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SCET formulation

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

= Modesin SCET

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 Q(\2, 1, /\ QZN\Z &, AH
1 soft Q(\. \ A Q22 g, AH

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

= Especially suited
for jet physics.
Proofs of "collinear
factorizationand =
resummation




The big picture

= QCD inthe medium remains Ovanesyan et al. (2011)
a multiscale problem ; . MQCD
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= Factorization, with modified J
(jet), B (beam), S (soft) functions
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The Glauber gluon Lagrangian

An effective theory of jet propagation in matter

: Glauber gluon
- couple the collinear and dense QCD sectors J

_ 2 2
=Z‘; Forward scattering, t-channel q= ()‘ k A ‘ A)Q
gluon exchanges Effective potential
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A. Idilbi et al. (2008) G. Ovanesyan et al. (2011)
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Ly =gl n 3, = Feynman rules for different sources
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The splitting kernels

Gribov et al. (1972)

G. Altarelli et al. (2977)

Agoqg = <J
g—+ag = (J
Agsgg = (J

b/
A9 —@ /b

= Splitting functions are
related to beam (B) and jet (J)
functions in SCET
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= |nthe vacuum we have the DGPAL splitting
kernels that factorize from the hard scattering

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



In-medium parton splittings

and their

" 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)

properties
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Example why traditional energy loss interpretation is

not possible in a unified parton shower picture
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Evolution of the fragmentation

functions
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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

|. Vitev et al. (2008)

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




k.

Generalizing the concept of energy

loss to jets

Y.-T. Chien et al. (2015) = The jet definition allows to generalize
the concept of energy loss
R,~O(1) contains | . ..o.0_ —
o h L4l /sy =276 TeV u =0 GeV]|-
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Fractional energy loss outside of the jet beyond the soft gluon apprOX|mat|on
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Medium-modified jet shapes at NLL

ki =pftan? (1 — )

— pi tan iz = One can evaluate the jet energy
B1-a) functions from the splitting functions

= pg tan

]i, 1t) Z/ dxdk | Pisjk(x, k) ) Ep(z, k) )

T, (1) = I3, (1) + JE (1)

1.6 pFr————
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Measurement operator — tells us o6t CMS
how the above configurations 4l
. . . 0.00 0.05 0.10 0.15 0.20 0.25 0.30
contribute energy to J (jet function) .

» First quantitative pQCD/SCET description of jet shapes in HI



Predictions for HIC beyond E-loss

= Inclusive charged hadron = Jet production in Cu+Au
production (and also 1°) at collisions at 200 GeV. Also
5.02 TeV in Pb+Pb y-jet at the LHC
1.4|
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" Preliminary " . 8=
1.2: —— J. Xu et al. 0-10% (h'+x°) 16:_ PH\/ENIX E|0-20°¢
- ol 10, 809 U, UNCORRINYY e “E preliminary
l mi<1 } 1.4 :— Calculati?ns done‘ by Ivanﬁ Vitev
m§ 0.8 } ¥ } < =~ S ;nlaIICC)NI\/l;;Z
0.6 o c
f 4 + 0.8_—
04 ."".. . A 0.6:—
e o — ¢ ¢
. . / N B 0 4 #
0.2' .. B -
: 0'100/0 - 0_2:_
O' 1 10 ) 102 ’ ) q(§111111511112‘0111121511113‘01111315111140
P, (GeV) p. (GeVi)

Y.-T. Chien et al. (2015) Y.-T. Chien et al. (2015) (different paper)



Heavy quarks in the vacuum

3 splitting functions (g to gg is the same)

dN C (g 1 1 —z+ :1"3.,.'"'2 z(1 — z)m?
{ — 1" ¢ { ( { — ¢ [y s
dxd’*k) ) o 0, T2 k2 + 22m? T k? + 22m?

dN T P | 2 (1 \ 5 27(1 —1x) m?
. — - : r Tr — ) + 0 ¢
drd’k) / , .00 For2 k2 + m2 | | k3 +m?2

The process is not written Q to gQ but it should have been since x goes to 1-x

= You see the dead cone effects

Dokshitzer et al . (2001)
= You also see that it depends on
the process — it not simply x2m?
F. Ringer et al . (2016) everywhere: x?m?2, (1-x)2m?, m?

