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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
in-medium splitting functions to
arbitrary order in opacity

= Application of SCET to heavy ion
phenomenology — b-jets and the jet
charge

= An effective theory of gaurkonia in
matter — NRQCD¢. Inapplicability of
the energy loss approach to current
measurements

= Derivation of the leading order and
next to leading order NRQCD¢
Lagrangian using different methods

= Connection to quarkonium dissociation
in matter and existing phenomenology

m  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)

= Powerful framework based on
Y exploiting symmetries and
shoran controlled expansions for
problems with a natural
separation of energy/momentum
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 ET " Full = Focusonthe significant-degrees
a Theory of freedom [DOF]. Manifest
DOF in EFT Effective power counting
Theory Q power counting DOFinFT DOF in EFT
Chiral Perturbation Theory (ChPT)  AocD p/AQcD q, g 1K,

Heavy Quark Effective Theory

AQcb/mb LI) ’A hv,As

Soft Collinear Effective Theory
(SCET)

on-Relativistic QCD (NRQCD)




Soft Collinear Effective Theory
with Glauber gluons




Motivation

= Jet and heavy flavor production in reactions with nuclei is an essential part of
modern collider physics. Also at the future electron ion collider. New insights

into the transport of energy and matter through a strongly-interacting
quantum-mechanical environment

e +Au— e +BT + X

LONG RANGE PLAN
for NUCLEAR SCIENCE

gluon radiation

* Inthe meantime jets and heavy flavor are the bread and butter physics at
RHIC and LHC.

Enormous amount of data exists and new measurements continue



SCET formulation

= ModesinSCET C. Bauer et al. (2001) D. Pirol et al. (2004)
M. Beneke et al. (2004)
Collinear quarks, antiquarks 5> & Soft quarks are eliminated through
Collinear gluons, soft gluons A, A the equations of motion
modes p* = (+,—,L1) p? fields
SCET | collinear Q2 LN QN &, AF
soft Q(X, A, ) Q*)\? g, A¥

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

ng N
oc=Tr(HS)® HB,- ® HJI,- + power corrections
= Especially 7
suited for jet b1 =
thSlCS n-collinear n-collinear
jet jet




The big picture in QCD matter

= QCD inthe medium remains a multiscale problem

. QCD
o ="Tr(HS) &HB, >CHJ + power corrections ,]1 ' V
i=1 j=1
ot
o2 4| SCET
P,
- H
2 N Medium
Js
0~
Medium

m Factorization, with modified J, B, S

= Glaubermode ¢ = (A% A2, \)Q

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



The Glauber gluon Lagrangian

= An effective theory of jet propagation in matter

P ~ i
P = ) — —Hp=p'+q)r | F JTH] e
L'(,; (Sns An- n) = E € g (“’”J’Irqq:\(; ';\n,p -

A abe c b
F ("uln,p/)l\ (‘411,[)

Effective potential

£BAG
A. Idilbi et al. (2008)
| Gauge | Object ” Collinear source " Static source ” Soft source ”
. Feynman rules for p (A2, 1, ] [1,1,A A A
f -1 —3/2 —3/2
. a,,, A A2/ A=
different sources and oriy 1 1 /2
gauges a(p2)yu(p1) [A2,1,A] [1,1,A] A A A
R A¥(z) (A5 0% 07 A% 0% 0 A A A]
i Laqg INlll I#ll F‘f
I—#]l.d — l-qTﬂ nu L er,‘.‘\(‘ S;IU-',\ E;lu.',\ E;]w,\
u '2 y Is I'f (n < n) | T
pa - maYIPLEPY] T T = 7 33 ) :
ry® = igl*———= = At =0 A (z) [0, A%, A°] [0, A%, A] [0, 1]
a g P - Laaag Iy If+T% i +T%
I_';; — I_(]Tu 1‘“ . I-.!:g;\c Sgu,\ Egl.*,\ Egu,\
[e — igre r, I (n < 1) I} r
1- 4
spwhabe _ g gabe pu | Ay 4 v (p'i\ —pt ) -t (oY - ) - =+ (n’\p" = n“'p"\) G. Ovanesyan et al.

(2011)




The QCD splitting kernels in the

vacuum and medium

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

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

Higher order calculations
Resummation

Paton showers in Monte Carlos

Ovanesyan et al. (2012) Kang et al. (2016)

Gribov et al. (1972)

G. Altarelli et al. (2977) = Derivation of splitting kernels to first order

Y. Dokshitzer (1977) in opacity. How about higher orders?



Theoretical framework for higher

orders in opacity

= The theoretical framework is

i+ 1 : L:O‘GC:L" ! +£Zf+£gf+£7+
completely general —it is applicable pac. — ~QCD f t TLG.F
for both cold nuclear matter and the 2y TS ot 1 Ce o
QOGP Mg @g T @npan, )

= Thisis achieved by isolating the
medium in transport parameters and
universal gluon-mediated interactions

In deep inelastic scattering
(DIS) the lowest order
processes involve prompt
quark. Even at NLO the
prompt gluon jet
contribution is small

F. Ringer et al . (2018)

= The limit we are interested in |
. 12
= We neglect collisional energy losses O (@)



Lightcone wave functions and

parton branchings

A,

Example (66666@@ A = The technique of lightcone wavefunctions
/ > Y(z, k—xp) = L ! U,(p—k) [—g;‘:\(k)] U, (p)

7 1') 2ptp~ —(p—k)~ — k™
: B gz(l — ) 2—z £ (L , A (o
B (}\ — IP)% + x2m?2 {;l’\/]. — X (é/\ . (A B l‘E)) [1}00’ N \/ﬁ (E/\ ' (L_ IB)) {T3:|‘70"
o mx

p—k + e [n],,
(W, 5) Y (e, 6)) = Y Lor [LV(J-,H) L»*@-_,y)] Useful to express in Pauli matrixes
A==1

= e, (2~ 2) ] l(n-h”) (14 (1 —x)?] +.r4m2] c.f. Ringer et al . (2016)

K3+ 22m?] [K2 + 22m?2
Branchings depending on the intrinsic momentum of the splitting ~ = k — ap.

a,Op (k—ap)f [1+ (1 —2)*] +a%m? X ( + dNg )
- )

O(x0) - 272 [(k — xp)3 + 22m?]? d?p dpt

.l'])+ ([j\r
- d?kdxd?pdpt

= Certain advantages — can provide in “one shot” both massive and

massless splitting functions
» Have checked that results agree for massless and massive DGLAP



Opacity expansion — direct and

virtual diagrams

ooy e e o | % Interaction in the amplitude and the

- R conjugate amplitude (Direct or single Born

diagrams)

= |nteraction in the amplitude or the
conjugate amplitude (Virtual or double Born
diagrams)

= Use them to calculate both the medium
evolution kernels & initial conditions

B ki) 0w
45550 oty
EO0 0000, {5900 OO /j: i i :} ) _
= ’/u 5 S c = D) \ \;;J L,)\ -
2R =B p—k |p—F
! R
x E r z [ z L. v (x™)
] ] — . - & S 6 !
SIEOO[ 00y, PPiSsay (e=ooN - . ! [
_ g D . N D) B0 X (007
vz ST e T i ey, . 1000y
L ‘ L + ' )t e | +
2 B — L A h—— —= h - I "
3 B [
X o) s Y v
— z — z g Olx™)

