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Background on nuclear matter

Example processes with hot and cold nuclear matter (RHIC, LHC, JLab, EIC)
Single-inclusive jet production in A-A  Lepton-jet correlations in e-A Many more
- » Dijet decorrelations
* Boson tagged jets
* Back-to-back EECs
» Single inclusive jet
production

Reaction Plane/

How do we use QCD and EF'T to probe the properties of hot and cold nuclear matter?

The size of the corrections is directly proportional to
the opacity parameter £ = L/A. QCD and SCET
calculations and experimental data allow us to address
the question as to the scattering length (and other)
properties of the medium.
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Why anisotropic jet substructure?

Medium-induced emissions are frequent and wide-angled. Emissions are enhanced along medium velocity
Without QGP flow With QGP flow effect

dN® as N, ( dN© ) /L /
E =——|E dzp [ d?q.5(q°
Photon (neutral) ‘ d?k, dzx d?p, dE 2 d?p. dE ) |, P q.0(q1)

2k, -q1 (k—q)% a u, -k,
ik SR _ R
* {ki(k —q)% ( o (2$E(1 - Uz)z - k% (g2 + p?) 2(1 — uy)zE

q* Medium gluon

V" Medium velocity
L+ Stimulated emission

Computation performed at NLO in QCD and NLO in opacity
Sadofyev, Sievert, Vitev [2021]

Jet (charged) A

Traditional jet substructure observables (shape and angularities) can tell us whether the jet is altered

but they cannot tell us if it is altered more in one direction due to azimuthal integration.
Barata, Milhano, Sadofyev [2023]
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Jet shape 101

The integrated and differential jet shape can be defined by

: :

<=5

p(r,R) = —¢(r, R) \/

or Kang, Ringer and Waalewijn [2017]
s . olr) Cal, Ringer, Waalewijn [2019]

The integrated and differential jet shape can be defined in terms of the partonic cross sections as

Ellis, Kunszt, and Soper [1992]
Seymour [1997]

i€j ieJ Li, Li, and Yuan [2011]

Chien and Vitev [2014]

do : do
zp(r, R) = /dzr Zy e d']CDS (X{]C (Z, o s R)]/ 7 d7(;8 Q) e (Z, R) Kang, Ringer and Waalewijn [2017]
Semi-inclusive sub-jet function Semi-inclusive jet function
~ o - \ ; *\
A A
z = wJ z’l“ — ﬂ
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Jet shape 102

In the region where r ~ R, there is only a single momentum scaling for the jet mode

i ~wy (1)

Chien and Vitev [2014]
Kang, Ringer and Waalewijn [2017]

HeGu-omi) o) G0 ow(F) o) (eGrm()-2)

Double pole at ¢, =0,z =1, regulated by the jet algorithms
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Power counting and refactorization

In the region where r < R, the jet algorithm no longer regulates the rapidity divergences (SCET II).
There are three modes that contribute to the observable

q1. T

P ~wy (R21,R)  Pe~w (r’ 1) P ~wsp (R LR)
T
py ~wilR Lhe ~ fbg ~ WJT Vs ~ Wi g Ve ~ WyJ

jC (Z,ZT,CUJ,T, Ra /*L) = HCd (Z,WJ,/,L) /dsz_Cd (Zraklawjalh %) Sd (kJ_aRa Wi, U, V)

,,,,,,,,

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

...v.-- recoil-free axis
Peall, L ) )
o A R A v+ -+ standard jet axis

DPsoft, L, N _
().' Pcoll, L + DPsoft, L = 0

...........
oo o

------------

Evolution occurs in three parts Recoil issue can be removed using a WTA axis
¢ 4 C a
(i> Cr) (1, Cf) (perr Gy) (i, Cr) (1. Cx) (km, Cr)
> g ° > >
2 Ul i o) Ulps, ) U (tis 1275 Cr) Ups, pwm)
k:
gﬁ Larkoski, Neill, Thaler [2014]
° Kang, Ringer and Waalewijn [2017]
(hi5 Gi) .
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The azimuthal dependent jet shape

