T T T
e 3 50 GeV < pr < 60 GeV o 110 GeV < pr < 125 GeV 7
SO S0k v -
20k " 204 > -
d¥(r) . d¥(r)
dr . ar F - E
15 - nsk * -
] -
12 > 02 N . -
11 01 -
ul ) l)ll nl‘ ( ll. ( 14 ( IS 'l( :‘ lilll) ( ll ( l: ll“! '14 |l< nlf lll‘
7 r

200 v T T T T T T T 200 T T T L T T T T

e T 225 GeV < pr < 250 GeV o s 500 GeV < pr < 600 GeV
SO S0F -

dW¥(r) ) d¥(r) ) -
—dr °fF - 1 “ar " E

15k sk b -
-
*
.
12 = 02k - -
* .
11 01F -1
v

L L L L L L L ' L L L L L L 1 AL L
0.0 0.1 02 03 04 05 L6 L7 0.0 ol 02 13 14 15 06 07

7 r

= Deviations at large R and/or small energy



NLL results in p+p collisions

= The calculation
does not include
initial-state
radiation/beam
functions and
hadronization
effects

= Power suppressed
but visible at the
tail of the
distribution and
lower p

dU(r)

dr
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Calculation of jet shapes in the

medium

oA e | dNY*.  dNTeh .
pretiminary RMEDY / dxdk L[Mﬁ_k’ + - ],k’ ]E,.(.\',k 1)
result ik /PS axazky — axdTky
-  Need to combine with the ]\Eac +J7Erzed pvace (y ')Jz"faf? ‘}'J’EW.(]
splitting functions evalualted U(r)=—2—r = =
Er TJER JE'R +JER

numerically for the same
medium geometry and

expansion, present predictions kT ]
for the upcoming run at the LHC : Preliminary '
121 Preliminary shape +

Even with the caveats, v ()™ + +
the improvement in the w(r)” | |
calculation can be 08 cceT

. . o« CMSdataR=0.3 [I— G
significant -
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Y.-T. Chien et al. In preparation .



Future directions

= Complete the calculation of the medium-modified jet
shapes and move to other jet substructure observables

» Evaluate the suppressionof

jets beyond the naive energy \%@
loss approximation

R R
= Extend the theory to couple ﬁ@ %@
the soft and Glauber sectors 0=R,

and look at soft particle R
redistribution of the jet energy ? )= R
(a la CMS)

Q0 0.5 1

= Evaluate initial-state med-induced splitting kernels, mass
etc



Conclusions

» Effective theories of QCD have enabled important conceptual and
breakthroughs in our understanding of strong interactions and very
significant improvement in the accuracy of the theoretical predictions

= An effective theory for jet propagation in matter SCET(? was constructed

(collinear and Glauber sectors). Derived all medium-induced parton
_spllttlngs, proved factorization and gauge invariance for the medium-

induced parton splittings.

= Established the connection between the traditional energy loss
approaches and the evolution/parton shower apﬁroach tog_et quenching.
Allows to consistently improve the accuracy of the calculations going to
higher orders and perform resummation. Demonstrated that we can
constrain non-perturbative properties of the QGP to 20%.

= We identified observables where the full splitting kernels can make a
significant difference. Evaluated jet shapes in p+p collisions to NLL
accuracy (no IS radiation).

=  We have preliminary results in A+A reactions are quite encouraging.
However, we have to finish the calculation and compare to data to see of
the improvements will carry through



lll. Main results: jet broadening

= Jet broadening and its i, Gy et el (Zoe)

gauge invariance p
p <::::) ----- -

A" =@ R

«

-
-

To
(e _ . — A _ , . ~ — —
AV =@Q— — A= @—T . .
To b a1 Z tar @ Classes of diagrams (single Born,
@1 ®1 @2 double Born). Reaction Operator

= General result. Will evaluate the broadening (or lack off) of jets
dN ) ( ) " L 12 p 1 lo.i(z;) = y {IN(O)( '
’ (p1) _ H / L [ 2 K T:I i) (t,—QLz-Vpl> _82qy) | (PL)
d*p | L Sy A o(z;) d*qy d*p |

* |nspecial cases such as constant density and the Gaussian approximation

9
2

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

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




lIl. Numerical examples

» Leadingintensity term

102 E T T LI B B B | T T T T T T T T3
F 3
L=5 fm, p=0.75 GeV. & =1 fm. o, =0.3 i
1
(=3 1l l
= 10 —_———— =
2 — .
P T~ - -
> =~ - / :
> N /
S = /
= .0 =
10 . =
- 3 3
[ —— No cuts, no recoil, analytics §\\ - 4
T — — No cuts, no recoil. numerics - - 7
No cuts, no recoil. amall x approximation, analytics S N
T — — No cuts, no recoil. amall x approximation, numerics ~ \'
-1 N PR P s PR S S | PR S S S S
10 3 -2 -1 0
10 10 10 10
X

