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Intersections
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Why ( n ) P D FS ° Accardi — Mod.Phys.Lett. A28 (2013) 35
Forte and Watt — Ann.Rev.Nucl.Part.Sci. 63 (2013) 291

NNPDF PDFs, Ratio to NNPDF2.3, &t = 0.118

1 High-energy (large to small x)
— Beyond the Standard Model searches
— Precision (Higgs) physics
— NuTeV weak mixing angle

— Small-x and gluonic “matter”

1 Hadron structure (large to medium x)
— Effects of confinement on valence quarks
— g —gbar asymmetries; isospin asymmetry

Y

— Strangeness, intrinsic charm

1 Nuclear Physics
— Bound nucleons, EMC effect, SRC A
— p+A and A+A collisions at RHIC / LHC % !
— Color propagation in nuclear matter ©
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A PDF landscape

Pert. order
A “Do we need N3LO parton distributions?”
o — Forte et al., PLB 731 (2014)
N3LO ) Plenty of
/ o °
T opportunities
@ NLO
QED
corrections
1
NNLO CNNPDF>
Resum— ( MMHTB
mation(s)
AB(K)M {
NLO CTEQ-JLab > Theory input
(roughly x)
<>
On the way to =T NUCL TMC/HT RESUM Quark-hadron
“1% precision” | <—— theory uncertainties duality

(scale, as, HQ scheme, masses...)
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A nPDF landscape

Atomic number
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accardi@jlab.org Intersections of BSM and QCD, INT, Oct 2015 6



Needs the betrothal of HEP and NUCL

1 A global approach across subfields

PDFs
— N

Nuclear HEP

data LQCD data

: 20N QCD 4
Hadron structure

Global @d'“m@ Global

QCD fits LQCD | pQCD QCD fits

Nuclear, hadron
theory
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Proton PDFs
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Data coverage
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Large-x, small-Q? corrections

) 1/Q* suppressed:

— Higher-twists (non-pert. parton correlations) Under control

— in practice, fitted to low-Q2DIS data |}  (extracted “HT"include
residual power corrections)

J Accardi et al. 2010
Alekhin et al. 2004-

— Target mass corrections

— Heavy quark masses — hot debates

— Current jet invariant mass, ...

] Non-suppressed
— Nuclear corrections or deuteron targets - Melnitchouk [WG1]; Thorne [WG1]

— Threshold resummation — calculations available

1 Flexible d-quark parametrization

— Need to allow d/u - finite,asx — 1
(as required in theoretical models)
— e.g. d/(l‘) = d(x) + axﬁu(a:') [used in CJ12, analogous one in CT14]

- alternative approach - Liuti [WG1]
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Global fits overview g

See parallel talks in WG1 vy /'Al\so from RHIC

xﬁﬁq
HERA Tevatron

JLab LHC di-u HT Flex Res
|+I] W,Z Nucl.
e H new Ul tme o um
"/ 'HERAPDF2.0 v K
er1a NV RV v
T MMHT14 v v Y
”‘@NNPDFao v v (V) v
[ GIJR14 ] v v v v v
CJ12* (- CJ15) v (Y) (V') x v v Y
v v Vv

ABM12 **

*NLO only ** No jet data * but see 1503.05221 ™ no reconstructed W
— Placakyte
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Deuteron corrections
J No free neutron — use deuteron

1 CJ: Nuclear modeling
v Connects to underlying nuclear theory

v Can reject models — verify assumptions
v Cross check with other processes

e DY(p+d), *He, polarized DIS, ...
X Continuous vs. discrete parameters Low-energy factorization issues

Renorm. of nucl. operators, gauge inv., FSI, ...

) MMHT: parametrize D/(p+n) ratio
v" Nuclear uncertainty straightforward
v" No “model bias” (beside parametrization)
X Limited nuclear physics output
x May be missing non-negligible Q> dependence
X Needs one parametrization per process

N1+ a1 ln®(z,/2)] =<z
N1 + az In®(z, /)

+a3ln®(z,/2)] x> 2,
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Deuteron corrections Reduced PDF uncertainty

with SLAC/JLab data
] The 2 complementray strategies agree /
(6 / )'I'>a cev-/(‘s‘I/ )")12.5 GeV*
— Can use reliably, extend to lower W? 15 _----.---.f'--'f'l----'--.-:_--.-f---l----.--.-p---:

1.04 0 ....I....I....I....I...."....I....I....I....I....:
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
1.02 X
= d-quark suppression
0.98 + 6_||||||\|||||||||||||||||_
—— MMHTL4 NLO , A - d /. ~ - oushiTWOHHT | .
0.96 o gﬁﬁ%’ﬁnfcgg &%\6 Gev? 1.5 :_ cuto+n_uc+TMc+HT_:
——— CJ12 max., Q% = 6400 GeV? - : .
0.94 ! 1 - = - ]
0.01 0.1 1 - .
MMHT14, arXiv:1410.3989 0.5 F g2-10 gev? =
:IIII|I\IIIIIIIIIIIIIIIII:
] Nucl / HEP symbiosis: 0 02 04 06 08 1

X

— Wand Z — constrain d-quark — constrain deuteron corrections

e/ CJ10-PRDS8I1 (2010)

— Abundant DIS deuteron data — precise u/d flavor separation
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Use protons to study nuclei (!) o Mod.Phys.Lett. A28(2013)35

