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CT18 parton distributions

Four PDF ensembles: CT18 (default), A, X, and Z

CT18 at 1.4GeV
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CT18Z has enhanced gluon and strange PDFs at x ~ 10~*, and reduced
light-quark PDFs at x < 1072. The CT18Z fit is performed so as to
maximize the differences from CT18 PDFs, while preserving about the
same goodness-of-fit as for CT18. CT18A and CT18X include some
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CT18/CT18Z parton luminosities
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Mild reduction in nominal PDF error bands
and cross section uncertainties
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CT18 in a nutshell

Start with CT14-HERAZ2 (HERAI+II combined data released after
publication of CT14)

Examine a wide range of PDF parameterizations

Use as much relevant LHC data as possible using applgrid/fastNLO
interfaces to data sets, with NNLO/NLO K-factors, or fastNNLO tables
in the case of top pair production. Benchmark the predictions!

Examine QCD scale dependence in key processes

Implement parallelization of the global PDF fitting to allow for faster
turn-around time

Validate the results using a strong set of goodness-of-fit tests
(Kovarik, PN, Soper, arXiv:1905.06957)

Use diverse statistical techniques (PDFSense, ePump, Gaussian
variables, Lagrange Multiplier scans) to examine agreement
between experiments

2019-07-15 P. Nadolsky, QCD@LHC workshop 5



The questions we ask:

Which of 30+ eligible LHC experiments provide promising
constraints on the CTEQ-TEA PDFs?

Do the LHC experiments agree among themselves and
with other experiments?

2019-07-15 P. Nadolsky, QCD@LHC workshop 6



The questions we ask:

Which of 30+ eligible LHC experiments provide promising
constraints on the CTEQ-TEA PDFs?

Do the LHC experiments agree among themselves and
with other experiments?

We elucidate these questions with a powerful combination
of four methods:

1. PDFSense and L, sensitivity = Tim Hobbs, Tuesday
and Wednesday

2. ePump = Carl Schmidt, Tuesday
1. Effective Gaussian variables
2. Lagrange multiplier scans

2019-07-15 P. Nadolsky, QCD@LHC workshop 7
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Experimental data in CT18 PDF analysis
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1D |Experimental data set Nptn XA ¥A /Npt.n Sn

160 HERAI+II 1 b1, H1 and ZEUS NC and CC edp reduced cross sec. comb. [33]| 1120 |1405.1(1370.2) | 1.25(1.22) 5.6(5.0)

101 |BCDMS FT (23] 337 | a7e3(3858) | 1L13(114) | 15(L8)

102 |BCDMS ¥ [2q)] 250 | 288.3(289.3) | L15(116) | 1oLy 2

104 |NMC FE/FF 5] 123 | 122301145) | 1.00(0.02) |0.061(0.51) C T 1 8 Z Va I u e S
108  [CDHSW!T FF [36]| &5 851 1.00 0.061 ,

109 |CDHSW?T FF [36]| 96 831 0265 -0.93

110 |CCFR FF 27| 60 | 7sarra6) | 113gos) |osiosz)

11l (CCFR zF} [38]| &6 33.7(20.5)  [0.391(0.343) | -5.3(-5.9)

124 |NuTeV rpp SIDIS [39]| 38 19.3(20.7) | 0.508(0.781)| -2.6(-0.96)

125 |NuTeV Fup SIDIS [39]| 33 AB5(B4.T) 111(1.66) | 0.50(2.3)

126 |CCFR pup SIDIS [40]| 40 29.2(33.0) |0.729(0.825)( -1.3(-0.7C)

127 | CCFE fup SIDIS [40]| 38 201(20.8) |0.530(0.5500| -2.4(-2.3)

145 |H1 B [41]] 10 G.8(7.1) 0.632(0.710) | -0.65(-0.57)

147  |Combined HERA charm production [42]| 47 BRL(B4.T) 1.25(1.16) | 1.2{ 0.82)

169 |H1 Fp [43]| 9 17.1{14.5) 190(1.61) | 1713

21 |EG0S Drell-Yan process [44]] 119 | 100.3(98.0) |0.843(0.824)| -1.2(-1.4)

208 |E8066 Drell-Yan process opa/(20pp) [45]| 15 10.0{12.2) | 0.670(0.813) | -0.90(-0.43)

204 |E866 Drell-Yan process Q2d opp/(dQdry) [46]| 184 | 240.2{239.3) | 1.31(1.30) | 2% 2"

225 |CDF Run-1 electron Aan, pre = 25 GeV [4n| 11 9.1(9.2) 0.828(0.835) | -0.28{-0.27)

227 |CDF Run-2 electron Aan, pre = 25 GeV [48)| 11 13.6(13.3) 1.23(1.21) | 0.65( 0.01)

234 |D@ Run-2 muon Aan, pre > 20 GeV [43| 9 9.3(9.2) 1.04(1.02) | 0.23( 0.19)

200 |D@ Run-2 Z rapidity [500| 28 17.0(19.0)  |0.006(0.680)| -1.6(-1.3)

201 |CDF Run-2 Z rapidity [51]| 29 49.6(62.6) L71(2.16) | 23(34)

206 [CMS 7 TeV 4.7 b, muon Aen, pre > 35 GeV 53] 11 8.6(13.5) 0.785(1.23) | -0.40{ 0.64)

367 |CMS 7 TeV 840 pb—?, eleetron A, pry > 35 GeV By 11 | 122068 | 11agis3) | o301y

268 |ATLAS 7 TeV 35 pb~! W/Z cross sec., Ag [54]] 41 44.1 1.08 041

281 |DD Run-29.7 b~ electron A, pre > 25 GeV [55]| 13 24.4(20.8) 1.88(1.60) 1.9{1.4) D t t pl y d I th CT 1 8 (Z)
504 |CDF Run-2 inclusive jet production 6| 72 | 10001076 | 15314y | 25026) dla sets employea in e

