Introduction to deep-inelastic scattering
“Selected Topics” Warsaw, Poland

Richard Ruiz
Institute of Nuclear Physics — Polish Academy of Science (IFJ PAN)

18 September 2024

iﬁ WYNARODOWE
v CENTRUM
» ANNAUKI

m]

=



most important: these lectures are low-key; questions are great

| am literally here to tell you what | know
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Lecture Plan (Wednesday)

Lecture IIl:

Ptl: modern motivation for deep-inelastic scattering

Pt2: building a scattering formula for heavy nuclei
e Pt3: intuition and secrets

e Pt4: improving our scattering formula

Freedom at 15:30ish

R. Ruiz (IFJ PAN) Warsaw24 3/82



Ptl. a bit of fun

Warsaw24 482



a bit of motivation
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for the next 15+ years ('40s) we will be guided by high-energy,
high-precision hadron-hadron collision data (ion-ion data, toot)
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The high-luminosity program has a robust and exciting portfolio for
Standard Model measurements and new physics searches
ongoing discussions on future programs at CERN (FCC!), e.g., European Strategy Update ('20); Snowmass ('21) [2209.14872];

new! SOI between USA and CERN “expresses intention by the United States to collaborate on FCC-ee" (April'24)
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https://arxiv.org/abs/2209.14872

In the past few years, the LHC has been established as an intense
(laboratory) source of TeV-scale v (a remarkable expt. achievement!)

2 b —

Candidate LHC neutrino event from FASER's pilot run

New programs (saser, snoeric) now collecting v-nucleus scattering data

P

R. Ruiz (IFJ PAN) Warsaw24 7 /82



v fluxes from LHC (a) are large and (b) span 1 — 4 TeV in energy

Kling & Nevay (PRD'21)
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Detectors at the the Forward Physics Facility, a proposed cavern
alongside ATLAS, can see (9(106) TeV-scale VD'S events (2203.05090]; Feb24 meeting



https://arxiv.org/abs/2105.08270
https://arxiv.org/abs/2203.05090
https://indico.cern.ch/event/1358966/overview

CERN beyond the HL-LHC

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

- Constr. Physics LEP

Design Construction Physics LHC - in operation

HL-LHC - ongoing project Construction Physics

< ~20 years >
FCC - design study m Construction :i"c’:

Ongoing discussions on the future of CERN
— leading candidate is Future Circular Collider (FCC) program
- e+ e CO”lSlOnS — pp/pA/A.A European Strategy Update ('20), Snowmass ('21) [2209.14872]
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a more immediate future
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Continuous Electron Beam Accelerator Facility (CEBAF)

long-running ¢ DIS program at Jefferson National Lab. in US
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CEBAF Outlook into ,305 (possibly beyond)

Fiecap
PrDes_ent Possible Challenges
esign
Lu minosity Hall A & C @116ev Hall A & C @11cev * RF Beam Loading
. Total < 85 pA Total < 140 uA  * Dump Cooling
Increase (< 82 pA Each dump limit) (< 82 pA Each dump limit)  ®* BBU Instability
* Target Design
. . = e+ Collection
POSltron Not Vet an Option o] nAcl)JrnpoIarlzed * Beam dynamics, Injector and Main
Option = . = High Intensity e- Beam (~1 mA) Need
>10 nA Polarized e+ Production Energy Choice and Design
* Gaining Experience
Energv e : gcalincherFA&Oé}tic.s toESE\irer:.I GeVs
. _ ump Cooling & Enviro. Evaluation
INCrease 11 izv(::\ﬁfbm C 20 - 24 GeV = Injector Energy increase ~ factor 4.
= BBU instability
The Fulure of CEBAF - Reza Kazimi (D1S20.22 May 3) 23 J)g_f.ferﬁ:n Lab
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DUNE & Hyper-Kamiokande ('30s-ish-)

Sanford Underground i+ ;
Research Facility = - { =
P es e

Fermilab

New intermediate

< ? Neutrino beam "’J\
| Wi
L 295k g

1 lm
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add +4ish years

DUNE and Hyper-K Timeline

DUNE Hyper-K
Cavern Excavation | 20182020 | 2019 - 2024
FD Construction | 2022-2024] | 2024 - 2025
£D Fil 2024 - 2025 | 2025 - 2026
(10+10ktV,) | (187ktV,)
Data Taking ?2%%56 ((CVOEZ’:;T)])’ 2026
ND Ready 2027 In place

A

R. Ruiz (IFJ PAN)

HK& DUNE, Jae Yu
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Electron-lon Collider
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The EIC is a next-generation / — A collider with first collisions in '30s

Reference Schedule toward CD-4
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the big picture
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bonanza of -nucleus scattering data through ’40s/’50s

possibly beyond
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Several vDIS and " DIS
programs already collecting data:
— Fermilab (short-baseline 1)

— JLab (12 cev cesaF)

— CERN (FASER/SND experiments)

with more planned for ’20s-'50s:
— BNL &0y v

— LBNF (oung) v/

— CERN (Forward Physics Facility)

with various agendas:

— precision v oscillations

— precision hadronic structure

— QCD at the extremes

— search for LFV

— search for feably coupled phys.