We generalize the jet shape to also contain azimuthal angle dependence
t

t

R 3 a
Y(r, R, i, p¢) EW’ R, i, 05),

0 0
Ea—gﬁf (Ta R7 901790]0)

Factorization is unchanged but the ingredients are modified

jC (Z, Rry Piy PfyWJ, T, Ra :u) :‘[HCd (Z,WJ,M)dekJ[Cd <Z’l”7 kJ_7 Pi, Pf,Wj, U, %>ISd (kJ_a R7:u7 l/)]

Same as integrated at NLO Tree level modified trivially Same as integrated at NLO

\ Non-trivial NLO modification
+
Anomalous dimension of jet shape unchanged

John Terry (LANL) 6/16



Collinear computation (Graphs B and C)

At tree level, we normalize the sub-jet function contains some azimuthal angle dependence

A
C’L(O) (ZT7OJ_7S0’L'790f7wj7R7:U’7 %) — —¢5(1 - Z’I“)

2T
. A
]50) (Z,Zr,QOi,QOf,WJ,T,R,/,L) — Q—f(s(l_Z)(S(].—Zr) ‘
At one loop, we need to consider the collinear mode Graphs B and C are trivial without recoil

q1

(1) ¢\ Ap ¢
CiB/C (zT’OJJSDi,(,Of’wj,R’M’ ﬁ) N %C’L’B/C <ZT’0J_)wj7R7 M, ﬁ)
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Collinear computation (Graphs A)

Graph A is more complicated but can be computed ¢ < m

N

Computation is new

asCpA 1 1 1
CEV (rpinpp) = =5 90{ - Pl (E * Lr) 20 <§ N ZT) Faglzr)Inz 6 <Z - 5)

1 1 3 1 3 2
6—2+—<LT+—)+—L$+—Lr—W—

[5 (1=2) ¢ 2) "3 2 12

+1—2’r+2qu(Zv")ln(1_z7”)+]}

472

~ 2 |0 (5 -5 s 40 (5 - 5 (1 - ) }

. asCrAyp 1
chA ) (7%02)90f) = { - qu(zr) <E + Lr) '|‘ Zr
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Collinear computation continued

Graph A is more complicated but can be computed ¢ > T

t t

Ay Same as the isotropic case
o
o Ap—m
2 (Ap — ) 2m — Ay
Arrr , _ , Ar Arr
CMI (... i, 05) L Cia () + — [OM O]
Ap
Ay
(
)

%
o
\</ Same as the previous computation
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RG consistency and discussion on the fixed order region

The computation of the jet shape involves integration over the variable

do, , do,
’(p(?“,R,QOz,QOf) _/dzrzrdzdps ®]C(z7z7“7§027(70f)/d2d738 ®JC(’Z7R)

We find the simple relation

A . Ay A
/dZTZr [jc +] H] (Z,ZT,QOZ',QOf,WJ,T,R,,M)— 9 /dzrzr.]c (Zaz’meaT?Ra/J“)
Required for RG consistency! ATLAS /5 = 7 TeV, [n] < 2.8
q14 L I I L I I LI I I LI I I R
1.0F -+ —
r e & T — 1
ﬂ N
| ¥
_E 30 < Pr < 40 GeV B 6O<PT<80GeV
| | e | cor e b b b b by |
LA DL DL DL R I""I"_""I""I'"'I""I""I""I"
- - T - [ R
- KN
[ 1T ]
B | 110<PT<160GeV |_"_ | 500<PT<600GeV|
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RG consistency and discussion on the fixed order region

The computation of the jet shape involves integration over the variable

do, , do,
’(p(?“,R,QOz,QOf) _/dzrzrdzdps ®]C(z7z7“7§027(70f)/d2d738 ®JC(’Z7R)

