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(DIS regime) and dynamical shadowing -~

effects

«  Semi-inclusive lepton-nucleus
scattering, hadronic and jet final states

. Conclusions

_ _ R. Abdul-Khalek et al. (2021)
i) Thanks to the organizers for the

invitation to give this lecture Excellent sets of lectures have
ii) Credit for the work presented goes covered the fundamentals, including
to my collaborators nuclear structure effects
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Neutrinos as portals to new physics

Massless neutrinos are part of the SM

In 1998

2015 NOBEL PRIZE

discovered neutrino flavor oscillations in
atmospheric neutrinos

Oscillations confirmed by measuring the
flux of solar neutrinos at the Sudbury
Neutrino Observatory (SNO) in 2001

New Physics Probability
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the Super-Kamiokande experiment

Y. Fukuda et al. (1998)
Q. Ahmad et al. (2001)
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hree Generations of Matter

— The nature of neutrinos, existence of sterile
neutrinos, mass hierarchy and mixing angles. Are
neutrinos Dirac or Majorana?

— Charge-Parity (CP) violation in the lepton sector.
Matter — antimatter asymmetry in the universe

A number of short-baseline neutrino anomalies
point to new physics

Los Alamos National Laboratory



Neutrino-nucleus scattering regimes

314 To determine neutrino properties, percent-level
E1.2 control over the muon v disappearance and
L1 electron v appearance signals in neutrino
u0-8 experiments is required
60.6
$
0.4 N, ~ / dE,®, (E,) x 0 (E,) x R(E,, E™°)
80.2
i — '““1'0 T The same % level control is required over lepton
Neutr E, (GeV) scattering cross sections
eutrio energy
J. Fromaggio et al. (2012) 2 e
' —QE —MEC
Neutrino scattering regimes important to DUNE : quasi- ¢ | - wos
elastic (QE), resonance (RES), deep inelastic scattering ]
(DIS); Hyper-K the first two s o5t
= Tree level cross sections known Sy .o
do M? 9 5 5 V2 9 ’
rTochal ((T+r ) AQ) ~vBQ) + 0@ ))

1 — 1 J
0.6 0.8 1.0 1.2 1.4

Neutrino-nucleon/nucleus elastic scattering Cle.€)o, Eqe (GeV)
» Nuclear corrections and radiative effects not under control Electron energy
» Recent JLab measurements of lepton-nucleus scattering find
10-50% discrepancies between theory and experiment M. Khachatryan et al. (2021)
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The FPF and connections to the EIC

| —isByLL2:3.di Ve + Ve 06| ——iSIBYLL2:3.d-
E ‘DPMJET:3: 2017 Y (1078 et 'DPMJET 3: 2017

H i | e, — "
N R S T e For more information on the

T et - | FPF

Number of charged current neutrino interactions with
the FASERv2 (left) and FLARE (right). Depends on
detector assumptions, etc.

J. Feng et al. (2022)

Depending on the approach (collinear NLO vs Kkt
factorization, neutrino flavor) energy normalized cross
sections peak at ~ 1 TeV. Assume that broad
distribution (x1/4, x4 ). CM energy ~ 45 GeV (x1/2, x2)

Ideal complementarity to the EIC (and in some

cases even better) Will focus on the neutrinos and
s=2myE, QCD/QED sector

Los Alamos National Laboratory




The Electron-lon Collider

A premier nuclear physics facility for the
community

‘ W
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Center of Mass Energy E,, [GeV] ——

Peak Luminosity [cm2s-1]

Annual Integrated Luminosity [fb-']

Project detector
_ (ePIC), community
Physics reach working toward 2"

one
Important milestones The future EIC

CD-0 and site selection announced Jan. 2020
CD-1 approval in Jul. 2021

CD-3A approval in Apr. 2024

CD-2 review in 2025

Los Alamos National Laboratory

Variable e+p center-of-mass
energies from 20-100 GeV,
upgradable to 140 GeV



Effective field theories extended to particle
propagation in matter

"WiAT I WE SPEAID ALL THESE ZULIONS AND
TERE DUST ARENT ANY MORE PARTIES T FIND?

Los Alamos National Laboratory



Effective field theories for particle

interactions in matter

The underlying idea
behind many modern
calculations in matter

A new direction

E. Fermi
(Nobel Prize)

,,//,/\\:\d

u
d

s -
on &
™™

V2 M3 cos? Oy sin’ Oy

e y M
- P | /:
A direct observation of the
n neutrino, Nov. 1970

Powerful framework
based on exploiting
symmetries and
controlled expansions
for problems with a
natural separation of
energy/momentum or
distance scales.

