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final detected

D e n S e l | | a l l e r Relativistic Heavy-Ion Collisions iy et
made by Chun Shen : Kinetic ‘
reeze-out

Hadronization
Initial energy
density

We have different forms of
dense matter — cold nuclear
matter, quark-gluon plasma, |
hadron gas, neutron stars, ... i e reantll

collision evolution
t~0fm/c tT~1fm/c T ~10 fm/c T ~ 101 fm/c

= A+A collisions AWw. WHAT'S THE MATTER  STevens?
= p+A collisions (fixed target, RHIC, LHC)
= e+A collisions (HERMES, EIC)




Discovery of transverse

momentum broadening

= QOriginal measurement Jim Cronin —enhancement of particle
production at intermediate p; in p+A vs p+p collisions

do? =do?*? (qu )a, a=a(p;)
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Non-universal TMD effects in

dense matter

= Reminder about the geometry
in heavy ion collisions

Peripheral

Number of
binary
collisions

N, x N, 2f

e
[« K+K*
" P+

Numberof
participants

N, + N, -

The broadening effects are
different for different nuclei
They are different for different
impact parameters —if you
want to parameterize
becomes a 4D problem

T

d+Au |5, = 200 GeV

0

Central

1

2 3 4 5 0 1 2 3 aTs o TTd TS e
p. (GeV/c) p, (GeVic) p. (GeV/c)

PHENIX Collab. (1975)



Reducing the complexity and

broadening to scattering

s Final state parton We already have 2 dimensions

: : : 1
broadening in semi- fitiaes2GeV] \~
[ " ‘\
inclusive DIS. \
q ’ ’ ’ ; q 2.0r ] z : z 4 . 1072
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* Formulation of a transport coefficient as a Wilson line

A ]‘.A
q= <Qi>/)\.g F. D'Eramo et al. (2010) Wg [y'*”. yL} =P {Cxp [ig / dy~ AT (y*,y~, yL)] }
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Transverse momentum of
partons in matter




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

Aocb/mb LI) ’A hv,As

Soft Collinear Effective Theory
(SCET)

on-Relativistic QCD (NRQCD)




Example of successful EFT in matter

RHIC (though not the first HI . QCD
machine) has played a very Jy I
important role in truly °
developing a new field — % nAl / ; SCET
interaction of hard probes in =

matter time

Energy loss approach oA\ ——— -

M. Gyulassy et al. (1993)

B. Zakharov (1995) Medium

R. Baier et al. (1997) Idilbi et al. (2008)

EFT approach

M. Gyulassy et al. (2000) = Factorization, with modified J

X. Guo et al. (2001) (jet), B (beam), S (soft) functions

P. Arnold et al. (2003) Ovanesyan et al. (2011)

= QCD inthe medium remains a Z.Kang et aI (2016)

multi-scale problem. | will focus -

. o =Tr(HS)¢ B; ¢ J; ower corrections
on x+A reactions E jnl L



Origin of transverse momentum

physics In dense matter

= Whatis missing in theYM Lagrangian is the interaction
between the jet and the medium

G. Ovanesyan et al. (2011)

= Kinematics and channels 7
t —jet broadening and energy loss
s—isotropisation

u — backward hard scattering

10°

—t
o

(Phase Space / Flux)

10°

m,

= Fully dynamic medium recoil,
cross section reduction (5% —
15%). Completely dominated

g
by forward scattering e
.g m2=1 GeV
m,=10 GeV
do do  Co(R)Co(T) |v(qu; E,m1,ma)|? = Ez:ggoeé\e/v

i P2q, da (2m)2



The Glauber gluon Lagrangian

= Glauber gluons (transverse) g~ A% A Idilbietal. (2008)

l—-;u' ,abe
g8AG

(45.5), (425), ) 48
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= Feynman rules for different sources and gauges

G. Ovanesyan et al. (2011)
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The QCD forward scattering

diagram expansion

= What | described is the background field method. | did not dwell too much on the

microscopic physics of the Glauber gluon field - lots of non-perturbative physics in
matter

