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INTRODUCTION : nPDFs
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NnCTEQ Framework

* Full nPDFs:
Z

) = 5677+

A-Z2 n/A
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- “Effective” Bound proton PDFs parametrization at Qo = 1.3 GeV:

fori=u,,d,, g, d+d,s+5.

* A-dependence : Ck(A) = C“’i Ck:a(l — A_Ck,b)

— Proton PDF parameters
from nCTEQ6M

e Sum rules:

1 1 1
/ fP/Adx = 2, / P/ dx = 1, Z/ xfP A (x, Qo)dx = 1
0 0 i 0



nPDF fitting with ncteq++
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Current status from nCTEQ (2021)

+  V5=200GeV * V5§ =5020 GeV * V5 =8160 GeV
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* Tension between NC and CC DIS PHENIX Eta 1 T —
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nCTEQ15HIX Extending nPDF Analyses into
the High-z Region with New Jefferson Lab Data
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K. Kovaiik.,” A. Kusina,” J.G. Morfin,® K.F. Muzakka,” F.I. Olness.® ¥ I. Schienbein.” and J.Y. Yu.”




NCTEQ15HiX : Data Sets

Fé‘fl&‘? : # data
Ohbservable | Experiment ID |Ref. | # data|after cuts
D NMC-97 5160 | [75]| 292 | 201/275 New Jlab data
“He,/D Hermes 5156 | [76]| 182 17/92 —— -
- =194 | [ e F§F§ : # data F&/FD . data
‘He/D I_\“\IC-FJ”:I‘Q S124)\T7} 18 2/ Observable |Experiment | 1D |Ref.|# data|after cuts Observable | Experiment| ID |Ref. |4 data|after cuts
SLAC-E139 5141([26]| 18 3/17 - il ;
Li/D NMC-95 5115] [78]| 24 11/15 C/Li NMC-95re (5123 [T7]| 25 T/20 205ph /D CLAS  |9976|[35]| 25 24
Be/D SLAC-E139 5138 [26]| 17 3/16 Ca,/Li NMC-95,re |5122|[T7]| 25 7,20 r’[:FC.-"'D CLAS  |9977|[35]] 25 24
FNAL-E665-95 |5125| [79] 11 3/4 Be/C NMC-96 5112 [84] L5 L4/15 ZfAl_-":D CLAS 9978| [35] 25 24
SLAC-E139  |5139|[@6]| 7 2/7 Al/C NMe-96  [sin|E] 15 | 1415 PC/D | CLAS  |9979|[35]| 25 24
C/D EMC-88 s107| 80| 9 9/9 e NMC-95.re | 5120 | [77]| 25 720 "He/D | Hall C ?98” I)HI 25 17
EMC-90 5110|[81]| 9 0/2 nvcos  [sue|E] 15 | 14718 9981| [58] | 26 16
NMC-95 SLIBIIS]| 24 | 1215 | [Fe/C NMC-96  [5143[[81)] 15 | 14/15 SHe/D | Hanc 29821581 25 17
NMC-95 re SLMTA] 18 | 1216 | fg, 0 NMC-O6 5150 [85]| 146 | 111,144 9983 |‘:’$| 20 10
N/D Hermes SISTITO| 175 | 19792 | [py NMoo6  |ste|[E]] 15 | 14/15 “Cu/D | Hall C ?93'.' |(_)$| 2 =
BCDMS-85 5103|[29]| 9 9,9 ' - 9985 [58]| 26 16
ALD SLAC-E049 5134 | [82)| 18 0/18 Total: | | [ 26 [202027 "Be/D Han ¢ | 2986 |5$| 25 17
" SLAC-E139 5136| [26]| 17 3/16 9987| [58] | 26 16
NMC-95 re 5121 [77]| 18 12/15 W AwD | man o 2988 [58]| 24 17
Ca/D FNAL-E665-95 |5126|[79]| 11 3/4 ' 9989 | [58] | 26 16
' SLAC-E139 sl40([26]| 7 2/7 9990| [58]| 25 17
EMC-90 5100([81]| o 0/2 9991 [58]| 17 7
SLAC-E049 5131[[28]| 14 2/14 9992| [58]| 26 16
Fe /D ?LAC—E—JHH 5132 [26]| 23 f:',.-"lze2 ”E‘;‘r..-"f"f,’:‘: : # data 261 Hall 995}:—3 |:)8| 1§ 2
' SLAC-E140 5133 [27] 10 0/6 Observable |Experiment ID |Ref.|# data|after cuts ' 9994 |‘)$| 17 i
BCDMS-87 5101)130]] 10 | 10/10 | fop FNAL-ET72-90[5203] 861 9 9/9 9995/ lo8]| 15 2
BCDMS-85 5102/ [29]| 6 6/6 Ca/D FNAL-E772-90 (5204 [86]| 9 9/9 3232 |f:| 1? ;
. Eiiizim,m,ﬂ :i:f :j 1;} Fi;_.-lg[} Fe/T FNAL-ET72-00|5205| [B6)| 9 9/9 qqq; ::8: 21’ 5
' E-M(':-IH;% : ;;1[};5 -;-i;}J 5 lt.‘].l_.-'r\) W,/ D FNAL-ET72-90 |5206 | [56] ] 9,9 9999 | 58]| 18 3
- k - Fe/Be FNAL-E886-09 [5201| [87) | 28 28,28
Kr/D  [Hermes 5158| [76]| 167 | 1284 | [ FNAL Bssooo o202 50| 25 | 2828 | Total | 546 | 336
Ag/D SLAC-E139 5135|[26]| 7 2/7
—- - — Total: | ] 02 | w202 |
Sn/D EMC-88 5108| [B0)| 8 8/8
Xe/D FNAL-E665-92 [5127|[83]| 10 2/4
Au/D SLAC-E139 5137([26]| 18 3/17
Pb/D FNAL-E665-95 |5129|[79]| 11 3/4
Total: || | 1205 | mayss7