. Brady, A.A., Melnitchouk, Owens, JHEP 1206 (2012) 019
] Directly reconstructed W:

— highest sensitivity to large x p oy [

] i I—'—I| CDF I]:)ata I | | F p (p) ¥, q' J’

0.8 - Tevatron -

o | CJ11nuclear uncertainty ,3' d/u(xZ) . d/u(azl)
g Aw(y) ~

T d/u(xs) + d/u(xy)

I e 7
ﬂ4 - .,.11'_¥:'IIL —
L ﬁ*"x‘_' .
-‘Ih-
0.2 o

..--‘"} _ .
e . \ sensitive to Can constrain
I I I .
! ' ’ ' |dat high x Deuteron models!
Yw
] New precise D@ data (+BONUS) determine d-quark g o M)i 03 9.7 i
§0.8 :— 3 4!"’5" Vo
— W, also W — [+v and Z (but less sensitive) NI S s
“F o o 1 '(g;j“
1 Use DIS on Deuteron to: 0af- L
— Constrain nuclear model / parameters e
— Reduce d-quark uncertainty o e R
OIHO.ISI“II”“1|5'”IIII

gl
W boson rapidity (Iywl)
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The CJ15 parton
distributions



CJ15 - data set e XL

nis BCTMS (p) [20] 151 437 482
BCTDMS (d) [20] 54 Fg EG
MM [p) [21] Ts a7 414
MMC [dfp) [25] 1= 172 18D
SLAC [p) [20] fiGd 435 495
SLAC [d) [20] g2 AT2dAiT
JLak {p) [27] 1 LG 164
JLak (] [27] 1k 124 127
ILab {nfd) [55] 51 T Fag I «— BONuUS F’EHK,EEE
s w HERA [NC e~ p) [25] 145 112 161
HERA [NC etp) [24] 105 G4l sTR
HERA [CC e~ p) [24] H 14 1%
HERA [CC et p) |24 H al EE]
Direll-%an Ef0S (pla) |15 1249 a3 104
Efi6 (pp) |29 121 L3 155
Edih (pd) [2] 12 144 191
E8G6 (pd o) | 0] 12 1 i
Wcharge asymmetty CDF (2] |1] 11 12 11
Do () [32] il 20 21
DH {e) [44] 14 ar L6 «— D0 A!
CDF W) [2] 13 15 b
oH (W) [ 14 W 4T I «— D0 AH—"
Z rapidity CDF [Z) |45 25 T
D {2} [47] 28 i 23
jet CDF [run 2) [34] T2 15 22
DW {ran 2} [11] (] 21 Atk
wetjet DH2 1 [42] i 6 20
CW 2 [12] 1 15 4D
MY & |12 12 25 a3k
M3 4 [12] 12 13 I
todal RS d041 ATHE
total + norm 3000 4918
[3/dat s 122
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Effect of new data sets on d/u ratio

1.0

— new JLab (BONuS) data

DIS only
reduces error at x ~ 0.6

+ BONuS n/d

0.8
+ £ asym (& Z rap)
+ W asyvin
0.6}
=
_—
3
0.4¢
BOMNuS: spectator proton tagging
in semi-inclusive ed DIS 0.2}
1_II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
l}.ﬂ'f— + W'=1.8 GeV
E 0 W* > 1.6 GaV {}, . . .
08r . 5 W>1.4GeV 0o 0.2 0.4 (0.6 0.8
X

01 02 03 04 05 06 07 08 Baillieoal
¥ PRLIOS. 142000 (201 2)
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Effect of new data sets on d/u ratio

1.0

— new JLab (BONuS) data

DIS only
reduces error at x ~ 0.6

B + BONuS n/d

0.8
Bl + / asym (& 2 rap)
— significant reduction B -V asym
.G
from new lepton -
asymmetry data =
(little effect from Z rap. data) 0.4
0.2}
0.2 0 . . : :
o P e 0o 0.2 0.1 0.6 0.8
L,-I"d/r’ { T
Lo ]
.1
= 02 "gj
— (15 "‘,‘L
L3k | CDFe \
Jd 1 Do \"\ |
= ] DOe \
iy 0.5 L0 0 25 i
iy
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Effect of new data sets on d/u ratio

— new JLab (BONuS) data
reduces error at x ~ 0.6

— significant reduction

from new lepton

asymmetry data

(little effect from Z rap. data)

=
oo
I

. . |
| — CDF'Dam y
Tevatron e
| 11 2 min __J’
\"I |
L fl _{'.-\ _'
L ‘?"; . J
e CI12max
.ﬂ,pr-x'"!; * ]
— - l
i) 2
Yw

accardi@jlab.org

Tad

d/u

1.0

DIS only
B + BONuS n/d

0.8
-/ asvm (& Z rap)
Bl - W oasyin

(.6L

0.4}

0.2}

0. ' : .