= Consider the target as active
degrees of freedom

tg coll. = E ;; ;; \J—))))/
|. Rothstein et al. (2015) Pn

/

p > > P (0) (1) 5
=t +t + O(X7) .
fCOll. — " . g . p’ g—coll. g—coll. (A%)
o n The field is a expansion of gauge invariant operator
Glauber field for collinear source ge(®) _ pa ,_ Ak
nle=nle~ Pnl PR B 14,0(0) a
oy AP ) Pn By = ;[W (PL—gA L)W] B, T+ 0(9)
va = 3 Z&n,f—qj—§(gTa)gn,€
! 7
Coulomb field for soft source Glauber field for collinear source
~ AHG ity c(0)
Al(l}’a = ig C‘)g—qﬁiﬁ(!'lTA)c‘)g AG - (/f 2 Z[ "L[ ar B"Lf)]
q ;
Y. Makris et al. (2019) Coulomb field for soft source

Ayt = 3 S { [P B0, B 20 - P18 - 2810, - P18V}

¢



Jet broadening — unit interaction

= Need two Glauber gluon ik Gyl et el (Zoes)

exchanges to build 1 power of
the scattering cross section in

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

<
|
|
O

matter |
X X
p L @ . P Classes ofdiagrams.(single Born,
o double Born). Reaction Operator
P P
A =@ A = @—
To t o To n te .
b o Any momentum dependence we put in
21 <1 2

J(p)- E.g. | can choose unit strength and
0 s , ; i
Ag )q _ X ZJ(p) RTZ the quark no.t P.u.avmg transverse
‘ momentum initially

. There is a phase — our
do o d Z \A§O>q\2 = 1R (ﬁ]@ﬂ@)) n-p propagating particle is a
RAT Sl 2 plane wave. Here is notion of
coherence and interference.




Single and double Born terms

To ¢ o
Igl 1 '\’_"I 1 él 2

= Need two Glauber gluon exchanges to
build 1 power of the scattering cross
section in matter

"Gy ioms § - 1|
7D — / L ¢l 921 A (p. gq) = / 1 gigy 21
il 27_[_ J(p» (J1) 27T (,dl _q;

quiL
(2)?
Have to integrate over the phase space
Important part of the propagator

d®;| =

e L%l fi(q, ) ),

1
Ag(p-, Q) = B = (p¢—(u)2—’i€
p+
- D
w1 =Up,q) =p — (P ilf) ic
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Qp,q1 + @) =p —

o /S +
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Contour integration

¢ d_d_i__z . .d_z’w—__z
If ) :/ T T giler +42)0 " Ag(p,q2) Ag(py a1 + g2) = (_Z)/ﬂe( R "t Ag(p, g2)
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. o 1 i alw12021 1. 7
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Can take the phases to 1 (momentum highly suppressed)



Single and double Born terms

. . Average over 2b
AV =@— — AP = @)~ o T scattering centers  (---)= [ —— -
Zo t @ o i e positions *
|8|1 )1 @9 (27T)2
—i(q—q’)-by\ _ \&") o,
(e =0 a-q)
* Need to keep track of the
momentum shift in the initial /H g < zk: ) .
. . : Al = Xn p—) a]e™
distribution ol =z il =
We are left with the transverse integrals
The two transverse
i 1d Tr|A{V92 = jlv OQ(RC;C?(H / El;q; (g, .—4.Vp, Mmomentabecome equal
rRAT 1 A
Lo <A<0)Q)TA(QC>(1: 1\ N CQ(R)CQ(T)/ 2q, T— The two trag(sjverse
dR dT i 1 AL dA (27T>2 momenta a too

L (140042 (1)q)2 (0q\T 4 (20)q
dp dr L <’A1 T 2l (Al ) o This is the effect of one

Ml /d2 [dael (B.T) —q,%p, _ 0815(2)@”] scattering (averaged over
d*q, the transverse plane)




Main results: jet broadening

= We can also consider many scatterings along the path of propagation
dNO)(p,)

( \ ln' 2 T ’:.' s =
1] alN*™(py) H / (( £q. . 1 r[.}z( i) e=9LiVe, ) — §2(q,) 3 . L
d?p | A "loal(z) d2q; d?p | X = 2

dN dN< ") | 1 do.
aN(pn) _ Z (PL ):Z _XX /HdQ 7l GNO(pL—qri— -~ qLn)

2 2 .
d*pr = d°pL - Oe1 d*q L
: : 10" ——————————————————
= |nspecial cases such as constant density ot o0
and the Gaussian approximation — carry out 10" ¢ — - Caussanappron, =g
. . . < — — Gaussian approx., £ =1
resummation in impact parameter space T
[
)
doer o [d*aL bl @2 b 1 £ 1% b? g .
quL (b) _ / (27.(-)2 e ;(qi +,U2)2 o 47_(_2]‘1(”[)) o 47T2 (1 o 2 +O(b )) N;"]Oa L
-k : 10°
dN(p ) 2 pLb 1 _xp2eb? 1 e 2xw?¢ E Opaciy =10 \ 2 3
¢ 5 3 — ‘ aci X
d*p1 /d B (27)2 @zt 2 x p2 € log2/(1.08 11 b) Y \b)
10° Lboos o0 0 L P X
012345678 910
We obtained Gaussian distribution (inreality has a Py [GeV]

power law tail beyond the mean width) M. Gyulassy et al. (2002)