S. Weinberg (1979)

The first, probably best
known, effective theory
Is the Fermi interaction

Los Alamos National Laboratory



EFTs of QCD in matter

Production of particles and jets in matter remains a multi-scale problem. A
major contribution of the LANL group is the development of those EFTs

SCETg — soft collinear effective theory with Glauber gluons

E:ggg'seﬁl |°f A, ) = ,,z,,:qo ir-#te)e (En.,yrg‘;;fxcz — T (A2 ), (Aii,,,)u) T390 As(9)
zfefledctive NRQCD; — non-relativistic QCD with Glauber gluons
theories o T 0OF Por . e
Chiral Perturbation Theory (ChPT)  Aocp  p/Aecd g, g K, .: A / SCET
Heavy Qua(r||_<| (I;fif;rc)tive Theory L oo UA e o
Soft couine(asr Cséf%ctiveTheory o QWA EAuA p,Al Medium
Non-Relativistic QCD (NRQCD)  mg,  plmg A WoAsAus Medium i
G. Ovanesyan et al. (2011) Z. Kang et al. (2016) Y. Makris et al. (2020)
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EFT of QED for radiative corrections

and in matter

. Radiative corrections to ne_utri.no interaction
with neutrons and protons inside the nucleus

* First-principles quantitative description of
nuclear medium effects

v
! — T
1.00 1 Ven —e p ]
E,=2GeV, AE = 10 MeV _
8095 e _-
!? ————— soft photons only |
30904 T soft+collinear photons, A0 = 10°_
lllustration of neutrino-nucleus I P —
scattering _
. | . : .
0 0.5 1.0 15
Q? (GeV?)

O. Tomalak et al. (2021) .
Lc = Lrqcp + Z e W) Ty i (0 0+ ieAC) o X' p LscET

pl’p/I
Soft collinear effective theory
with Glauber photons » Cross-section distortions due to elastic scattering are small —
percent to permille level
Radiative corrections from the medium are power suppressed

O. Tomalak et al. (2022) "



Tree level cross section corrections

» Two type of interactions contribute —

J » - (11 . b2 . (11 - 7
% | | direct” or single Born and “virtual” or
9 i - @ T - double Born
:L‘O xO [ [l [l [
® ® ® * Required by cross section unitarity
Single Born Double Born o2
diagrams diagrams =) —

g ’U(qL)_q—_QL_i_CQa CR<<1
Potential that combines the sources 13
and the Glauber photons Typical atomic scale  ( = “qg5—

- Neutrino and lepton d2q,
. ) 50u=/dz’pZ’/ v(qL)1* (o0 (B = qL) — 0w (P

scattering corrections &) | el @1 (v (7 = 01) —u (7))

so0 = g;') v (@) [ [0 (&) (o0 = 208) — o0 (7,7)) + [ dep @) (o0 (7.5 + 41) — o @)

Typical nuclei in electron and neutrino scattering experiments

H | PC | IO | NAr [ EFe [ ZPb
Rims (fm) | 2.1421 | 2.4702 | 2.6991 | 3.4274 | 3.7377 | 5.5012
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lllustrative results

doy _ Cog M? 2 2 2 v? 2 o o
0 @B = [t g () 4@ B @)+ 1 0@ Neutrino nucleus scattering
! Sdpe — ' ' 2 208p}, ' Vin ' wp ’
c g
- The way cross % s E, 4 Gev
section corrections  _ oo "
work is they . ~ e
change the initial- <. © ~ s,
. > - > >
state and final- g |- g |_— —— SCETg, 10'° GeV
state (E _>E’, O R I 0 —— SCETg,aton}ic scale
pT’ Xg — XB, 14 e full QED, 1019 GeV
S . S T T I Rt full QED, atomic scale
-1 T T . . . :
klnemathS reqUIred 0 01.5 1'.0 1.5 0 Ol.5 1'.0 1.5
produce an Q? [GeV? Q? [GeV?]
observable
Electron nucleus scattering
doy ma? Gy +£GE 1T\ 7 eNsen Z'ggpb_

49 (2 By —
dQ2 (Q ) Z) 2M2p2 1_€T

Cross section
corrections are

small - permille ~ _
to percent level +—— +—r
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Resumming multiple interactions

* Let us recall the QED scales that can arise in the medium. From these we can
calculate “cross sections” for very soft Glauber gluon exchanges and “opacity”

parameters 1/3
o~ 471'(12 L 1 o 1 L ers (ﬁfmeers>2 X~ les ~ Z
(17175;/3> 252 mfp ne, 3Z1/3 192 /1mfp (/}L”meers)z

“Mean free path” “Opacity parameter”
b= \/1 -mz/(Ey)’, “Cross section”

Because the atomic scale is tiny, the mfp, opacity, ... shouldn’t be over-interpreted.
Only the total momentum transfer ~ y{? matters