514 |DO Run?2inclusive jet production 7| 110 | 114.4(1150) | 1.04(1.05) | 0.33(0.43) ana I yS | S. T h e num be rs | N roun d
245 |LHCb 7 TeV 1.0 fb~! W/Z forward rapidity cross see. 2e| 82 | so.spaLd) 1540125 200000 H 2
246 |LHCh 8 TeV 20 fb~! Z — e—et Eorw:rd :apidity cross. sec. 17 7 braCketS are for the CT1 82 flt Npt,n, X

[24] 22.4021.1) |1.97(1.24)| 1.1(0.8)

248 |ATLASE 7 TeV 4.6 ™!, W/Z combined cross sec. 16| (80.2) (2.36) 4.2) .

v oS 5TV 5 T e o A a T e sesimen] | are the number of points and value of
250 |LHCh 8 TeV 2.0fb—! W/Z cross sec. 28] 34 | T02(E8.3) |207(1.71)| 3.5(25) 2 .

351 |ATLAS 8 TeV 20.3 fb~! single diff. high-mass eross sec. B8] 12 18.9(7) 1B6(7) | 1.3(7) X for the n-th experlment at the glObal
253 |ATLAS 8 TeV 203 b~ !, Z pr cross sec. 27| 27 | 31.4(29.4) |1.16(1.00}| 0.7(0.4)

542 [CMS 7 TeV & !, single incl. jet eross sec., & = 0.7 (extended iny)  [50][ 158 |208.7204.24)|1.32(1.209| 2.6(2.4) m I n I mum. Sn IS the eﬁeCtlve GaUSSIa n
544 |ATLAS 7 TeV 4.5 fb~!, single incl. jet cross see., = 0.6 0| 140 | 204.6(205.2) |1.46(1.47)| 3.4(3.5) parameter quantlfylng agreement W|th

545 |CMS & TeV 19.7 =", single incl. jet cross sec., R = (.7, {=ctended in v) [61]| 185 | 249.4(220.1) |1.35(1.24)| 3.1(2.2)

573 [CMS & TeV 107 !, f norm. double-diff. top pp & y cross see. 82 16 | s04p263) [100(164)| 21(1.6) eaCh expe rI ment

580 |ATLAS 8 TeV 20.2~1, ¢f pt. and m,y abs. spectrum wa| 15 | 1540208 [103(136)| 0.2(10)

2019-07-15 P. Nadolsky, QCD@LHC workshop 9



1. New LHC datasets for CT18

245 1505.07024 LHCb Z (W) muon rapidity at 7 TeV(applgrid)

246 1503.00963 LHCDb 8 TeV Z rapidity (applgrid);

249 1603.01803 CMS W lepton asymmetry at 8 TeV (applgrid)

250 1511.08039 LHCDb Z (W) muon rapidity at 8 TeV(applgrid)

253 1512.02192 ATLAS 7 TeV Z pT (applgrid)

942 1406.0324 CMS incl. jet at 7 TeV with R=0.7 (fastNLO)

944 1410.8857 ATLAS incl. jet at 7 TeV with R=0.6 (applgrid)

545 1609.05331 CMS incl. jet at 8 TeV with R=0.7 (fastNLO)

565 1511.04716 ATLAS 8 TeV tT pT diff. distributions (fastNNLO)
. 567 1511.04716 ATLAS 8 TeV tT mtT diff. distributions (fastNNLO)
. 973 1703.01630 CMS 8 TeV T (pT , yt ) double diff. distributions

(fastNNLO)

12. 248 1612.03016 ATLAS 7 TeV Z and W rapidity (applgrid)->CT18Z
 also uses a special small-x factorization scale, charm mass m_=1.4 GeV
« serious changes in PDFs, so warrants a separate PDF

T2V NOR~WON =

QO

2019-07-15 P. Nadolsky, QCD@LHC workshop 10



PDFSense program:
fast surveys of QCD data
using a vector data technique

Estimates the sensitivity variable S ( "correlation 2.0"): an easy-to-compute
indicator of data point sensitivity to PDFs in the presence of experimental errors
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Sensitivity of hadronic experiments to PDFs
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Sensitivity of hadronic experiments to PDFs

_ CT18, Total sensitivity Z|§|
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Experimental data set

Sensitivity of hadronic experiments to PDFs

CT18, Total sensitivity 2|9
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HERA I+ll, BCDMS,
NMC, DIS data sets
dominate experimental
constraints. Large
numbers of data points
matter!

CDHSW-F3'91
CDHSW-F2'91
HERA-FL'11
HERAc'13

NMCratg7
BCDMSA'90
BCDMSp'89

g(X,) il(X,H) u(xp) Zi(X“U) d(X,H) sop) - cxp) b(XnU) g(xrﬂ) it(x,ﬂ) u(xp) 2l(X,IJ) d(X,[J) s(op)  ofxp) b(X,[J) 14

2019-07-15 P. Nadolsky, QCD@LHC workshop



Sensitivity of hadronic experiments to PDFs
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CMS 7 & 8 TeV
single-inclusive jet
production has
highest total
sensitivity (v,. > 100),
modest sensitivity
per data point

tt, CMS W asy,
high-p; Z
production have
high sensitivity per
data point, smaller

total sensitivity
(Np: ~ 10 — 20)
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Are the global QCD data sets mutually
compatible?