Phenomenology

= What are the values of the transport parameter g-hat in

nuclear matter . Vitev et al. (2002)
2 1.8 1 1 1 1 1
2#2 o 2u 5 L T T —
2\ — = — = — L Allpanels: No shadowing
(pT> - Lf q /1 005 01 GeV /fm & <kT2>=<kT2> +<AkT2>A :
A .80. 16_ pp p _ _
For quarks. For gluons itis 2.25 times larger & | %
~ 14F o B e e -
. 2 8 '
The reason we see the Cronin effect extendtoa g | %‘—- E . g}_ B
: : e 12f -
few GeV is steeply falling spectra. Generally <l ppEE e ---%_
limited to small transverse momenta 10} Ll L
10F —— §L=0GeV? p [GeV]
B ---- gL =0.2GeV? . -
et —= GL=0.8Gev? = Broadening of lepton jet
yE\ \\_ Pyth |aﬁflexc/i,7=<89 GeV .
g . PTprTT S e correlations
g Rather small effect. Perhaps twice smaller
3 as indicated
%o 01 02 073 0.4 0.5 M. Arratia et al. (2019)

|g/et — ¢ —



Medium-induced radiative
corrections

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




If not scattering and broadening

then what?

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

Agsqg = (JIT xn(z0) €™ |g(p)g(k)) .
Aggg = (JIT B (xo) e |q(p)a(k))
Agosgg = {J|T B*(w0)e™ |g(p)g(k

Gribov et al. (1972)

= |nthe vacuum we have the DGLAP splitting
| kernels that factorize from the hard scattering
Y. Dokshitzer (1977) cross section and are process independent

G. Altarelli et al. (1977)



Calculation of the quark splitting

function

2 Chose physical | ( il > |
0 €50 15 b= 1, 2

O™ A, polarization, ei (k) = (0, —%
k, lightcone gauge
@O/L o - = Note: relative to standard notation x <->
\\Pl 1-X 1-X
A 4 o - . . .

This was done to make connection with
the traditional energy loss approaches.

: — 1,a a QAZ Wi P
ROme — 7o (4 1L+ E) + by bR @'n<p+ k) REO)L ep=—1" { A2 AZ A Ay | &)
! / n-(p+k) n-p 0 (p-l—k’) (p+ k)
Aj = Rl —z)—pie,

| 1

w7 = sl < Mg

\AJQ_W\Q (1— 2)Tr (Z +](0)j(0)> x 4g°Cp (1 —z+ 2)

Supplementing the 2 body phase space in the final state we can identify

1,2
o dNY Qs (l_erT) 1
= We can read off the splitting T A |

kernel (continuous part of it)

Diagonal splitting functions have singular
contributions



Splitting kernel results

dN Qg 1+(1—-2)2 1
. . . = C , (L +AS(X)

= Explicitly verified the (dwd%)qﬁqg 2 5]

: : dN e 1—x x

auge invariance an _ G

gauge Invariance a d (ddekJ_)g_hqg 320 (1

factorization in QCD )
ol =) s Gl +BSG)

1

dN o 1
= 2Tk (2*+ (1 —-2)%) =
(da?dzkj_)g_}qq pnz 1k (7 + (1= 2) )k‘i

A o Pra < ( dN > ( dN ) € >1-2)
Y - ’7"0'5'5"3’_ ATV 5 = 5 T _
" \ " drd?ki ), .. ded?’ki ), ..,

Reversed convention What we want to compute is that

Pion, Kaon and Proton suppression

= The singular pieces A, B can

L - o3
g tmnglymtr cting J)
be obtained form flavor Jj ek Fians
Jet energy loss
and momentum a,,d.-.,,so,,,m,.,
SJ

conservation sum rules



Medium-induced contribution to

parton splitting

(11\’7
dx

(%) ._|..,_<I . + J/{
+ 4*<+ J*<

What this tells us is that
processes take time - the

splitting is not instantaneous.