« The remaining diagrams have a specific structure and can be resumed most

easily in impact parameter space M. Gyulassy et al (2000)
3 =D 'D +V + V1
® % ® % + ® ® % Rn—Dn Dn+Vn+Vn
Mast ti dv T 1\ ,—x(1-CbK,(Ch))
aster equation ~na bp' Jy(0,bp', e * 112))db G. Moliere (1947)
iR 0
7 \2
Gaussian AV® _ Pl o g 12 in24in(CR)
R dp,  x&%¢ 4
approximation W O. Tomalak et al. (2023)
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Phenomenological results

80

* In neutrino and charged
lepton scattering the
outgoing particle
acquires transverse
momentum relative the
original unperturbed
direction

100
80 1

60

dN/dp/, [GeV™Y]

404 !

v 1
10 20
P, [MeV]

40

dN/dp’, [GeV™

60

40 -

20+

full result

Gaussian approximation

v 1
10 20
P’ [MeV]

40

Broadening of order 10-20 MeV. The full result and Gaussian
approximation differ

« The broadening affects important observables, e.g. the angular distribution
of neutrinos from which the energy is determined

RMS angular deflection

i) - ¢ JICEI -

of order few degrees at
low energies (goes away
as 1/E). Important to take
into account in neutrino
event generators

Los Alamos National Laboratory
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Medium-induced radiative corrections

s (853' In addition to tree level
X— > + X— > + > > . _
% % % scattering we have medium
0 ) induced radiative corrections
yA z VA z <
/ . 6* v - 5* -
Soft radiation amplitude without in- T =e (ﬁ, = "ok ) TLOik 2",
medium interactions K 7
O. Tomalak et al. (2024)

Soft radiation amplitude with one correlated Glauber photon exchange
/. g* . g* d2 o :
TiC = —ie (p ok ) / L _eT 0Ty (g ) TO (g, 2Y) THO (0 + ky — ) P/ TR)2”,
1y p,'k'y v-k7 go (27r ( ) ( Y )
ok, ST 2) _ i e d1) (1) o) = e BT
S : PqL)=p ——— .
(0" +ky), Q@ qL) — Q@ +ky, q1) p*

P — Q0 +ky,q1) (2" =2°) _

e Corrections to the cross )

section. This can be obtaiged O A B3k Q2 qL o
to all orders in opacity. |I'l Tk T vy | (20) 2E7 Szl / v (q1)’
and the cross section 3 )
differences collect nuclear x [do™© (5 + &, — 1) 1™ (q1,z ) 2 — doto (p' +5)],

effects



Soft radiation and resummation

* In the soft photon emission limit we can neglect the kinematic corrections
and vacuume-like radiation factorizes form the scattering series

’F(l) (q‘_l_azl) |2 = |F(2) ((T]_’_]_,(fz,l,zl, 22) |2 = e = ‘F(n) (‘fl,J.---‘jn,.La Zl"'zn) |2 =1.
We can calculate the soft function from one emission
f o QB @ ] LB 18) Q7 L[ a0 w28
Siy=1+ = (ln E,E] In = 1 5 In B i 5 In = + Liy |cos 5 5 9
And exponentiate for multiple emissions into a Sudakov factor
_ _S14(AE)-1
Sy (AE) = S(AE) = €™ O. Tomalak et al. (2024)
The soft radiation spectrum then is 0 —
_____ [ A v Y v
dN7Y 2 4E2 i Ly ly 1y
S:gS(EV) 5ean—2+%1n—2€—1 _— 8% . Qv mme. gV
dz T X m 2 m ,
£ ¢ ~10- J—r
d0¢ = 0, 6,, = 1 for the (anti)neutrino scattering, R ____,_,____._.:._:_.-_—_---_,:-_:.-'.::”:-“'-"-"":‘"
d¢ = 1,6,, = 0 for the charged lepton scattering, I T
7 Epeam = 2 GeV AE =10 MeV
- The magnitude of cross section corrections due ~ ~297, -
. . . . - N
to soft radiation is significant - 20% for charged
leptons scattering and 10% for neutrino ~30 , . , , , ,
scattering. These corrections are nucleon-like. 0 1 2 3
1 [}] . . . 2 2
They “commute” with the multiple scattering Q% [GeV?]



Collinear photon radiation

* For collinear radiation one one needs the full spinor structure of the matrix

elements to account for spin flip when the energy fraction taken by the

photon is large ’ .,
dalé) 2rks | Q _ wlp(l= z)?

The lepton photon splitting function doLO ( 7+ Ev) dzd? E%L = ;PH(: (z) = - -

Note £ — 1 — z,

Integrating within a cone, the spectrum

Y _ 2 /
of the radiation is dNe al+(1-z) In (E; + Ey) AH’

~y T

dx s T me

* The medium-induced collinear raaiauon nas the same muituple scatering
series structure. The soft pre-factor is replaced by the collinear.

« The magnitude of cross section corrections due
to collinear radiation- 5% for charged leptons
scattering and 2-3% for neutrino scattering.