([)].[] 0.2 (.4 (.i (.8

I

— Wasymmetry at large W rapidity
more sensitive to d/u at high x

— earlier CDF data preferred smaller
(“CJ12min™) nuclear corrections
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Effect of new data sets on d/u ratio

—> new JLab (BONusS) data ha

reduces error at x ~ 0.6

DIS only
+ BONuS n/d

0.8
+ ¢ asym (& Z rap)
— significant reduction + W asym

0.6}

from new lepton P

asymmetry data =

(little effect from Z rap. data) 047
0.2}

. . . . . 0. - -
T R ST A 0.9 0.2 0.1 0.6 0.8
— CIZmd X

0.8 R

——== CJl2max

— Wasymmetry at large W rapidity
more sensitive to d/u at high x

d/lu

— earlier CDF data preferred smaller
(“CJ12min”) nuclear corrections
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Effect of new data sets on d/u ratio

1.0

— new JLab (BONuS) data
reduces error at x ~ 0.6

DS only
B + BONuS n/d

0.8
¢ asymm (& 2 rap)
— significant reduction BV asym
0.6}
from new lepton g
asymmetry data =
(little effect from Z rap. data) Dty
0.2
(AR ;
0. - - -
os| = € _ 0o 0.2 0.4 (0.6 0.8
| cDF T
[ D
0.6 o
i | —> Wasymmetry at large W rapidity
= o4 . more sensitive to d/u at high x
0.3 g
P __,t--""i-f * .
s A 1 —> new DO data reduce uncertainties at
T . ] x ~0.6 - 0.7, strongly favor models with
L N small (but nonzero) nuclear corrections
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Hadronic phsyics output

— d/u ratio at high x
of interest for
nonperturbative
models of nucleon

— more flexible
parametrization

d — d+ bxu

allows finite,
nonzero x = 1 limit

(standard PDF form gives
0 or oo unless af = al

T

15 ,'

o= ]
MMHTI14 .' 4
B T4 |
Bl Rl4
<« SU(6)
helicity
dominance
scalar
“— diquarks

0 0.2 0.4 06 08

MMHT 14: fitted deuteron correction,
“standard” d parametrization

CT14: flexible d parametrization,
no nuclear corrections

JR14: similar deuteron correction,
no lepton/W asymmetry data
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Effect of new data sets on d/u ratio

) 1
—» deuterium data, and A -
proper treatment of 0.8 B o denteron
I'ILICIEB.I" cnrr‘ectinns, ' Bl (115

are important for

accuracy and precision =
of d/u determination ~
at x > 0.6 0.4}

.GF

0.2}

()
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Nuclear corrections

1 Atlarge x, DIS dominated by incoherent sscattering from individual nucleons

£

! dz
= [ 2 —d;u Fjalz ) @ (/2,02 Q%)
N .
nucleon momentum PDF in bound
distribution in d (off-shell) nucleon
Jd (“smearing function”)
p-q Po + VP p
— = ~1l1+— |py=M+¢e, £=c¢,
Pd ' q M lp{; T OM

momentum fraction of d carried by N

—> at finite Q% smearing function depends on v = \/1 + 4M222/Q?

1 Offshell expansion; parametrize first order coefficient; fix x1 with valence sum rule

N 9 ; 2 — M? .
> (z,p°) = g™ () |1+ Y ‘ ) ag’ ()
M?2 X
s N - e e e . . ! e N0 Ny =N ¢
0g = Cnlx — .I.[;.)(.I. — .I.l)(l + 1 — xp) / dx dq (_.zfj(r} () — g L.;f)) =0
JO
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Constrained by DO data (!)

1 The “wrong” nuclear corrections creates tension between DIS(D) and W asym
— The fits then choses the “right” one

L0055,
L — AVIS
) Deuteron to nucleon “EMC” ratio D/(p+n) LOGE ~ e
— Stable w.r.t. choice of z Loap - WIC2
nucleon wave function > 102l
S
— WIC1 disfavored y *-wise 1
— No evidence for antishadowing 0.98]

0 02 04 06 08 1
1 Off shell correction — first time in Deuteron!
— Stable shape L e

— Magnitude compensates for wave
function's missing / excessive strength

— Physical result or fitting away other physics? | — A '
— Can we get guidance from lattice QCD? T WIC1 N

accardi@jlab.org Intersections of BSM and QCD, INT, Oct : r



New lattice QCD technique: PDFs in x-space

H.-W. Lin, J.-W. Chen, S.D. Cohen, X. Ji

2.5_ I R [ T 1 | T T T T
2.0F =)
Egtl tzice e arXiv:1402.1462 &/ -

CJ12 bands
courtesy of
J. Guerrero

0.2 0.4 0.6 0.8 1.0

[ Can we adapt these to study off-shell PDF modiﬁcations?]
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Threshold resummation:
the new PDF frontier



Why yet another large-x correction??

2016 Long Range Plan:
1 New precision data in the (very) near future: - FICIACISEIe ol dilEretins

CJ12 - PDF + nucl uncert.
A BigBite *H/ *He DIS
= CLAS12 BoNuS

— Jlab 12 tagged DIS, PVDIS by, Lo smneees
3 g e ‘i{L {su®)
— RHICW, Z S, i i,
- S L fi
- W+C at I—HCb, see E __ BoNuS sys. uncert. . i';?;:
a"*bi;"afz‘"af:;"au“byf{s:“afé“aff“o.a 08 1
1 Direct photons:
P N. Sato, Ph.D. thesis 2014
removes tensions in old, but unused, data e
— Resummation allows use in global fits s e
— 10% reduction in large-x gluon errors 19 o Ge @ Q_me‘,\
- Drell-Yan: Alekhin et al., PRD74 (2006) Sl N

0.0 01 02 03 04 05 06 07 08
X

accidental cancellation at NLO of large effects?

— At NNLO, tension with DIS, vector bosons
— Resummation effects are large
* Need to be revisited

accardi@jlab.org Intersections of BSM and QCD, INT, Oct 2015 31



Why yet another large-x correction??

