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Outline of the Talk

Introduction: Why do analytic jet cross section
calculations and quenching of jets work?

SCET,. Parton showers. Absence of angular
ordering in the collinear parton shower.

Heavy flavor suppression. Effective heavy
degrees of freedom. B-jet quenching.

Conclusions.



. Introduc_tion

"WhAT ¥ WE SPENID ALL THESE SWLLIONS AND
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From leading hadrons to jets

e Similarly to RHIC, first important constraints on jet quenching and data for
jet tomography at the LHC have come from leading particle suppression
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* An important step forward at the LHC is the development of the
theory of jets and the now many measurements in A+A



Jet cross sections

* Interestingly, some of the most accurate predictions for inclusive
jet observables have come form fixed order NLO calculations
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Medium-modified jet cross sections

e Similarly, semi-analytic predictions for modification
of jet observables compare favorably to LHC data
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Intra-jet observables
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There is no big difference between the
average jet shape in vacuum and the
total jet shape in the medium

Take a ratio of the differential jet shapes
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Photon-tagged and Z°-tagged jets

Imbalance variable Z, = Pr o do /prje‘ d PTy.. do(25y, P, (274, PT}.. )]
. . jet 2
pT Y d"J'Y PT. ~Jv de‘deTjet

jet

* Taken directly from the QM 2012 jet highlights
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The Original Snowmass Accord

m Tried to put some order in the rapidly developing field of
jet physics (disconnect between different measurements,
between measurements and theory ...).

A lot of the “practical output” has failed

The cone algorithm turned out to not be collinear and infrared safe at
higher order

On the other hand, the accord for theory lives on and its
implications can be seen in the comparison to the LHC
measurements

a) Observables should be infrared and collinear safe

b) They should not be sensitive to hadronization corrections

c) Jet measurements should reflect the QCD dynamic at the
perturbative scale



Il. Absence of angular ordering

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




What does a parton shower do?

- The most accurate calculations in hadronic collisions are fixed
order and/or matched to resummation

- Parton shower Monte Carlos can address exclusive and complex
final states at the expense of multiple approximations

Markov process with probabilities to:

* Knock a parton out of the proton (PDF)

* Collinear splittings (radlatlon) oo~

pL

e Hadronization rsoftNAQCD

Parton Shower includes resummation
of Sudakov logarithms (leading)

In this talk we focus on the properties
of collinear splittings in the vacuum
and in the dense matter




Altarelli-Parisi splitting functions
versus corehent branching

1
1 T'soft ™~
I'shower ™~ —— AQCD
pL
soft gluon
o /Eo(l — Z) ©
Sso dO-n dO—’I’L—|—1
/ " Eyz
0 dw df
collinear parton do,y1 = do, 5 o (ij ZCU Wi
[Mayas,...\P1, P2, - - )7 = W; is the antenna function that
2y ae pet (1 leads to angular ordering
8—12 T Qs a,...<p7 . ) alag(Z7 J_ae) S prij B 1 — COSQij
1) -

Pi-qPj-q (1 —cos Hiq)(l — COS qu)
e Comes at the scale of collinear

radiation inside the parton * Comes from the physics at the soft
shower scale

+  Factorize and are process e At soft (long distance) scales the
independent emissions are angular ordered

Coherence branching effects incorporated into splitting functions,
HERWIG - a Monte Carlo generator for parton showers



Why is this calculation possible?

Modes in SCET

Energetic quarks and leptons

collinear modes
Include also soft quarks

C. Bauer et al. (2001) D. Pirol et al. (2004)

Collinear quarks, antiquarks

Collinear gluons, soft gluons

A2
Pe = (Pe:p—p1) ~ (5 @A) = QN 1,))
and gluons Ps = (p—|—7p—7p_L) ~ (A7A7A) - Q(Aa )\7 A)
&, E Soft quarks are eliminated through
A, A the equations of motion or
integrated out in the QCD action

= SCET Lagrangian

Lscer(én, An, As) = &

Lym(An, As) =

to all orders in A [Can expand to LO, NLO,...]