@ 5 " a8 ' ok obe ik Nuclear corrections so not change the radiation

x spectrum. They are strongly suppressed.
Collinear radiation spectrum




Problem 1

Let the opacity of the medium (mean number of scatterings) in which a lepton
propagates be x = [o(z)p(z)dz = L/,

Relating the final momentum of the lepton to the one before the multiple scattering
and summing over aII orders in opacity we obtain [dN(...) same as dN(...)/d%p ]

D 1 do.;
B (U
n= O

Let is start with a normalized to unity lepton flux with no transverse momentum
component dN () /d?p = §2(p). and the normalized scattering cross section to

be of Yukawa form 1 do; 2

14
(a@® + p2)?

a) By representing the initial flux on the RHS in impact parameter space,
demonstrate that the series can be resumed.

b) Expand the Bessel function pb-Ki(ib) to order b2 (neglecting any log(b)
dependence and collecting numerical tactors such as Euler gamma, etc in a
constant§)

c) Show that the b integral can be taken and leads to a Gaussian distribution of
the outgoing flux of leptons. Calculate the (p?) of the final distribution.

Los Alamos National Laboratory
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Inclusive DIS

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

Los Alamos National Laboratory



DIS Preliminaries

K’ _ q=k-k', v=E-E
Variables:  ,_z_py /5

==
I

=—q*, x=0"/2p-
- q°, x (2p-q)

2
e o M L R0+ 10 2 |0
X dxdy xy| 2 2F

F(x,07), F,(x,0") - the DIS structure functions

Convenient to calculate in a

basis of polarization states of Used to determine the parton distribution

functions (PDFs)

FT(X9Q2):E(X9Q2)9 ] ]

F(x.0%) Where QCD kicks in: N the perturbative regime

FL(X9Q2):2#_E(X7Q2)7 i .
ix T 7/

2 2 FT(X,Qz) :—ZQ; dA,e 4 <p Y(0)—Y(4) p>
if XM 27 j 2p

0 Leading Twist PDF

=%ZQ§ b (1,.0°)+0(a)
f

R. Brock et al., (1995
rock et al., ( ) FL(X,Q2)20+0(05S)

Los Alamos National Laboratory



New contributions to DIS with nuclei

ok _ ok
(=) Same impact (+) Y\’ =@ Yp
parameter — p

Lo
\d)

The idea behind the calculation:

* Focus on the coherent small x regime "
propagator decomposition

Longitudinal size: ~1/2m,x i(zpt Q)
If x<0.1 then Az > r,

Transverse size: ~1/0

If OQ<m, then exceed
the parton size

(contact term —)
i(yT/2pt)/ (zi—z+tie) (pole term )

« Emergence of a non-perturbative
parameter and length enhancement

2 3ra, (Qz) A2
 Lightcone gauge: 4-n=4"=0 5 _( 8r <f‘F (4) p} L 3G (.0?)
* Breit frame: 7 =[1,0,0,], n=[0,1,0, ] e :
O . 0’ Dynamically generated parton mass
q=—xp n+ 2xp” n, p=np , xp+q= 2xp n per scattering



Comparison to data

* Coherent scatterin? in nuclei gives a new 5 L e e e ]
contribution to the longitudinal structure <o an‘ e
function and a suppression in the transverse = 051 oy ' _}E 7 ]
structure function — a microscopic picture for o E-000-01260¢ | + 1
ShadOW|ng 20 4173 . He AR 6Ll N

FTA(x,Q2)zAFT(LT)(x+—x§ (22 _1),Q2j 5 o-;_—';,';""':""""' B

y ) (LT .o 4ET ) '0'1__(.}._:“1?.{(8?9.1.....1 N .

Q)= AF Q)+ oo Q) g T e

W IW | & CERN-NA37 d

Ll <, 0oL T ’

o[ Ammmet pogiamead 0 NMCdata shows % osftl + :

= 1 — — . " FNAL-E665 T T

o | 1 1 evidence for a 071 o cervnay ¢ T “Ca
° | T 1 powerlawin 1/Q% o Tk o eseoa ]

S ékvsgvg-“gv:? __"gz;o_io;_;},j;gevz —  behaviorin _ .°— 1 E

17 1 B/ E(0) S -

z\f\' 302[69\/21]0 * 2 é{\. g

5 VY 16 ¥ep IS/ L-C ;

& o o F(x0) :

B — R’FL(LT)% __
N = R F_ ii

£ Nemee 1 F PR J Qiuetal (2003) & E
ol \o_ 0'2__128\\~____ _- .;
‘1 I ;“”“110 ' 30 0 0.:)4 OAIOS ‘ 0.12 0.1

Q° [GeV? Xg Xg Xg

Los Alamos National Laboratory



Neutrino (v) DIS

Mediated by the electroweak bosons (CC, NC) (exchange W*,7° )