= Finally, relative to the splitting {}E@": To—+ O /Ojlhbﬁ} 4o+
vertex we classify them as . & L8 > L e

Initial/Initial, Initial/Final, Final/Initial i«

and Final/Final {}g\ ;L"/E\f




Master equation — matrix form

= Upper triangular structure. Suggests specific strategy how to solve it.
Calculated: initial conditions, kernels, and wrote a Mathematica
code to solve it

f’p\p’(AL pia E201 I 1y Ko Ks Ka [£o)5 " (kK ps ot y)]
f}\Fz(ﬁl B ) - N7 d3+ d‘zq do.el 0 K‘J 0 KiG }'\'F‘—l](kl‘]_)’ l+,'y+)
f‘F\I)(LE EEA0 N I /= @q [0 0 K; Ks| |fi; " (kp;2t,y)
s atyt) B [0 0 0 Ko Uiy izt

Simplest kernel
- SR S S TR RNy
Ko = [C—g-ip et (ET—z7)0, 4 H(zT—y ‘)dy-} n |:_
Most complicated kernel
K, = [ {[AE~ (k—zp+eq)—AE~ (k—zp)]z* a;AEty—rg)—AE<;g_r£+rg)]z+] [C—Q-EP et(zt—z)o, 4 €-+f-2'—y+_)6y-J
CV

+ [\c z[AE (k—zp—(1—z)q)—AE™ (k- :rp]\;_ i[AE_(:_&’—.I‘.E_)—AE_(_}_\‘_I—IB—(:1—I)2:)]Z+]

)0+ e*‘iz"y'v’t’uﬂ + 8 more lines



Generalizing the result to all

In-medium splittings (4)

= Note - all splittings have the same topology. dN _ Q__<+ U_<+ Q_< 2
Same - structure, interference phases, e b

propagators o i
Different - mass dependence, wavefunctions, +2Re| —

color (which also affects transport coefficients) ro—s

@
8 X
u‘—<
&

hzT + v2m?
2z(1 — x)p™

8ra, f(x)

[h:} + v2m?] [H’TQ + v2m?2]

({2, 5) 0" (2, ) =

g(z) (k- K+ I/J‘mz} AE™ (k) =

= Mastertable that gives all ingredients

di dy ds dy ds dg | vq U9 U3 U4 )\E Co v f(z) g(x)
Gla|1 1 &= svor 3cr 2cp |2 ~2 3o - |M Cr| @ e [+ (1-2)
a/q | 1 1 c\_, 2\_16, 22, ;c\, = _% ;c\‘ 56 F A Crll-z z 1+ 22
q/G | 1 C\—’ C\—‘ % % 21{1-:2 —% —ZC\’ ;C\/ 27\,.3 /\g % 1 z(1l — x) z? 4+ (1 - "17)2
égiglr 11 41 Lt b 1L N0 14at 4 (1—a) 1

We have now solved the problem for all splitting functions. _
Answers exact but lengthy — 2" order ~ 10 pages M. Sievert et al . (2019)



Improvements in physics & code

C.Shen et al. (2014)

T=0.60fm/c

[GeV]

0.3

0.1

Quark

Vegas (NDIM, NCOWP, Integrand_aggnocuts, USERDATA,
EPSREL, EPSABS, verbose, SEED,
MINEVAL, MAXEVAL, NSTART, NINCREASE, NBATCH,
GRIDNO, 'STATEFILE,
sneval, &fail, integral, error, prob);

if (int_id==2)

Suave(NDIM, NCOMP, Integrand_gggnocuts, USERDATA,
EPSREL, EPSABS, verbose | LAST, SEED,
MINEVAL, MAXEVAL, NNEW, FLATNESS,

STATEFILE,
&nregions, &neval, &fail, integral, error, prob);
¥

if (int i

Divonne(NDIM, NCOMP, Integrand_gqgnocuts, USERDATA,
EPSREL, EPSABS, verbose, SEED.
MINEVAL, MAXEVAL, , KEY2, KEY3, MAXPASS,
BORDER, ‘MAXCHISQ, MINDEVIATION,

NGIVEN, LDXGIVEN, NULL, NEXTRA, NULL,
STATEFILE,
snregions, &neval, &fail, integral, error, prob);

if (int_i
{

Cuhre(NDIM, NCOMP, Integrand gggnocuts, USERDATA,
L, EPSABS, verbose | LAST,
. MAXEVAL, KEY,
STATEFILE,
&nregions, &neval, &fail, integral, error, prob);

Vegas (NDIM, NCOMP, Integrand gggnocuts, USERDATA,
EPSABS, verbose, A
, MAXEVAL, NSTART, NINCREASE, NBATCH,
GRIDNO, _STATEFILE
2018/01/27-14:27 colil 3

if(cut_i

switch(split_id)
<

&Integrand_gagnocuts; break;
&Integrand_gggnocuts; break;
SIntegrand_gqgnocuts; break;
&Integrand_qganocuts; break;

id , split_id);

44971 1in:1459,1631 919

Refactoring

Code is restructured (in C++) and
shortened (24K — 8K lines). 20x speed

improvement
Effective incorporation of
simulated QGP medium

Reduced overhead for calling QGP
medium grid function. 2x speed
improvement

Efficient on-node parallelization

New parallelization shows much better
scaling 10x speed improvement

Overall improvement:
18 days — 1 hour



Medium-induced splitting

Intensity

e - 7 10
. = I I IIIIII’ I I IIIIII:: k\l IIII||| I I IIIIIIE
Por“ng to COde §m - ‘\\\ q — q+g splitting \\\\ g — g+g splitting 7
s [ S~ T T i
c . — § N
Results are directly 2 L | 4 : 4
> . § NS X ¥ no mass dependence N S E
exported from A N + S
0 B Mg = , rd. N 1 i
MathematicatoC++ = ¢ mg=0GeV, 142" ot A .
hall 001 1(')0 gl
C d enges §m - q — g+ splitting 7 E [GeV]
Arise from larger N ‘. | T
< 0lg S~ o = Pb+Pb collisions at s = 2.76 TeV
number of S e e 3w 1| 010%centalty
evaluations g | oo " ] —
001 | L 11111 | ] L 1 1111
10 100 1000
E [GeV]
Tmax L\ .
TTmax — / dr / B2k d.1\ Energy loss — not a well defined concept for parton
Tmin ( : . . o = . - .
J 2 min d’kdr  shower processes - define splitting intensity

= The mainresultis a change in the energy dependence of the splitting
intensity — smother, or more slowly varying with E (understand jet
modification with p5)



Phenomenological

applications of SCET_




Inclusive heavy jet production

* Jet production is one of the cornerstone processes of QCD. Light jets have been
studied for a long time. Recent advances for heavy jets (e.g. b) based in SCET

hg—»

mq

—_— / o T Scalesin
— :
hh — ; —+ £ 4, ~pprrR  theEFT

— Aqcp

hi+ hy = Jet + X

d 2 L id -
D T ACH [ YO
dprdn § 2 Jgmin Ta pmin Tp

1 7 A : / , 3
dZ A0 gb—s ¢ D7 [Zcy M)y L)
3 L z; dud> ']J/C(an wy tan(R’/Q)’ mq, :UJ)

min c



Resummation

* Evolution between the jet scale and the hard scale hadle by scales
DGLAP evolution of the SIJF