§n + Lym(An, Ag) ,

, Full
DOF in FT

Theory
Q

Effective
Theory

L,;,,qf]}. + LGF. ,

DOF in EFT




SCET with Glauber gluons

=  Galuber gluons (transverse to the jet direction ) A. Idilbu et al. (2009)
g~ [A%, A%,

LScETg (&ny Any AG) = LSCET(ény An) + LG (€n, An, AG) G. Ovanesyan et al. (2011)
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p.r' g ,
e = () (R (b
= Complete Feynman rules in the o
. . » AR (VS DU
soft, collinear and hybrid gauges T T e e e S )
(e1)r,
= First proof of gauge invariance of d L ioa) @r G (1522
the broadening/radiative energy N
loss results f‘”?pb ) £ (e {gi np(Hpﬂ)@pﬁg]
G Many more ...

=  Showed factorization of the final-state process-dependent radiative
corrections and the hard scattering cross section, calculated large-x

, 2
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O(a.?) splitting functions in the vacuum

(p2,a2,p2) (M1,a1,p1) Sp“thng q : ggq |
\ / / / N o7 | "
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bo p3
1) 2) 3) 4)
(E,+E,+E;) j (p pJ) <Pg1g2Q3> = C?? <Pg(1;2)q3> + CpCa <Pg(192bq)3>

 We use the Feynman rules of SCET, reproduce Catani-Grazzini’s
result exactly. Only the collinear sector enters

e Notes  Without taking the small z; limit, the notion of ordering is meaningless
g1 <P9192QB>(21 < 22723)

pr

/, -~ 92

No radiation outside the cones is an on average
statement even in the ultrasoft limit

_ ) 3
W,;=W,;2+W, 13!

dg012 2 d9013 [3]
/ 2T W2[3] :O/ 27 Was' =




Angular distribution of the vacuum

splitting functions
29 = 2/3 (92() S 100, (930 = 20° 21 — 0.03 K 294 23

Splitting function g—ggq * Scaling 1/9%?is consistent
with no angular ordering

* Invarious splitting functions
separate pieces an be
angular ordered and anti-
ordered

 There is always a regular
contribution. Neither of the
5 branchings is angular
ordered

g — 449'q,9 — q99,9 — 99q.
g — 994,9 — 949

 The angular-ordering ansatz
0 10 20 30 40 350 60 70 is in direct contradiction to
this results
to1[deg]




Feyman graphs for the g->ggq splitting
in dense QCD matter

 SCET with
Glauber gluons,
hybrid gauge

Single Born (19)

(p2;a2,p2)  (p1,a1,p1)

]
4 4 4 d
\ s / 4 N L ,'
\ S / / ' e
\ 4 / / ‘ TN d
.=r“'——=. . v : ‘ :
Po @TQ Pp3 & & &
]
\ S 4 , e
\ / / / N h
\ 4 4 N 27 e ———
\ ¢ " / Ry AT
et L <
: .
& & ® &
\ 4 4 4 !
Cd
\ 4 ’ ’ \ P I'
\ ,' 4 { N7 A
N\ ! v ’ ¢ S
el e s
:
® ® ® ®
AY 4 4 4 !
Cd
\ / / / N - K
\\ 'I 'I 'I N7 fmm——
— — = —<
v
® ® ® ®
4 4 Il
¢ ¢ N o7 )
4 4 Y jup——
4 4 PR VL
@——— s o—=
: ;
.
& ® &

 We checked every Feynman
diagram by comparing analytical
calculation with FeynCalc

(p2, a2, p2)  (pa,a1,p1)
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Double Born (34)
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Form of an arbitrary diagram

Single Born:

Double Born:

Al =

A}({?c) _

Coefficient —

2 11 19 —
—9 €1 €3 Xn,p

2 11 19 —
g €1 € Xnp

d®, C, T2tV

d®q | d(I)QAJ;Ck I‘Z”é[]i%) J,

Lorentz structure

* Coefficients C, are overall coefficients that
depend on the diagram

e Lorentz structure directly follows from rules
of SCET,, includes a vector in the color space

