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Measurement of Tagged Deep Inelastic Scattering (TDIS)
C.Keppel (Contact person)
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Motivation: Flavor Asymmtery in Proton Sea
Self-Energy: Treacherous Point

Vertex Correction: “u-bar” — “d-bar”
Summary and Works in progress




Flavor asymmetry

B Antiquarks in the proton “sea” produced predominantly
by gluon radiation into quark-antiquark pairs, g — q¢@
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— since u and d quark masses are similar,
expect flavor-symmetric sea, d ~ u

B Experimentally, one finds large excess of d over @

1
/ dr (d(z) — u(x)) = 0.118 £ 0.012
J0

E866 (Fermilab), PRD 64, 052002 (2001)



Flavor asymmetry

B Large flavor asymmetry in proton sea suggests
important role of 7 cloud
in high-energy reactions
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SeaQuest probing the proton sea
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Flavor asymmetry

B Large flavor asymmetry in proton sea suggests
important role of 7 cloud

. . . — d=1u
in high-energy reactions | e gesce ] e
. = SG
—> Sullivan process 3 s }
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Lro' — .8‘8 +“' cv:sm
° 3 .
| ¢ ¢ :
# . B A°
Sullivan, PRD 5, 1732 (1972) ' dx 1 2 : 7
, PRDS, Ty =>_-2 | dz(d-a)
Thomas, PLB 126, 97 (1983) 0o T 3 3 0
— 0.235(26)

d > U New Muon Collaboration, PRD 50, 1 (1994)




Flavor asymmetry

B Large flavor asymmetry in proton sea suggests
important role of ™ cloud _
. L : —d=ua o
in high-energy reactions L o oesoet | o
. x SG
—> Sullivan process 2 . |
?:cz — v 8 4 a " -~ 010
II: , o 8 ¢ | k{
= 2, ¢t | &
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—_— 2 1 dy .
Sullivan, PRD 5, 1732 (1972) (d—u)(z) == — fx(y) ¢" (x/y)
Thomas, PLB 126, 97 (1983) S \
3972rNN —t ]:?rNN(t) pion light-cone momentum
f=(y) = 1672 y [ dt (t — m2)2 distribution in nucleon
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Flavor asymmetry

B Large flavor asymmetry in proton sea suggests
important role of 7 cloud

. . . —d=1a -
in high-energy reactions L ] e aces
. x sG
—> Sullivan process 3 s |
i:“ . s ¢o‘ )
_|~ 1 ° s f Ty
S | RO =
0.1 [,_ . . : 0
| ¢ ¢ 8
o | 1, e
. 2 [1dy o
Sullivan, PRD 5, 1732 (1972) (d—u)(z)= = — fr(y) 7" (x/y)
Thomas, PLB 126, 97 (1983) 3Je Y

3¢2 —t F? t .
fr(y) = fgj;’QN Y / dt 0 _";;i ?]:’)(2) connection to QCD?




Connection with QCD
_ 2 ftd _
i@ =5 [ Y10 TE) | s =2y [0 Ty ®

—> model-independent leading nonanalytic (LNA) behavior
consistent with Chiral Symmetry of QCD.

0
T )g_qg = dz(d — u 2 £2 _ _
(@)a ]0 (d~1) m, f,=-2m,<qq>

2 ! 294 X Y o
dy fx I Ivtic t
3/0 yfr(y)= (47 f; )2 my log(mz/p°) + analytic terms

B Nonanalytic behavior vital for chiral extrapolation
of lattice data Thomas, Melnitchouk, Steffens PRL 85, 2892 (2000)
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Connection with QCD?

B Direct calculation of matrix elements of local twist-2
operators in ChPT disagrees with “Sullivan” result

3% + 1
(2™ uraq = an, (1 + (394 + )mi log(mi/;ﬂ)) + O(mi)

/ Chen, X. Ji, PLB 523, 107 (2001)
Arndt, Savage, NPA 692, 429 (2002)

cf. 4g%5 in “Sullivan”, via moments of fx(y)

—> is there a problem with application of ChPT or
“Sullivan process” to DIS?

|

is light-front treatment of pion loops problematic?

|

investigate relation between covariant, instant-form,
and light-front formulations

—> consider simple test case: nucleon self-energy



w/N Lagrangian

B Chiral (pseudovector) Lagrangian

A ]. - , ,
LN = YNy T DTN — UNYT - (T X OuT) YN
" 2fr g (2fx)? S
E ga = 1.267
: fr =93 MeV