* Evolution from the heavy quark mass to the jet scale is n R ?
separated into | &

———u; ~prR

The SidFs Evolve according to DGLAP-like equations lin—R

S E— mQ
d ( Jig/s(@: 1) ) _ %/1 %( Paq(z)  2Pgq(z) > ( Jiq/s(®/2, 1) ) —1 A
dln p? JJs/g(CCa.“) 2w J, 2 qu(z) ng(z) JJs/g(m/Za,U) QCD
We use the Mellin moment space Resums In p/p;R
approach to solve this equation
. _
M;n_)JQeQ(pTR7 m) = 2 Z Kl/g(pTRama,uF)
1=9,Q ‘ Resums In p;R/m

The integrated perturbative
kernel at the jet typical scale

Bauer, Mereghetti 2013, Dai, Kim, Leibovich 2016, 2018



B-jet production in pp

collisions

10°— p+p S =7 TeV . o = lyl<0 T 3
: i-k; R=05 b 0.04f H
, \‘ Antl'k'r R=0.5 - 054}|<1 (x 125) 0. 02 - .;.*._’_*#—Q- E
= B isiasen ey s 0
y =
- +  2<lyl<22 — 0.04— " 0.5<lyl<1 " |

0.02/Fi 0 SFFEE -

> 10° - NLO+LL
2 = 0= * — — —
= g 4 :_ A I<lyl<ls ;

@ g 0.0 - * ;
=y S 0.02F" Sesis = e =
210 A= e
3 < 0= . . -
& Y C  pen 15<yi<2 R
s 2 0.04F =
0.02F - 'é G == P —O—W
102 NLO 0 % ;
NLO+LL F - 2<| 2
Al
- 0.04
0.02 H—_q:{-# +==F ‘*'Fw-u-—_,,
1 *[ | | | | | ‘ 0 ; d 1 1 1
20 30 40 50 60 70 100 200 20 30 40 50 60 70 100 200
b-jet P, (GeV) b-jet P, (GeV)

Data are consistent with the theoretical predictions

For the ratio b-jets to inclusive jets the difference between NLO+LL
and NLO can be traced also to the differences in the inclusive jet
Cross section



Corrections in A+A collisions

Let us now focus on the jet function and final-state modification in the QGP

dU 2 dwa .
o i D / (Za, 1) / —fb(-’ﬂb,lﬁ) =P NMeffects
m?ln

dprdn

mln
a,b,c Ta

X /1 dZC dO'ab_yc(S,pT/Zc, ﬁa ,U,>

= Toda JJ/C(ZC,U)J tan(R'/Z),mQ,,u)

min

The short-distance hard part Encodes the effects when the jet evolving in

remains the same the QCD medium
The jet function receives medium contributions from 400 401
collisional energy loss and in-medium branching Jﬁ?@ = J}“e/zf( ) + Jgne/z( )
processes - @ @
Vacuum jet function: /o =
Medium corrections:
e o ) wf +—<¢
\./
W O(ad x § f
Medium induced corrections U
to the LO jet function
O(ay x %) 0 Medium induced corrections

to the NLO jet function



B-jet production in A-A

collisions

107 ; &1 p+p, Data Pb+Pb Data ; - 0-100% Pb_”;:) V=276 TeV -

s NLO+LL o1 0-100% x10 3 1 g=2. E

| {5,n=2.76 TeV o10-10% x10° | p: = ]

108k \Z}?ﬁ_kr 23 i<z o 30.50% x10° 3 -3 0.5 W*T— =

=~ [pg=20 ] F ]
= - . 1.5 T o ' o K =
g ol - ] C 0-10% Antik; R=03 hi<2
NN N - . it :
o aq0lL: — .
o= R -

7
4
i

|

30-50%

0.5 ' l -

O;I

¢
%

( 1
<N,,>
o
OUuLLuum._iJ_Lum_.JJ;uxﬂ
—_ o
ITTT
+

—
TTIT: T T T TTTT TTTTIT T 1T UL

—
<Q

|

- I Ll T S T Ll N _— L L T
100 150 200 100 150 200 250
b-jet p_ (GeV) b-jet P, (GeV)

Slightly less dependence on the centrality when compared to the
well-known light jet modification

N_
[ 0%

Theoretical results agree well with the data for both the inclusive
cross sections and the nuclear modification factors

Does not mean there is no room for improvement. Extend to lower py



B-jet and c-jet production

In A-A collisions

@ 2 b-jet E
% : p+p Pb+Pb 1
% 1.5 ]
B F .
T .
1 . E
g - ISxn=5-02 TeV ]
S 5 g=0.2 Antik, Mmi<z
& 2| c-jet Centrality 0-10% —
T ]
z B |
B 1.5 -
E |
T [ :
(—} 1% B
I f
e}
0.5 B

50 100 150 200 250 _ 300
jet pT (GeV)

Haitao Li, Vitev, 2018

Not depend on jet ptin p+p collisions

Small dependence on jet prin Pb+Pb
collisions

b-jet
b -
R=03 R=04
- Pb+Pb |5 =5.02 TeV
of g=2.0 Anti-k, i< :
- c-jet Centrality 0-10%

50 100 150 200 250 300
jet pT (GeV)

The smaller radius jet tends to dissipate more
energy in the medium

No significant difference between the c-jet
and b-jet due to the high transverse
momentum



The jet charge

= Weighted sum of the charges of all @rjer = (P]et> l; Qi(rr)” [ R.Field etal. (1978)
particles in a jet. Proxy for the charge J

of the quark or gluon J. Berge et al. (1981) J. Erickson et al. (1979)

= Allows for jet flavor separation (up-
quark vs down quark) quark-antiquark  SCET factorization
separation. Modern machine learning

W. Waalewijn (2012 D. Krohn l. (202
techniques aalewijn (2012) ohn et al. (2013)
K. Fraser et al. (2018)
Significance: different flavor jets in HIC
) 1 doheg-jet . , -
Qk.,q dz «"‘ZQh . L N E Jtag (o' = B0-126 GeV, p* = 63-144 GeV) -
. Og-jet d Q 1.6 T

h e E f®] Data, 5.02 TeV, 0- 30/ Pb+Pb/ pp 4

7 (E.R © 158 [] SCET, -

‘ <Qr;,q> jqq( o ho 1) (?(f L) 2 145 Inclusive jets ( p‘e‘—80110GeV) 3
Jo(E, R, 1) e + [ Data, 2.76 TeV, 0-10% Pb+Pb/ pp

1.3 [] sCET, *:

= Expressed in (k+1) Mellin moment of 1.2 . #1 —
the jet matching coefficient and 1.1- R
charge-weighted frag. function NI =

= —— | —

0.9-ATLAS H_Ep—F E

- bk 0.8--PP 25pb” —— =
Jgq(E R k1) = dz 2" Jeq(E, R,z 1) , 075 Pb+Pb 0.49 nb™ | .