« 30" deviation from the Standard Model (Now1.8 o )

sin’ 8, (SM) =0.2227 +0.0004 NuTeV experiment
sin® 8, (NuTeV)=0.2277+0.0013+0.0009 * ... G.P.Zeller et al., (2002)

do"”’ .. 1 y2 w 2 ( _m ij y2
2xF, , +| 11—y l F +| y—— F
o Oc(sinzﬁw){z ' (5,0°) 0B (1,01 5| y -2 5B (5,07

Axial and vector part (weak current) Similarly for the

« First glimpse at production of heavy quarks

F(VW)( B’Q) Z|VDU| U¢D(xB+xM )+Z| D| —¢U(x3+x ) \ ) ——

: M*
Energy conservation *: = XB(HEJ

» There was no theory for the shadowing in v + A4

Los Alamos National Laboratory



Summary of results for inclusive vA

* Physics interpretation — generation of dynamical parton
mass in the background gluon field of the nucleon/nucleus

M M & a1/
g Bz THT = rEB@(A/ —-1)

1
ZFl'jg‘(:m_:;,Q"’) ~ {2} (Z Voul*¢5 2) Y Vopl*85 (x5 + zur + Tatss Q2))
DU 7,b

1
—F4(z5,Q% ~ {2} (Z \Vup|*¢) (B + zuT + 20,0, Q) £ Z Voo 6% (x5 + zur + :I?MU,Q2)>

(-) Same impact (+) A U,D DU
parameter — p

M =

lF”A(ac Q) ~ F{""(zp, Q%+ Z V) |2 02 + £ (2 T )2 6 (25 + zur + 201y, Q%)
A L B B> DU Q2 Q2+M(2J D B HT My
2 52 M]% ’ A 2
+Z|VUD| (2—m) ¢5 (v + T + 20, Q%)
L pra(ap, Q%) ~ LT):UQ)+ZIV |2 D+—2(2‘ 7 )2 60 (25 + zur + 2115, Q%)
(b) ATL BRI up @\ Qrymp) |TUVETIHTTIMD,
" . . Va - 2 52 ) Mlgf ’ A ( QZ)
Similar but a bit more i Z Vol T rraz) | Pp st o o, Q)

challenging because

of the massinthe . \We have now also calculated and resummed higher twist
propagator corrections in the structure functions for small-x in vA

Los Alamos National Laboratory



Areas of interest in vA at the FPF

- Hierarchy in F, and F; dynamical * Gross-Llewellyn Smith (GLS) sum
. 1 1 _
shadowing rule Sers — /O don 5 (op Py + opFYY)
11 02_1'66;/2"'""' TR oot T At tree level counts the number of valance
- . - quarks
1 L(Q2
AgLs = 3 (3 —SgLs) = 2 (7? ) - é +0(Q™%
0.5 | I 1 1 | L I
n SGLS=3[1 -Ag ] o, Charm mass M, _
04k == o, M,, power corrections |
’ ¢ CHARM data
%" 0.9 7 B J B m  Serpukhov data
< 0'8 ] 0 0.3 e ® CCFRdata -
oo M |
L _' (D - -
><c0 0.7- Resummed Power Corrections — §2=0.09-0.12 GeV® - < 0 2§+ _
06 | 7 . |
1 Illllul i1l 1 I 1 1 L1 11 \Q+
00001 0001 001 1 3 10 ~¢_ o -
Xg Q° [GeV] 0.1 +\% ..:;+\=—
A 2 A 2 i ]
A/A 2y _ F3 (xB,Q) F3 (xB,Q) 0 ] | [ R I W O
Reiofoot 02 Q) = B0 o, Q7)) T (06, @P) 1 Yo 0
Q" [GeV']

=1- (asea - aval.)(Al/B - A, 1/3)62/Q2 + -
_ * Inclusion of high twist effects as
J. Qiu et al. (2004) boundary conditions for evolution

Los Alamos National Laboratory



Final-state interactions in DIS




Open questions about hadronization

« Open questions about the nature of hadronization — independent

fragmentation, string fragmentation, cluster hadronization > ‘
* The space-time picture of hadronization is unknown, but critical }WW h
for e+A e
« Competing physics explanations of HERMES hadron )
suppression data based on energy loss and absorption r P
W. Wang et al. (2002) B. Kopeliovich et al. (2003) %éﬁs

Light hadron measurements cannot differentiate between
competing mechanisms

A. Accardi et al. (2009) Ideas to parametrize nFFs assuming

universality
Fidd P. Zurita et al. (2021
L [T Effect of 10 fb-1 EIC data (2021)
: 2.0 T T T
B LIKEn 90% CL
+=0.8 | 16k re-weighted i Q%=1 GeV?
Qf‘ »
= 3 1.2 u+u u
9:6 | HERMES i % 08 -
I absorption i \ \’\
| ——— energy loss L ] 0.4r -
0.4 1 1 1 | 1 1 1 I 1 1 1 I 1 1 L
0.2 0.4 0.6 0.8 1 0q - . . . . .
oz .0 0.4 0.8 0.0 0.4 0.8 0.0 0.4 0.8
h z z z