If the time for the splitting is
comparable to the distance
between the scattering
centers we have interference
— Landu —Pomeranchink-
Migdal effect in QCD

M. Gyulassy et al. (1993)

* First we note that the topology of all
splittings is same

* The importance of formation time

Momenta in the propagators
A =k, B, =k, +zq,,C, =k, —(1-2)q,,
DJ_ = kJ_ —q,,

Interference phases or inverse formation times

Ql - QQ - ’
Qo — Q3 =

A% — D?
95 — +J_ 1

Do



First order in opacity single Born

Diagrams

In @a moment we will discuss subtleties Wz k“ /k“
of the calculation ©-@ & [r 49-@ / P @ ll
Ty q1 o /31 o e
For the physical polarization vector N— E— =
The contribution for the last two N d]: , / ,
diagrams vanishes T 45" = o—
& ®1
LD nes
Iil) _ / ﬂezlql 621 Ag(p+ /(C,Q1) ‘/
2m 7D — iz
. = 1 = —te y
o [ da e 971 A (p, q1)Ag(p + K, q1) (1) i O R
7 S It g\Ds q1 g\p » 41 ]2 :m<e —iE )
(1) ' dql_ iqT 821 ]‘(1) - 4 (eiﬂldz _ engdzl>
[3 — Nt el Ag(kQI)AQ(p+k,Q1) . 1 — Q3
Q= Qp+ k1) =p +h~ — PLY ’?i;‘?jy —E
= Note that a collinear Wilson o1 — a11)? «zgp
: - _ - L= 4q11) —¢t
line appears in the R gauge iy —=Oma)—=p— = -/

_ (kL —qq ) —ice
0 = Qi) = - - AU ZE



Main results: in-medium splitting

AP — @ ‘ ‘ //P Ag) — O / : : pA:(BE) :@ N /{'/ : P
Double Born N @ e _ S T
diagrams 7
: 7 p

To tar 4 a2 zg 1:‘ q T q2 o l’ q 1 q
®1 2 ®1 X2 ®1 2
7R T ko
G. Ovanesyan et al. (2011) i i ol
(2) Cf—' p (2) ; p (2) r/ p
. A7 = | T A =) , Ag —@. :
= The lightcone A w0 ta o zota ta
®1 X2 ®1 X2 ®1 X2
gauge
(z*+,00,00) (z*, 00,00) (z+,00,00)
&l
> T > T2

(z+,00,x1)

i()‘ab ntq (V(Pros) ( 1 1 )
X

(z*,00,x1)

q*+is qt+ic qt—ie

= New Feynman
rule A. Idilbi et al. (2010)



In-medium parton splitting and

gauge independence

* The two sectors —the collinear and
Glauber — decouple. One can simplify
we VX X the calculations considerably by using
the hybrid gauge
* Proportional to the vacuum splitting
* Depend on the medium properties
* Vanish if there is no medium

* Explicitly have the LPM effect differentially
* Kinematics x, k d not decouple
A\’ B, (B, C.
(A) "B (Bi _C_i>

< dN > _ (ls Cr (1-2)? /(lA / (1(71 um
dxd?k | - (r[ d2q

G. Ovanesyan et al., (2011)
G. Ovanesyanetal., (2012)

= Properties

, : C C A B
of in- (1o~ Qa)ae]) + c_ <0_ Al B_> (1 - cos[(€ — Q)]
. BL CJ_ AL AJ_ DL AT
mEd I Um +B—2 Cz (l cos[(Q22 — Q3)Az D + A—i <A—i - D—i> cos[Q4Az]
Spllttlngs +% g—%(m[(l Az + %%(j—{_%> (1 cos[(2; — Qa)Az D .




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

i - 7 10
. = [ I IIIIII’ I [ IIIIII:: k\l IIII||| I [ IIIIIIE
Portlng to code 3 F S q - q+g spiiting I \\\ g grgspiting 3
. H.o' i San 1 \\ i
Results are directly 2 L ; 4 : 4
> JLE S F  no mass dependence N 3
exported from @ F e T A :
. g [ -0 mQ:OGeV,1S:ordd. R T Yo
MathematicatoC++ <= ¢ Mg=0GeV, 12" ot A .
001 1(')0 gl
Cha"enges 8 - q — q+g splitting 7 E [GeV]
Arise from larger A R —— ‘. | i
b f = 0.1 = > E Pb+Pb collisions at s "= 2.76 TeV
num er. 0 % ~ mq = 45 GeV, 1% ord. e ~q . 0-10% centrality
evaluations g [ mg =45 GoV, 42" o i Average mg = 0 GeV
| Average m, = 4.5 GeV
001 | 1 1 1111 | | 1 11111
10 100 1000
E [GeV]
Tmax AV .
i b g A Energy loss — not a well defined concept for parton
P al ( A
Il-nnn [ 1 A 2 y u H L H H
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)