The medium-induced splitting kernels are now derived (2% order in opacity). More
complicated than the vacuum ones. Have been numerically evaluated



ZMVFS open heavy flavor at NLO

109 NLO, ZMVFNS —
ATLAS +———— ]|
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Comparison

energy loss

T
w/ CNM effects

5.02 TeV  ~

In| <1, Vs

B-mesons

g=19+0.1

Energy loss [
) o EXXXXRXK]

1.4

Traditional energy loss approach —

charm, bottom quark energy loss

approach. Expansion of DGLAP to first

fixed order. Most important is the

Full massive splitting function
gluon contribution and

quenching”
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Comparison to Pb+Pb at 5.02 TeV

 Westopat 5—7GeV. ltisstillimportant to investigate collisional energy
loss, heavy flavor dissociation, for low p A. Andronic et al . (2015)

* Nonetheless most of the discrepancy is gone in radiative (medium induced
splitting calculations alone) at intermediate p; and above

* Concern (or shall I say food for thought) about low p; D,B meson porduction

1.4 + w/o CNM effects In| <1, /s =5.02 TeV  ~ 1.4 + w/ CNM effects In] <1, /s =5.02 TeV  +
centrality 0 — 10% centrality 0 — 10%
1.2 | DY%-mesons . 1.2 | DY%-mesons .
g=20+0.1 g=1.940.1
Tl ] TL |
:g 0.8 | - :5 0.8 | i
9%
= SoassSERRaes =
0.6 g I ] 0.6 X L. codoossssstiiit® |
S
0.4 | - 0.4 H i
0.2 | o - 0.2 | 1
CMS preliminary ] CMS preliminary [
SCET v R R
0 1 1 ! 1 1 I\/I;G 1 0 I I I I |SC]F‘J"I’NI|’Gr ] 1
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

pT pT



Probing the hardest splitting In jets

In heavy ion collisions

Jet substructure modifictaion in
HIC well established: jet shapes,
jet fragmentation functions

T T T T
Vs =2.76 TeV, R = 0.3 CMS sys. 1

1.8 - 120 < pr < 150 GeV CMS stat. —e—
0.3 < |n <2 theory

1.6
—1.4 . (\3(\‘ /]{
G (e\\ $ ]
£ } Q
=T U0 30 S e A ¥ b
~ —_ <

0.6 hard

0.4 | 0 — 10% contra,llity |

0 1 2 3 4 5)

£ =In(1/2)
Y.T Chien etal. in progress

|s substructure modification set
by late time soft gluon emission ?

Or is it manifest in the hard early
time splittings?



Many observables to access jet

substructure have emerged in SCET

Groomed jet distribution using “soft drop”

Pion, Kaon and Proton suppression J
J Strongly interacting J)
Quark-Gluon Plasma
' Jet eilergy loss
and alisorption
q

. \ B \ q

Z,. min(pr1, pr2) - (ARlQ) \
- ~cut \ — N
pr1+ P2 Ry

A. Larkoski et al . (2014)

The great utility of these new OGP size ~ 10fm
distributions: probe the early
time dynamics / splitting Typical situation: E=200 GeV, r = 0.1

0.197 CeV fm Branching time <2 fm for Z, studied

24(1 — 24) w[GeV] tan®(r, /2) Y.T. Chien et al . (2016)