R Rz (R pany e Fr—) 0 2



theory developments over next 5 years will impact day-1 physics
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deep-inelastic scattering (DIS)

R. Ruiz (IFJ PAN) Warsaw24 21 /82



DIS scattering experiments are counting experiments:

@ count # of candidate signal events, e.g., 1 + X satisfying criteria
o estimate # of background events from data-driven control region

@ calculate statistical significance

Warsaw24 2 /8



DIS scattering experiments are counting experiments:
@ count # of candidate signal events, e.g., 1 + X satisfying criteria

o estimate # of background events from data-driven control region

@ calculate statistical significance

Theory needed to estimate number (and unc.) of signal and bkg events:

Neandidates = L(datal) x o(scattering likelihood)
H—/ N J

hep/nucl—ex accelerators hep/nucl—th/ph

Warsaw24 2 /8



Generically, hard scattering of / € {/", 17,7} off nucleons well-described
by kinematic factor (lepton bit) and “structure functions” (hadron bit)

Vg(kl)
W*(q) I
——"—‘——::—
_—_‘__—"
A(pa) IIcr---.
-__,__'_-:
~.*.~ Xn(pX)
.~~*~~__
do(vA — (X) = >, (some function of pa,q); X F'A(pa, q)
~—_——
calculable from first principles parameterizes response of A
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Generically, hard scattering of / € {/", 17,7} off nucleons well-described
by kinematic factor (lepton bit) and “structure functions” (hadron bit)

Vg(kl)

W*(q)

-

do(vA — (X) = >, (some function of pa,q); X F'A(pa, q)
~—_——

calculable from first principles parameterizes response of A

Quark-Parton Model: F"(pa, q) ~ Y keqgd A (2), x=—a%/(2pa - q)

o f* is the parton (number) density function (PDF) of k in A
R Ruiz(FJPAN) | Warsaw24 23 / 82



Pt2. building a scattering formula for nuclei

vi(k1)
W*(q)
____-_-_:‘-‘-‘—'"‘
A(pA) :-_-_— ;»_-_.; -
SN
e X,,(px)
T

lfor a more complete & pedagogical treatment, see appendices of RR, et al [Prog.Part.Nucl.Phys. 136 ('24) 104096]
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https://arxiv.org/abs/2301.07715

light cone dominance

starting point for DIS on p is stipulating kinematics. typically,

@ =—¢* > 0> m3 ., [proton case]
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light cone dominance

starting point for DIS on p is stipulating kinematics. typically,

@ =—¢* > 0> m3 ., [proton case]

naive application to %6Fe or 197 Au would require

2
Q2> (50 GeV)? ~ (%) or (180 GeV)? ~ m? [incorrect]

Warsaw24 25/ 82



light cone dominance

starting point for DIS on p is stipulating kinematics. typically,

@ =—¢* > 0> m3 ., [proton case]

naive application to %6Fe or 197 Au would require

2
Q2> (50 GeV)? ~ (%) or (180 GeV)? ~ m? [incorrect]

more precise statement

Q2 > Anon—pert. ~ O(1) GeV > /\éCD ~ m?, [general case]

Bjorken scaling still works at moderate energies since (’)(/\éCD/QQ) <1

Georgi, Politzer ('79); Muta ('98/'10)

Warsaw24 25/ 82



draw diagrams, currents, and build the matrix element

VZ(kl)
W*(q) ‘
- —'_‘_:— ————————
—iM A(pA) :_—___,_____ - Jaéi ’ Aa/" ’ ‘]gan
] o
~.‘.~ Xn(pX)
-~ *. =
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lepton and hadronic currents

matrix element:
—iM= (XOoJ), (0)-A) (q)- T3 ,(0)|AZ))

= (6210} , (OIF)) - A7 (q) - (X]T§ ,(0)|A)

R. Ruiz (IFJ PAN) Warsaw24 27 / 82



lepton and hadronic currents

matrix element:
—iM= (XOoJ), (0)-A) (q)- T3 ,(0)|AZ))

= (6210} , (OIF)) - A7 (q) - (X]T§ ,(0)|A)

L' = (6|0, O)Z)) = =i Uk, A) [gp " +g4r"y’| utky, 4y)
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lepton and hadronic currents

matrix element:
—iM= (XOoJ), (0)-A) (q)- T3 ,(0)|AZ))

= (6210} , (OIF)) - A7 (q) - (X]T§ ,(0)|A)

L' = (6|0, O)Z)) = =i Uk, A) [gp " +g4r"y’| utky, 4y)

hadronic current:

HY = (X|J,0)|A) = uy(px.Ax)l...1ulpy, A4)

R. Ruiz (IFJ PAN) Warsaw24 27 / 82



2spins

squaring and summing over spins gives us H4" (excusive, n-body)

-

Warsaw24

~ L#V . Hﬁl’
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i * * H . ng
n-body phase space integral *and* summing over n gives us W,

48 ~[dPS, T Zoine

Vé(k?l)