O . L L L L L L L L L L
1072 10~ 5 1

1
NQ L) = z 2P h Z, 1
D2 (k. ) /O dz 2 ;Qth(w) M. Aaboud et al . (2019)



Phenomenological results In

proton collisions

j(l) E.R.x.n) =
= Calculation of the jet maching s’ 2

Y EVE 2 2\ € 2 )2
coefficient & jet function Cras _c (”; B L+a” —e(l —2)
or T(1—¢ ) 12 \U 1—2
.. : 1
= ltis Important th_at it can be J(E, R, 1) :/ (lzz[jqq(E.B’.:./z)—l—qu(E.R. :./1)]
expressed as an integral over 0
splitting kernels. In medium only H. Li et al. (2019)
numerical grids possible
([ DQ o (@) ( )]5 DQ )
Phenomenology ATLAS et al. (2015) ‘(1—’“ (k,p) = - q(®) Dy (k. 1)
— ATLAS DATA Predictions - L Comparision with ATLAS measurements n
- e =03 k=03 = L p+p \syn=8 TeV Anti-k, R=0.4 J
0.15( -
= - A k=05 [ k=05 = 031 1 g T o
a B k=07 k=07 = y _ ;Ijj? T+ T i ]
= o I I T
S o1 S - - ‘1 l | 1 1
5 | S ool RN SN, |
30 - —— 7%‘—(;——— ?ﬂ Ok ‘i P ﬁ i [T i
g - eSS - 5 o D | 5
E 0.05j _._‘: . PP s\ =8 Te\'i = i l | | i
| oA Anti_kT R=04 B 05— Jp Jet Down Jet N
i More Central Jet | L :2: '<ig-z D{(x, u,) from PYTHIA
O 200 400 600 800 1000 1200 1400 bl LN b AT

1 l 1 1 1 l
200 400 600 800 1000 1200 1400
Jet P, (GeV) Jetp [GeV]



Derivation in heavy ion collisions

T*YE, R,z p1) =

B2
Qg /1 d kJ_ me
= [_»1—, / (1/ pPred (z,ky)

_4/1

2Ez(l1—z)tan R/2 ('Isz_
- i (k)

= Jet matching coefficient in matter

» Note that the virtual correction does
not give a contribution. All
contained in the LO result

B Os(/l) 2Ez(l1—z)tan R/2 koL Pmcd X
~ orz k2 g—qg (0, K1)

1
J;ned(E_R_/[):/ dx 1(j;ged(E_R._r_/()—’—qul;ed(E_R._r_/l))

= Thein-

2Be(1-z)tan R/2 koL med,real med,real
o / / ki < Pq_’qg ( kJ—) Pq—>gq ( kJ—)) medium
2Ez(1—zx)tan R/2 2k
= T B (). [
function
= Medium evolution of the 4 pea ) =
fragmentation function dlnp
> | (ls”(—ll) (pqq(") })med(h )) DQ fu“(h./l)
= Boundary condition obtained 7

from PYTHIA H. Li et al. (2019)



Phenomenological predictions for

heavy ion collisions

s The effects that are important G )

Isospin, many more down quarks i .
Energy loss effects, quark jets lose L Antik, R=0.4 Giuon [ Gluon -
less energy than gluon jets (CrvsCy) ¢ More Coatger 7w B
Medium induced splitting effects on i ]
. . 0.6— —
the jet functions ands the i ]
fragmentation function evolution i ]
0.4— —
- Pb+Pb collision Anti-k;, R=04 g=1.9 +0.1 § o -
0.4+ 0-10% centrality — 0.2— L - —
o he— E— A I EE e ‘ '''''' g=19 £0.1
3 0.2 7 050 70 80 90100 200 300 400 500
5 - k=03 . Jetp [GeV]
S T 0 «=05 T
3 [ Uplet k=07
o O =
E‘J . Down Jet i .. )
R e — Individual flavor jets
-0.2 — u
can still be separated
162 10°

Jet P, (GeV)



Phenomenological predictions for

heavy ion collisions

H. Li et al. (2019)

—

= Atvery large transverse S PhPb s =S02Tev . x-03 S
momenta isospin effects 10 T =20
dominate. : F ]

= At lower transverse momenta " F
pr<200 GeV we are beginning Z10° | ‘ ‘ =
to see the effects of in- - ooF '0-10% centrality  g=19+0.1 :
medium parton showers and i
different evolution E E

b soeits st 50
- : : : . Jet P, [GeV]
Proposed new measurement — the charge
I i of individual flavor jets
g ™ B = [solate the medium induced
= . contribution to jet functions
0.8 0% centrtity 5 K203 and fragmentation functions
Anti-k, R=04 3 x=07 7 evolution.
=19 £0.1 0 k=10 1 - - -
# 0 k=20 = Mellin moments of in-medium
o4 107 R splittings

Jet P, (GeV)



NQCD, Leading power
factorization & E-loss




Quarkonia in the QGP

= Quarkonia (e.g. J/y,Y), bound
states of the heaviest
elementary particles, lon
considered standard candle
to characterize QGP

properties

= Most sensitive to the space-
time temperature profile

1 9
2# red or?

[(1+1)
2“1’0(1 r

L'(I) = }'[m ( 7)]?111(')

Mocsy et al. (2007)

Bazavov et al. (2013)

T

450 MeV

240 MeV

200 MeV

1/(r)

Y(1S)
Xb(lP)
J/y(1S)

%(1P)

Matsui et al. (1986)

+ 17(7)‘| )‘Rnl(r) — (Enl — ‘2771(:'))7’]?.,11(]’:)

VY
» T~0(5=6.9) » T=0(B=7.48) « T=0.86T¢

T=0.95T¢ » T=1.06T¢ « T=1.19T¢

T=1.34T¢ » T=1.417¢ « T=1.667¢

00 02 04 06 08 1.0

12

T

Rothkopf et al. (2016)

I n E, (GeV) /(r2) (GeV™') k* (GeV?) Meson
01 0.700 2.24 0.30 T/

02 0.086 5.39 0.05  (29)
11 0.268 3.50 0.20 Ye

01 1.122 1.23 0.99  Y(15)
02 0.578 2.60 0.22  T(2S)
03 0214 3.89 0.10  T(35)
11 0.710 2.07 0.58  x»(1P)
12 0325 3.31 0.23  xu(2P)
13 0.051 5.57 0.08  xu(3P)



Challenges and hypothesae

Suppression puzzle - similar dissociation behavior observed in small system,
p+A and even in p+p (where QGP is not expected)
Co-mover dissociation model, energy loss model — need cross check and
microscopic explanation
E. Ferreiro (2014) Z T ATLAS T Comay 000 ]
- Prompt J/w, lyl <2 Correlated systematic uncer.
6 05:] TT]] T T L TIIII T L IIIII T T 1 IE —-— -----------------------------------------------------------------------
= 0.45F_ PP Vs =276 TeV  pPb\s, =5.02TeV PbPb sy, =276 TeV] - mmm Color screening [Phys. Lett. B778 (2018) 384] -
§ E O ly,,l<1.93 ® |y ,l<1.93 3y, <24 ] 0.8 - Color screening [Phys. Rev. C91 (2015) 024911] N
= 0.4;— ' —; ’ - = Energy loss [Phys. Lett. B767 (2017) 10] 5
0-35;_ Torma| ratio Naive theory ],(28) _; 06:— ETirg)cl)rlgsge[\ljhys, Rev. Lett. 119 (2017) 062302] ) —:
0.3F T r(1S) e ]
0.25( ; Jr+ = M C— R
- ® - o i —— ]
0.2 + Jﬁ | 0.2 -
0.155— ‘ —f B 7]
- e 7’%‘ E 0_111111111 ' P M T T A 111—
- {L =
0.05[ Suppressed ratio | % E P, [GeV]
obrrel Ll Ll S
10 19 \i=2s 10 EFT - capture the interactions without