The[fm] =



Accessing the hardest branching in

HIC — longitudinal modification

Calculating the soft dropped dlstrlbutlon with =0

/{L—wt(lﬂ r(l—x) f CMS Vsan =5.02 TeV
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f “dr f R dL_LP (x, k| ) . 250 GeV < py < 300 GeV ]
“cut i Centrality: 0—10% ]
PR e =) A EUR NS GE
’Pi(l‘.k_y_v) :Z [’Pi_.)j.l(_il’,kl)+’Pi_+j_l(1 —;PJCJ_)]. 08; + H 7
7,1 o ]
oel g=20(+02) —
- B=0, zew=0.1, AR;5>0.1
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Modification of the angular

distribution of hardest branchings

1.6 —— —
5 Vo =502 Tev Flexibility in selecting angular
ol R=04Ipl<13 separationr
ol Centrality: 0-10% ] 9
: P=0, Zau=0.1, AR12>0.2 Found that inermediate valuesr =
] :
| ] 0.2 give the strongest p-
0.8 |
| 60 GeV < py < 80GoV | dependence. Thgugh not nearly as
06 250 GeV < py <300 GeV ] strong as preliminary data
- g=20(x02)
0'40‘.1 o 0‘.2 o 0‘.3 o 0‘.4 o 015 P(rg) e
- Vsnn =5.02Tev
New observable proposed — measures 4T R=04,|n]<13 f
: s : : " Centrality: 0-10% p=0, Zew=0.1 1
the typical splitting angle modification 12 ¥ :
in HIC S
N f& » * do pre(l — z)Pi(z, k. 1(rg,x)  os 60 GeV < py < 80 GeV .
pi(rg) = ——=; - f 100 GeV < py < 120 GeV f
“ i 140 GeV < py < 160 GeV ]
f,_m dx f dk)Pi(z, k1) ! 250 GeV < py < 300 GeV f
:\ I I I \g\:\ 2.0(#9.2)\ I I | I I I I | I I I I | I I I I \7
Y_ -T_ Ch|en et a| : (2016) 0.40.10 0.15 0.20 0.25 0.30 0.35 ?.40



Conclusions

= An effective theory of jet propagation in matter SCET was constructed
§co|lm_ear sector). All medium-induced parton splittings derived,
actorization and gauge invariance proven

= Unified treatment of parton showers, corrections to DGLAP evoliution. The
connection to the traditional energy loss established. Excellent agreement
between theory and data for inclusive hadron suppression, predictions for
the 5.02 TeV run

= Calculations of jet cross sections and jet shapes (substructure) are now
available beyond the energy loss approach. Comparable description of
inclusive jet suppression to the energy loss approach. Much improved
description of jet shape modification

= Derived all massive in-medium splitting kernels beyond energy loss. In
phenomenologxl— need for improved HF production. Large gluon
contribution to HF corroborated by b-jet, jet HH and even inclusive hadron
production. Much improved description in intermediate p;

= First application to some of the new substructure observables — groomed
soft dropped distribution. The hardest early time splitting is significantly
modified suggesting the parton shower modification happensearly on. New
observablesare proposed to test the angular structure of such branchings
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Results for the massive in-medium

splitting intensities

The massive in-medium splitting 10!
functions differ considerably from ol
the massless ones j
._:»10*' -
The differences persist even for = | B
5102 L -----"°""~

large energies (E=100 GeV)

3 L
0! — , i 103 |
[ small-z, massless - .
massles . q — g9q, Q — gQ, Eqg = 100 GeV
all-r = 4, 10— L
. 0.1 1
- N —————r

1 ()U I L all-z sless

— [ | sless

"‘: 10° - all-a = 4.5

=45 —
= 10~ |
10~ | 0) _
~ gur‘-’ -
103 ¢
q—qg, Q — Qg, Eqg = 100 GeV
10—2 N . . 10-4 L
0.1 1 i
_t 9g—4qd, g — QQ, Eqg = 100 GeV
10> .
0.1 1

Felix Ringer et al . (2016)



Logs, legs and loops

= Inthe description of high
energy processed
significant effort has been
devoted to understand the
logs, legs and loops

Final-state parton shower

* Log -ratios of mass and energy scales,

Q?%n% : § E phase space, cuts. Goal is to resum
e B g mwﬁé%, * Legs—the formation of parton shower,
Y SREETEY branchings, evolution
| 3 * 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 is to see if some of the
technology can be ported to heavy ion collisions



Heavy quarks in the medium

Kinematic variables Ay =k, By =k +2q,, Ci =k —(1-2)q1, Dy =k —q
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