2.5

] Effects extend down to not so large x 15

Accardi, Anderle, Ringer 05

— For example in DIS PRD 91 (2015)  »s

1.5

) Need “resummed” PDFs

0% = 2.5 GeV?

—— RESU+TMC+HT
e JLab (E94-110)
= JLab (E00-116)

HERA

+ SLAC
+  EMC

QZ

6.5 GeV?

0.5

for precision physics at LHC

25

L5

X NLO+TMC+HT
Fy'[F,

— To use with resummed partonic cross sections:

0% =15 GeV?

e t-tbar -

e squark and sgluino production -

=20 GeV?

wﬂw
//
/

0.5

1 Resummed u- and d-quarks suppressed at high x
— Implications for nPDF extraction ?
— Does it also suppress or enhance the d/u ratio ?
— Gluon anti-correlated to d, u & enhanced at large x

— are we underpredicting radiative charm at large x ?

accardi@jlab.org Intersections of BSM and QCD, INT, Oct 2015
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Brief history of PDFs with large-x resummation

1 2005: first evaluation of threshold corrections effects on u-quark

— Corcella, Magnea, Phys.Rev. D72 (2005) 074017

] 2015: combining resummation with Target Mass Corrections

— Accardi, Anderle, Ringer, Phys.Rev. D91 (2015) 3, 034008

) 2015: first fit of PDFs with threshold corrections

— NNPDF (Bonvini et al.), JHEP 1509 (2015) 191
— Data on DIS only

) More work to do! | But need consistent inclusion of resummation
on top of other large x corrections
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Target mass corretions - an overview
Schienbein et al., JPG 35 (2008); Brady, A.A., Hobbs, Melnitchouk, PRD 84 (2011)

] Kinematics:
pﬂpu = M” : QMQM — _Q2 : pqu — QQ/(ZUB)

— Light-cone unit vectors

2
:{M—f%r—l-% } nh =

Nachtmann 2z 9 9 2 19 /D
variable § = 1+ p p-=1+4x5M*/Q
1 Naively:
TMC TMC
rg — & Fri(zp) —— Fr,.(§)
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Target mass corretions - an overview
Schienbein et al., JPG 35 (2008); Brady, A.A., Hobbs, Melnitchouk, PRD 84 (2011)

 Identify power suppressed (in M?/Q?%=p?— 1) but leading twist terms
Jo,

— OPE: resummed to all orders Georgi, Politzer, De Rujula 1979
14+ p 0 pr—1 [ 0
PR (0p, Q%) = — 2R (6Q%) + = | dy Frly. Fy ()]
3

— Collinear Factorization: up to O(M*/Q?%)  Ellis, Furmanski, Petronzio 1979

FiFP(zp, Q%) = FRPP (25, Q%) + O(M*/Q")

) THRESHOLD PROBLEM - predicts scattering at x >1 !
(1) Neglect of partonic kinematic (m, =0 implicitly used here)
(2) Non uniform convergence of power series

accardi@jlab.org Intersections of BSM and QCD, INT, Oct 2015 35



Correct partonic kinematics Accardi, Qiu, JHEP (2008)

2 H : —
) Impose M= # 0 in the handbag diagram - phase space close at x =1

&/zB g
P @) =3 [ L@ chw/e)
f U8 Y

q

~ net baryon number

D Qu e Sti ons: Brady et al., PRI 84, 074008 (2011
— How to extend this fix to the power suppressed LT terms?

— Phase space in parton's momentum fraction x is reduced:
How to perform threshold resummation?
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Threshold resummation Accardi, Anderle, Ringer
PRD 91 (2015)

1 Perturbative expansion

FA%ap, Q2) Z/ Fla /. Q) Cha)

as(4%) Lr(1)
—5——Cr " +0(a?)

1 At large x_, scattered quark carries large y = x/&:

cl=ciO 42

— Only soft gluons (x — 0) can be emitted

[ [ .
[ L. ] . )
L L ‘ _ : 3

;_.I________ | n'_.,____"_!:_— I:.' . . —
\LH.#-"Q Fd ﬁé;}. . .,
000 /‘{?LJ"' : \

cr |0+ G s, - (3+75) %09

Cl 1][ ]

g th

Spoils perturbative convergence also if oy < 1
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Threshold resummation Accardi, Anderle, Ringer
PRD 91 (2015)

1 These “threshold” divergences need to be resummed:

— Mellin transform d—jf(y)CT(y/f) — NN

— Exponentiate the divergent pieces in the hard scattering C.",
keep finite pieces, Mellin transform back

C]TV:quAéVxJéV

1 N1 (1—=1)40Q% de
ogal = [t [ 7 TRk,

1 N (1— .L'}Q 2
lﬂg.ffzfﬂ dxm 1{/( dklﬂ ﬂa(kl)) qu(ab((l—x)Qz)}

1-x)2Q)? J_ \ /

calculable perturbatively
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Threshold resummation with TMC Accardi, Anderle, Ringer
PRD 91 (2015)

1 With TMCs, partonic phase space does not extend any longer to y=1

Y Q* =2 GeV? Y 0* = 25 GeV?
£/xp
: e ———— T ™
'flh
4:-:,
0 1 ¢ 0 @ ¢

&th

FIG. 3. On the left (right) hand side the integration regions for Q* = 2 GeV* (Q° = 25 GeV?) concerning Eq. (37) are shown.
The blue dots denote the boundary where the threshold singularities arise and the arrows indicate the direction of integration.