Not quite. ®

2019-07-15 P. Nadolsky, QCD@LHC workshop

16



Probability

Effective Gaussian variables

CT14 NNLO
04 0+1
£\
h K
| \
R
0.3 r’ “
r ] NMC X0p
| |
! \
DO Run-1
5 Jj : ’ un
CCFR F, ; \ ste(y)
04123 J, v
0.1
00/ == — 7N I _ _ T

a6 —4 &9 0 2 4 6

V2 xe2 -2 Ne -1 in 36 data sets

2019-07-15

P. Nadolsky, QCD@LHC workshop

Define S,,(x?, Ny¢) for
experiment n so that, in a
perfect fit, it would
approximately obey the
standard normal distribution
N(0,1) (mean=0, half-width=1)
independently of N,,; ,

[H.-L. Lai et al., arXiv:1007.2241;
S.Dulat et al., arXiv:1309.0025;

K. Kovarik, P.N., D. Soper,
arXiv:1905.06957]
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Probability

Effective Gaussian variables

CT14 NNLO

Sn(x% Npt) =/2x% — J2Np — 1
04 O0x1e

1K Sn(x4, Npe ) are Gaussian
1 ~distributed with mean 0 and

0.3 ! §
l []
il e variance 1 for N, = 10
i
. TITE mrnt | [R.A.Fisher, 1925]
CCFR F, ; \ Acie(y)

0423 4 ¥  Even more accurate ()(Z;Npt):
T.Lewis, 1988

0.1

An empirical S,, distribution can be

6 -4 2 0o 2 a4 & compared to N(0,1) visually or using
V2Xe* ~V2ZNg -1 in 36 data sets a statistical (Anderson-Darling,

Kolmogorov-Smirnov, ...) test

2019-07-15 P. Nadolsky, QCD@LHC workshop 18



Probability

Effective Gaussian variables

CT14 NNLO - Some §,, are too big or too
small in a global fit

04 O0x1e

/ A
\
/| ~ CT14 NNLO:
=2 f{ “1 wexep  ® Sn > 4 for NMC DIS ep cross
; : | section and DO Run-1 electron
. TIE DORu-1 | charge asymmetry
z I ele . . .
Ra ' ‘ e « These data sets are eliminated in

CT14HERA2/CT18 fits

* The rest of CT14 experiments are
reasonably consistent;
S,~ N(0.3,1.6)

V2 xe2 -2 Ne -1 in 36 data sets

« Qualitatively similar S,, distributions
for MMHT, NNPDF3.X

2019-07-15 P. Nadolsky, QCD@LHC workshop 19



CT1 8 (CT1 82) N N LO  New LHC experiments tend

to have larger S,

13 (14) new LHC gxperiments with « ATLAS 7 TeV Z, W production has
665 (711) data points S, ~ 5.2, included in CT18Z fit only

CT18 NNLO . CT18ZNNLO =

PRELIMINARY

CT14HERAZ data HERAI+I|:

ATLTZW

: data
2+
CCFR F
| w
2y
LHC data
O 1 1 ] 1 1 1 1 1 1 1
i 4 & -G -4 -2 0 i 4 &

v 2 x5~V 2 Ne—1 in 40 data sets V 2 x" V2 Nz -1 in 38 data sets

2019-07-15 P. Nadolsky, QCD@LHC workshop 20
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CT14 PDFs with HERA1+2 (=HERAZ2) combination

Separate the four HERA2 DIS processes;

(th =2 GeV)
N[:lts f red. / Npts
NCe™p 880 1.11
CCe™p 39 1.10
NCe p 159 1.45
CCeTp 42 1.52
totals

[reduced ¥’] /N | 1120 1.17
v /N 1120 1.25
R}/N 1120 0.08

Phys.Rev. D95
(2017) 034003

etp data are fitted fine

e p data are fitted poorly

<—— reduced y° values

- ¥* = [reduced y*] + R2

The quadratic penalty for 162
systematic errors = 87.5

Fair (not perfect)
agreement; can be
mildly improved by
the QCD scale
choice



CT18X and Z: a special factorization scale in DIS

x?/Nm VS, HE‘RA [+11 PIS statisticallweligh‘t .

, 1.28 :
The CT18Z fits uses a up;s x scale 132 HERAI+I
that reproduces many features of = 1%, Inclusive DIS
NNLO-NLLXx fits with In(1/x) = Hg
resummation by the NNPDF 1.16¢, S ’
[arXiv:1710.05935] and xFitter 1o ——T
[1802.0064] groups. = Hg_ HERA c
T 116}
, o (-, 03GeV2\ =i -
Upisx = 0.8% | Q7+ — 53 110 s T =
0.74 2 ]
Ratio of PDFs: CT18 (x-dependent scale)/CT18, Q=2 GeV — 9 0 72 F HCE —
151 | —u |- O e 5 ’//"—:
1.43— """ 5 0.70:’ — :
sl 3l 0.68¢ HERADbL 1
_ 1.2:— I : ,' :-.- 2 066 }\ !
FRE S N e
2V \M\w ............. ey 180" S B ]
g ¥ o N N e’ \ 1
S o9 o 2 1.7; H1 Fy :
0'83 X'dependent DIS ;-:< 1.6;* \
"'t scale, effect on PDFs 15,
B i i : [ T 140 ‘ ‘ N S ‘ ‘ R N B
T T ¥ B S T A 0.1 05 1 5 10
PRELIMINARY HERA I+l incl. DIS x° weight

2019-07-15 22



CT18X and Z: a special factorization scale in DIS

x?/Nm VS, HE‘RA [+11 PIS statisticallweligh‘t L

1.28 ;

Right: when the x? weight for the 124 HERAH &

inclusive HERA I+1I DIS is increased i 1520 \’_

to wt = 10 to suppress pulls from the Hg

other experiments, )(nggz/Npt for 1_'24_] - N

HERA 1+11 DIS and HERA charm 122, T~

_ = 1.20¢ HERAC 1

production decreases to about the Z Hg

same levels as in HERA-only < q1a) -

NNLO+NLLx fits by other groups. 116: s |

0.74} = Y

« NNLO with an x-dependent scale = %% 8 ]

