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" |ntroduction and motivation

= Calculation of gluon emission off quarks beyond the soft
approximation and to any order in opacity

= Calculation of all in-medium splitting functions / numerical
evaluation

= Conclusions



Introduction & Motivation
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b jets,di-b jets dijet asymmetries, y,Z°-tagged jets  frag. Functions, splitting functions



Full in medium splitting

functions now available to first order in opacity
G. Ovanesyan et al . (2011)

SCET-based effective theories created to solve

|
F. Ringer et al . (2016)

this problem
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= Forthe first time we were able to do is higher

order and resummed calculations
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Higher order opacity corrections

»  The very thick medium approaches —they simplify the problem to resum the
interactions R. Baier et al . (1996)

= Finite opacity approaches — builds expansion in the correlation between the
scattering centers M. Gyulassy et al . (2000)

100.00

Clearly the next logical steps are |

- Derive all in-medium splittings to any order
in opacity with no approximations other than
eikonal

- Perform numerical evaluation to find the
first correction to jet and heavy flavor
observables oor |
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It was also done to higher orders in opacity (~9) in the M. Gyulassy et al . (2000)

soft gluon emission limit S. Wicks (2009)



Theoretical framework

* The theoretical frameworkis
completely general —it is applicable
for both cold nuclear matter and the
QGP.

= Thisis achieved by isolating the
medium in transport parameters and In deep inelastic scattering
universal gluon-mediated interactions (DIS) the lowest order

‘Copac. = ‘CQCD + L"Z

v(dF) =

2
—Yers do®! 1 Cp .
a7 + p? 2q ~ (2m)2 2N, [v(g

processes involve prompt
quark. Even at NLO the
prompt gluon jet

(p—#)" contribution is small

o

F. Ringer et al . (2018)

= The limit we are interested in |
. 12
= We neglect collisional energy losses O (@)
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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)
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p—k + e [n],,
(W, 5) Y (e, 6)) = Y Lor [LV(J-,H) L»*@-_,y)] Useful to express in Pauli matrixes
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= 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.
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= 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 building

blocks — direct terms

P i S, " Interaction inthe
D = % \ | § Dy= 'g \ | D7 = - J % i
A | 5 LE El & amplitude and the
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Representative
= Propagators hide in the wavefunctions forward cut diagram
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= Vitruallity changes enter the interference
phases and are related to the propagators » -+~ —(p—k)” = AE™ (k—up)



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



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
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= Mastertable that gives all ingredients

di dy ds dy ds dg | vq U9 U3 U4 )\E Co v f(z) g(x)
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We have now solved the problem for all splitting functions
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)



dN/dx

dN/dx
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Differential branching spectra
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x=kK/p"

x=k'/p"

= Broder angular
enhancement region

= Oscillating series —the
average of 15t and 15t+2"¢
order- candidate for pheno.

dN™dxd?k /AN /elxd’k

dN™/dxd%k /N /dxak

s Reduction of small-x and
large-x probabilities
(assymptotics modulated by
thermal mass)

» Enhancement of democratic

branching (x~0.5)
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Application of the new formalism

& code to jets

15_ T e — —_ — — T T T T T 1 T T T T T_]
E 0-100% P b:‘lz’ “’) V$xn=276 TeV - S ok ytag (p! = 80-126 GeV, p' = 63-144 GeV) 7
PR = g=a - E VB ®] Data, 5.02 TeV, 0-30% Pb+Pb / pp -
0.51F . -(% 14 Inclusive jets (p’;3t =80-110 GeV) E
o Data NLO+LL = x E 5] Data, 2.76 TeV, 0-10% Pb+Pb / pp =
1.5 T ' T T T 1.3 [] scEeT, =
C 0-10% Anti-k; R=03 hi<2 = | =
- ] 1.2 \ —
= = | = — —
= 0.5 = = 1.1: =
: : S N SP—
SF— = - . -
13E 30509 E 0.9EATLAS w =
1 0.8 PP 25pb” — =
: '_F;g;*; : - Pb+Pb 0.49 b ‘ E

m 0.5_ . 0.7 _2 L L L Ll _1 L L1
: 10 10 , 1

ot l |

—150 200 250

b-jet P, (GeV)

H. Liet al. (2018)

M. Aaboud et al . (2019)

Note: new code but to 15t order in opacity

= First application to inclusive heavy flavor jets - using the technique of semi-
inclusive jet functions

= Application to jet fragmentation — inclusive and photon tagged jets —
captures the qualitative differences needs improvement (higher orders)



Conclusions

» Consistent progress over the past 2 decades, from energy loss to
in medium parton showers to first order in opacity.

m Forthe first time consistent NLO and resummed calculations in
the QGP environment - same language, techniques as in HEP

» Calculated the quark splitting function to any order in opacity and
presented explicit results to 2" order. Cross checked the result
against the known soft gluon emission limit

= We have now extended the derivation to all orders in opacity for
all 4 splitting functions. Demonstrated numerical evaluation in
realistic media

= Applications of new code/grids to jet physics problems,
applications to second order in opacity in the near future



Motivation for numerical

eva I U atio n R. Baier et al . (1996)

The very thick medium approaches —they simplify

Approaches to the the problem to resum the interactions
theoretical problem M. Gyulassy et al . (2000)
—_— = Finite opacity approaches — builds expansion in
J'?)J Jj the correlation between the scattering centers
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= Any order in opacity result -
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Numerical implementation

= Numerics can be
challenging due
to lengthy
equations and
mulit-dimensional
integration

Implementation
for the case of
QGP (simplified

Bjorken
expansion)

Lashoff-Regas et al .
(2014)

= Still, code needed
3 days for a set of
splittings

final detected

Relativistic HCGVY-IOH Collisions particle distributions

made by Chun Shen

Initial energy
density

Blrcyd
eguuhbr{lum
yhamics
|

Kinetic
freeze-out

Hadronization

viscous hydrodynamics free streaming

t~0fm/c T~1fm/c

collision evolution |
T ~ 10 fm/c T ~ 1019 fm/c

IEBE-VISHNU package

Hydro + hadron cascade simulator for
relativistic heavy-ion collisions

Developed by Chun Shen and collaborators
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