—> lowest order approximation of chiral perturbation
theory Lagrangian

—> ¢f. pseudoscalar Lagrangian

LYY = —gznN UN 5T - TN + oNN term

Weinberg, PRL 18, 88 (1967)



Relation between PV and PS Theories

Self-Energy
v 1 Q= SPV ey . (284 2~,~ d'k kys(p—k+ M)yk
= =52u(p’s)2 up.s) 2= (fn ) ! rf(2n)4 D.D,
D, =k’>-m’ +ie D, =(p-k)’ - M’ +ie

1 5 — 5 1 5
p_k_MV ku(p)=u(p)lk-p+Mly p_k_MV [k—p+M]u(p)

yu(p)+2MT(p)u(p) + 7 (p)Hii(p)

u(p)ky’

= 4M* u(p)y’

1
p-k-M

&
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———— = AN g +2M !
PV PV e O

PS PS
N\
“treacherous” k* =0 (end-point) term / S(k™)
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S.-J.Chang and T.-M .Yan, PRD, 1147 (1973)
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M. Alberg & G. Miller, PRL 108, 172001 (2012) /\
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C.Ji, WMelnitchouk, A.W.Thomas, PRL 110, 179191 (2013)



Self-energy
m From lowest order PV Lagrangian

m =i (400 agp) [2 (for) 1O 20 (k) - o)

27T)4 DN
TN — .2 2 .
Goldberger-Treiman ga — grNN Dy = k*—mj + e
f7r M Dy = (p—k)2—M2+i6

—s rearrange in more transparent “reduced” form

Z]:_32'9;24& d'k 1 M2 m2 L L +2.p.¢‘7c
4fz | (2m)*2M DyrDy  Dn/)  &#Dn

K / \
Po"o_’é'\b“LQ—

rainbow “tadpole”

Y

C.Ji, W.Melnitchouk, A.W.Thomas, PRD 80, 054018 (2009) LNA terms




Self-energy

Covariant (equal-time + dimensional regularization)

1 : 1 ! 1—xz)2M? + .z:m;?r
/d“—?ka e = —im? ('y—i—logﬂ - - +/O dz log ( ) 2 + O(g))
2
/d4 2EkD—\__i7r2M2 (fy+log7r—§+log%+0( ))
397 3 1 mfr 5
—> D= _327rf7? (m7r Sy log —{— (9('772..7r))
395 M M?
—32914;2]‘,2 [R(MQ +m2) —m2 + (M2 +m2)log ]
DLTT

x p
Caralyic s N,
‘ R:—g—log47r—|—'y—1

—>» in MS scheme, absorb R in counter-terms,

set =M
=) Y 2n2lytic _, 0 jn chiral limit

S.Scherer and M .Schindler, Lect .Notes Phys.830, pp.1-338 (2012);arXiv:hep-ph/0505265v1(2005)



Self-energy
B Light-front

1 1 [ dz k2 2 e \ !
/ dk+dk—d2k, / 42k, / dk— (k— I L )

DDy~ pt J_ o z(z—1) rpt xpt
2 2 2 . -1
o (5 — M B kl + M + 1€
pt  (z—-1)pt (z-1)p*

1
1
2- 2
= dr dk
2 z[) 1 k_2L+(1—:1:)m$r-i-:52M2

z=k"/p*

— identical nonanalytic results as covariant & instant form

1

3g2 1
S =~y (2 + 37 37l + 00
mfz ™ V.




Self-energy

B Pseudoscalar interaction

Y% =iginn u(p) / (Zﬂl; (757) at _g; M) ('wﬁ)DL u(p)

_32'931]\1/ d*k [ m2 N 11
2]‘2 . (271')4 DWDN DN D7r

—> contains additional (“treacherous”) pion “tadpole” term

. . - 5(k+)
—> similar evaluation as for 1/Dy term
34 M : ma m2
YERA = 327{}7% ( — m?2logm?2 —m> — SPSYE log m + O(m>)

[

additional lower order term in PS theory!