NCTEQI15HiX : Kinematic Cuts

Q2 [GeV?]

1024

1013

NnCTEQ15HiX
Wcut Wcut Wcut Wcut Wcut Kinematic cuts
Q2| Qeur ||No Cut| 1.3 | 1.7 | 2.2 /3/
1.3 [v/1.3|| 1906 | 1839|1697 1109 nCTEQ15
kinematic cuts
1.69| 1.3 || 1773 |1706|f 1564| 1307 | 1024
2 | V2 || 1606 1539|1402 |1161| 943
4 2 1088 [1042| 952 | 817 | 708
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Corrections

* Isoscalar correction
Fy + F3
ZF? + NF»

A A
Fs™ — F5° X

UNDONE.

 Deuteron Correction 0.0 0.2 0.4 0.6 0.8

F2D_>F§:F2DX (Fg/F2D>le5

(F3/FY) ., taken from [Accardi et al, Phys. Rev. D 93 11 (2016) 114017)

e TMC correction

. leadin
F;ETM(J (T Q) F;l TMC (T Q) B F;e(ﬂ) (g Q)

et

FPTNC (1 0y FQDJ?EEEE (. Q) F 0 Q)

e HT correction

F'(2,Q) — F§'(2.Q) [1 - 0“;5";“*“”}

Cgr(z,A) = hoz™ (1 + hox) A3



Goodness-of-fits

B nCTEQ15 DIS

evaluatio
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<«+— HT corrections
-¢+— Deuteron corrections

[nCTEQ15HIX: 0.84] <= Both deuteron and HT corrections
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NCTEQI15HiX : nPDFs

1.2
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ron PDF Ratios to nCTEQ15 (Q =2 GeV)

DEU 5
nCTEQ15HIX

Different large x and low x
behavior compared to
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Small error band : strange
PDF parameters are fixed.
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NCTEQ15WZ

[EPJC 80, 968]



Constraining Strange PDF

Drell-Yan W and Z boson
production

= 20

= 2or T
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High statistics cross-
section data !

W+c associated production

s, d w™
=

AC

V000000 V——=
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Direct constrain

already at LO, but NO
nuclear data.