£ = 1
T 1T AMRQ?
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Threshold resummation with TMC Accardi, Anderle, Ringer
PRD 91 (2015)

1 Trick: separate integration in 2 pieces

P | T Wer(Spes [ Wer () )

Y Y th Y Y

1 First one is finite, divergences in second; Mellin transform

1 Eth
Fpl, = (/O dny_1€§(y)) (/O dny‘lf(y)> =i

—

Truncated PDF moments

) Exponentiate C.*"as before, Mellin tramsform back

Fiolen @) = [ Gras™ CLA @/ a1 6
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RESU+TMC+HT
e JLab (E94-110)

Resummed structure functions - b @ho-110
o
) F2: resummed vs. NLO o Q' =25GeV'
— Points: osl %M".
bin-centered data / NLO theory - | EE—— |
. 0 = 6.5 GeV?
— Lines: 1l
NLO+resummation / NLO theory 2 o
g
I [Resummation effects decrease .
with decreasing Q? ?; 1.5}
SR -
— TMCs harden F2 at small Q? 0.5}
2.5¢
) Large effect in DIS region x > 0.5-0.6 Q* =20 GeV*
1.5¢
0.5
Accardi, Anderle, Ringer, PRD 91 (2015) R ST TR S
0.2 0.4 0.6 0.8 |
XB
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Resummed PDFs

1 Let's do global fits with resummed theory
— What's the effect on the (“resummed”) PDFs ?

] NNPDF3.0 with threshold resummation — E.Nocera' talk
— Reduced data set cf. fixed order NNPDF3.0
— Large W?2>12.3 GeV? cut

Plot courtesy of E.Nocera
o keeps only x,< 0.7 data S

- diu(x,Q%=10 GeV?)
e Not much data in “resummation” '
region at x > 0.5-0.6

) Small effect on d, u singularly
— even less on d/u

fixed-order NLO

) Need to lower the W cut !! 1| resummed NLL

0.1 0.2 0.3 04 05 06 0.7 0.8 0.9
X
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Let's go non-perturbative

] Soft-gluon resummation Catani et al., '90s
— pQCD treatment of large log(1-x)

— Pushes perturbative calculations
] Collinear Jet functions  Accardi and Qiu, 2008
— Can be seen as non-perturbative

extension of soft-gluon emission

1 Bridging the rapidity gap

— Eventually, need to account for soft interactions

— Soft factors?
(TMD / fully unintegrated factorization)

Collins, Rogers, Stasto, 2008
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Conclusions

] Entering a new precision era in large-x PDFs
— New data (now and in the future), new fitting approaches
— Conquering nuclear corrections
— Time for threshold resummation

1 High-energy and nuclear physics need to work together!
— Progress in hadron / nuclear structure o

// Nucbar\\ﬂ /" HEP )\

— Precision PDFs for BSM searches gy, S
A ch}\H,fﬁa::ptl::t,;;j,ACD A

i Global
JpQCD QCD fits

1 Next steps:
— the betrothal of PDFs and nPDFs! ooy "
— Use lattice QCD fro nuclear PDF modifications
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Appendix:
strangeness fits



Strangeness and strangeness asymmetry

sT(x) = s(x) + 5(x) [sF] = /0 dx x s (x)

) In pre-LHC fits, mostly constrained by v+A data / M
— CCFRinclusive DIS TN
\ +
— NuTeV muon pair production ' W/<

— NOMAD and CHORUS N
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Strangeness and strangeness asymmetry

sT(x) = s(x) + 5(x) [sF] = /0 dx x s (x)

) In pre-LHC fits, mostly constrained by v+A data
— CCFR inclusive DIS
— NuTeV muon pair production
— NOMAD and CHORUS
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Strangeness and strangeness asymmetry

sT(x) = s(x) + 5(x) [sF] = /0 dx x s (x)

) In pre-LHC fits, mostly constrained by v+A data
— CCFR inclusive DIS
— NuTeV muon pair production
— NOMAD and CHORUS

] Nuclear corrections again...

— Initial state nuclear wave-function mods

e Partly under control using nPDFs
e But: double counting!! - either use in nPDF or in PDF fits !

— Final state propagation of the charm guark / D meson

* Not under theoretical / phenomenological control
(cf. heavy quark “puzzle” in A+A at RHIC, LHC)
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Strange tensions

J v+A > dimuons vs.

p=3 GeV, n=3

p+p = W+c at LHC

Alekhin et al., arXiv:1404.6469

E‘ESD - - “f
8 NuTeV/CCFR E NuTeV/CCFR + NOMAD /I!-ﬁ
40 ..._— ___________ /‘,I/_/' g Sp % W C
20 f——————___ﬂ_.l_—_‘“ FSI'?
. E h__;;;'_;;;;?_\-;_‘ : ' _ 4
VSA — b [ VyS
HERMES PLB 666
1 Kaons in e+p at HERMES 5 2008) 446 Fit
. . 504 | ( ) . CTEQ6L
— But.. fragmentation functions % e L xu)+A(X)
uncertainty 0.2 - 2
0.02 0.1 0.6
X
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Strangeness and strangeness asymmetry

J In my opinion: Don't use v+A data in proton PDF analysis!!