. T . r . = 0.70; —f 1

is statistically indistinguishable < (¢g: HERA b |
from BFKL resummation in the 0.66F -

CT18 x-Q region (Q > 2 GeV) . S e

o T

5 1.7 H1 Fy :

T 18 \

1.5¢

1.4i‘\ ‘ ‘ N R ‘ ‘ 1]
0.1 0.5 1 5 10

PRELIMINARY HERA I+ll incl. DIS x* weight

2019-07-15 23




Lagrange Multiplier (LM) Scans: a,(M,)

The LM scan technique is introduced in Stump et al., Phys.Rev. D65 (2001) 014012

© Detailed dependence of x?2

CT18Z NNLO
a(M5)=0.1164+0.0026 at 68%CL

® slow; refitting on a supercomputing cluster

T i Y R SV S TS
ﬁ Total
80|
[ -1—BCDMS p
60| ] _
: ~1—HERAHI « flatter than in CT18
£ ) |
..-—éh 4[]‘\ 1\ E
"o I:fi“‘- | CMSS jets
SRR 71 _BCDMS d
Sy 1 cCcrrP2
ES | LHCb8WZ
ol | ATL8ZpT
™ - -2 ATLS ttb ptiitt
_ | D02 jets .
------------------------------- to 0.117 than to 0.118

0110 0112 0114 0116 0118 0.120 0122 0.124

2019-07-15 as(Mz)

P. Nadolsky, QCD@LHC workshop
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60

CT18 NNLO

40+

20

(A e

50

780 800! 820
g{0_01,12ﬁiGeV)
CT182 I\?N LO

40+

20+

(A doxir

-20F

760

2019-07-15

780 800 820
9(0.01,125 GeV)

| ——Total
I—HERAI+I

——EMSS jets
! —ATLAST jets

Upper row: CT18

Lagrange Multiplier scan: g(0.01,125 GeV)

 HERAI+Il data set provides the dominant

CCFRF2

/D02 jets constraint, followed by ATLAS, CDF2,

/LHCb8WZ . .
FiEe CMS, D02 jet production, HERA charm,...
T ~BCDMS d
_—CDF2 jets
_ ~GMSS fth pTiyt
CATLBZpT