Dimuon production

14

“\/

Direct constrain at LO, but
beware of uncertainty in the
charm fragmentation function.



NCTEQ15WZ [EPJC 77, 163]

ATLAS Run I| CMS Run I |CMS Run II| ALICE |[LHCb||DIS|DY |Pion|LHC| LHC | Total
w-\wtl z \w-\wt|l zZz |wW-| Wt (W |wt| Z Norm y?
nCTEQ15 1.38/0.71(2.88(6.13|6.38/0.05(9.65| 13.20 [2.30|1.46| 0.70 |]0.91[0.73/0.25 | 6.20 — 1.66
nCTEQ15WZ [0.54|0.151.59]1.08]0.85(0.01/0.66| 0.72 [0.81]0.11| 0.62 |]0.90{0.78|0.25 | 0.71 23 0.87
e NLO fit
’ 1.3 GeV e Number Free Parameters : 19+2+3:
. Treatment of heavy quark : 7 gluon_, 7 valence, 2 ub+db, 3 s+sb, 2
ACOT norm pion, 3 norm WZ.
e Kinematic cuts - . : Hessian method, with
2
Q > 2GeV, W > 3.5GeV Ax< =35
pr > 1.7 GeV . : Use Lanczos
derivative to reduce numerical noise.
e Data Sets :
DIS . 616 SN [TeV] Onorm (%) No points
DY . 92 Data overview
Pion : 31 ATLAS Run I w 5.02 27 10+10
WZ LHC : 120 ATLAS Run I z 5.02 2.7 14
CMS Run I wt 5.02 3.5 10+10
CMS Run I Z 5.02 3.5 12
CMS Run 11 w* 8.16 3.5 24424
ALICE Run I W+ 5.02 2.0 242
LHCb RunlI Z 5.02 2.0 2




NCTEQ15WZ nPDFs

Larger uncertainty :
more free parameters

1.50

—
S

o
o n

125411

1.00

=
oC 075

0.50

0.25

Ve

0.00 =

1073

107t

0.6
0.5
— 04
x
g
o 0.3
3
>< 0.2
0.1
0.0 T
1073 107 107! 109 1073 1072 107" 109
X
0.35 0.35 4
0.30 0.30
i
‘>-<"' 0.25 ';<" 0.25 4
5 o] T =
a_z 0.20 Q'U 0.20
1 1
0.15 .15 4
> > 0.15
0.10 - nCTEQ1S 0.10 4
--- EPPS16
0.054 — - nNNPDF2.0 0.05
—— nCTEQ15WZ
.00 T T T T 0.00 T T T T
1073 102 107! 109 103 102 107t 109
X
0.7 7
0.6 6

4] T >
10-2 1072 10°t 10°

o
i
¥ :
W -
% 5 7
S 1w
X
- i
= L
10 10°

Better
constrain on
gluon PDF

Low x and high CM energy
= Constrain on gluon PDF!



Strange sea ratio
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Does the elevated strange PDF is what nature dictates, or is it
because lack of flavor separation ?

Still open question. Need more data!






Neutrino DIS

* Important for flavor
differentiation

* (More) sensitivity to strange
PDF.

* High statistics!
* Heavy target (FE, PB), but

usually used in proton PDF
fit.

* Different nuclear correction ? ¥ -

(1R ] A T TR r- PEPPPPTY PRPPRE & - .
L T

* Problem : Tension with
charge lepton DIS data ?
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NnCTEQ Study

Dimuon + Chorus+ NuTeV ys [T A 4 DY

 USE NuTeV'’s point-by-point a [ E
correlated systematic E
uncertainties. e

. D|fferent WelghtS W fOF the % 0.90 ;r ................................................................................................................... é
neutrino DIS data. o8 L IE

¢ X2 : NO mi ;:1

COMPROMISE FIT

* Ighoring NuTeV correlation
seems to lower the tension,
but NOT ENOUGH!
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Kovarik et al PRL106(2011)122301