— Use neutrino data only for nPDFs
e combine with W/Z in p+A = nuclear strange
e fit proton's strange PDF with, say, LHC/RHIC W(+c), Z

— Anchor nPDFs to proton PDFs, use nuclear data:
e Detect deviations from free proton strangeness

* WandZfrom RHIC, LHC - fitIS nuclear strangeness

* Dimuonsinv+A - fitcharm's FS “energy loss”
(rather than subsuming in proton's s-quark)
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Appendix:
Resonance region



Confronting the resonance region*

] But: where can we expect the handbag diagram to be valid ?

L/

current jet

! Current and jet separation in rapidity Yy = % 1I1p;/p}:

2/ 2v 1
@ /1-Q?/(2MzxE)

] Berger criterion: Ay > 9 (4) [Berger, ANL-HEP-CP-87-045, 1987;
Mulders, hep-ph/0010199 ]

* in collaboration with Simona Malace — see arXiv:1101.5148
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Ay ~ yq, —yp = log




Appendix:
Very large x
at Tevatron and LHC



W charge asymmetry at Tevatron
Brady, Accardi, Melnitchouk, Owens, JHEP 1206 (2012) 019

Directly reconstructed W: From decay lepton W — |+v:
> highest sensitivity to large x > smearing in x
O.4 T T
] i |_._| CDF IData I | | r Tevatron |
0.8 - Tevatron x;’-- 0.2
0.6 | *,Z - 0
1"‘"
0.4 F _,:};" - 0.2 r
7
0.2 | ;.‘—-I"Ih - 04 | —+— DOData |
*_,..:D""- i ' e C] (max nuclear)
0 Pt 1 . I ) ———— CJ (min nuclear) * '
_06 L I . ] |
0 1 2 3 0 | 2 3
Yw n
sensitive to) Can constrain
—
d at high x Nuclear models!

1 Too little large-x sensitivity in lepton asymmetry:
— need reconstructed W
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W charge asymmetry at LHC

Brady, Accardi, Melnitchouk, Owens, JHEP 1206 (2012) 019

Directly reconstructed W: From decay lepton W — |+v:
> highest sensitivity to large x > smearing in x
1 T T " 1 0.6 ' T oF (e anclenr
.- - - CJ (max nuclear)
I Al - LHC 1
CJ (m?x nuclear) J 04 —— CJ (min nuclear) |
0.8 == CJ (min nuclear) Al ol
- LHC .“: h 02 F
0.6 A or
AT I
04 F *_A:‘,:' -
_,.-P'f 4 -0.2
#-,f
02 F - —
e | 04t
P N S T S
0 ! 2 3 4 0 1 2 3 4
Yw n

] Would be nice to reconstruct W at LHCb
— Definitely needs more statistics
— lIs it at all possible?? (too many holes in detector?)

— Systematics in W reconstruction?
— What about RHIC, AFTER@LHC?
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Z rapidity distribution

~ LHCb

T [ T | LI | ! |
T Tevatron

11 P~ 11 |-

l\*l .
7
R

7’

—@&— CDF rel. stat. err.

= o
< ! %%H I=teaang 1 ittt etitte
o | Il L]
N + \
© o9 ; 09 |-

| CJ (max nuclear) N I

~—-—- CJ (min nuclgar)
U-E '] I '] I i
0 1 2 3 2

| L | 08 L | L
4 \ 0 /
Yz Nucl. Uncert. Yz

1 Direct Z reconstruction is unambiguous in principle, but:

— Needs better than 5-10% precision at large rapidity
— Experimentally achievable?

e At LHCb? RHIC? AFTER@LHC?
e Was full data set used at Tevatron?
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Xp>

W+c at LHCD

S.Farry and R.Gauld, Benasque workshop, Feb 2015

pp—=Wo = (¥s = 14 TeV) 7
—— CJ12min .
NLO aMCatNLO + PYTHIAR

2 _
CJ12max %(Mx}-ﬂ.llﬁ

0.4 —4— LHCb Stat. Uncertainty - 5.0 b Py >20GeV. 2< nnj) <4.5

0.3

02

0.1

[ pJ1 >80 GeV]

-ﬂ '1 L L il I b b i i I LA b b i i1 I L b b I L i i i
2 2.5 3 3.5 4 4.5
= r 77— —r— —~ 0 —
[ pp—oWi—pivi (Vs = 14 TeV) — = o L
045 — = r a
- NLO aMCatNLO +~ PYTHILAS —_—— ] 50 C
- NNPDF 3.0, (M ) =0.118 . = C
0.4~ p'>20Gev.2<npj) <45 —_—— -] C
C 3 -0.5 -
= —_— . r
0.35— -] -
- —_— u C
0.3 ——— — C
B - = T
- — L pp—=Wij—utvj
025k * = E Pl >80 GeV
= | | | | ] r e 'r].i<4_5
e = C PRSI PR T RN BTSRRI, i o= I
2 2.5 3 3.5 4 4.5 4 35 3 25 2 15 1
M log (x)
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Appendix:
Nuclear corrections



CJ12 Deuteron corrections

1 No free neutron! Best proxy: Deuteron
— Parton distributions (to be fitted)

— nuclear wave function (AV18, CD-Bonn, WIC1], ...)
— Off-shell nucleon modification (model dependent)

Theoretical
uncertainty

5OffF2 (ZE)
FQ(ZE)