Los Alamos National Laboratory



EFTs for parton showers in matter

« Compute analogues of the Altarelli-Parisi
splitting functions
« Enter higher order and resumed calculations

Quark to quark splitting function example

dNmed _ s, [ dAz /d2 1 do 14 (1—x)2 B,
Gkl ) o0, 22 1) Ne) ) C oa @a) z BL + 12

Primary hard process

x( B,  C )(l—cos[(Q —Qy)A2]) + C, ( c, A
« Evaluated using EFT Bl +v? C1+12 T E A e T al e
B_L ) B_L C_]_ ) B
approaches - SCETG , —m) (1 — cos[(u — 23)Az]) + B oy —5 (1 — cos[(Q2 — 13)Az2])

SCETM’G +Aj{4iu?'<DiDiu9 - A‘zlAi,,g) (1 — cos[Q4A2]) — Aifiy?'DiD:y?(l — cos[25Az])
* Cross checked using light ~ , 5 ( A Bl )(l_cos[m] s
cone wavefunction approach M Bi+v \4i+v B+ ’
* Factorize from the hard part +a‘3m‘ll BT i( Bglwz - 1) (1 — cos|(1 — Q2)A2]) + ]} (2551)
« Gauge invariant
« Contain non-local quantum Z. Kang et al. (2016) M. Sievert et al. (2019)
coherence effects (LPM) * In-medium parton showers are softer and
* Depend on the properties of  proader than the ones in the vacuum
the nuclear medium . New contributions to factorization theorems
G. Ovanesyan et al. (2011) and evolution

Los Alamos National Laboratory



Hadronic physics in lepton-

nucleon/nucleus scattering

«  The goal is to understand QCD TE SR mmuaseas o
- . 10° W 1<yl<15 (x25)
in the nuclear environment - ;jdﬁixs?_*
dir N ¥t dx s
- z/N 3
dynd®>prp SZ/ /o f (@, 1) e
':?10“
i f g —t Aipisf 3
X[ ol L (Sﬂbau)ﬂ } % |
x D" (2 L ol — e
dUEN—>JX dx -
e Z/N B
dy d*pr, s SZ/ /0 f (@) 1 | ]
" 20 30 40 b5p GO(ZOV) 100 200
i—f 3 — Ayi—f -jetp,. (Ge
X[ + s (SJFU,M)U” } 1
% J+(z,pr R, 1) Z. Kang et al. (2016) scales
 New theoretical approach using semi-inclusive jet function - f
1 i1 :
The SiJFs Evolve according to DGLAP-like equations —T 3 W ~PrR
d ( J1q/s(@ 1) ) _ % / d_< Pyg(2) 2Pgq(z) ) ( Tiats(@/2 1) ) In
dlnp? \ Jy,/4(2,p) 2 J, 2 \ Paglz) Pyy(2) J1,19(/2 1) Pr
—— mQ
M Ss(prR,m) =2 Y Ky/g(prR,m, pir) ——A
9QQ N L. Dai et al. (2018) Qop
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In-medium evolution of

fragmentation functions

« Medium-induced splitting functions provide N. Chang et al. (2014)

correction to vacuum showers and Z. Kang et al. (2014)
correspondingly modification to DGLAP
evolution for FFs
dDy(z, s 2 Ldy / / ' . + 1
dql(anQ) _@ ;‘? ) / P20 (5.Q) + Praa. @Dy (5,Q) ] ¥ =
dDz(z, S(Q?) [rd , , « e
dql(anQ) =" (7? )/ T Pru.Q01 (5.Q) + Pro(#,Q)D, (5.Q) }. Nl
dDy(z, (@) [1d :
dg]E}ZQQ) = @ (7'(6'2 )/Z ;{Pgﬁgg(z 7Q)Dg <§7Q)
N 0
, 2 = Wl sof T T S Central -— ([?:))IB;
+Pg—>q¢?(z ,Q) (Dq (;aQ) +fa <;7Q>> ) N e u—-
« Enhancement at small z but for pions S | N ~
(light hadrons) at very small values - 2 /}\
mostly suppression =" e
* Very pronounced differences between TS0 S \ \
) . ----..__:_'.'.-.---......_._____\ N
light and heavy flavor fragmentation. 3OGV' ---------- " S :
. = e B
- Related to the shape of fragmentation i T Sl
. 0.2 04 0.6 0.8
functions H. Li et al. (2020) .
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Phenomenological results -