~ L, - WY

this step sometimes omitted in textbooks, e.g., Halzen & Martin

Summing over X, ensures “inclusivity” and closure, 1 =) |X,)(X,|

R Rz (R paNy e ) 712



DIS cross section (scattering rate) given by

do . do 1 )
O+ A=+ X)) = [ dPS, —2— th =— M
qCrhm b= [arsagiEn. g gdz;" |

R. Ruiz (IFJ PAN) Warsaw?24 30/ 82



DIS cross section (scattering rate) given by

do ; do 1 ! 2
(4 A=+ X,) = [ dPS, 2 th T F Y
o1 +A—->0+X,) / "+1dPS,,+1 . dPSyy1 F SpSa %él l

Inserting known quantities

do 1 2 l
k(J % = L) WA
2T dky  (167%)s SpSa (g2 - ML) {zﬂ} "

R. Ruiz (IFJ PAN) Warsaw?24 30/ 82



DIS cross section (scattering rate) given by

do ; do 1 ! 2
(4 A=+ X,) = [ dPS, 2 th T F Y
o1 +A—->0+X,) / "+1dPS,,+1 . dPSyy1 F SpSa %él l

Inserting known quantities

do 1 2 l
k(J % = L) WA
2T dky  (167%)s SpSa (g2 - ML) ({zﬂ} ) "

Leptonic CUrrents (depend on exchange boson)

e
{4}

e =4 { KR+ KUK — (K - ky)gh }

2L,

= gﬁ,{kg‘k; + RV = (e - dep)gh” + iklakzﬁe“““ﬁ}
%

R. Ruiz (IFJ PAN) Warsaw?24 30/ 82



DIS cross section (scattering rate)

do 1 2 1
k{; * = L. WA
2 d3k2 (16}{2)3 5’(,] S (qz_ Ml2/)2 ; Hv
Hadronic current is formally defined by?:
oo
A _ 1 A
Wa =% Y [dPSy Yay HY
n—=1 ) SN——
~—~ matrix for n hadrons

sum over n

2Same as usual expression Wf:u = ﬁ [ d*z e"q'z(A\JLd.M(z) Jhad. (0)|A). See Eq. (A.22) and below of [2301.07715]
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DIS cross section (scattering rate)

do 1 2 1
k{; * = L i WA
*dky (16275 Sp S (qF — ML) g; e
Hadronic current is formally defined by?:
oo
A _ 1 A
Wa =% Y [dPSy Yay HY
— SN~
~—~ matrix for n hadrons

sum over n

P o
— A PA PA . phq A
=—guw F{' + “ L 2xp F2 — lew,p(,—’a)2 xaF3

v + v - v
4 qﬁtq 2/_:{\ + PA;LCIVQZPA qu 2XA F5A + PAMQVQZPA qu 2XA F6A

2
Same as usual expression W,j‘u =& [d*z e ’(A\J,,ad 10(2) Jhad 1 (0)|A). See Eq. (A.22) and below of [2301.07715]
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point #1: WMA,/ has at most six unknown components (x4 =1+1+4+4+6

3 N ; . . .
parton model says F; = > f; /p: see Collins ("11) for nice discussion on this!

4see Sterman [hep-ph/9606312] and see Collins ('11) for nice discussions!
Warsaw24 32/82



https://inspirehep.net/literature/922696
https://arxiv.org/abs/hep-ph/9606312
https://inspirehep.net/literature/922696

point #1: WMAV has at most six unknown components (x4 =1+1+4+4+6

point #2: “structure functions” F;(x, Q%) are well-defined experimentally

3 ~ £ . , . . . .
parton model says F; = > f; /p: see Collins ("11) for nice discussion on this!

4scc Sterman [hep-ph/9606312] and see Collins ('11) for nice discussions!
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point #1: WMAV has at most six unknown components (x4 =1+1+4+4+6
point #2: “structure functions” F;(x, Q%) are well-defined experimentally

point #3: F;(x, Q%) are independent of underlying theory3

3 ~ . , . . . .
parton model says F; = >_ f; ,,,; see Collins ('11) for nice discussion on this!

2.%/p

4scc Sterman [hep-ph/9606312] and see Collins ('11) for nice discussions!
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point #1: WMAV has at most six unknown components (@ x4 =1+1+4+4+6
point #2: “structure functions” F;(x, Q%) are well-defined experimentally
point #3: F;(x, Q%) are independent of underlying theory3

point #4: WHAV is defined in the "DIS” limit:

XA = 22\2.67 is fixed and Q2 > AZp, where Axp ~ O(1 — 2) GeV

3 -
parton model says F; = > f

2.%/p

; see Collins ("11) for nice discussion on this!

4scc Sterman [hep-ph/9606312] and see Collins ('11) for nice discussions!
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point #1: WMAV has at most six unknown components (@ x4 =1+1+4+4+6
point #2: “structure functions” F;(x, Q%) are well-defined experimentally
point #3: F;(x, Q%) are independent of underlying theory3

point #4: W/fy is defined in the "DIS” limit:

XA = 22\2.67 is fixed and Q2 > AZp, where Axp ~ O(1 — 2) GeV

point #b5: in practice, 456 can be neglected, but not always*

Wi, = —gu Fi'(xa) + P22 2xa F5'(xa) — O(P) xaF3'(xa)

+0 (T5) 2FA(xa) +0 (T5) 2xa FA(xa) +O(CP) 2xa FA(xa)

3 7 . , . . . .
parton model says F; = f see Collins ('11) for nice discussion on this!