Self-energy

m Alberg & Miller claim on light-front ©7° = 2PV
- “form factor removes k=0 contribution”

M. Alberg & G. Miller, PRL 108, 172001 (2012)

m In practice, AM drop “treacherous” k" =0 (end-point)

term PS _ yPV | wPS

after which PS result happens to coincide with PV

—s but, even with form factors, end-point term is non-

Zero | |
3PS _ 39‘}31M - dt\ﬁFz(mf—: —t) LNA 39}21 Mm:z logm2

™

C.Ji, WMelnitchouk, A.W.Thomas, PRL 110, 179191 (2013)

— ansatz does not work for other quantities
e.g. vertex renormalization



LFD

1 1 1 pdk” 1
I[=—|dk"dk =— dk”
2f k'k-—m’ +ie 2Y k* f

k m v
m . €
X e _lk+
m?> L, £ X \/
kK" kT
““Moving Pole”

Capture the pole! k" =rcos¢ k= rsing
X

I=Z%4§dz[ 2 = jlogm’

z—(ia+m+s)][z—(ia—m+e)]



A

Tree Level
9,J" =0:q,u(p)y u(p)
=u(p)lp' - plu(p)
=u(p")[m—mlu(p)
-0
9,5 =0:q,1(p)y"ysu(p)
=u(p)p' - plysu(p)
=u(p)pys+ysplu(p)
=2mi(p")ysu(p)
=0 if m=0

Loop Level
9,J" =0

2
(4 ga/a’yé

d,J5§ =7
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p!  symmetry
IS broken
R due to
Q= QI-"'QR:M’:‘ Infinite
Qs= Q-Q~VEL degrees
In,3‘\: J\m-) P° og% a"'j'; ::.-% of freedom
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Vertex corrections

o Pion cloud corrections to o .
electromagnetic N “ ®
coupling S 8,
—> N rainbow (¢), 7 rainbow (d), © @

Kroll-Ruderman (e),
+ tadpole (f), N tadpole (g) . 7
. . B
o Vertex renormalization
- &
(27 — 1) u(p) v* u(p) = u(p) A* u(p) 0 ®
— taking “+” components:z-1 —1 ~ 1 -z, — ;‘f i(p) A+ u(p)

—s e.g. for N rainbow contribution,



Pion distribution functions

B Pion cloud corrections to ®
. . (a)
electromagnetic N coupling
—> N rainbow (¢), 7 rainbow (d), L g
(c)
Kroll-Ruderman (e),
7 bubble (f), 7 tadpole (g) &
. . '®\
B Vertex renormalization

(Z7' = 1) a(p) v* u(p) = u(p) A* u(p) W

—> taking “+” components: Z;'-1=~ 1-27;

—> ¢.g. for N rainbow contribution,

(e)




Moments of PDFs

o PDF moments related to nucleon matrix
elements of local twist-2 operators

(NI@Q“”'“"IN) = 2(z"7 1), plir ... phnl

— n-th moment of (spin-averaged) PDF ¢(x)
1

@y = [ doam (glo) + (-1)q(a)
0

— Ooperator is 651"'#71 = Pyl iDH2 . iDFrlyy — traces

o Lowest (n=1) moment (z°), = My + M, given by
vertex renormalization factors ~1- Z¢



Vertex corrections

m Define light-cone momentum distributions f;(y)

1-7 = [ dyiw) S
where £ () = 4500 (y) + 4O (y)
fn(y) = =) — £V + FO(y)
fr(y) = 4D (y) — 8 ()
f:rr(tad)(y) = —fN(tad)(y) = 2f(md)(y)
with components  s(on)(,y - 9aM” 2 (k] +y" M)
P F(y) (47 )2 / A (k2 +y2M2 + (1 - y)m%]Q
2 2
(off)(,y — gaM” : y
P = gy / L I 1 (1= g2
2 . k%2 +m?
FOw) = 4(4i;w)2 / k] log( ) u2m ) )
ta - k2 + 72r
) = (A fr)? /dki log( - #zm ) °w)

Burkardt, Hendricks, Ji, Melnitchouk, Thomas,
PRD 87, 056009 (2013)




m Nonanalytic behavior of vertex renormalization

factors
1/D. D% 1/D2Dy 1/D.Dx 1/D, or 1/D? sum (PV) sum (PS)
1- 2y 95" 0 —394 195 294 95
1-27 S . R 0 — 194 19 g
1— ZK® 0 0 —394% 394 0 0
1— zZ{Ntad 0 0 0 —1/2 —-1/2 0
1— Z7tad 0 0 0 1/2 1/2 0
* H . .
also in Ps in units of 1 m2 log m2
(dnfpy2 8

— origin of ChPT vs. Sullivan process difference clear!