* Longitudinal integrals are same as those that ;

appear in GLV
Single Born (19)

k Ck U#’cpﬂb U;;iqvﬂk4 Ili-l)

1 | 1/s123 - 11 ()

2 | 1/f-po - 15(Q0,$22)

3 | 1/npo - I(0, 1)

4 [ 1/m-po - D> (0,9s)

5 | 1/s135123 U{cllvaﬁvarkl 1 ()

6 | 1/n-posia LS 1>(Q0,2)

7 | 1/(Rpo)*(z1 + 23) U{cll—q.pUié,p+kl—q 13(Q0, 1, Q5)
8 | Y(@po) (=1 +23) | U, UR i | 13(920,95,Q5)
9 | 1/A-posiz UfhPUﬁ_p_*_kl_q I>(Q0, 25)

10 | 1/s235123 Ul o Ukt iy 11(Q0)

11 | 1/7posas UL UE i, | 12(0, )

12 1/(po)°(z2+2) | Upt U kg | 53(Q0, 02, )
18| 1/(-po)* (2 +28) | Uity Uk gy | 320,05, Q)
14 | 1/fi-posas UL U g | 22(Q0,)

15 | 1/s125123 U U2 ik 11(20)

16 | 1/(7-p0)*(21 + 22) | Uy iy g Ul iy | 13(20, 2, Q)
17 [ 1/(@-p0)* (21 + 22) | Uit 0, Ul gy | 53(%0, 1, Q6)
18 | 1/7-posiz U b Uritapg | 12(Q0, Q)

19 | 1/7-posi2 Ul U ke gp | 12(Q0,96)

Table 1: Entries for single Born graphs.

Longitudinal integral

Double Born (34)

k|G Ul o, Uty i, 129 /(=)
1 1/s123 - 11(20)/2
2 [ 1/npo - 1(Q0, Q) /2
3 1/n-po - 15(Q0,)/2
4 1/n-po — 15(Q0,23) /2
5 1/7-po = I5(Q0, Q2 + Q)
1/7-po — 1>(S0, 0 + Q3)
7 1/7-po — I5(Q20, Q2 + Q1)
8 1/s135123 U UL i, 1,($0)/2
9 1/n-posia Ui"prfz Dk 15(920,92)/2
10 | 1/(mp0)°Gi+2) | UR UL i 13(Q0, 1, 05)/2
11 | 1/(npo)?(z1 +23) | U JURZ 13(20,93,€5)/2
12 | 1/f-posis UL UL ik, 12((10,5:25)/2 _
13 | 1/(-po)*(z1 +23) | UP U2 gin | 13(R0, 920 + Q25,0 + Qs)
14 | 1/(po)2(za+23) | UL JUR 13(20, 25, 1 + Q3)
15 | 1/(npo)®(z1i+2) | U, U gpin g | 300,92 + Q1. Q2 + O5)
16 | 1/n-posis UL UL ik g 12(Q0, Q25 + Q22)
17 | 1/s238123 UﬂpU{‘; Ptk 1,(Q0)/2
18 | 1/n-posas UL LU ks 1(Q0,9Q1)/2
19 | 1/(n-po)2(z2+ z3) | UL UE o 13(Q0, 22, Q4) /2
20 [ 1/(n-po)(z2 + 23) [ UL UL 0 13(20,93,4)/2
21 | 1/n-posas UL LU ks 1>(Q0,Q4)/2
22 [ 1/(n-p0)?(2 +23) | OPhy UR sy | 13(Q0, Q1 + 4, @1 + Q)
23 [ 1/(n-po)®(z2 +23) | U0 g U hiks I3(20, 24, Q2 +$23)
24 1/(po)®Ca +20) | Uf Uty | 10,91+ 00, 04 + 0)
25 | 1/f-posas U7 UE ik g 1>(€20, Q4 + 1)
26 | 1/s125123 Ui,‘]_,‘,zUﬁJrkz,p 1:(Q0)/2
27 | 1/(n-po)3(z1 + 22) | UL O 13(Q0, Q2. 6)/2
28 | 1/(n-po)*(z1 +22) | U3 U2 13(€0, 21, Q6) /2
29 | 1/n-posia UL U8 i 13(Q0,93)/2
30 | 1/n-posiz UL 6 U% p 12(Q0, 26)/2
31 | 1/(n-po)*(z1 +22) | Ul 0 U2 i pig | 13(Q0, 23 + Q2, Q3 + Q6)
32 [ 1/(n-p0)®(z1+22) | U s JUR ks upig | 13(Q0, Q3+ 1, Q3 + Q)
33 | 1/(n-po)*(z1 +22) [ U 0 JUR ks 13(Q0, Q6, 1 + Q2)
34 | 1/n-posiz UL Uk ks —gpig 13(Q0, 23 + Q6)