We find the simple relation

Ap :
/er “r [jc +]AH] (Z,ZT,QOZ',QOf,CUJ,T, Ra:u) - ﬁ/dzr z?".]? (Zaz’meaT?Ra/J“)
Required for RG consistency! ATLAS /5 = 7 TeV, [n] < 2.8
1Lt i s s VA S s s s
= - I _
10°F — x E3 L= ] E
: mm * ¥ ¥ =] . ]
— !
. 101k e m

| mT I%le |

m ] ¥

OO L 01 02 03 0.4 05 0.6 01 02 03 04 0.5 0.6
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Azimuthal dependent jet broadening

Traditional jet angularities are defined in hadronic colliders Berger, Kucs, and Sterman [2003]
- 1 : 2 a Almeida [2008]
Ta = — E pr |AR; ;| . . .
T Ellis, Hornig, Lee, Vermilion, Walsh [2008]

red
1 : Th Bech d Guido Bell [2012
Focus on a = 1 (]é’t broadenmg) omas Becher and Guido Bell [ ]

Two options on the table for defining azimuthal anisotopic jet broadening

/%a B ]?LT Zp%r |ARU‘2_G \
ieJ

Slice the jet Measure a single transverse momentum component

Agp

1 ; L=
Ta=—Y py|ARY
{ pr pbr | 1J J
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Refactorization of the jet function in the resummation limit

The semi-inclusive jet angularity functions are given by the SCET matrix elements
1
2N,

Gylrwr, Bop) = T | B0016 (w0 = 1 - P) o = #)xe, O)1) (], (0)[0

In the region where tau << R, there are two momenta scalings which contribute to the observable

A

p? ~ WJ (Rz,l,R) p'ch ~ WJ ()\2717)\) ) pg NWJE <R2717R>
A
g~ wi R Pe ™ fs WA, Ve Wy, Vs M WI
Rapidity evolution resums logs of the power counting parameters
G R, ¢)=H e e RS )s R
’i(zaTana 7:“7()_ ij('z?anu) i 2—meXp<67—E> j | R,Wr, 9:“7; j(FO,W‘], 7:“71/)
C 4
(pi Cr) (“{; ) (s Gp)
—~1 Ui, 5 ¢5) U (s o)
=
N
[

t"
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Computation in the resummed [imit

Collinear graphs for the traditional and the one-dimensional broadening (no jet algorithm dependence)

_ 12 V2 n/2 . a,Cr 1 e[1+z
Chare (7’ W, My 2) Z/dmdd 2q, Pji (z,q.) 6 |7 — 5;] ((1—$)2C) Py (2,q1) = 27;3(##26”2) [—+ —gfl — x)]
] /2 qu(z q1) =0,
[ |2q V2 K # asCy 1 e[ @ 1=z o
Clbare (7_ Wy, —= ) /dﬂi’dd 2QJ_PZ Cl? QJ_) 5 T — x ( ) gy(wlﬂ) o2 2 (ﬂ'ue ) 1—1,'+ e + z( z)|,
2 Z d  fws ] \(1—2)%¢ aNf’;; 1

2x
qu (z,q1) = 9.2 E (7m2(3""5)e [1 1-2z)— 1] :

=€

Soft graphs for the traditional and t]ze one-dimensional broadening

2 € + 37— jd—2 — . o
S (7,0, R, p,v) = g°C; (“ 467E) / Ay dby ™7l 1 2 (1) Requires additional
T ny-tny- . . . . .
(2m) o integration in d-3 dimensions

=n R I\ (2"
~ 2 4t L _0
(-l o(wd ) ()

2evE\ © [T dlT dl, dY3) ny-n
P (7. w5, R,y v) = 2C; (S / Rt 2m 8 (1) e
7 (Tana ,,LL,I/) g ( N (27T)d T ( )’I’LJ'ZT_lJ'l

<o (r-p) @ (tan? _E> <%)