EPPS

vV _ UV v
R = Ue:cp/UC’TEQG
Neutrino beam

1-2 T T ) T L] T LI l
= NuTeV
* CHORUS

o -
; e “ LELE’]}I mﬂlﬂm 1

0.8 A1 L ' L L L L -l l L
Neutrino beam

1.2 . - .
1.1 - Eggfv(sjrs m m l Tl
T B H ............... ‘AHID“H AL
0.9 |- AFTER ] i
0.8 : . R - | LA
107 10" 1
X
Normalization :  fv(v,y B) = o/ lew(E)
UETEQG/IETEQG(E)

Hessian Reweighting ——» Ay? < Ax% 5500

Paukunen & Salgado PRL110(2013)212301

0.8 F s==== this fit (Ay’=30)]
1111 1 11 111

this fit (Ax’=30)
111 1 L1l 111

-
17 O

10 o't 1 107 107!

* Global nPDF fit : charge lepton
DIS, DY, pion production, and F2,3
NuTeV, Chorus, CDHSW.

« MSTW2008 proton PDF as base --
-~ NuTeV is already included.

e Correlation is IGNORED

* NO NOTICEABLE TENSION
de Florian et al Phys.Rev.D85,074028(2012)



The ANALYSIS

BASE : nCTEQ15WZdeut

Data : DIS+ DY+ pion + WZ LHC
Number of data : 859 pts
Iso-scalar corrections are undone.
Deuteron correction :

Fy — Fy = Fy x (F}|Fy’)

CJ15

D
(F5/F5") o115 taken from (Accardi et al
Phys. Rev. D 93 11 (2016) 114017 )

VS

DimuNeu

Data : Dimu CCFR & NuTeV +
NuTeV + CDHSW+ Chorus

Number of data : 4063 pts

Proper treatment of normalization
uncertainty

CORRELATIONS from NuTeV and
Chorus are taken into account!



Statistical Tests

BASE (S) vs Neutrino (S)

S Axé P-value Compatible?
CDHSW 49 (6.6e-02, 9.4e-08) NO

6 (0.4199, 0.0568)
NuTeV 58 (0.038, 0.258) NO
DimuNeu 79 (0.0086, 0.0069) NO

Compatibility criteria :

Axz <35 & P > 0.01

The BaseChorus fit seems to describe both the data quite well. But ....

Poor agreement at low x!

* Low X neutrino data disagree
with each other and with the

* Incomplete theory?

« What if we cut low x data?

X BaseNuTeV  BaseChorus BaseCDHSW All
0.015 2.50 - 5.69 3,05
0.045 1.54 1.84 T.0/ 1.89
0.08 1.78 1.72 0.72 1.55
0.125 1.82 1.07 0.40 1.43
0.175 1.29 1.11 0.47 1.11
0.225 1.20 1.10 0.63 1.04 BASE.
0.275 1.19 0.84 0.70 0.97
0.35 1.33 1.26 0.51 1.15
0.45 1.19 1.08 0.62 1.01
0.55 1.29 1.14 0.57 1.07
0.65 0.99 1.16 0.58 1.02
0.75 1.01\ - - 1.05

A 'V

\

NuTeV : minimal tensionat * > 0.175



Neutrino Data with * < 0.1 Cut

S Ay P-value Compatible?
CDHSW | 19 | (0.2737, 0.0376) YES
Chorus 5 (0.4320, 0.2084) YES
NuTeV | 29 | (0.1826, 0.2499) YES
DimuNeu | 23 | (0.2346, 0.3522) YES

The tensions are now gone!
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Impact on nPDFs
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RF2 Predictions
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Summary

* New data sets that are specifically sensitive to
strange and gluon PDFs have been analyzed for their
Impact on hPDFs.

* Relaxing Q and W cuts is reasonable if theory
uncertainties are taken into account.

* Still large uncertainties for strange PDF even after
Including W & Z data from LHC. A good constraint for
gluon PDF from WZ data.

* Tension with some charge lepton DIS data needs to
be addressed.

* The tensions dominantly happen at low x , cutting

heutrino data at low x > agreement. Still
needs to understand why the tension happen at low
X.

Thank you
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Milder shadowng if low x neutrino data is included.
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