Table 2: Entries for double Born graphs.




cancellation

Benchmark result

The medium splitting function is much broader than the vacuum one. It falls off
less steeply in parts of the tail region

Medium cascade works reasonably well in the tail region in shape. Norm is off
by a factor of 2. Along the original direction it does not get the LPM

The splitting functions are not angular ordered or angular anti-ordered

Full result for the splitting function compared to analytic simplified result valid
in small z, limit, are indistinguishable on this plot

Splitting function q—ggq
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An complementary view

Vacuum splitting function q—ggq
50

Medium splitting function g—ggq
50

" 30 -
Y lde, g
orldeg] 10

v , 30_1
& orldeg] 10 2
—-10~ ’ ) a —‘!9/

Note that the cancellation
in the center arises form
the LPM effect for jets
produced in hard
scattering process. This is
the also case for the
lowest order splitting

O(a,)




I1l. B-jet production in HIC




B-jets and their ambiguity

m Jet finding algorithms [have to satisfy
collinear and infrared safety]:

1) Successive recombination algorithms

a) k;algorithm S. Ellis et al. (1993)
b) anti-k, algorithm
2) Iterative cone algorithms:
a) cone algorithm with “seed”: CDF, DO
b) “seedless” cone algorithm
c) midpoint cone algorithm

B-hadron

G. Salam et al. (2007)

R _\/ 2, 3 Note that the parent parton has little to do
=\JM-1N,) +(@-9,) with a b-quark

e First find a jet. Next, with the jet radius parameter look for a b-
hadron (b-quark for theory). Call it a b-jet .... Or may be requite the b-
quark to be leading ... Or may be some more creative substructure

approach ...



B-jets as they are being done today

* No readily available NLO
calculation for b-jet
production

e Pythia 8 (LO + LL parton
shower)

* Slowlet program with an
anti-k; algorithm (versus
FastJet) shown to give the
same result

Studied the hadronization
corrections. Only important
for p;<30 GeVand R=0.2,0.3
Consistent with the ideas in
the original “Snowmass
accord”

d°c/dp.dy [pb/GeV]

p+p collsions, LHC s1/2 =7 TeV
b-jet anti-k; R=0.5

o ly| < 0.5 (x125)
o 0.5<|y|<1.0(x25)
m 1.0<|y|<1.5(x5)

o 1.5<]|y|<2.0

20 100
p; [GeV]

Chatrachyan et al. (2012)

Good comparison to the b-jet cross
sections versus p; and rapidity y



Fractions

Hard partonic structure for b-jets

* Evaluated both initial-state (for CNM effects, small) and
final-state partonic fraction (for the quenching, large)

| ! [ I T |
p+p collisions, LHC s'?-276 Tev A
ly| < 0.5 b-jet anti-k; R = 0.3

— usual b-jet

150 200 250 300

p; [GeV]

100

Evaluated in the fixed flavor
number scheme

* Rgyon - fraction of _
g — b(b)
R,iher - fraction of B
q9(q) — b(b)

* R, - fraction of
b(b) — b(b)

A very small fraction of B-jets originate form a b-quark produced in the hard
scattering. The “mix” is similar to light jets



Evaluating the energy loss of jets

To discuss radiative “energy loss” the calculation must be done in the soft

gluon approximation
o . Vitev (2005)
» Radiative energy loss: works by

transporting the energy outside of the
cone through large-angle medium induced ..