= Sub-leading intensity term

0
10 E T — T T — T
F L=5 fm, u=0.75 GeV. A_=1 fm, o =03 ]
10'1 - —— No cuta. no recoil. analytics +
o F — — No cuts, no recoil. numerics /:
o = No cuts, no recoil, emall x approximation. analytics
0 T — — No cuts, no recoil, small x approximation. numerics / T
- L .
= a2 S A
S - 73
- — e ————
: —— e ————
-
B2 o
3 I —
107" E
-3 | |
10 -3 1 1 1 1 1111 4: 1 1 1 1 11 11 41 1 1 1 1 11 11 O
10 10 10 10

s Kinematic effects

1
10 F . T T —— g
—_— L=5 fm. u=0.75 GeV. A_=1 fm, o, =03 ]
oL
g 10 F
A E
Ac
>
ke
=
3 A No cuts, no recoil
=~ 10°F qmn‘:(EnplZ]m, km=E0(x(1~x))'Q, no recoil
[ — qmm=(2EOu,ll‘:. Ko =Eqx(1 -x))'. no recoil
| —— Full kinematics cut, no recoil
—— Full kinematics cut, recoil m_=1 GeV
': 1 1 1 1 111 II 1 1 1 11 1 11 l 1 1 1 1 1111
10 " 3 ) 1 0
10 10 10 10

X

m  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



lIl. Why are Mach cones initiated by

jets unlikely

de|x_| g de|x_| g
= b =0.08, 6=0.1, t = 5[fm] s b =0.08, /=0.7, t = 5[fm]
mD*7T s 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 80 k Vs = 14 TeV
General structure of Sudakov logs g = — 70 | MSTW200SNLO  fixed order
N 60

(7 - L= 1()0'< # ) B’ %
C(n-p,p) =14as[L9+HLH 1] — %5 \Fp © 40
30
Ha[LA+|LP |+ L2 + L+ 1] 20 ¢
10 |
0:

"‘”fu(j 4+ L5 1+ L’l un L3 + L2 + L+ 1] 100 120 140 160 180 200

mpg (GeV)

MSTW2008NNLO _

MSTW2008L

LL NLL o

7 (ph)

= [t can improve upon traditional w0 |

. E MSTW2008NLO
teChnquES, SUCh as CCS 10 | MSTW2008LO -
0100 120 140 160 180 200

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 e
J Y 9 Ta = (—22‘])/‘6)(1)(—7};(1—(1,))

traditional event shapes
—o0 < a < 2

C. Berger et al. (2003)

* Factorized in hard function,
jet functions and soft

function

1 do ' ,
— = /(]6‘,, Jn(en)dernJrn(€en)

oo de

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




V. Applications to nuclear

collisions

* Final state parton broadening in semi-inclusive DIS.

A. Idilbi et al. (2008)

4 %% |4 4q W oroyvy, WG
: d?l} d?l
By °1° By * Have argued to recover the general QCD
AP A T TR AP result in the Gaussian broadening region

J. Qiu et al. (2003)

* Formulation of a transport coefficient as a Wilson line

A L~ ‘
q = <C]i>/)‘g Wr ly"y ] =P {CXP {2’9 / dy~ 44+(y*-y-y¢)] }
J0

i PAm V2
d2k,  L3N..

dytdy, dy ek (wimvL) <T1‘ KW} y™yi] - 1) (Wrly™ yi] - 1)} >

m=1.n=1

* Not gauge-invariant. Proof needed F. D'Eramo et al. (2010)



SCET formulation

Energetic quarks and leptons C. Bauer et al. (2001) 3, Bl & 2ll, (e
collinear modes A2 <

c = yV—> ~ 77 ;A — A2, ]”)\
Include also soft quarks and gluons pe = b pn) ~ (g @) =6 )

ps = (pr,p—p1) ~ (A AA) = QN AN

= 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

X —
h d I'd P rocess ,” ’’’’’ SO I
& U

P

+«— jet (coll. splittings)

f power

corrections

g~ A2, A% ]

A new mode - the Glauber gluon



Success of SCET

T
= Most precise o (m,) extraction o dr |
from global thrust distribution at Fit at N*LL for a,(mz) & 0, |
N3LL’ 0'3:_ theory scan error |
as(Mz) = 0.1135 4 0.0002¢pt £ 0.0005p,4, = 0.0009cr¢ S
0.1—_ ® ALEPH
R. Abbate etal. (2010)
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