4/)

4sgc Sterman [hep-ph/9606312] and see Collins ('11) for nice discussions!
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what is next?

Warsaw24 38



building structure functions

To build structure functions, follow Georgi & Politzer (76,7 with
guidance from “modern” literature:

©Q Get coffee o v

@ Build inclusive, had. tensor in DIS: W4" v/

© Define forward-scatt. tensor Th" (ice analytic properties)
Q Relate W}" and T4”

© “expand” and “simplify” T,”

@ Get coffee o

Warsaw24 )8


https://inspirehep.net/literature/108855
https://inspirehep.net/literature/3746

Define the time-ordered ME for (virtual) AV* — AV* scattering

/11/ f d4Z elqz<A’ TJi];ad,u(z) Jhad.u(0)|A>

A PA PA PAq
= —guw AT + “ Y ATl — i€uvpo M AT3

qugu ATA pAquJZI)AVqM ATA + pA[,LqVI\;Zl)AVq}L ATéA
A

point #1: related to W”, by Fourier transformations

v
point #2: T* is defined in the “short-distance” limit:

puv

% s fixed and (Q*/M3) — oo

Warsaw24 35 82



W, and T/, are different

ng

A

7

|£L'A| =1

Y

kIm(az;ﬂ)

/\

Re(a')

A

(DIS vs short-distance limit) but related by a contour

A

\

y

AT,-A(XAT1 +ig) = ATA(x, " — i) = (some factor) x F/(xa, Q%)

36 / 82


https://inspirehep.net/literature/209810

W/ﬁ/ and TA are different (DIS vs short-distance limit) but related by a contour

ng

kIm(az;f) 1

/\

el Re(zy')

|£CA| =1

ATI-A(X;:L +ig) = ATA(x, " — i) = (some factor) x F/(xa, Q%)

Taylor-expand AT; around xA_1 — 0 + Cauchy’s Thm < aiso coliins ('84)!

]

AT/ = (some other factor) x S FAN@) XXN
——

Nth Mellin moment :fol dy y(N=DF;(y)

R. Ruiz (IFJ PAN) Warsaw24 36 /82
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the last step

Warsaw24 7 /82



the operator product expansion
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the operator product expansion (in a nutshell)

The OPE is a formalism for decomposing products of operators

Wilson ('69); Brandt, Preparata ('71); Christ, et al ('72)

(some number of operators O) = 3°, Ck x (fewer operators O)
~~
Wilson coeff.

sPower counting is ordered by “twist”, 7 = (dim. of EFT operator) — (# of Lorentz indiGes); see=also Ste&rmen (FASI'95)

R Rz (R pany e Fr—) 5/ 62


https://inspirehep.net/literature/54999
https://inspirehep.net/literature/60979
https://inspirehep.net/literature/75937
https://inspirehep.net/literature/406008

the operator product expansion (in a nutshell)

The OPE is a formalism for decomposing products of operators

Wilson ('69); Brandt, Preparata ('71); Christ, et al ('72)

(some number of operators O) = 3°, Ck x (fewer operators O)
~—
Wilson coeff.

Assume T# admits an OPE in the short-distance limit:®

uv
. A OPE . AL---Ln
lim T, = =2 § : Cuvpar..pin(9) <A|0L,T:2 |A)
z—0
LN ) ~~
Wilson coeff.  hadronic ME
+ O(7 > 2) < power corrections
5Power counting is ordered by “twist”, 7 = (dim. of EFT operator) — (# of Lorentz indiGes); see=also Ste&rmen (FASI'95)

R. Ruiz (IFJ PAN) Warsaw24 39 /82
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the operator product expansion (in a nutshell)

The OPE is a formalism for decomposing products of operators

Wilson ('69); Brandt, Preparata ('71); Christ, et al ('72)

(some number of operators O) = 3°, Ck x (fewer operators O)
~—
Wilson coeff.

Assume T# admits an OPE in the short-distance limit:®

uv
. OPE . AUL---[in
Jim, T, = -2 Zcuum..‘#n(q) (AlO7725"|A)

L,n

Wilson coeff. hadro;lric ME
+ O(7 > 2) < power corrections

“Leading twist” collects entire tower of operators O ~ Dk /Nk+2

5Power counting is ordered by “twist”, 7 = (dim. of EFT operator) — (# of Lorentz indiGes); see=also Ste&rmen (FASI'95)

R. Ruiz (IFJ PAN) Warsaw24 39 /82
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the operator product expansion (in a nutshell)

The OPE is a formalism for decomposing products of operators

Wilson ('69); Brandt, Preparata ('71); Christ, et al ('72)

(some number of operators O) = 3°, Ck x (fewer operators O)
~—
Wilson coeff.