E866pp

Lower row: CT18Z
] CMS8 jets « CT18Z: a 1% lower NNLO gluon in the

—Total

S Higgs production region than for

CT14/CT18

HERA c

| LATLTZW
~~~EMST7 jets

~D02 jets

| ~BCDMSd
= CDF2 jets
| CMSS ttb pTtyt

E866pp

P. Nadolsky, QCD@LHC workshop

» tt double-diff. cross sections provide
1 NuTeV i weaker constraints

25



Lagrange Multiplier scan: g(0.3,125 Gel/)

CT18 NNLO
a0 R A ' : Total
iR E /| CMST jets
R | e Upper/lower rows: CT18/CT18Z
\ ‘\‘ 1 /[ ; :
L, h, K ! /4 ATLAST jets
* . \.\ ‘\}\ i // /f,// HERAI+II“
g 20bak % | 0 iy Good overall agreement. But observe
B E ' A rap . .
S SN A opposite pulls from ATLAS7/CMS?7 jet
el i ol ; . . .
. > N i Y e . I production and CMS8 jet production
S B ! “‘“Tf—- CCFRF2
R Ee i L | cDHSWF2 L - . . .
; Similarly, ATLAS ¢t distributions d?c/
0o e (dprdm;) and CMS tt distributions
= CT18Z r;\JNLo dZO'/(de’tdyt’ave) at 8 TeV impose weak
%} | Totl opposite pulls
W A \\ : 1 CMST jets
iR A i ] cMss jets ) .
o R \ i 7/ verma Constraints from ATLAS 8 Z p+ production
P SENN "\\\ | // _owsemee data are moderate and still affected by NNLO
§ \ \‘ : 7 X,/’/ jets .
F o~ / j;?f-“-- Bt scale uncertainty
ol T A /‘5/ 1 ATLS tib it
o R g O e D02 jets
-10} T i -. == g[?I-FIé\j\?tEQ
~2055 055 o_ét:n 045 040 P. Nadolsky, QCD@LHC workshop 26

0(0.3,125 GeV)

2019-07-15



(DX )expt

(AXZ)expt-

60—
\\
40 .

201

LM scans on y?

CT18Z NNLO

0
-20r S
—40} .

\\
-60— : : . :
0.1 0.5 1 5 10
HERAI+Il incl. DIS x2 weight
CT18Z NNLO
30— T .

-20—+

0.1 015 'I] é 1I0
NuTeV x? weight
2019-07-15

weights of HERA I+, ATLAS 7 Z/W,

and NuTeV data

Total (Chi2R)

E866pp
HERAI+II
CCFR SI nub
CMS8Wasy
NMC rat.
E866 rat.
CCFR Sl nu

NuTeV nu
NuTeV nub

CT18Z NNLO

7 Total (Chi2R) 100 — ! ' —]— Total (Chi2R)
| BCDMSDp a5 . }—HERAI+I
1 CDHSW F2 '
1 ATL7ZW

BCDMS d 60

CCFRF2
| CDHSW F3 "

LHCb8WZ g L ,E866 rat.
o / MMC rat.
< opl -1/ emsTMasy2

-~} EB&66pp
o =T ?'_-';‘\*--NuTeV nu
|\ EMS7 Easy
~'NuTeV nub
20t LHCbaWZ
HERAIL+II
" ] —ATLTZW
—apl-
ATLAS 7 Z/W x~ weight
ATL7ZW

Fits with varied weights and LM
scans reveal a disagreement
between important DIS [primarily
HERA, CCFR, NuTeV,...] and DY
[primarily ATL7ZW, E866,
LHCb8W/Z,...] experiments. This is
more pronounced for large—x gluon
as well as strangeness.

P. Nadolsky, QCD@LHC workshop 27



Lagrange Multiplier scan: R (x = 0.023,u = 1.5 GeV)

2
(A Joxpt

30

10+

10+

30

CT18 NNLO

R5=(s+§)f(l_r+¢;’) I

Total

. 1 NuTeVnu
— [ NuTeV nub
-| HERAT+II

 lecrrsim
“———1CCFR SI nul

| LHCbSWZ
-+-CCFR F2
T -E866pp

0.3 0.4 05 0.6 0.7 0.8 0

9

R-tx:lﬁ 023, u=1.5 GeVy Unstable fits
six=P.U2s, =

CT18Z NNLO

20+

N

~Total
/ HERAI+I

1 -NuTeV nu
| NuTeV nub
1 GCFR Slnu
1-GCFR Slnub

—ECFRF2

2| E8686 rat.

.'BCDMSd
. E866pp

1 -ATLTZW

03 04 0B 06 07 08 09

Unstable fits

R.(x=0.023, =15 GeV)

2019-07-15

The CT18Z strangeness is increased primarily
as a result of including the ATLAS 7 TeV W/Z
production data (not in CT18), as well as
because of using the DIS saturation scale and

mP° = 1.4 GeV

In either CT18 or CT18Z fit, observe instability

in the fits for R;, > 1 at x = 0.01 — 0.1

Compare to

2.0

1.5F

Flavor Ratio

0.5

O-U | WAy
10° 10* 107

P. Nadolsky, QCD@LHC workshop

1.0OF

et

T

(s4s)/(u+d) at Q =1.3784 GeV 90%C.L

CTI4HERA2NNLO
CTI8

Rs

102 10" 0.2

X

0.5 09

28



Effect on PDF uncertainties

Global T2}

Dynamic T2

ATL7ZW

HERAI+II
NuTeV nu
E866pp

CMSS jets|

ATLAS7 jets
CMS7 jets
ATL8ZpT

LHCbh8WZ -
CMS8Wasyr

CT18Z NNLO uncertainties

— -

1

1

UNSTABLE FITS

i

0.5

- T2=10

2019-07-15

0.6

0.7

0.8
R(0.023,1.5 GeV)

T2=4 —— T2=1

0.9

Nonlinearities: the error bands for
tolerance TZ = 1,4, 10 may not scale
according to the Gaussian distribution

Tensions: in the affected direction(s),
the global tolerance and especially
dynamic tolerance may
underestimate the true PDF error.

x° instability: Neither the “global T2”
nor “dynamic T?2” reflect instability of
fitsat R; > 0.9

P. Nadolsky, QCD@LHC workshop 29



Key points,
the CT18(Z) global QCD analysis

* modest reduction in the PDF uncertainties compared to CT14

* DIS experiments dominate constraints on PDFs

 LHC Run-1 and 2 processes (jet, W/Z, high-p; Z, tt, W + c,
...production) will provide promising constraints once they are
brought into mutual agreement

 NNLO DIS cross sections with an x-dependent factorization
scale behave like NNLO+NNLx resummed ones, are
incorporated in CT18Z PDFs with the modified small-x gluon and
strangeness

* Future reduction of NNLO PDF uncertainties is not
automatic. The goals of the HL-LHC program demand a
broad coordinated effort to eliminate tensions between
experimental measurements that were identified using
several techniques (L, sensitivity, LM scans,...)

2019-07-15 P. Nadolsky, QCD@LHC workshop 30
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Backup

P. Nadolsky, QCD@LHC workshop
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Theory input

Obs. Expt. fast table NLO code K-factors R,F scales
. ATL 7 APPLgrid 1
Inclusive jet CMS 7/8 fastNLO NLOJet++ NNLOJet PT,PT