Differential branching spectra

Parton showers in matter are softer than

= Reduction of the ones in the vacuum

small-x and

100 I | T | T | T | T | I | T | T I T | T | T | T | T | T | I | T | T | T | T 100
|al’ge-X — = m,=0GeV, 1" ord. \ /
i . 10 \ “— <« m =45GeV, 1" ord. no mass dependence 10
my, = 0 GeV, 1°+2™ ord. : -
prOba bl | Itles 1 TEy mZ=4.5 GeV, 1°4+2™ ord. o 1
5 52 S 1/2 N
(assymptot|c % 51 \X\wwwmmw i Pb+Pb at s :2.76TeV, 0-10% o
3 T T T T it T 3 T T T T
s modulated I g T T 001
o l;m: o 1__/\__
0.001 AT 1oL 1A CA L L [ | ™ 0.001
by thermal E loo |0.2 04 06 |0,8 | 1 lq—TQ+9| ¥ loo lo.z |0.4 |0.6 lo.s | 1 | 9|—>9+|9 3
Mass ALl L L L B B B L B BN - B =B N LA L B B B B B B =
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Differential branching spectra

Parton showers in matter are broader than the ones in the
vacuum |
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"I'm firmly convinced that behind every

great man is a great computer.”

Applications




In-medium evolution of the

fragmentation functions - hadrons
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Predictions for e+A at the EIC

Vacuum splitting functions provide correction to vacuum showers
and correspondingly modification to DGLAP evolution for FFs

I B =276 GeV HERMES
10f
[ ]
0.8} [ ] ]
¥ i
< ¥ ]
o !
& 06
04 Theory
02F m Data Kr
0.0 L . . .
0.2 0.4 0.6 0.8
Z

Z. Liu et al. (2020)

Transport properties — g-hat
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Jet production

Z. Kang et al. (2016) L. Dai et al. (2016)

A useful modern way (though not unique) 13E 0.100% PoPD Vsx=276 TeV

to calculate jet cross sections .1 g% =

. = ﬁ< [ N

Factorization formula o.5;.=.—_—-"—" ¢ E

o Data NLO+LL =

35 N—iX 1 Ldr 1 dz 1'5:_' 0L1010/(vl B | ‘A’nti'-k RI—0'3 Inll<2li

E = a — o Ji ’ L , T .
s Szf;/ = [ St )
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H. Lietal. (2019)

Large factor of 2 suppression for jets.
Light jets and heavy jets




Evaluating the in-medium jet

function

: e - o -
= Can we formulate the evaluation of *\é/D — *ngsg . {%f -
the jet function in a way suitable for E i i
numerical implementation | |
(3) (© (D) ()
g . = Z. Kang et al. (2017)
(B) =40(1 — 2) / (Ll'/ dq) Pyq(,q.1)
(C) = —5(1 / / g Poleygi)  Sum Can be combined.
] pp—jetX
p rules (U(IT: Zfa@fb@)Hgb@Jc
(D) — / (I(IJ_qu(Z.(]J_) pTan a,b,c
—2)w tan(R
P12 tan(f/2) NB has to be understood in
(E) = /“ T the sense of convolution
= 99\ %
z(1—z)w tan(R/2)
med,(1) 3
Jo el ) = da i FPyatziai)
z(1—2)w tan(R/2) n

= Stable in numerical implementation

/J.
+/ dq1 Pyq(z,q1) -

= Similarly for gluon jets 2(1—z)w tan(R/2)



Jet results at the EIC

* The physics of reconstructed
jet modification
H. Li et al. (2020)

1 Jy¥ do/dndpr], ,
— A 2
A [ do/dndpr|,,

Rea(R)

Jet axis

Two types of nuclear effect play a role

Initial-state effects parametrized in nuclear
parton distribution functions or nPDFs
Final-state effects from the interaction of
the jet and the nuclear medium —in-
medium parton showers and jet energy loss

e+Au Anti-k, 2<n<4 R=0.5

] Full

[ | Initial only
Final only PDF: nCTEQI15

[ Full EPPS16

NI IIII|IIII|IIII|I

(63}

L | L L L
15 20
Jet P, (GeV)

—5

Net modification 20-30% even at
the highest CM energy

E-loss has larger role at lower p-.
The EMC effect at larger p+



Separating initial-state from

final-state effects at EIC

A key question — will benefit both nPDF - | 0GEY <IWGeVeraw :
extraction and understanding
hadronization / nuclear matter transport
properties - how to separate initial-state
and final-state effects?