1

(1 _ N (PV)

)T.-T\TA

3 N (PS
=5 (1-2™
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o Nonanalytic behavior

(» LNA - (3¢5 +1) (p) LNA
My — 1-— 2(drf.)? m2 logm?2 MP—
(n) LNA (3952 +1) 2 (n) LNA
b 1 =

M 2 f.)? m? log m2 M

(39.4 + l) 2

2(47Tf7—) m logm:

m? 2 logm?

2(47rf,,r)

—s NO pion corrections to isosclar moments

— Isovector correction agrees with ChPT calculation

(4g% + [1 - ¢2))
(47 fr)?

4qA + 1 ‘JA])

/ (47 fr)? \

PS (“on-shell”)
contribution

—n) LNA
METZS 1

—n) LNA
M=) 225

2
m,. logm;,

2
m, logm;

2

2

§-function
contribution



Flavor asymmetry

B Contributions to PDFs related to matrix elements of
non-local operators, in terms of convolutions

—> q(x) = Zaqo(x) + ([fN + fraa] ® q0) (x)
+ ([f'ir + fbub] ® Q'zr) (33) + (fKR ® AQO) (.’E)

Moiseeva, Vladimirov
EPJA 49,23 (2013)

—> if “bare” nucleon has symmetric sea, d = @
then only “pion” term contributes

(d - u)(z) = ([f( + foub) ® @x) (z)
Fri = 2F0%) 4 250)

C.Ji, W. Melnitchouk, A. Thomas,
PRD 88, 076005 (2013)



(a) (b) (c)
V.Pascalutsa and M.Vanderhaeghen,Phys.Lett.B636, 31 (2006)

Feoao(¥) = F () 4 £ (y) 4 12 (y)

W.Melnitchouk,J.Speth,A.W.Thomas,Phys.Rev.D59,014033(1998)

7800) = ¢y [ aity

KL+ (A+ yM)*][k] + (M — yM)°]”
(1- )’)4D;2zA

Dop=—[k3 =y(1=y)M*+yM% +(1—y)m2]/(1—y)

X



LNA of -0 = |} dx(d — @)

3g5 + 1
2(4nf )

> Gana
1272 :

)2 )
mz logm

(.D - U)LNA —

Jy=(m2—=2A%)logm?2 +2Arlog[(A—r)/(A + 7)),

A=My—-M r:\/Az—m;zr

D.Arndt and M.Savage,Nucl.Phys.A697, 429 (2002)

A — O limit (27/50)g; + 1/2]/(4nf,)?
VS

SU(6) couplings ' ,
(18/25)g3/ (4nf ;)



Flavor asymmetry
B Integrated asymmetry [ = fol dz (d — @) ()

0.18 A (GeV) 024 k1 cutoff
0-2 L L] I L] I L] I L] I L}
0.15f
0.1
~ 0.05 -' ............. L___,_»—-::::::::::{S'-'; fN = fv.'(Nint. state)
0 ,’\’\ 5::’— ©) fA = f‘:r(Aint.. state)
: \\\\\ f 7 :
005F  —— N :
L a IR :
0.1 I . I . ] . L = k=
0 02 04 06 08 | «+—1 /%~ cutoft
1L (GeV)

—>» N on-shell contribution =~ total!

Y. Salamu, C. Ji, W. Melnitchouk, P. Wang, PRL 114, 122001 (2015)



Small x region: N.Kivel and M.Polyakov,Phys.Lett.B664, 64 (2008)



Summary

No problem calculating it loop corrections to PDFs
in LFD (if symmetries respected and k™0 treated
correctly)

LNA provides a unique constraint on theoretical
prediction

EFT approach puts “Sullivan process” in proper
context

—> on-shell (pole) approximation

—> (k™) contributions from “rainbow” & “tadpole”
diagrams affect integrated distributions

I

First estimate for “d-bar”-“u-bar” phenomenology
—> illustrated for k&, and k£~ cutoffs



Works In progress

* DR, and DR, (scheme & scale
dependence explicit) along with PVR
and other regularization method such

as FFs

* Analysis of HERA data for the future
JLab TDIS experiment

« SU(3) extension for the “s-sbar”
phenomenology