hadrons

« Differential Backward rapidity, large Light pions
hadronization cross CM.energy e
H H eVie) x e e 7t it at 5 GeV (e) X 40 GeV (A)
sections norm_allzed by BGVOXZTE GVs) ] 1 GGevepicey | — —2<<0 |
the cross section for - B’ - 0<n<2
R=1 jet L S
s
Nh(pT7n7z) ’ 05F
Nirc(pp,n) leA
Rh Z) = 0.0— .
eA( ) N}?(pTﬂ?,Z)} 2 4 6 8 10
ch(pT,n) ep prGeV] z
Forward rapidity, small Heavy flavor
« Modifications to C-M. energy
hadronization grow v 5GeVE) X 40GVA) e T 1 Do ascev (e)x;m GeV'(A) o
form backward to St 2<n<4 - go ] sk 2 GeV<pr<3 GeV : —Oiziz ]
forward rapidity Tl S
» Transition from S e — o
enhancement to e R
suppression for heavy I e O | S
flavor pr [GeV] o

Differential in p, Differential in prand z

Los Alamos National Laboratory 9



Final-state in-medium jet cross

section modification

Diagrams that contribute to the SiJF at NLO The medium NLO contributions to SiJF

» % ' » \‘ %‘;
\' ! \?gggg \' med a 2 med
; ; ; ; Ty GoprRo) = | [ dPky [ (2, kL)
E . E E z(l1—2z)prR s
73

Medium contributions to the +/ P’k fi50, (2, k1)

. . z(1—2)pr R

first diagram . (1=2p

Jy " (z,pT R, ) =

/Z:_z)pﬁcﬁkL (hgg (2,k.) (ﬁ +2(1— z)))]

/M d2kJ.fg—>q67 (Za kJ_)]

(1—z)prR

+

+ng

+

K 1—2z 21—z
+/z(1—z)pTR Pl <hgg(x,k$) ( z & ( 2 )>
 The medium contribution to the jet
functions can be expressed in terms +nfque<zjkﬂ> )
of the in-medium splitting functions
* Included at fixed order - NLO level
« Suitable for numerical implementation

Los Alamos National Laboratory
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Jet results at the EIC

= The physics of reconstructed jet
modification 1 " 4o andpr,,
) A [P do/dndpr|,, ~— F
Jet axis

RQ2)

wmin(l)

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

1.1

1

0.9

0.8

0.7

18 GeV x 275 GeV e+Au Anti-k; 2<n<d4 R=0.5

7] Full

[ | Initial only
Final only PDF: nCTEQ15

[ ] Full nCTEQ15 7

"] Full EPPS16

(6]

the jet and the nuclear medium — in-medium -

parton showers and jet energy loss

NI IIII|IIII|IIII

L L L L | L L L L
10 15 20
Jet P, (GeV)

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

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

H. Li et al., (2020)
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Separating initial-state and final-state

effects with jets in DIS

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

Define the ratio of modifications for 2 radii (it
is a double ratio)

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

Jet energy loss effects are larger at smaller center of
mass energies (electron-nuclear beam combinations)
Effects can be almost a factor of 2 for small radii.
Remarkable as it approaches magnitudes observed in
heavy ion collisions (QGP)

10 GeV(e) x 100 GeV(A) --- R=0.3 1.4F 10 GeV(e) x 100 GeV(A) - R=0.3 1

2<n<4 ---R=0.5 — pr,;> 8 GeV --- R=0.5
1 xR 1.2F
= L
1
[a
------ = 1.0 e g e R M R A S TR AN I T e e
-------------------------------------- S5 TRttt b il T PR
B s [ < S TN TS~
-~ T S,
___________________________ S osf R
----------------------------- a4
cjet 0.6F c jet
8 10 12 14 16 18 0.5 0.0 0.5 1.0 1.5 2.0 2.5

1

R, (R/R_(R=10)
o
[e¢]

0.6

R, (R/R_(R=10)
o
[ee]

T
~ 10 GeV x 100 GeV e+Au

R=08
Anti-k, 2<n<4 [ r=0s5
0.6 PDF: nCTEQI15 R=03
| | |
5 10 15 20 25

Jet P, (GeV)

Initial-state effects are
successfully eliminated

H. Li et al., (2020)

The suppression is similarly

large for heavy flavor jets

H. Li et al., (2021)




Reading assignment

There are new approaches to understanding parton evolution in
matter based on renormalization group analysis. You can take a look
and see the latest developments in this direction

Los Alamos National Laboratory



Advanced topic: scales in the in-

medium parton shower problem

In-medium DGLAP does not tell us what kind of large logs are being resummed

L

[ AliN
)
N

v/L > ¢?