Chatrachyan et al. (2014)

explicitly specifying their nature



Production of quarkonia at

Intermediate and high p+

# « Non-Relativistic QCD (NRQCD) -a particular Bodwinietat-|(1995)
type of effective theory (EFT) Cho et al. (1996)
B~ 1,1,1,1
mo Explores all regimes of bh: 02~ 0.1 Ultra-soft  Ps mqu(1,1,1,1)
aen cc: v?~0.3 ‘ Phs ~ mqv*(1,1,1,1)
D? D?
Perturbative Lxrqep = Liight + 9 (ZDO +3 M)l/l + X (ZDO 5 M)X

MQU g - =--cmcmmcn-- f f

Non-Perturbative | |
QCD without the  ultra-soft + heavy - soft interactions
Aqop heavy flavor at NLO

mQ’U
typical momentum if heavy quark: |PQ| ~ mQu % ﬁ
=

2
typical kinetic energy if heavy quark: Kq ~mqu

* NRQCD factorization formula. Short distance cross sections (perturbatively
calculable) and long distance matrix elements (fit to data, scaling relations)

do(a+b— Q+X) =) do(a+b— QQ(n) + X)(O2)



NRQCD examples

* One has to be careful, the simple power counting approximately manifest in
the LDMEs can be affected by the partonic cross section — a large number of

singlet and octet; S wave and P wave terms enter
do(J/%) = do(QQ(LS11))O(QRLStlt) — J/4)) + do(QQ([ Sols))(O(QQ([ Sols) — J/))
+ do(QR(PS118))(O(QR(PS1ls) — /%)) + do(QR(PPols))(O(QR(PPols) — /%))
+ do(QQ(PP11s)) (O(QR(PP1lg) — /%)) + do(QAPPoJg))(O(QR(PPalg) — J/4)) +

3 — NRQCD Y(1S) (singlet+octet)
_ : _ o 10°F ' ™--- NRQCD Y(3S) (singlet+octet)
* The situation is similar for R e CDF Y(1S) 31/2_ 18 TeV
bottomonia | g 1Pk efiten = CDF Y(29), s _18TeV
 Excited states have their own 5 é%_ * CDFY(3S),s"2=1.8 TeV
: N HHIHH 5 N\ |-- NRQCD Y(2S) (singlet+octet
FO s &£
L EN -
The question is —is there a S
. P . . o) - Ht =
simplification at high p; where the 2 10 N
pr dependence of the short distance N . .
cross section dominates 107 10 20 30



Leading power factorization

Singlet contribution S.Fleming et al. (2022) M. Baumgartetal. (2014) Y. Maetal. (2014)

LO NLO NLO NNLO
3S£8] 1558], 3P£8] / 0+ X'
»* Q "‘Q ’L
1 ) single) Parton \ A
~ o~ fragmentation
Pl Pl

Process | / \ .
J

LO NLO

Octet contribution | Only a subset of contributions survive, now
interpretable as parton fragmentation in quarkonia



LP example and applicability

do’h dz daZ
=3 [ %
dpJ_ T dpl T
pT > Mg
In (i
pr

DGLAP Evolution

d 'L/hz.u Z/ dm 'LJ

d
Resummation of

D, (%)

In(pr/mp)

Contributions we take

.................

ata

-NLO

[l
~ Prompt 1(25)
-1 L ) o
10 mm% H— CMS data x 10, |y| < 1.2
- |—a—|b_§_' F{—' CMS data, |y| < 1.2
L‘* == {o, "~ CDF data, |y < 0.6
1073 e e
= e
.
=t —a—
107° LP4+NLO x 10, LHC |y| < 1.2 LI
1 LP+NLO, LHC |y| < 1.2
LP+NLO, Tevatron |y| < 0.6
15 %
1.0 so 0 p000g q i i} J|
. LR T 5 i
0.5
RBesummation
L0 s :
0.5
1.5 l
10 bt
0.5
10 15 20 30 50 70 100
T (GGV)

G. Bodwin et al. (2016)



Comparison of energy loss
phenomenology to data

= Suppression of J/Y
overestimated by
factor of 2to 3.
Included x. and Y(25)
feeddown.

m  Persists over
centralities. Somewhat
different p;
dependence

= Differences are
significan

_ i Raal(ba))W;

min. bias \
Rax (pr)

> Wi

bi max
W, = / Neop (b) 7 b db
J b; min

1.75
1.50
— 1.25
5 1.00
2075
0.50

0.251

0.00

1.75
1.50
— 1.25
5 1.00
"<0.75
0.50
0.25
0.00

I ' I ' I

[ 0-10% Pb+Pb, s'°=5.02TeV [ o ATLAS Jiy 0-10%
L g=1.7-1.9 — J/y E-loss

e
— eg®g--0 9

0 10 20 30

p; [GeV]

40

g=1.7-1.9 — J/y E-loss

[ 0-100% Pb+Pb, s'°=5.02 TeV [ 4 ATLAS Jy 0-80%

0o 10 20 30



I:}AA[ Npart ]

Double suppression ratio Y(2S) / J/W

1.8r I | ' T

1.6 - — y(2S), E-loss -

14F @ ATLAS prompt y(2S), p,=9-40 GeV ||

1.2 .

1o Tt =

0.8F + Pb+Pb, s"%=5.02 TeV + h

06 -_ A g=1.7-1.9 T - _

041 T 7 + + .

021 .
I I ] 1 |

O'OO 100 200 300 400

Npart.
Makris and Vitev (2019)

The energy loss picture of

quarkonium suppression in the

pr range measured by ATLAS and

CMS (up to 40 GeV) is definitively

excluded

R [W(2S)] / Ry, [J]

1.8

1.6

1.2
1.0
0.8

0.6}

0.4
0.2
0.0

= |nthe double suppression
ratio Raa(P(25) )/Raa(J/Y)
the discrepancy is not
simply in magnitude.
There is a discrepancy in
the sign of prediction

N ¢ CMS data, s"?=5.02 TeV
14F

— g=1.7-1.9 /m

Min. bias PbsPp | ¥(@S)/J/y suppression | —




NRQCD with Glauber
Gluons & phenomenology

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




NRQCD in a background medium

m Take acloserlook atthe NRQCD
Lagrangian below

Scales in the problem
p* ~mgu(1,1,1,1) soft ~ A

pE, ~mou?(1,1,1,1) ultrasoft ~ A2

’ e‘;voiutimw
& * = Ultrasoft gluons included in

" covariant derivatives

L= 1F/J,UF 1’ AV UA/J,2 T -DO (p_ZD)2
__Z uu_{_g’p p_p p‘ +;¢p ? - "pp

= Soft gluons are included om
explicitly 1
—4ma, Y {Fp; A%, A% oy
le soft gl issi :
Double soft gluon emission P =P+ ) =g a=p D) + 9" @) s g
. . t ( r_ )2 wp’[ q" q}wp
Heavy quark-antiquark potential P —P
+y e x, T T
. . . 4 s ) _
(can also be interaction with soft YTyt T At

particles) pa (P—q)