W 7 2 [~ 1%

Factor of 2 associated with collinear recoil. One of the logs is changed but the result is left unchanged
for the traditional broadening and the one dimensional case
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Fixed order computation

Computation in the fixed order region is slightly more complicated due to the jet algorithm

G (Tasws, B pp) = Z/d@ {pjz' (CL’,CJL,G)] 0 [7‘ _ 2

@alg (377 qr, W, R)

oy
J
. A .2
G‘;)are (TanaRa :u> — Z/dq) [PJ’L (CC,QJ_,G):| 0 [T - ﬂ] @alg (ZC7QTaw7R)
j e
We have calculated the traditional jet broadening in the fixed order region
- 2 T
Ji—F Vi—7+1 ~
Gq(T,WJ,R,/,L>:aSCF ! [—3( 1A T) —|—4<iln<( j-+ ) )) T_Tmax
2 rmax T n T T N
(L% Lr 3Lp 1 3 7 1 __ ,
-|-5(7')< 5 T 5 —|—€—2+2—€—E—|—§—81n (2)—|—61n(2))

snel 1 4 2 _ 8 /V1—-7
Gg(T,wJ,R,M)Zanf r [——5(7)__V1_T+§< 7 T) ]
_l.

2
. 1 |1 29 1—7 VI—74+1
Ca 1\ s 2(VIZF) Ly, ((VZ7 e
2w gpmax | 3 3 T n T T

+
A 2Lp 11Lg 2 11 x2 ) 44
% o D 161n%(2) + — In(2

5(7)<R+ c Pt tats — 5 1R+ 5h@E)

Computation for one-dimensional case is more complicated due to the restriction of the jet algorithm

Ou (01,0, 7) = © (al1 ~ o) tan 5~ . )
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Fixed order computation

Computation in the fixed order region is slightly more complicated due to the jet algorithm

. 2
Glioare (TaanaR7 :u) - Z/dq) |:P]Z (JZ,QJ_,G)] J [T B & @alg (x7qT7w’R)

J W
- - . 2q1
Gy (FLwr, Rop) = ) / A0 | Pyi (w.q1,¢)| 9 [T - w—] Oulg (7, 7, w, R)
- J
J
Numerics are sounds, just the plot is ugly
20: " Theory VS = TTeV
- - T 40 GeV < pr < 60 GeV
- ga Ahc?y ly| < 0.7
151 )i
(S -
faot
b 10f
> L
"
—4— I
foo 002 004 006 008 010
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Moving forward (pun intended)

FEvolution of the jet function should be modified due to coupling with the plasma. Analogous effects
should enter into FFs and EECSs

FEffect should be similar to Adi’s talk. Resummation of emissions should lead to a ladder diagram,
moditying the structure of the jet. Effect should be universal for many types of collinear functions

II /’L7 a
k/
Agl) :® — /> D Ke, Vitev, Terry (WIP)
0 + q1
Glauber ®1

After iso-tropic computation, we should add back the anisotopic flow effects and move back to
anisotropic jet sub
Without QGP flow With QGP flow effect

dND a, N, AN © /L /
2 = |E dzp | d?q.5(q°
Photon (neutral) , d?2k, dz d?p, dE w2 ( d2p, dE) o P qL (qJ_)

2k, -q. (k—q)3 ai u, -k,
g {ki(k — 97 (1 (mu —u)?) ) T R(@ +12)20 —w)eE

Can define azimuthal asymmetries to isolate flow term
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Conclusion

 We have generalized jet shape and jet broadening to allow one to define asymmetries
which will allow us to address how strongly systems are modified by flowing matter.

*  Studied the jet shape and demonstrated that the sub-jet function is modified at NLO.
Demonstrated renormalization group consistency.

* Calculated the one-loop expression for the jet broadening and demonstrated that
additional integration leaves the net anomalous dimension unchanged of the jet

function is left unchanged.

» Future work has many different directions, such as medium-modified jet evolution,
heavy flavor contributions, spin physics.
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