-05

bremsstrahlung o _os)
dIg 2m drdz ou
AEEGP(I{/I suppressed = %(w ~E )LPM suppressed 0z}
ars ars oo
= m(kT < w)LPM suppressed "~ doodr (’I“ < R)suppressed IR

0s

= Collisional energy loss: works by
thermalizing the soft(ish) modes and
transporting them away from the jet axis

@ ﬁ ® ﬁ“"‘ © ﬁ‘"’* R.B. Neufeld
P 23 P, R P 23 ) ) !
B-a.s, P’ R.b,s’ a a B.a.s, R-b.s’

b K tam the K th p.k.s, §u P’ %{ p’.b’,sT th p.k.s, to % p.b,s” I. Vitev (2011)
Tin  Tow T
(d) T
d
Ris, “; o %"“ B dE<! x & “Csymp In VET




Exploring the energy loss mechanisms

= Exploiting the jet variables in heavy ion
collisions (R)
= Making use of intrajet observables (e.g. \)

R()

wmin (2)

l.Vitev., S.Wicks, B.W.Zhang (2008) o™ (1)

= Qualitative expectations (how to interpret

the experimental results) doAA (g R yminy
isi jet max |, niny _ dyd?Er
CO“'SlOnaIa)mm 2 R44(E R , W ) - l\ do-pp(ET Rmax mm)
/ 6 44.//_ l)111> dyd*Er
10 / Dissociative

v Incl. jets at RHIC, LHC

RYy 05| - Continuous variation of v Di-jets at the LHC
\ , Radiative Raajet with R v'Z0- , y-tagged jets

v B-jets

8. Collisional v Incl. jets at LHC
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Evaluating the jet cross section

* Only a fraction of lost energy (medium induced parton shower)
falls inside the cone and is not dissipated due to collisional

interactions L o (R

TAA (6)
(Nbin) depT Z/ 1—[1— R, weell) )]e)

CNM,LO+PS
12 T(s) * (|J(€ |(3)PT)

* The fraction that dydpr AN

is inside the cone /(R ,,con)( - fo dr fﬁou dw ——&
Y W 8) = T pe wd? N7
(1-fis lost) [ dr [ dw =t

f(Roo , coll)() — AECOH/E

Higher energy needed due to
energy loss: Er=FEr/(1—(1— fqq)€)

This is by now fairly standard. The real question is what are the states (s)
that propagate through the QGP



Guidance form quarkonium production

. . (@) ; —
* At high transverse momenta quarkonium 2—————1{ Coliional by desoriaton, ™
. . . 0-20% Au+Au, _——
production is dominated by a color-octet e oprey | o Ayt i
mechanism. Quenching of an effective gluon 13- - zm;h*f":;"mll
. . . . ~~ ™ frin
state with mass 2m, starts to kick in at high p; &£ = (g=1.85. £=2) - (g=2.£ = 3)
A1 "
e The states for b-jet production 05k % |
.i ! i == .}it::\;zn",—_-“- ﬁﬁ______i
\ CNIM E-loss + collisiolnd dissociation
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|~ p(GeV)
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: £ (gu1.85. En2) - (gu2 Ea3) |
08t -
> [3]! -0 T
% 0.6+ PRI = =
Mass and thermal effects (propagators and % o4l —1 ;
interference phases) 0o G E-oss ¢ coliscnal dissociation )
| R,(0-20%)R,,(40-80%) PbePb, s'" « 2768 TeV |
2 2 27272 S ! .
M. Djordjevic, k® — k° + =*M % 5 10 15

2 2 2 B (GEN)
M. Gyulassy (2004) ke — k* + mp R. Sharma, |.Vitev. (2012)




B-jet results |

—— — 1]

Phenomenology suitable for
direct comparison to the

R,, (b-jets)
o
(@)

| I I I I | | I I I I

0.4 bjetR=07 —

2.76 TeV LHC results 02F  Radiatve E-doss — bRtR-02

* For radiative energy loss o —+—t+—+ b+t bt
only, the R dependence is [ g™ =20 _‘
clearly visible. Z o0s Central Pb+Pb collisions, LHC s'°=2.76 TeV b

