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Thank you for the invitation!
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Today's talk

Brief highlights from a “new"” © review on Target Mass Corrections
(TMCs) (moreinabitty in deep-inelastic scattering (DIS) off nuclear targets

IEIPAN-IV-022-15, SMU-HEP-22-12, MS-TP-22-49, ANL 180568
Sy 20, 2
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What did we do?

@ Starting from OPE, derived TMCs for arbitrary A for Fq,...,Fs ©

(lenthy appendix to avoid ambiguities in conventions!) sketched in next few slides!

@ ran numbers for JLAB, EIC, LBNF/DUNE ©
o discovered some interesting physics along the way © — if time allows

@ found nTMCs formulae that are A-independent ® — no time!

(sanity check!)

o found A-independent, 2-parameter fit for leading nTMCs ® — no time!

(easy to implement in numerical codes!)

o Established correspondence between TMCs in OPE and TMCs in
ACOT /parton model @ — no time! (uice intuition!)
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the big picture and motivation

Several vDIS and e DIS programs
collecting data now:

— Fermilab

—JLab

— CERN

with more planned for ='20s:
— BNL

— LBNF

— CERN

and with various agendas:

— precision v oscillations

— precision hadronic structure
— QCD at the extremes

— search for more new physics

— precise data demands precise
predictions from theory
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Formally, inclusive DIS of / € {/*, 1,7} off protons can be described by
the collinear factorization theorem (CFT) Collins, Soper ('87): Collins ('11)

01 (k) 01 (ko

A(pa)

R /\2+k
do(lip— X)) = > Ay ® fi @ dépx, + O (&ﬁ)
i, Xn shower/RGE PDF hard scattering

inclusive

target mass corrections (TMCs) are O(x3M3/Q?) “power corrections”

Georgi, Politzer ('76,'76); Ellis, Furmanski, Petronzio ('82,’82); lots more; Kretzer, Reno ('02,'03); Schienbein, et al [0709.1775]
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why look into power corrections?

nuclei (A) are not protons (P) ®
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in practice, #DIS needs nuclear targets

@ v only interact through weak ° fact oi II:fec:l nuFIeatr dytnamlcs
force: targets must be bigger Impact hadronic structure
(O(10)tons), denser (Ar,Fe,Pb) Plotted: Fdl:utemn for [-DIS
— more nuclear
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1.2F% (83 . . i 1
Theorem not proved for DIS SACHEOR ] Anti-shadowing {1 JFerm
Wlth A (are formulae even applicable?) a, LIt E-ﬁ i ]
< | B ,-'
) 1 = & 7
o I \}§ T /1
5 o2 = o] i
e Often, M3 2 Q°, eg., 09t %; I Y ]
MFef56 ~ 52 GeV and o_g.\ I K ]
Shadow: EMC ffect
MPb—208 ~ 194 Ge\/ 07 ado mg ’ -effec
0 01 02 0.3 04 05 06 07 08 09 1

(how to reconcile this?) X

Schienbein, et al [0710.4897]

For non-expert, QED () contribution to Fp:  Fp(§) =~ Zie{q,ﬁ,g} QI.2 I3 fI.A(.g), Q;=electric charge of i
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Key: TMCs can be incorporated in structure functions, F;(x, Q%)

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

WA = % fd4z e’.q'z<A|J,]:ad'u(z) Jhad.V(0)|A>

puv

P o
— A PALPA A : Paq A
= —8uv '+ 462 “ 2xp B3 — 1€pvpo 2)2 xaF3

quq A PAq+PAq A PAu9Gr —PAvq A
+uu2F WzXAFS _’_WQXA/%

A (No TMC)

In practice, replace F; A (TMC)

— F;

; in cross sections:

dZO_NC

de:l’(s—Mz)—: ORed

2N 4ma® [Y+ Nc]
dzd@? xyQ? ’

2 2.2 Y. 2
oNG - (1+7'z/€ )F;*C;?mpgc_y?pgc ,

+ + +

Fr=r?Fy-22F, r=V1+4e2 e = (zM/Q) and Y, = 1 £ (1 - y)?
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result #1
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nuclear structure functions with TMCs

Generically, structure functions with TMCs have the form:

FjA,TMC(X 2y = Z, LAF, (é"A’QZ)—FB’hA(gA Q%)+ Ggs'(éa, @)
“no” TMCs

Lots to unpack!

@ xa = Bjorken x

£a(xa) = Natchmann x = 2xa/(1 4 /1 + 4x3M3/Q?)

Al B}, C; are closed-form functions ~ f [xa, (x3M3/@?)]
for i # j, structure function mixing! « s s cool
A; ~ O(1), while B/, Gi~ O(xaM3/ Q).

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

WTMCs — NuFact23 11 /2



Nuclear structure functions with TMCs
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result #2: some numbers
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running the numbers

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

for many targets

=
FYA -2z (d+s+u+é),

FYA—42(d+s-u-¢),

(d+s+u+¢e),

FrA= (u+c+d+5)
F;A:Z:E(u+c+a7+§:

E5A=—2(u+c—(f—§:

EIA = :ré [4(u+a@)+ (d+d) +4(c+E) + (s +7)]

[ 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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reduced cross sections for many nuclear targets

Plotted: (upper) reduced cross sections with nTMCs; (lower) ratio to w/o
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result #3: something interesting
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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.

As an intermediate step, we 1. took the OPE of the hadronic current, 2.
set (M%/@?) — 0, and 3. derived/recovered an important sanity check:

FAN =CcVNAN, + O(r>2) for i=1,3-6,
No TMC
Fpv=1) = AN, + O(r > 2)
No TMC
structure fns. = (short-dist. phys.) x (hadronic matrix element)
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for proton, FV = CV x AV + power corrections

= “PDFs = QCD x hadronic matrix element”

| ~1—2fm

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

~1—2fm x A3

u}
)
I
il

tht

n
S
o

i)



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

| ~1—2fm x A3

,f’z/A
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Summary and conclusion

The nCTEQ collaboration has revisited the theory and phenomenology
TMCs in DIS off nuclear targets nCTEQ Collaboration [2301.07715]

o extended formalism for protons to nuclei

pedagogical appendix that fills in gaps in literature/texts

lots of phenomenology, numbers, and plots (... so many plots - JLAB, EIC, LBNF)

hope this work guides future discussions

@ lots not covered (AcOT, uncertainties, xy > 1, fit results), SO See the paper!
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Thank youl!
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Rescaling

Interestingly, TMCs have particular kinematical dependence:
2 p g2
XA xaMa
& o ( Q@ )

Define “average (nucleon) kinematics”: My = Ma/A and xy = Axa

XA _ XN ML\ _ (xaMy
or ("¢ ) =&

Consequence: TMCs for A-independent, “nucleon”
str. fns. that matches intuitive picture of nuclei —

— same expressions as for A but replace "4 with “p"

2/11
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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+u+c), Fy*=2z(u+c+d+s

FYA—42(d+s-u-¢), EEA=—2(u+c—(f—§
a1 .
F} A::r§[4(u+ﬁ)+(d+d)+4(c+é)+(s+§)]

for many targets

3y
)

N
’

[ 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

F3TMC/F5No = THC

Can you spot the 'H and °D curves?

R. Ruiz (IFJ PAN) nTMCs — NuFact23
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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

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

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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