)

d vs. free proton+neutron

T T I T I

A
2 TMCH+HT 2
Foa(zp, Q%) = [ dySaly,7)E, (zB/y, Q%) | 1+
I B
1.2 IIII|'I['II]I'IIII'II'\I}I'\l'\I'\\T\}\'\f?f‘?\l\l[fl\l
- Q2:3 GeV2 f;l Ffl IJ J‘ - Boun
L ——- Q=6 Gew i j i 115 —
P L
,,,,, Q::12 Ge\f’: ,—f‘ff ; . [ CI12min
- 3:28 gz i’ ff i r —— CJ12mid
I = eV i P
lim 1.1+~ ___ Q2=100 Gev? ,'[}f..-; ! / — 1.1 -— CJ12max
+, - Paris w.f. ].:',-’ il
= | CTEQBX PDFs i SIS
ae 13\ 1.05
™ 2 vl
. e Q =100 GeV~
1 i ——
IIII|IIII|IIII|II\I‘I\I\|HH‘\H\‘Hl\l\l\l “-\:\k
0.10203040506070809 1 A .
X, 0.95

Strong Q* dependence at large x !
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Nuclear corrections for p+d DY
Ehlers, AA, Brady, Melnitchouk, PRD90 (2014)

AT Ld
pN § .
{T (.I/p:, T)
]

] Same nuclear model for DY cross sections

1
oPl(z Z/ i (2) +f0ﬂ()5crp\( ?)
SamMDIS

(in Bj. limit)

1 Off-shell model extended to sea quarks and gluons
— Spectral function in suitable spectator model

}Jl'.l'lﬂ.x
a(z,p%) /du* / dp* Ve B %)

) Pion-cloud effects also studied Kamano, Lee, PRD86 (2012)

accardi@jlab.org Intersections of BSM and QCD, INT, Oct 2015 61



Nuclear corrections...
Ehlers, AA, Brady, Melnitchouk, PRD90 (2014)

1.2 ; | + ; | ' 1
. = |
%:b |
N Red band:
< [ free nucleon .
2 o9k . combined wave fn.
S / & off-shell model
—— smearing + off-shell uncertainty
08 — 5 E866 ]
L ] L ] L 1 2
075 0.1 0.2 0.3 0.4
Ay

(] Off-shell corrections help makes dbar-ubar stay positive

accardi@jlab.org Intersections of BSM and QCD, INT, Oct 2015 62



Future DY reaches into large-x
Ehlers, AA, Brady, Melnitchouk, PRD90 (2014)

1.4 T | T | ' | ' T ' 1.4 T T : T ' T

1.2

d

c’/20""
d

c’/26""

R free nucleon [ e fl'ee HUCIEOH

0sk T smearing Y smearing
' —— smearing + off-shell ' —— smearing + off-shell
e E906 y - e J.PARC
4 L ] L ] L ] L | L 1 ] 1 1 L ]
0% 0.1 02 03 0.4 05 % 02 0.4 0.6
N AN

] E906/Sea Quest: off-shell effects even more important

1 J-PARC: can cross-check nuclear smearing vs. DIS
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Sea quarks



Charge symmetry breaking

1 E866 lepton pairs: 205
d(x) —u(z) #0at = > 0.1 2

1.75

— Maybe even negative .

(a theory challenge...) |

-s1'25

) E906 / SeaQuest 1

— Will focus on large x 7

0.5

) LHC W/Z production: 0

0

— Access to x ~ 0.01 range

) But g#@—l
U

® 1906 |
e 3.4'10" pOT

B EZ66
A NASI]
— MRS12
CTEQ4m

[ ] CcTEQG

E866 Systematic Error

N

Theory corrections needed

Opd for few % level accuracy
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Appendix:
Large-x data



New Large-x data: a partial list

1 DIS data minimally sensitive to nuclear corrections
— DIS with slow spectator proton (BONUS)
e Quasi-free neutrons
— 3He/3H ratios (Marathon) + Jlab

1 Data on free (anti)protons, sensitive to d
— e+p: parity-violating DIS  HERA (e” vs. e7), EIC, LHeC |
— v+p, v+p : ShiP, ELBNF Near Detector, MINERVA
— p+p, p+p at large positive rapidity
e W charge asymmetry, Z rapidity distribution

Tevatron: CDF, DO
LHCb(?) RHIC !!

AFTER@LHC
1 “Drell-Yan” data
— Dimuons: E906, J-PARC (?)
— p+d at large negative rapidity — dileptons; W, Z RHIC ??
AFTER@LHC

e Sensitive to nuclear corrections, cross-checks e+d
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JLab 6 GeV: Quasi-free neutrons for today

*

~

) Spectator proton tagging
— Nuclear corrections minimized experimentally

BONUS coll.,,. Tkachenko et al. arXiv:1402.2477

08 [

06 | |M
0.4 |

02 |

Fn/F,d
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JLab 12 - proton, deuteron structure functions

Cleut: 1972 > 3 GeV?