Assume T:‘V admits an OPE in the short-distance limit:

fe)
OPE . 2 2k ; 2k
hmT Aapy) —2i Z [ 28,04, 9y C1 F 8y 81y @°C. Ieyvaﬁgjlq"me
k=K pin
4qf,4QV o ) + C2k
+ ququz o 28 9y £ By G )C5 6

(Q )’k (Hqu )XA?-a(pi)xﬁ“"““zk+0(r>2)

m=3

R. Ruiz (IFJ PAN) Warsaw24 40 / 82
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how to justify this?
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turn off QCD

Warsaw24 28



Starting point is the hadronic current:

TA = [ d*z e9Z(A TJf 4 (2) Jnaa.(0)|A)

R. Ruiz (IFJ PAN) Warsaw24 43 /82



Starting point is the hadronic current:
T = d*z €9%(Al To}g,(2) Jhaar(0)1A)
step #1: Wick’s contraction theorem:
T { St @ oan®} =+ [F0(2)] [201(0)] :

+ (1 Wick contraction),, x 2
+ Trl5(0 = 2)756(z = 0)]

R. Ruiz (IFJ PAN) Warsaw24 43 /82



Starting point is the hadronic current:
T = d*z €9%(Al To}g,(2) Jhaar(0)1A)
step #1: Wick’s contraction theorem:
T { St @ oan®} =+ [F0(2)] [201(0)] :

+ (1 Wick contraction),, x 2
+ Trl5(0 = 2)756(z = 0)]

step #2: expand! expand! expand! and trace!

L o
Se(z) = ﬁz(ﬁrfg)zz + less singular in 1/22
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Starting point is the hadronic current:
T = d*z €9%(Al To}g,(2) Jhaar(0)1A)
step #1: Wick’s contraction theorem:
T { St @ oan®} =+ [F0(2)] [201(0)] :

+ (1 Wick contraction),, x 2
+ Te[SF(0 — 2)7Sr(z — 0)u]

step #2: expand! expand! expand! and trace!

L o
Se(z) = ﬁz(ﬁrfg)zz + less singular in 1/22

(2) = ¥(z = 0) + [0,0(2)],_g - 2" + [0 Oy ¥(2)] g - 212 + ...
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Starting point is the hadronic current:
;w = [ d*z €77 (A| TJhad.#(z) Jhad.,(0)|A)
step #1: Wick’s contraction theorem:
T { St @ oan®} =+ [F0(2)] [201(0)] :

+ (1 Wick contraction),, x 2
+ Trl5(0 = 2)756(z = 0)]

step #2: expand! expand! expand! and trace!

Sr(z) = 2(42/?'"7;’)22 + less singular in 1/22

(2) = ¥(z = 0) + [0,0(2)],_g - 2" + [0 Oy ¥(2)] g - 212 + ...

= Tr[SF(—2)7.SF(2)7] ~ szﬂf“m) (4z2gW + 82,2, + mgz“gw)
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plug and chug:

Th o= | d*z €A T}y (2) Jhaan(0)|A)

d*z e%(A| Tr [SF(—2)7,SE(2)W]|A) + . ..

|
—_——
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we can explore this

A _ 4 iq-z
T/u/ - / d°z e

X (Al

la 2 2 4
4nt (22— i)t~ (42° 8w + 82,2, + 2" ) |A) + ...
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we can explore this

A _ 4 iq-z
T/u/ - /dzeq

I
x (Al :

2 2
Gz iy < (428 82z M2 g ) IA) 4.

after the Fourier integral
o for a scalar interaction 05 = I, (A| O5|A) = A° is the hadronic ME
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we can explore this

A _ 4 iq-z
T/u/ - /dzeq

I
x (Al :

2 2
Gz iy < (428 82z M2 g ) IA) 4.

after the Fourier integral
o for a scalar interaction OS5 = I, (A| OS|A) = A° is the hadronic ME
° Zzguu — Q2g/u/
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we can explore this

A _ 4 iq-z
T/u/ - /dzeq

I
x (Al :

2 2
Gz iy < (428 82z M2 g ) IA) 4.

after the Fourier integral
o for a scalar interaction OS5 = I, (A| OS|A) = A° is the hadronic ME
° Zzguu — Q2g/u/

® 7,2z, — ququ
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we can explore this

A _ 4 iq-z
T/u/ - /dzeq

I
X (A u

2 2
Gz iy < (428 82z M2 g ) IA) 4.

after the Fourier integral
o for a scalar interaction 05 = I, (A| O5|A) = A° is the hadronic ME
° Zzguu — Q2g/u/

® 7,z — ququ
o O (# x (coup)/m*) — C Wilson coefficients
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we can explore this

A _ 4 iq-z
T/u/ - /dzeq

I
X (A &

2 2
i iy (47w 8aa + M) |A) +

after the Fourier integral
o for a scalar interaction 05 = I, (A| O5|A) = A° is the hadronic ME
o Z2°g., — Qg
® 2,2, = q,q,
o O (# x (coup)/m*) — C Wilson coefficients

oo

OFE ; 2k 202 2k
llm) Tw,(q Pa) —2i Z [ 2809 9, C1 t 8 8 @6y — Ie.umﬁgz. qﬁqm G
k=k

e
Q2

min

+4

2k 2k
qm qu C4 + Z(g“m qvq.uz + gvm qﬂ q#z )CS,G ]
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assume that QCD has same OPE as QCD-less theory
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After combinatorics and collecting like-terms, get things like this:

= . 00 k (2k—j)!(2k)! M2 —(2k—2
AT = (—40) 22y [GFATS,] Yo (2k)|JJ)21£ 2)J (??) 2l