Allowed interactions in the medium

= At the level of the Lagrangian L£NrQepg = £xrQep + Lo-c/c (¥, Ag)c)
+ Eg G/C'( 4“ )b 4’2—7(-.) + LIJ (——)X

- Energy component must always be
suppressed

- Glauber gluons - transverse to the
direction of propagation contribution

- Coulomb gluons - isotropic momentum
distribution

Possible scaling for the virtual gluons interacting
with the heavy quarks
0123 + - 1
(1) de~ (BALNLR2) ~ (202 A),

po ~ (A, M\ 0) lo ~ (A2, A\ ))

= ~ =

aG/qQ
@) o~ (2N ~ (AL AL L),

= (alculated the leading power and next to leading power
contributions 3 different ways

Background field  Performa shiftin the gluon field in the NRQCD Lagrangian then perform the
method power-counting

Hybrid method From the full QCD diagrams for single effective Glauber/Coulomb gluon
perform the corresponding power-counting, read the Feynman rules

Matching method Full QCD diagrams describing the forward scattering of incoming heavy
quark and a light quark or a gluon. We also derive the tree level expressions
of the effective fields in terms of the QCD ingredients



Example of the background field

method

Perform the label momentum representation and field

substitution (u.s. -> u.s. + Glauber)

z()t — g~1( — g~10
~ ,\2
—(i0 + gAy + gnA%) + O(\®) ,
NV/\2

ZDt

iD= _P
~ A

E=0,(Ay +Ag) + (8 +iP)(AY, + AL) + gTefP2(AY, + AL (Ay + Ag)®

=P AL +O\Y
\W—/
~ A3
B=—-(0+iP)x (Av+ Ag) +
= — (1P x n) AL +O(\Y) .
N — —

~ A3
Results: Leading
depend on mEd'Un_"
the type of corrections

the source of
scattering in
the medium

Sub-leading
medium
corrections

ch Ay + Ag)(Ap + Ag)®

(@) =) p(a)
p

iDy — Py +1i8, — g(Aly + AL )

Example for a collinear
source (note results depend
on the type of source)

Substitute, expand and
collect terms up to order A3

£8) 610 Atc) = 3 Uhrap( — 94%c) i (collinearstatic/sof).
p.ar
2A2(n-P) —i|(PL xn)AZ| - o
E ) ALY = g Z Lp+q7—( £m ] )q-p (collinear)
p.ar

Y (0, A4 =0 (static)

Q_C Ly 4 C — P -

2Ac-P+[P-Ac]—i|PxAc|-o

(1) o f

EQ (4, A% =9 Z I’+QT( 2m [ } )L‘JP (sof?)

P.ar



The QCD forward scattering

diagram expansion

= Looking at t-channel scattering we can also extract the form of the
Glauber/Coulomb fields in terms of QCD ingredients (and recover Lagrangian)

P —s — 7
{‘ p— 9 - —
coll. _ 9 N, tg—coll. = é ; ;_: ; ; ; S
] On - - ] )71 pn

Glauber field for collinear source _ 40
g—coll.

+tg coll. +0()\?).

Glauber field for collinear source
Coulomb field for soft source abe 0
‘42_1' - f ’ 2 Z [ nJ_ {—qr Bn(_l_)f)}

:lﬂa_ 2 E ()[ q" (/T ()[

w,a nt z l_ﬁ ay ¢
’16' = q_2 Z%n,[—qTi(.‘]T )&n.ﬁ
T

Coulomb field for soft source

Y. Makris et al. (2019) A‘é:“‘:f“bc ‘g Z{[P” [ q.Bgf?))] O(Bs(?)' [,p)Bu b(O] 2(BY0) '[P)BQIQ%C(O)]}

s,{—q s,{—q
¢

= Note that for the gluon the last 2 diagrams are necessary for gauge
invariance but the first diagram the leading forward scattering contribution
= |Inthe medium the momentum exchange can get dressed ~ Debye screening



Possible phenomenology

applications

= Phenomenology built so far is cobnnected the leading term — collisional
dissociation, thermal effects put in quarkonium wavefunctions. Also there is
the approximation of averaging over all final color states

14 T [ T [ T [ T .
12E —— Uiy dissociation Term. + Coll. ] m |f one takes into account the
- m ALICE prompt J/y, p.=4.5-10 GeV | 4 . .
~ 1of . Al pﬂ,ﬁptpj/w,wpfie.s-so 0 Ce ] mod|f|cat!on of the heavy qu_ar_k
_& osf . potential in the medium - distinct
L& Pb+Pb,s "=2.76 TeV . .
< 0.6f o-185, &=12 suppression of ground and excited
o 04} 5 StateS
0.2 | | | ] 1.2 - | ' | ; | '
0.0— ! S ! -] I --- Y(1S)s"? Therm. + Coll. | |
1.2+ J/y dissociation Term. + Coll. - 10 — 1/2 —
E A ATLAS inclusive Jiy, p,;>6.5 GeV | - L Min. bias Pb+Pb -=- Y(2S)s " Therm. + Coll. ]
= 1o + 1 = 08k o-185 =12 e CMSY(18)s"?=276 Tev| |
== 0.8_— + 7] cg - EEt,, =1-15fm| = CMSY(2S) s"?-2.76 Tev| A
% 0.6fF 4 1 > 0.6fF
T 04F Q- = I
L i <C 0 4 (]
02 I~ tform. = 1-1.5fm 1 m ’ =
i 1 ! 1 ! 1 ! 1 ]
0-05 100 200 300 400 0.2
Npart 0.0 i +
0

R.Sharmaetal. (2012)  S. Aronson et al. (2017)




Conclusions

= Effective theories of QCD have enabled important conceptual and technical
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
splittings now to any order in opacity. Developed a new code for plitting
kernel grids to second order in opacity

= Performed the first calculation of inclusive heavy jet production (c-jets, b-
jets) in heavy ion reactions using the semi-inclusive jet function approach
andlp_resented a framework/evaluation of the jet charge in reactions ith
nuclei

= Inthe the leading power factorization (high p;) limit of NRQCD we
investigated energy Ioss(fhenomenology and showed that it severely
overpredicts the J?LIJ modification and gives the wrong hierarchy of
ground/excited suppression

= Motivated by this we constructed an effective theory of quarkonia in matter
- NRQCD Derived the Feynman rules (3 different ways) to leading and
subleading power for different sources of interactions in the medium. We
showed the connection to existing quarkonium dissociation phenomenology



Conclusions

= LANL just made a very large = Develop a prototype forward
investment in EIC science - $1.5M silicon tracker. Heavy flavor
over 3 years physics and jets