 We encounter many ratios of scales
in DIS on nuclei

« Will resum large logarithms of Q/Qo
and E/E2L

- Consider differential hadron production in ep and eA W. Ke et al. (2023)

doep—h . 27TO( ch
dxgdQ2dz, Cij(x, 2) ®dy/;(zh)
FU(Z)
doea—h 21’ 1
= Fi AFme d.
dxpdQ?dz, ,zJ: Q4 = [Fi(2) + AFP(2)] @ dayj(2n)

* The distribution of partons in the shower 5
receives contributions proportional to the in- AFmed( = Wy e )
medium splitting functions

Los Alamos National Laboratory



Advanced topic: analytic understanding

of the in-medium shower

 We were able to identify a simple analytic limit of the splitting functions
integrate the transverse degrees of freedom using dim. reg. and isolate

: : )
the endpoint divergences AFES(7) = / % FNS(E)Pmedu)(X) © virtual term.

Color non-singlet distribution as an

example pg;ed(l)(x) = Alas, ) - [x(qu— X)(]l—)t—2e . [

2 2¢
H L] - Colr(x)

xzv

» Divergences are cancelled by the soft-collinear sector

E II}\
2 + | — F(2) !
AFns(z) = Alas, - -) < Lo L) 2CF[2CA <—i + l) + S Rs(2) 4 PO, D |- Fzao2 ,’/ i
2¢ xzv dz z z Q | A
~ N o wz [
from x—1 x—0 c (v ozizy I;. \
() 1.
« Derived a full set of RG evolution equations. The t /,;" \
NS distribution has a very elegant traveling wave - —— \
. 0.0 0.2 0.4 0.6 0.8 1.0
solution 5
2y _ pcl® =B 2\ zv
aFNZS—TaZ) _ (4CFCA%— 4CFCAZ+2CE-> Frs T(u )‘_ v 28o [Ofs(:u ) —as (X L )}
Fns (0, Z+ 4CFCA’7')
OF 0  A4CFCa+2C2 F = =
8_7'f — <4CFCA8__%+F> Ff+2CFTF7g, NS(T,Z) (1+4CFCAT/Z)1+CF/(2CA)
% = <4C§§ - 2NfCF ) 2CFZ - Can directly identify parton energy loss, the
T V4

nuclear size dependence of the modification, etc

Los Alamos National Laboratory



Phenomenological applications of

the new RG analysis

1.04 HERMESn* /74 HERMESn* 4 HERMES ™ Observable chosen )
B to eliminate initial- N9 )
0.8 - Wi 4 state effects R, (v,0%,2) = ke X
< eA\"? ’ Nﬂ(V’QZ,Z)
a'g Ne Kr ~ N‘v,02) |p
0.6 - s \ . 7%
—— FO+RG o
0.4 == RG 4 4 * RG evolution gives a good

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

Zn

Results for EIC

« The modifications to
hadronization at EIC depends
on kinematics xg,Q2 (which
affects the)

- Atlarge xg and (forward
rapidities) the modification
can be very significant

description of the data at
small to intermediate z,, .
Fixed order corrections
improve the agreement at

large z, W. Ke et al. (2023)
104 ,e+Pb-m* 4 ye+Pb-n* 1 e+Pb->n*
0.8 - \ 7 /
= FO+RG
064==— RG 4 d
04_XB=0.1 _XB=O.3 U/
Q2 =20 GeV? Q? =20 GeV? Q? =20 GeV?

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

Zh
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Conclusions

* There is great complementarity between FPF and
EIC, oscillation experiments and Jlab electron
scattering

« QED medium effects on lepton scattering are now
understood. They are at the percent to per-mille
level and most important in angular distributions

* In neutrino-nucleus DIS there is opportunity to j
better understand the microscopic physics behind <t ™
shadowing, sum rules, and structure functions /

* FPF and EIC, especially with the v(e)A program
can answer fundamental questions about
hadronization, many-body QCD, transport
properties of matter, the effects of heavy quark
mass on parton showers

Thank you






Jet momentum sharing

distributions
Soft dropped momentum sharing Ny MLL ‘Z( N> H. Li et al., (2018)
distributions 7, mintoruery) (ﬂ >3 dzgdby dzgdly ) ;_,;
PT1+PT2 eut RO 1/2 N vac
[ IR (dzdo)M]
Sudakov Factor i
1.2

|
e
[
03

‘

There is a contribution from the medium. The
softer in-medium branching was observed in

peA(Zg)/pep(Zg)

10 x 100 GeV
|
HIC! 08 n=24,R=1
. The most significant manifestation of the 071 pr=10 GeV
“dead cone” effect — role of heavy quark 0.k - - -
. 0.1 02 03 04 0.5
mass in parton showers 2
p@=Q9 i pIQ0 * Modification of both c-jets and b-jets
Ped | Vo) Go) L PmealZo) | 1 Pmed (Z0) | ongg substructure in eA is relatively small
ppp Qg(zg) 2 p%;m(zg) %9 pop QQ(zQ) R .

* It is dominated by limited phase space
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