p% ATL 8 APPLgrid MCFM NNLOJet \/ Q2 +p2
- LHCb 7/8
W/Z rapidity ATL7 | APPLgrid | MCFM/aMCfast | FEWZ/MCFM My z
W asymmetry CMS 8
DY ATL 7/8 i
(|0W,high mass) CMS 8 APPLgrid MCFM/aMCfast FEWZ/MCFM Qu
_ ATL 8 Hr mp
tt CMS 8 fastNNLO T o

when justified, a small Monte-

Carlo error (typically 0.5%)

_ ID Obs. Expt. fast table NLO code K-factors UR,
added for NNLO/NLO K-factors T . R
. ggg yuﬁ"nu |}|:|§8bz8\%v APPLgrid | MCFM/aMCfast | MCFM/FEWZ | Mz w
Theory calculations must be 249 | AW CMSBW . ]
253 Pt ATL8Z APPLgrid MCFM NNLOJet MT
benchmarked before the 200 | oy E605
, . . 203 Opd /Gpp JXF E866 CTEQ FEWZ Qu
PDF4LHC’20 combination! 204 | Quxp E866
225 Ale) CDF1Z Qn
227 Ale) CDF2W
.. 234 A((u) DO2W CTEQ ResBos My
One program/scale not sufficient 21| Al DAV
. y
for understanding theory 261 | CDF2 CTEQ VRAP Qu
.y 266 Alp) CMS7TW M
uncertainties 267 | Ae) CMSTW CTEQ ResBos w
268 yi, M, A ATL7ZW (2012 Mz.w
2019-07-15 248 YL ATL7ZWo15) | APPLgrid | MCFM/aMCfast | MCFM/FEWZ | Myw




Fitting code parallelization with multi-threads

upgrade to a parallelized version of the fitting code, two-
layer parallelization: 1. through rearrangement of the
minimization algorithm; 2. via redistribution of the data sets

MINUIT ,
variable metric method Calculations of theory and [2]

sequenti
MT cost
I <-- ATLAS jet
calculating gradient N

.’_
. > <-- HERA DIS
iterated MTs

t line search
<-- CMS top
MTs
validating Hessian

<-- CMS jet

cost to 2/ <-- LHCb

(N,2+N,)
Layer 1: after all a factor Layer 2: further speed up by a
of 4~5 improvement on factor of 2, depending on data

speed is achieved! sets included




Functional forms of PDFs



Evolving PDF models

« EW precision fits and PDF fits are fundamentally different.

— Inan EW fit ("ZFITTER program”), the Standard Model parameters are
found by fitting a fixed theoretical model.

— Ina PDF fit ("XFITTER program™), the theoretical model (PDF
parametrization) evolves when more data are added.

= A PDF model can change its functional form within some limits to
evade falsification by a new data set

* The uncertainty due to the PDF functional form contributes as
much as 50% of the total PDF uncertainty in CT fits. The CT18
analysis estimates this uncertainty using 100 trial functional forms.
This part of analysis requires significant human intervention.

Carefully crafted PDF functional forms with >20-30 free parameters

2019-07-15 P. Nadolsky, QCD@LHC workshop 35



PDF Ratio to CT17pre

PDF Ratio to CT17pre

Explore various non-perturbative

2.0 HEtmall T T T T T 1.5 L ik | Ll T T T T : 1.5 L Bk | l T T T
2(x,Q) at Q =1.3 GeV 90%C.L. 14k u(x,Q) at Q =1.3 GeV 90%C.L. 14b d(x,Q) at Q =1.3 GeV 90%C.L.
CT17pre ' CT17pre ] ' CT17pre
i — CT17par o 13} — CT!7par o 13F
1.5 a, 1 &
S 12F { = 1.2F
511k
8
10 \ v. .9 1.0 ,‘ = = 7
: 5 0.9 B
{i = 08f
0.5 a)
u(x,Q) | Eof d(x,Q)
: ] 0.6
0.0 -6I ._I-4 ..J-3 I-2 I-1 L L L 0.5 1 L 4 g ) 2 1 1 L 1 L 0.5 _61 ._l_4 J_’; I_2 I_1 1 1 1
107 107 107 10 L 1000205 09 10° 10% 10° 10 10102 05 09 10° 10% 107 10 L1002 05 09
3,0 T T T T T 1.6 T i T T T 1_6 qrrreey T T T T
s(x,Q) at Q =1.3 GeV 90%C.L. u(x,Q) at Q =1.3 GeV 90%C.L. d(x,Q) at Q =1.3 GeV 90%C.L.
25F CT17pre 14k CT17pre 14k CT17pre
20 — CTl17par g — CT17par o — CT17par
\ =12k < 12
H . — . P~
3 3
8 Q
gl 5 10
0.5 s g
2 08 708
0.0F E E
05k S(X,Q) 0.6 0.6 a(X,Q)
21,0 Ll ul L L L L L Lsaend aul 1 1 1 1 Loviend ol 1 1 1 1 1
6 104 113 2 1 0.4 0.4
107 107 107 10° 100 02 05 09 10 104 107 107 ; 10" 02 05 09 10° 10* 10° 102 . 100 02 05 09

. CT17par — sample result of using various non-perturbative parametrization forms.

. No data constrain very large x or very small x regions.
2019-07-15 P. Nadolsky, QCD@LHC workshop 36



CT14: parametrization forms

e (CT14 relaxes restrictions on several PDF combinations that were enforced in CT10.
[These combinations were not constrained by the pre-LHC data.]

a(xiQO)
u(x,Qo)
1073 are relaxed once LHC W /Z data are included

— CT14 parametrization for s(x, Q) includes extra parameters

« Candidate CT14 fits have 30-35 free parameters
* Ingeneral, f; (x,Qg) = Ax% (1 — x)?2P,(x)
« CT10 assumed P,(x) = exp(ay + azVx + a,x + as x?)

— exponential form conveniently enforces positive definite behavior

— but power law behaviors from a, and a, may not dominate
 InCT14, P,(x) = G,(x)F,(z), where G,(x) is a smooth factor

- z=1-1(1 —+x)* preserves desired Regge-like behavior at low x and high x (with

a3>0)

« Express F,(z) as a linear combination of Bernstein polynomials:

— The assumptions

=1, u,(x,Q9) ~ d,(x,Qp) x x41v with 4, ~ —% at x <

z4,4723(1 —2),62z%(1 —2)% ,4z(1 — 2)3,(1 — 2)*

— each basis polynomial has a single peak, with peaks at different values of z; reduces

correlations among parameters
2019-07-15 P. Nadolsky, QCD@LHC workshop 37



2019-07-15

If too few parameters

The solution can be consistent and false

P. Nadolsky, QCD@LHC workshop
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If too many parameters

6000: — :
5000 | Kovarik, Nadolsky, Soper, 2019 ]
4000 ]