= Comesinthe form of a LDRD project. = Develop associated theory

Pl. I. Vitev, Co-Pl Xuan Li

Ultrafast Silicon sensor

e+tAu- jet + X
hadron detector %
/
e detector ZWT
~

# N2 —
oo Au —] T ¢
i — * Proposed LANL
f?,':;‘fﬁ; \\\ FTS for the EIC

= w



Improving upon traditional E-loss

» Whilestill LO, it predicted in 2002, 2006 —the Ry, at high py
for both RHIC and LHC

0F T Include the quenched parton and the

e WA98 1° (17.4 AGeV)

— aveye00120 radiative gluon fragmentation

m PHENIX ° (130 AGeV) |

SPS

—— dN%/dy=2000-3500

o oo nsen = Difficult to make connection to the

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

TAAd(spp

Raa(P;)

0.1
: " There is considerable model dependence

and it is difficult to systematically improve

[ Au+Au at s'?°=17, 200, 5500 AGeV 1 this approach

001 1 T LI AL 1 1 rrrrrrt
2 10 100

p; [GeV] . Vitev et al. (2002)




Reminder — traditional energy loss

phenomenology

| 1 AE\ hy /1-2 P, (e) ( )
P _ P _ =L pQuench,y d —-Dc
/0 de P(e) =1, /Odee (e) <E/ c (2) 1, 6(_1—5) -

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

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

o= | 05%PbPbys,=276TeV 1 '510% Pb-Pbys,=276 TeV | 10-20% Pb-Pb {5, =276 TeV =
- mar°ALICE mGLV gIWHDG T =° ALICE 1 =° ALICE ]
1.0 - -+ B
0.5 — —+ B
- .' M .—l-
- .~01-.-o—0—‘—¢—'_+"' 4
0.0 s o B L e L B e R B AN RN RGN pEEI RN R RN ERR AN EEEEEEE
3 [ 20409 Po- Pby 276 TeV 140609 Pb-Pb ys,, = 2.76 TeV 1" 60'80% Pb-Pb ys,, = 2.76 TeV
@ | mmr°ALICE 1 mm=® ALICE 1 mm=° ALICE ]
1.0 T T I—
0.5(-1% ﬂ_f“- + T i - \\\\\\\\\\\\
[ %, il e g § \\\\\\ i
*e AYaTa¥al
B —0—\.._:—0—‘_6— { : T 7
(ORI TPEPIPE TP TIPS TPPET TPRPIP TPIPET TPPEI B | wPPIP EPIPIP IPPERS IPIPIPI IPIPEP IPIPEPN IPIPI IPIPE IPIPEPN P | oPIPES IR IPIPEPE IPEPIPN IPRPIPN IPIPEPE IPEPPN IPRPPE PR B

O 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
P, (GeV/c) [ (GeV/c) P; (GeV/c)



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)
T I T I — — Full evolution numerics, g=1.9
LS T L — - Full evolution numerics, g=2.0 .
i ] — Soft gl luti ics, g=1.9
12} T Smaweouomes ot - The coupling
s IFF—mm————————— m ALICE ch. hadron R, ,, 0-5% :
L& FF T |2 oMo en raon o between the jet and
N N e - I
T e the medium can be
O [GeV] — .
e e _ constrained to the
<

same accuracy - 5%
= Full evolution woks

slightly better at low

virtualities

Central Pb+Pb, s'°=2760 GeV |

1 | 1 | 1 | 1 | 1
% 20 40 60 80 100
p; [GeV]




The jet scattering kinematics

E] o 10
= Kinematics and channels 3 3 s
t — jet broadening and energy loss 3 S E T |
s—isotropisation | 2§ E-toce
. '3 107 F Coupling constant g=2 —
u - backward hard scattering L

-1 05 0 05 1
cos(8)

E — 1GeV/N000 GeV l ' l
107 é_ 1 ——  10GeV000GeV
: : : 107
= Fully dynamic medium recoil, 7 10}
cross section reduction (5% — g 12 I 1 Gev
15%). Completely dominated 10°E» i ioce
by forward scattering i L i
-1 05 0 05 1

do do  Co(R)Co(T) |v(qr: E,m1, m2) -
dQ  d%q, da (2m)>2

g= (N2 NQ

A. Idilbi et al. (2008)

= Galuber gluon/ Glauber mode




In-medium parton splittings

and properties

. INT _ medium 2
= Direct sum ( (L‘.\ ) g WF +(1—-2) / dAz / _(/(T B (A_;) L BL B, (ﬂ C_j)
(]J’([ijj_ 4—q9 )'Tz (Tel (]Zq_L AJ_ BJ_ BJ_ C_L
. , c, ([ Ci, A B
x (1 — cos|(Q1 — Q2)A2] +—.-<2—.——.——> 1 — cos|(Q1 — Q3)A7]
dN(tot.) dN(vac.) N dN(med.) ( )4 ci\ci Al B ( 1~ 9s)8)
2, 2 2 B, C,, e aan AL (AL Dy
dxd kL dxd kL dxd kL +B—i Ci (1 - cos[(Q2 — Q3)A2]) + A—i <A—i - —i> cos[Q4A2]
+A—.j D—j(‘us[QSA:} \12 BQL : (A—ZL — B—j) (1 - cos[(1 — 2)A2]) | .
= Derived using AL DL FLAL B
ET ;
: ic ; G ’ " NB x—1-x A,.DJS .L— functions(x,k, ,q,)
actorize torm tnhe
INT oy T ( (1 — J')Q) _1 medium
dN 27\' R e ) 1 ([(T
hard part <W>{ 9—4qq } ) { 27 20 (— + 122 4 a(1- 1‘)) } /(IA:{ i } /dqu_l dz(u
0 E 2 A\T=2 T ‘ : v Ag(2) . Tel
. Gauge-lnvarlant 999
Depend on the ﬁ;(% i;) (1 - cosl( — 0)A2]) + g; @L _ %) (1 - cosl(@1 — 0)A2))
: 1 1 \C 1
propgrtles of the NE =t (ﬁ BL) (Al ) Q) . BL.<ﬂ ) q)ww _ )]
medium o\ A2 cr) B\ Al &2 L
+2 C;‘ . <% - %) cos[(2; — Q3)Az] + 2% %(os[(ﬁ)g —Q3)Az]
1 \A] 1 1 bl
G. Ovanesyan et al. (2012) pAL (AL DiY oo G ALDL o
—_A—Q' A.2 — D2 (()\[ 4 ] A D2 (O\[ }
1\AL 1 1 D1




Opacity expansion building

blocks —virtual terms

= |nteraction in the amplitude or
the conjugate amplitude
(Virtual or double Born
diagrams)

Agree with the full splitting functions

of G. Ovanesyan et al . (2011)

F. Ringer et al . (2016)
And energy loss of
M. Gyulassy et al . (2001)

= A more interesting diagram- Double born can contribute to virtuality
changes

Ve — [)Zc (li[AE(E:l’p)AE(El’pq)]z+] bk — op) [O B (__J—z'AE_(Q—:L’,B):r,g]
2CF -

: — (b — + ; — (b — + ,
% [6)+ZAE (k—zp—q)z™ _ €,+ZAE (k—zp g):co] L’“*(J'.ﬁ— Tp — (j) .