Jlab12 experiment E12-10-002

- :
20 -"‘""""""'f"""a |ﬂ""' 80 — e
(4 & & 4 8 A a : ~70 b & @ =+*SLAC E
g [ SLACBCDMSNMCEMC » s = o S TR S o
-* JlLab 6 GeV A & S0 E& % & g , S e ) E
C & & a . a -“-.::-, AL, d I= 0 o Ty :g&p . W ;"-'IGBV o g .%:
16 £12-10-002 sab B4 {-'—':30 e Range of E12-10-002 | )
:ﬂ A A Fy Al X 'ii" A . 2 g 20 '_-r:. : & L& 'ﬂ: } i "}5’ +% ﬁ‘é
14 [© SHMS o HMS®, * & > 10 . o i s
L. % , A 0 g Wihssod & 5 ¥ ¥
i 4 6 a8 10 12 14 16 18 20
2 ko Q* (GeVA)
1[] :_é. A
] JLab 12 GeV
B — .-;a
a8 gog s — More than double Q? range
6 &;,.,« | — Similar precision as JLab 6 GeV
R RN
. - . .
4 (2 o e’ (largely improve cf. SLAC)
i ?hl"é\ |‘II:|I‘L |'i-"| G iill-:l"l"!‘;lﬂ'.l f“u. I, '
02 03 04 05 . 1
X Resonance
DIS region .
region
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JLab 12: Quasi-free neutrons for tomorrow

] Nuclear corrections

largely cancel:

— Spectator tagging

0.8

0.6

=
™~
§®)

— 3He/3H cross sec. ratio

JLab E12-10-103

]_ _| LI | LI I LI I LI | [ |_
Cllt .
08 PDF uncertainty ]
- B nuclear uncertainty
0.6 -
] |
\ -
el -
0.4 —
0.2 F
- MARATHON &
OlllllIIIIIIIIJJ
0 02 04 06 0.8 1
X
accardi@jlab.org

Ve sU(6)

helicity
ﬂ/ conserv.

scalar
/-/ diquark

0.4

0.2

SH

0 0.2

JLab E12-06-113

Ci11

N PDF uncertainty
B nuclear uncertainty
® BONUSIZ projected

- BONUS 12

Q
| SRR
o b b L TNSES

04 06 0.8 1
X

Intersections of BSM and QCD, INT, Oct 2015

- Sue)
D

helicity

/ conserv,

scalar

# diquark



JLab 12: Parity-Violating DIS

Jlab12 experiment E12-10-007
1 Longitudinally polarized electrons - PV asymmetry

1 1
A A OR — 0L AZ Q* = 10 GeV*
ER— a3 Py — B | |
ort oL Ay ol =3 acD fit
N, T - CTEQ4M
| ---  CTEQ4M (modified)
0.6 F + This proposal, 90 days;.-"
' (follows MRST-2004)
: )
0.4 F
: Ay el
0.2 | -t! > CJ12
d/u projected -
0 F fitted range ——— | A .. }
0 0.2 0.4 0.6 0.8 X
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Appendix:

old and new experiments
- examples -



At the EIC

1 Neutral current DIS
— MEIC Vs =31 GeV (ca.2010)
— Pseudo data using “CTEQ6X” fits, L=230 (35) fb™

MEIC
wl vl vl oA

1

IIIIIIITI T IIIIIII| IIIIIIIi Ellllll
0.1( x=0F GiF
0.05 3 0.05E
0 BE-- 4 oc
-0.05 =4 E,=60 5§ —0.05 &
-0.1 L=3x10% 3§ -0.1
0.1 = o1cE
., 0.05 #§ 005 E
o] 0 ; 0 ;—
£-0.05 H -0.05 E
v _o.1 5 —0.1 F
¥ i :
‘5 0.1 4 Oi1FE
© 0.05 3 0.05E
o 0 i of
S _0.05 3 _005E
-0.1 4 -01F
0.1 x,=0 457 0.1 F
0.05 I 805 =
0 0E e
-0.05 -0.05 F ¢
-0.1 g | -0.1 z_.
1 |||||u_| Lol T =1
1 10 102 108
Q? [GeV]
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0.1
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-0.1

0.1
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At the EIC

1 Charged current DIS
— plot for polarized scattering, similar for unpolarized
— Not optimized at large-x: likely to add a bin around x =0.85

[Aschenauer et al, 2013]

'; WHE  current polarized DIS data: -
g o CERN o DESY s Jlabh pgSLAC rrEREEET P
,'t‘-" current polarized BNL-RHIC pp data: L

# PHEMIX 2° & STAR lojet ¥ W basoms

10
projected OC DIS daa:
moyg = 4] GeY

i =

Ik B
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Constraints from the LHC: Electroweak Boson Production

" | £ 1
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Benchmarking different PDF sets




W lepton asymmetry at LHC

CMS B40 pb' at {s=T7 TeV
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Sensitive both to d/u at > 0.1 and @/d at = ~ 0.01 (not constrained
well by other experiments)
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Constraints on strangeness:

W,Z, W+c
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Constraints on strangeness: K* at the EIC
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Figure 1.10. SIDIS cross section for K+ production at NLO accuracy using NNPDF2.0 PDFs [47].
The dashed lines denote the PDF uncertainties. Also shown (points) are the results from a PYTHIA
simulation (see text).

Aschenauer, Stratmann, in 1108.1713
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Intrinsic charm at the EIC

The ultimate test of the intrinsic charm mechanism is possible in charm
SIDIS at the EIC with modest luminosities
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Figure 1.20. Charm contribution to the reduced NC e~ p DIS cross section at /5 = 45 and 105 GeV.
For each IC model, curves for charm momentum fractions of 1% and 3.5% are shown. For comparison
we display the mumber of events dN, /dr for 10fh™ ! assuming perfect charm tagging efficiency.

Guzzi, Nadolsky, Olness, Sec. 1.9 in 1108.171
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