1.0)

R, (R/R (R
o
oo}
)

Define the ratio of modifications for 2 radii o A b
(it is a double ratio) N B

Rr = Rea(R)/ Rea(R = 1)

= Jet energy loss effects are larger at
smaller center of mass energies

I
—
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Q
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<
X
N
~ |
n
Q
o
<
®
2 1
>
=

|

R, (R/R (R=1.0)
o
(oo}

R=08

| I I I l I I I

Anti-k, 2<n<d [ r=0s
(electron-nuclear beam combinations) os- e EElR-ea
= Effects can be almost a factor of 2 for ° U e 2
L) . T
small radii. Remarkable as it approaches
magnitudes observed in heavy ion H. Li et al. (2020)

collisions (QGP)

Initial-state effects are successfully
eliminated



Applications of SCET. to jet shapes

T I T T T I T T T l
—&— CMS 01 O%:p‘:'>100 GeV/c
Ivan, Er=1 00GeV, b=3fm

T T T T l T T T
2= CMS Preliminary —

- Jet shapesreflect the
energy density inside the jet
and the structure of the
parton shower

JL dt =150.0 ub™

N 1%

Ivan, ET=2OOGeV, b=3fm

p(r)Pbe/p(r)PP
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\I’in T;R = 7
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d‘I’int (T‘; R) _
. R : .
@D(T, ) dr i I ' [ [
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* First proposed as an observable that 0 0.2 04 08 0.8

can test the understanding of the quenching of
reconstructed jets and the

* Predicted in the energy loss approach ~5 years
before measurement

l. Vitev et al. (2008)
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Medium-modified jet shapes at NLL

ki = br(l—x .
o :Emj( g = One can evaluate the jet energy
= pi tan (1 — ) functions from the splitting functions
.]i, /1)_2/ dzdk) Pisjx(z, k1 )Er(z, k1 )
']u.lfp(/l) - ]zu (/l)* ]m”i[/l)
1.6 wwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 1
V SNN = 2. 76 TeV CNM Only
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Measurement operator —tells us 5] MS
how the above configurations N *
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contribute energy to J (jet function)

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



Groomed soft dropped distributions

In SCET

* Groomed jet distribution AN oML Z (deac)
using “soft drop” dzgdfy S \dzgdly ) ; ;3
1/2 d N vac
A. Larkoski et al . (2014) s [ / da/ ( dzdb ) ‘ ]
711

-y

Sudakov Factor

Directly proportional to the splitting
functions, + resummation for small angles

, _ min(pr1, pra) S (A&g)j fm] 0.197 GeV fm
~ MRS h P— ’ :
pPT1 + PT?2 o 24(1 — 24) w[GeV] tan?(r,/2)

Typical situation: E=200 GeV, ry=0.1

The great utility of these new
distributions: probe the early
time dynamics / splitting Y.T.Chien et al . (2016)

Branching time <2 fmfor z, studied



Heavy flavor jet substructure
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A unique inversion of the mass hierarchy of jet quenching effects,
Can be used to constrain the still not well understood dead cone effect in matter



Summary

» Learned about dense matter. The need to include a new
mode in SCET to describe parton/jet interactions in matter

= Learned about transverse momentum broadening in dense
matter. Broader transverse momentum distributions in
reactions with nuclei. Effects limited to low transverse
momenta

s |Learned about medium induced radiative corrections.
Characteristics of parton shower — broader and softer than
the ones in the vacuum

= Learned about phenomenological applications —
suppression of hadron and jet cross sections. Modification of
jet substructure observables — jet shapes, jet splitting
functions, jet fragmentation functions, jet charge



Jet definitions and jet finding

algorithms

= Jets: collimated showers of energetic particles that carry a
large fraction of the energy available in the collisions

G. Sterman, S. Weinberg (1977)

» Jetfinding algorithms [have to satisfy
collinear and infrared safety]:

1) Successive recombination algorithms

a) kyalgorithm 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

R= \/(77_ 77jez)2 +(P— P, )

G. Salam et al. (2007)



The Fermi interaction

= The first, probably best known, effective
theory is the Fermi interaction

E. Fermi
(Nobel Prize)

4

u ‘
P : Fa

= 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