© L o, T 4

e With collisional energy

S S
(@)}
LI N N B N B B B B

0 ]
loss, this R dependenceis < m -2m_ -
rEdUCEd o 04 Radiative E-loss and _—

° The COIIiSiOnaI energy 0.2 collisional parton shower energy dissipation ]
loss contribution is 30% s % 50 0 150 200 250 300
to 50%. It is less than for "< Py [GeV]
light jets due to a less | S —
populated medium- § 09 +—r— T
induced parton shower s dC T



Direct comparison between b-jets
and light jets

* At high p; the e A
suppression of b-jets - Central Pb+Pb collisions, LHC s"%=2.76 TeV .
is very very similar to I .
that of |ight jets - IS effects, radiative E-loss and il
: : 0.8 collisional parton shower energy dissipation —
(The minor dlfference @ | e, |
on this figure is less Q 9 =
. ~ 06 —
than the uncertainty s |
o

in the simulations)

The light jet . oot R0 ]
: . — b-jet, R=0.
simulation is 3Y old 0.2 — lightjett R=02 -
* At p;<50GeVthe - ]
difference is due to 00 ' 5'0 ' 1(')0 ' 1%0 | 2(')0 | 2g0 300
the mass effect
p; [GeV]

J. Huang, Z. Kang, |.Vitev. (2013)



R, (D-jets)
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=
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S
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Comparison to preliminary CMS data

IS effects, radiative E-loss and
collisional parton shower energy dissipation

Min. bias Pb+Pb collisions, LHC s”2=2.76 TeV
R=03

- T A —— T —

==+ biet,g™" =18
— bjet g"=20
—- bjet,g™=22

v CMS prelim. 0-100%, nj<2 |

| | | I | | |

I

|

50

100 150 200
p; [GeV]

J. Huang, Z. Kang, |.Vitev. (2013)

250

300

Agreement in the large
error bars for the couplings
that have worked for
inclusive and tagged jets

(8=2,8=2.2)

Even though this does not
look so puzzling any more it
is very important. It is a
demonstration that E-loss
regime is the coherent LPM
regime (Where mass
dependence disappears).

If one looks for the actual
mass effects (or wants to
make a case for the
measurement), this is at
lower p;< 50 GeV (of jets
can be reliably
reconstructed)



Differential jet radius studies

* CNM energy loss plays Lot
an important role only 05l —
for small jet-medium S G -
couplings (g=1.8), 06 oo * oo Rasbioss
which are disfavored S T il‘iiﬁigiiéjﬁlli%ﬁié‘;iii.{s—
anyway _ T g™ =20 p; =100 GeV |

* CNM to be constrained 3 osf ee—®
in p+A collisions. One o F:J;:f:i ----- L
expects ~ 7.5% PSS S

* The slope of the Ry, vs —
the jet radius R can be T gme22 pr=100GeV |
related to the relative 08 T
contribution of 0.6 PR .
collisional and ol AR R TOOMMEIRY ]
radiative E-losses 01 02 03 04 05 06 07 08



Conclusions

For the majority of the observables that we study today semi-analytic
calculations of jet production (p+p and A+A)work well. There is no sensitivity
to poorly controlled hadronization effects.

We developed the gauge sector of SCET; which allowed to significantly
advance the understanding of the in- medlum parton shower formation
(phenomenology to come soon).

We studied the angular distributions of collinear (valid at the parton shower
distance scale) splitting functions in the vacuum and in dense QCD matter.
First derivation to O(a2) in the medium

In all cases we found that the full splitting functions are neither angular
ordered nor anti-ordered. Helps understand the success of the jet
production calculations for observables of interest.

The main features are the broader angular distribution and the cancellation
on the center, first found to O(a,?)

Performed the first calculation for b-jets. We studied what are the effective
states that propagate through the QGP motivated by our work on quarkonia
at high p;.

At high p; the suppression of b-jets is very similar to that of light jets. This is
an important result (demonstrates the coherent LPM E-loss regime). The
place to look for explicit mass effects is below 50 GeV.