I 2(D»,a
= | ;ED? a;;
= 30007 1
-(._U' L
e ]
2000\ \\ CT14H$RA2 |
a—— ] X?(Dz,az)
X?(Dq,a4)
10 15 20 25 30 35

Number of parameters

« Randomly split the CT14HERA data set into two halves, D; and D,

* Find parameter vectors a, and a, from the best fits for D, and D,,
respectively

2019-07-15 P. Nadolsky, QCD@LHC workshop



If too many parameters

6000: T T T T T T T T T T T T T T
5000~ Kovarik, Nadolsky, Soper, 2019 ]
4000 ]
I 2(D»,a
9 : Xz(Dz a1)
=Z 3000¢- X*(Dq,a2)
-(._U' L
e ]
2000\ \\CTMH*ERAz |
—— ] X?(Dz,a»)
X?(Dq,ay)
10 15 20 25 30 35

Number of parameters

- Fitted samples: y%(D, a,) and xy*(D,,a,) uniformly decrease with
the number of parameters

- Control samples: y?(D,,a,) and x*(D,a,) fluctuate when the
number of parameters is larger than about 30

2019-07-15 P. Nadolsky, QCD@LHC workshop



If too many parameters

6000: ....................
5000~ Kovarik, Nadolsky, Soper, 2019 ]
4000 ]
O I
_l L
< 3000}
'ci—U' L
<
2000 \\ CT14H$RA2 ]
10 15 20 25 30 35

Number of parameters

X*(Dz,a)
; XZ(D1532)

] X?(Dz,a»)
X?(Dq,ay)

< 30 parameters (26 in CT14HERAZ2) is optimal for describing the
CT14HERAZ2 data set

2019-07-15

P. Nadolsky, QCD@LHC workshop
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Vectors of data point residuals...

... carry detailed information about sensitivity of individual experimental
data points to PDFs; can be studied using statistical packages
(TensorFlow, Mathematica,...)

CT14 NNLO PDF variations
) with the largest
GTEQ-TEA residuals correlation with o L A

. =« . PCGA sin(theta)~2  ______

T

T &
up

SOWATLSCB
&5y

‘gl
.'bb

Principal Component Analysis
(PCA) visualizes the 56-dim.
manifold by reducing it to 10
dimensions (a la META PDFs)

2019-07-15 P. Nadolsky, QCD@LHC workshop 42
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A shifted residual r;

Ti(@)-D:"(@)

ri(a) =

are N, shifted residuals for point i, PDF parameters d

{

1, () are N, optimized nuisance parameters (dependent on d)

The y%(a) for experiment E is

Npt Npt
@ =) 1 (a>+za @ ~ ) 2 (@
i=1 i=1

T;(d) is the theory prediction for PDF parameters a
D" is the data value including the optimal systematic shift
N

s _ ri(@) and 1,(a)
D;"(a) =D; — Z Biala(a) are tabulated or
= extracted from

s; is the uncorrelated error the cov. matrix

2019-07-15 P. Nadolsky, QCD@LHC workshop 43



Finding shifted residuals r; from the
covariance matrix

The CTEQ-TEA fit returns tables of r;(d@) and 1,(d) for every i and «

Alternatively, they can be found from the covariance matrix:

Nyt Ny 3
ri(@) = si ) (covT)y (Ti@) = Dy),  Xa(@) =Y (cov'); Pie (13(@) - Dy)
j=1 ig=1 54 S

2019-07-15 P. Nadolsky, QCD@LHC workshop 44



Vectors of data residuals

For every data point i, construct a vector of

residuals r;(d@;) for 2N Hessian
eigenvectors. k=1, ..., N, with N = 28 for
CT14 NNLO:

5 - {511: iT1» . lN’ lN} [N = 28]
5iJ,_rk = (ri(&,;) — 7”i(ao)) /{ro)E

-- a 56-dim vector normalized to (ry)z, the
root-mean-squared residual for the
experiment E for the central fit a,

Npt -
1 % 2,2 Xg' (aO)
(ro)e = N 1 (ag) = N
Pti= pt

(ro)r = 1 inagoodfitto E

r; is defined in the backup

CTEQ-TEA residuals
. PoA

The TensorFlow Embedding Projector
(http://projector.tensorflow.orqg) represents

CT14HERAZ2 51' vectors by their 10 principal
components indicated by scatter points.

A sample 3-dim. projection of the 56-dim.
manifold is shown above. A symmetric 28-
dim. representation can be alternatively
used.

2019-07-15 P. Nadolsky, QCD@LHC workshop 45
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Correlation Cr and sensitivity S¢

The relation of data point i on the PDF
dependence of f can be estimated \77"1'

by: :

g . . (ro)E?
* (; =Corrlp;(a)), f(a)] = cosg “
Bi = Vri/(ry)g - gradient of r, normalized to
the r.m.s. average residual in expt E;

(7r),, = (n(@) - r(@))/2 vt

Cr is independent of the experimental and PDF uncertainties. In the
figures, take |C¢| = 0.7 to indicate a large correlation.

2T __ projection of 3,(@) on Vf
(To)E

¢ Sf — |ﬁi|COS(p — Cf

S¢ is proportional to cosg and the ratio of the PDF uncertainty to the

experimental uncertainty. We can sum |Sg|.
In the figures, take |S¢| > 0.25 to be significant.

2019-07-15 P. Nadolsky, QCD@LHC workshop 46



Sensitivity of hadronic experiments to PDFs

CT18Z, Sensitiviﬁ ﬁer data ioint (IS)) CT187, Total sensiu'vig 29
ATL8ttb-pTt-mtt'15
CMS8ttb—pTtyt'17

ATLB?pT:ﬂS I [ [ | FOI' the CT1 82
e - NNLO data set

CMS7jets'14
D02jets'08
CDF2jets'09
LHCb8WZ'16
ATL7ZW'16
LHCb7ZWrap'15
ZyCDF2'10
ZyD02'08
LHCb8Zee'15
E866pp'03
E866rat'01
E605'91
DO2Easy2'15
CMS7Easy'12
CMS7Masy2'14
CMS8Wasy'16
D02Masy'08
CDF2Wasy'05
CDF1Wasy'96
HERAI+1I'15
CCFR Sl nub'01
CCFR Sl nu'01
NuTeV-nub'06
NuTeV-nu'06
CCFR-F3'97
CCFR-F2'01
HERA-FL'11
HERAC'13
HERADb'06
NMCrat97

Experimental data set

BCDMSd'90
BCDMSp'89

2019-07-F5H WA Vi) dg) sl ot i ol e Wbl Sk i o 0 -



Weak (common) goodness-of-fit (GOF) criterion
Based on the global y?

A fit of a PDF model to N,,,, experiments with N,,; points