. 00 k 2k—j)1(2k—2)! M2 —(2k—2j)
+ (_4’) Ek:l [C22kA3k:2] ijl (2/(<)I(JJ)1)(I 2k— 2J (%) ( /)
+ O(r >2)
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After combinatorics and collecting like-terms, get things like this:

= . 00 k (2k—j)!(2k)! M2 —(2k—2
AT = (—40) 22y [GFATS,] Yo (2k)|JJ)21£ 2)J (??) 2l

. 00 k 2k—j)1(2k—2)! M2 —(2k—2j)
+ (_4’) Ek:l [CgkAil;ﬂ ijl (2/(<)I(JJ)1)(I 2k— 21 (7?) ( /)
+ O(r >2)

After taking the (M3/Q?) — 0 limit, recover something remarkable:

EAN _ CNAN , + O(r >2) for i=1,3-6,

1

~A(N—1)

Fy = VAL, + O(r >2)

p— 572



After combinatorics and collecting like-terms, get things like this:

(2k—j)1(2k)! [ M3 —(2k—2

AT = (—4i) Ty [GHAL,] Sl (e (W) 4
AN 2h—j)I(2k=2)1 [ MZ\] _—(2k—2))
+(—4) R, [GRAZL,] Zf:l (2/(<) (11)1)(I 2k— 21 ( ) (22

+ O(r >2)

After taking the (M3/Q%) — 0 limit, recover something remarkable:
FAN = Z(uw)CN(u)AN_, + O(r >2) for i=1,3-6,

1

Y = Z() (AL, + O(r > 2)

str. fns. = (RGE) x (short-dist. phys.) x (long-dist. phys.)
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Collinear Factorization Theorem for inclusive deep-inelastic scattering

Collins, Soper ('87); Collins ('11)

/\k
do(vA—(X) = Z JAYY ® fir ® db,x, +O< NP>

Qk+2
k,Xn .
’ shower/RGE PDF hard scattering —
. N fun bit
inclusive

pro tip: str. fn. = >, (coup), x PDF;

R Rz (R paNy e Warsaw24 19/ 82


https://inspirehep.net/literature/245354
https://inspirehep.net/literature/922696

Pt3. intuition
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for proton, FV = CV x AV + power corrections

= “PDFs = QCD x hadronic matrix element”

| ~1—2fm

R Rz (R paNy e ) eI



for A, it is common to parameterize PDF
as combination of “bound” P and N' PDFs

| ~1—2fm x A3 |




for A, FAN = CN x AN 4 power corrections
—> “PDFs = QCD x had. ME” (“nucleon” picture not necessary)

| ~1—2fm x A3

R Rz (R paNy e ) 50 /12



the dark secret of » scattering experiments

e 9 9 ¢
o v » o ®

v cross section / %(1 08¢

R. Ruiz (IFJ PAN)
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in practice, #DIS needs nuclear targets

1. v only interact through weak force: targets must be bigger (O(10)tons)
and denser (Ar,Fe,Pb) = more nuclear

2. fact of life: nuclear dynamics impact hadronic structure

Plotted: 2 for (-DIS
2

1.3 T T T T T T T T
= BeDMS®n) SLAC/NMC param. 17—
Bl ] —— |
0 SLAC-E140(94) Anti-shadowing ;' Fermi-motion
1.1} i ]
[a] E--i % 4
o -4 j
B E} | T /
My
09}/ e N'i L 1
0.8} \ I .
Shadowmg EMC effect
0.7 L
0 0.1 02 03 0 4 0 5 0. 6 0 7 0 8 0 9 1
X

For non-expert, QED () contribution to Fp: F2(8) = Yic(4.9.4} Qi2 13 fl.A(,g) Schienbein, -t al [0710.4897]

R. Ruiz (IFJ PAN) Warsaw24
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https://arxiv.org/abs/0710.4897

w/ Fuks, Marougkas, Sztandera [2405.19399

e s e
. 45— =
Plotted: PDF of avg. nucleon in 28Pb E ]
vs (avg) energy fraction carried by parton i E
§3.53 2%pp, Q° = 10? GeV? -
F nCTEQ15HQ NLO ]
o huge g Content (always easy to make more g) g 3:7 ((6;)8% e:]?velope) E
Sas- .
T E
@ (sea, d, and u content converge for f: B ]
X 5 10_2 (dominated by g* — g splitting) ,_.\>-_<’15} i
X d
e densities smaller (larger) than 05 o /1 E
proton for x < 1072(x > 1072) O T R RO e e
1.5E g4
£ -/
. . . 0.5
@ qualitatively different from proton  _ 15
w— 0.5
@ smaller A are more proton-like ="
%e) o5 ﬁu;%%/é

10* 108 1072 10
momentum fraction, x
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https://arxiv.org/abs/2405.19399

Plotted: Ratios of nuclear PDFs vs (avg) energy fraction carried by parton

nCTEQ
Il e
BN W

. [[Jrctequswzssi - [ Jmuneorzo [ Jeppsar [ U

2C, Q = 100 GeV

— NLO PDFs + 68% envelopa.