Parton branching to any order In

opacity

_ [4byb ransal
= Treating color (one complication in QCD). a= N =G .
| Cy = . Cpfacbfcdb e[t M) = _2“1: Co.
Q\Mk M. Sievert et al . (2018) Co = g foebitee M = Q’gr Co,
G, Cy = NCIC'F tr[t* "t M*] = Cy,
\EU Cs = \'j(ptl[t t4°M?) = )\_;F Co,
Cg—g\“j% Co = \L(F fobtr[tit® M) = % Co.

= Coloris not entangled,

homogeneous structure and
multiplicative factors that can be
algebraically treated

Finally, relative to the splitting
vertex we classify the as
Initial/Initial, Initial/Final,
Final/Initial and Final/Final

"*%+ﬂ%1’%+}
é I

8

7)’

o)

"’In

+ e +

g
%
-



Explicit solution to second order

In opacity

= Present the first exact result to this order (including the ability to
discuss broad or narrow sources)

B / / /({“ql g, do! do! (+ dN, ) N
on2)  2(2m) 1_1 0a 0a Bq g | \I @pdpt)

d\f) ) r < d\(] ) r ( + d]\f() ) r
‘ No Ni+ (pt = N
(p 2(p— q,) dp* P 2p—gdp ) "\ Po—q—qdp*) "

dN
" Pk &p dp*

N1 =
‘zj'(ﬁ—l )2 (Cr f)JNC)h _Ne (CF;}_ al ) 08(621AE™ (k — zp)) + 5 i cos(02oAE™ (k — zp))
= Cr Cr - 2C% B
N.(2Cr + N. \
_ A Sg* Ne) 08((021 + 622)AE~ (k—zp))|  +9 more pages
V4 F -

= Forbroad sources and in the soft gluon limit we have checked that
the result reduces to the GLV second order in opacity



Corrections in QCD medium

Collisional energy loss evaluated Neufeld, Vitey, Xing, 2014
from operator definition. Included in i

o ) ]med.(O)(7 — i ) — 25 s(1—»— ODT B 5(] B 7)
the LO splitting function Yig/i \%HPT,OPT) = 20iQ “ 7 pr+ ops e

Medium corrections to the NLO jet function are written in terms of
integrals over splitting functions. First developed for light jets. Kang, Ringer, Vitey, 2017

For the heavy quark example ) i i i
1 z(l—z)prR . C \\\g D C | D C ‘\* D
B=4(1- z)/ da:/ dqL PG (2,m,q1) \ E %
0 0 . |

Q — JQ 1 w 4
C=-6(1- Z)/ dl'/ qu-PCrQnC%d(va’QJ—) l
0 0

(B) (©) (D)

After summing over all diagrams

" Haitao Li, Vitey, 2018
d
Jﬁ/él)(zapTRamau) - / qu_anC,e)d(zvma(IJ_)
z(1—2)pr R n
med, (1) # med g med
st/g (Z’pTRamay’) — dq_LPQg (Z, m, QL) + dq_LPQg (Z7m7 q_L)
z(l1—2z)pr R n z(1—2)pr R

Full in-medium splitting functions are now evaluated in the hydro medium



R,, In p-A collisions

2r CMS Data . Large uncertainty
I - Measurements: Not enough to fully constrain the cold
I | nuclear matter effects
o 1 % ””””””””””””””” = i
- —— I I x — Js=52TeV, |yl<0.3, R=0.4 b-jet
0.5 . E 14 |
" p+Pb  |5,=5.02 TeV ] p+Pb
- L Charm Jet ] ' . i
o AvtH B=03 I ja1s E 12 nCTEQ15FuliNuc_208 nPDF uncertainties
2 l 1 L ] T
B ] <
1.5 + + + = oS 1.0/
o 1 # | 08
0.5 0.6
Anti-k; R=0.3 In _ I<0.5 Bottom Jet L. e
ot , L 1 — 0 100 200 300 400 500
100 200 300 400
jet p_ (GeV) pr [GeVl
Very little with jet transverse momentum and scale variation
There is not an obvious difference between c-jet and b-jet
Theory: In Pb+Pb collisions the effects will be amplified
Naively speaking: Pb + Pb : (]_ + 6) (1 + 6)
S

Pb Pb



Feeddown is important

R.Sharmaet al. (2012) — 1;;0118
= Example of NRQCD calculation. o
You see both different high p+ o .= 1Py,
behavior and feeddown S X(DLS,Jg
2 (VLR
e — %,(LLS,];
= | X (OCP,),
Charmonium states 5 — %MIS),
= 1LDLP,,
ﬁ + Prompt Yield JAy
Mass (MeV) :5 CMS Prompt Jhy
4700 X(4660) m S
4500 »(a415)
ason | o ] o 10 20 30 40
DDt o P@AB0) | | T : pT(GeV)
4100 Di'Ds B 1 (4040)
o, %o P)
e e T Following feeddown
3700 [P - n,(@8) " [—v@s)_ A . .
] - ~an contributions taken, others small
3500 n
00 | $(2S): Br[v(2S) = J/4 + X] = 61.4+0.6%
M -
3100 n,(18) Jly (18) Xel - Br Xel — J/LY + ",‘] =34.3+1.0%
2900 -
) xe2: Br[xe — J/v+ ] —19.0 + 0.5%




Energy loss results for

, constraints

quarkonia




Energy loss evaluation in

hydrodynamic medium

= Evaluate the splitting functions
in the small x imit —corresponds

to traditional energy loss
phenomenology

Z.Kangetal. (2016)

= Can make contact with other
claims in the literature

Evaluate the medium-induced emission spectrum.

Construct the probability of energy loss due to = 2 /0

multiple gluon emission -10 -5 0 5 10
g "1 AE tm]
/0 deP(e) = 1, /0 deeP(e) = <f> M. Gyulassy et al. (2003) C.Shen et al. (2014)
Obtain quenched partonic spectra with effective
mass m. and 2m_. where necessary :
o uemen Y (L> = Viscous second order Israel-
doyp """ (p) 1 %9aB\1= Stewart event-by-event

-1
( = de P (e : ;
dyd’p /0 ( >(1 —¢)  dyd’p hydrodynamics

Temperature [GeV]



Comparison of energy loss vs

dissociation models

= Completely different predictions for ground and excited states’
suppression. Dissociation models depend on bunding, energy loss
models depend on the flavor of partonic cross sections as steepness

of spectra
| 101 T T T T T T
00F ~ 1 T T T T+ T T 3 _ F 0-10% Pb+Pb, s'%=5.02 TeV [—— J/y Therm.+Coll.
E 0-100% Pb+Pb, s =5.02 TeV  [__ v(2S) E-loss . = [ g=1.85, E=1-2 ——- y(2S) Therm.+Coll.
i =1.7-1.9 — Jhy E-loss ] N 0°F
= 0_ g v I
¥ 10F 1 F I
> - . - -1
- - = = 10F
E- B V/_—’-#—: (am E
] -1 L
—< 10°F E ' |
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1 Z --- Y(2S) Therm.+Coll.| ]
1 % 10°k (3S) Therm.+Coll.| |
-2 1 I 1 I L I 1 I L E
[ o
107 10 20 30 40 50 =
o [GeV] a::E 10-15_
Makris and Vitev (2019) O
10 0

S. Aranson et al. (2017)