NCTEQISWZ+SIH D

= e
NLO PDFs + 68% envelope

nnpor3o [ Jepesat []Tu

10° 102 10™ 10° 102 10
momentum fraction, x momentum fraction, x
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https://arxiv.org/abs/2405.19399

Plotted: scattering rate vs nucleon-nucleon collider energy

w/ Fuks, Marougkas®, Sztandera® [2405.19399]
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https://arxiv.org/abs/2405.19399

Plotted: scattering rate vs nucleon-nucleon collider energy

w/ Fuks, Marougkas®, Sztandera® [2405.19399]
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Plotted: scattering rate vs nucleon-nucleon collider energy

w/ Fuks, Marougkas®, Sztandera® [2405.19399]
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hypothesis-testing models of nuclear structure
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(0 Q) = 50— ) x 7,0

hypothesis: content of A fixed by free ' + P and bound (NP) pairs

+CF x 77 (. Q)]
(- ) x £, Q)

+CA

~1-2fm x A3

x FSRON (5 Q)}
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I
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it
S
A
2


https://arxiv.org/abs/2312.16293

hypothesis: content of A fixed by free ' + P and bound (NP) pairs

(6 Q) = 50— ) x 7 (x,0)

+C x 757 (x, Q)

(A-2)

A

~1-2fm x AY? |

(- ) x £, Q)
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take away: nucl. structure

encoded in g/g densities

w/ Denniston, Hen, Olness, et al (PRL’24) [2312.16293]
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Pt4. going beyond leading twist

/\k
do(rA—(X) = 3 A © fiu ® désx, + O(Qka2>

kiXn  shower/RGE ~ PDF i —_—
shower/ hard scattering o

inclusive
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Ak . - : : :
@) (ﬁ) corrections have several origins (kinematical and dynamical)

Georgi, Politzer ('76,'76); Ellis, Furmanski, Petronzio ('82,'82); lots more

Vi
A , Qq, g
Leading twist, (Ma/Q) - 0  Leading twist + TMCs Higher twist
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https://inspirehep.net/literature/108855
https://inspirehep.net/literature/3746
https://inspirehep.net/literature/176841
https://inspirehep.net/literature/178625

Importance of “subleading” (aka power) corrections

0.0 e SLAC 20<Q®<31 o 11
§ 200 —— MRS(R2) mod(theory) 7 Pad
Nk . . . &) 100f — — CTEQ4M mod v . E
(@) (&Q}) corrections increasingly E| sof - - CrEQaM Toy v E
& =20l . S s . q
important at small @2, large x! vop—e—e e o
b ol'v oia ols 1.0
X [a]
—~ 3.0 T T A
E 20F /,/ -
g ¢ ++w
4 . (=4 . B
“target mass corrections” (TM) — |2 .oy __—-——-JYJ— amm—
= C -
. . g ~ | omE ]
Georgi, Politzer ('76,'76) g ot ) (Target mass (Georgi—Politzer) ON) E
o8 0.7 0.8 0.9 1.0
X [b]
renormalon” corrections” (HT) = (&) * [ msws mot t smre 37
L | =zof s E
Dasgupta, Webber ('91) E -
+ r
Q; 1.0 +— = J:“?i':*____'ﬁ/
— describe DIS data | oof ‘ +) ++:
L ~ o Higher twist (renormalon) ON -
— extend validity of Fact. Thm. =) as—L =5 o5 2
Yang, Bodek (PRL'98) X [e]

— extract PDFs from structure fns.

e D _ 1.1 (DD1 a0

\/
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https://inspirehep.net/literature/108855
https://inspirehep.net/literature/3746
https://inspirehep.net/literature/417958
https://inspirehep.net/literature/476664

Vi

Leading twist, (Ma/Q) - 0  Leading twist + TMCs Higher twist

kinematical corrections, i.e., target mass corrections (TMCs), can be
incorporated in structure functions, F;(x, Q2)

Georgi, Politzer ('76,'76); Ellis, Furmanski, Petronzio ('82,'82); lots more; Kretzer, Reno ('02,'03); Schienbein, et al [0709.1775]

A (No TMC A (TMC) . )
(No ) — F; ( ) in cross sections:

In practice, replace F;

dQO_NC

- M? —
dx dy z(s ) drdQ? ny2

d?oNC  4ra? Y+ e
ORed. | >

2 Y_
Uf{vc%. |1+ y e FNC FNC _ _FNC
Y. Y+ Y.
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https://inspirehep.net/literature/108855
https://inspirehep.net/literature/3746
https://inspirehep.net/literature/176841
https://inspirehep.net/literature/178625
https://arxiv.org/abs/hep-ph/0208187
https://arxiv.org/abs/hep-ph/0307023
https://arxiv.org/abs/0709.1775

back to structure functions!®

6w/ Muzakka, Olness, Schienbein, et al [(JPPNP’24)]
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https://arxiv.org/abs/2301.07715

applying the OPE (massive target)

After combinatorics and collecting like-terms, get things like this:

- 2h—j)(2K) [ MENT  —(2k—2j
AT = (—4i) 332, [ AZE } ZJI'(ZO m (QTQ) XA( )
~3 AN o

A(2k
F ( )‘no TMC

K 2k—j)1(2k—2 MAN)  —(2k—-2))
+(=40) Yk [ 211} 2 j-1 (2l(<)'(lj)1)( 12k~ )2J)‘ (Q%\) A ’
——_———

A(2k—1
F2 ( )‘no TMC

+ O(r >2)

In massive limit, “massless” structure functions mix
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after applying several integral identities
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Nuclear structure functions with TMCs

Generically, str. fn. with TMCs have the form:
FATNME (0, @) = X0 AFMO (€a, Q)+ BIN (6a, @) + Cigh(En. @)
~~ —— ~~

Bjorken no TMCs £a=2xa/(14++/14+4x2 M2 / Q%)
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Nuclear structure functions with TMCs

Generically, str. fn. with TMCs have the form:

,:J_A7TMC (XA7 Qz) _ 2?21 AJ,:FiA,(O)(gA’ Q2)+B}hiA@Q2) + ngQA(fA QQ)
~— N e’
Bjorken

no TMCs Ea=2xa/(1+ 1+4X§Mf\/02)

Lots to unpack!
e for i # j, structure function mixing!
o Al ~ O(1); all other coeff. ~ O(xaM3/Q?)
° AJ’ Bj’ C; are coefficients O (xa, (x3M3/ Q%))

@ h; and g» are convolutions over Fi(y)|no—TMC

R. Ruiz (IFJ PAN)
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Nuclear structure functions with TMCs

Generically, str. fn. with TMCs have the form:
A, TMC
F (

)= 30, A O (en, @) +BINA (4. @2) + Cigh(éa, Q)
—_—— ~~

Bjorken no TMCs

Ea=2xa/(1++/1+4x2 M2 / Q2
Lots to unpack!

e for i # j, structure function mixing!

o Al ~ O(1); all other coeff. ~ O(xaM3/Q?)
° AJ’ Bj’ C; are coefficients O (xa, (x3M3/ Q%))
@ h; and g» are convolutions over Fi(y)|no—TMC

Example:

,__lA,TMc(XA) _ <£§¢A) FlA’(O)(EA) + ("é’)u)hA( A) + (2M;‘\xf\) g (€a)

4,3
Q4r;
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Nuclear structure functions with TMCs

Generically, str. fn. with TMCs have the form (at leading power):

FA™MO0, @) = S0 AIFM O (Ea, @) 4 BIW (6. @)+ Cigd (6. @7)
no TMCs
B - (1) 5O e + () e (2552 ) tcen.
F"“'““’m.o:(ég;‘.) O >+(6M“ ‘) i >+(123f;g/‘)g;<m,
) - (fijA) O - (2;—4;) EO0 + () 50
- (3 e - (222 - ennnyie) e
- (3422) -2y adcen,
B - () O - (AR ) B
o () e - (R (-maeariie?) B
- (%) steen.
R - () 7w + (22) oten
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some numbers
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running the numbers

we use NLO PDFs (nCTEQ15) to build str. fns. At LO, these are

FrA=  (d+s+u+¢), F= (u+c+d+3)
FyA =2z (d+s+a+c), Fy*=2z(u+c+d+3)

Fyt=+2(d+s-u-¢), F{'==2(u+c-d-3
+ 1 =
F} A::r§[4(u+ﬁ)+(d+d)+4(c+é)+(s+§)]

for many targets

[ Symbol [ A[ Z [[ Symbol | A [ Z [[Symbol | A [ Z [[Symbol|[ A | Z
H 1]1 Be 9] 4 Ca 40 [ 20 Xe 131 | 54
D 211 C 12| 6 Fe 56 | 26 W 184 | 74
SHe |32 N 14| 7 || Cujo | 64 | 32 Au 197 | 79

He 412 Ne |20|10| Krio | 84 | 42 Auiso | 197 | 985

Li 6|3 Al 27 | 13 || Agiso | 108 | 54 Pbis, | 207 | 103.5
Li 713 Ar 40 | 18 || Snio | 119 | 59.5 Pb | 208 | 82
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ratio of FTMC / fpo TMC
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Plotted: ratio for (L) Y™ and (R) £V at @ = 1.5 GeV

Can you spot the 'H

R. Ruiz (IFJ PAN)

F3TMC/F5No = THC

and 2D curves?
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Plotted: ratio for (L) FY™ and (R) F;/Z at @ = 1.5 GeV

Can you spot the 'H and ?D curves?
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. TMC leading TMC
ratio of F; / F;
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Plotted: ratio for (L) F,-Z/V, (C) FY*, (R) F™ for i = 2 (upper) and
i =3 (lower)

0={13,15,2,3,4,6} GeV

Q={13,15,2,3, 4,6} Gev 120

Q={13,15,2,3,4,6} GeV 120

ave

RYIR

remarkable uniformity! (good enougn to fit ©)
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reduced cross sections
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Plotted: (upper) reduced cross sections with nTMCs; (lower) ratio to w/o
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summary and conclusion

We are entering an era of precision DIS that strongly complements
the ongoing hadron program

e ongoing efforts to improve theory predictions
e theory improvements applicable to programs at CERN, US labs

e lots not covered, so see new (pedagogical) review sppnp (24) [2301.07715)

® -
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https://arxiv.org/abs/2301.07715

Thank youl!
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