(N, > 1) is good at the probability level p if x4 =
satisfies
P(XZ = Xélobal'Npt) =p;, e.g.

|X§lobal — Npt| S /2Nyt forp = 0.68

Nexp _ 2

Even when the weak GOF criterion is satisfied, parts of data

can be poorly fitted

2

Xﬂ

Then, tensions between experiments may
lead to multiple solutions or local y* minima
for some PDF combinations

2019-07-15 P. Nadolsky, QCD@LHC workshop
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Strong GOF criterion

Shatter the global data set into N4, partitions with N, ,,

points each
Npart

z Npt,n — Npt
n=1

A fit is good for this arrangement iff the weak GOF criterion is
satisfied for every partition. That is, for each partition n:

— differences between theory and data are indistinguishable from
random fluctuations

- P({x2}) = 0.68 for the distribution of y2 over Ny, ¢ partitions

A fit is close to the ideal when this condition is satisfied for
many shattering arrangements

2019-07-15 P. Nadolsky, QCD@LHC workshop 49
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Effective Gaussmn varlables

CT14HERAZ NNLO

MMHT2014 NNLO

o
A

Tension 0.41 SCER P Best con3|stency
ensions ’ A of experiments |
between HERA 1 _ n ]
© E 7 ; (S, = 0.08 + 1.4)
e™p ande™p 0a I
. 2 T 7
artly improved
A partly imp ! e
k by the x-dep. =  /
i fact. scale 5 ool a1l -4 )
4 (CT182) S /
\
a \ 0.07 +20
I v HERA1 +2
\;
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CT14 PDFs with HERA1+2 (=HERAZ2) combination
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Separate the four HERA2 DIS processes;
Q.. =2 GeV)

..
Npts L red /N

etp data are fitted fine

pts

NCe* 880 1.11 . .
P e~ p data are fitted poorly
CCe™p 39 1.10
NCe p 159 1.45
CCep 42 1.52 <—— reduced ” values
totals

[reduced ¥’] /N | 1120 1.17 _

. 5 42 = [reduced y2] + R? Fair (not perfect)
r/N 1120 1.25 agreement

2 The quadratic penalty for 162
R*/N 1120 0.08 *— systematic errors = 87.5




CT14 PDFs with HERA1+2 (=HERAZ2) data
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CTEQ-TEA recommendations for LHC DY measurements

Final, page 1 [summary in the CT18 paper]

CT18 NNLO or CTI4HERA2 NNLO

CT18 fits find contradictory preferences for strangeness x = 1073 between
fitted (SI)DIS experiments, on one hand, and some LHC experiments,
especially ATLAS W/Z production measurements and to some extent
LHCb W/Z measurements. Benchmarking of LHC measurements and
theoretical predictions, as well as new (SI)DIS experiments can be highly
effective for resolving these tensions.

Theoretical programs for DY processes used in CT18 NNLO are
summarized above. The NNLO cross sections for DY are obtained by
multiplying fast NLO cross sections by tabulated point-by-point
NNLO/NLO ratios (close to 1 in DY processes) computed for a recent
CTXX PDF set. Parton shower effects are very limited, especially when
NNLO predictions are used.

Alternative candidate fits of the CT18 NNLO analysis estimate the QCD
scale and numerical uncertainties in high-py Z production. In our opinion,
NNLO theoretical uncertainties are under good control in the fitted region
50 <prz <150 GeV of the high-pr Z production data in the CT18 NNLO
analysis.

The photon PDFs do not significantly affect the inclusive QCD observables
included in the CT18 NNLO analysis.
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CTEQ-TEA recommendations for LHC DY measurements
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6. When it is relevant, QCD predictions using CT18/CT14 PDFs must use the

SACOT-chi scheme and the same charm and bottom mass values as those used to
fit the CT18 PDFs. For the LHC observables with all scales much larger than the
c, b masses, the S-ACOT-chi hard cross section coincides with the zero-mass
MSbar hard cross section. On the other hand, the mass effects may be relevant in
W/Z pr distributions in ¢, b channels at p7 < mZ ;. A comprehensive study of the
power-suppressed/intrinsic/fitted charm distribution is published in JHEP 1802
(2018) 059 / arXiv:1707.00657. CTEQ-TEA does not see it mandatory to use the
fitted charm parametrizations throughout. The PDFs with fitted charm such as
CT14 IC or NNPDF3.1 do not provide a better theoretical framework than the
standard CT14 PDFs. A large part of the fitted charm PDF may arise from twist-4
contributions that are unique to low-Q DIS.

7. The TMD effects are negligible in the recent CTEQ-TEA analyses.

8. No, various kinds of parametrization and methodological uncertainties are accounted for in
the CTEQ-TEA PDF errors and are studied regularly as a part of the CTEQ-TEA analysis.
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9. As of 2018, we do not recommend to fit the PDFs only to the LHC or DY data.
The most significant constraints arise from other experiments, such as fixed-
target DIS. It is ok to perform this type of study with a reduced number of data
sets as a benchmarking exercise among the PDF groups, but the resulting PDFs
will be less accurate/precise than the global PDF fits.

10.To a great degree, the important uncertainties, those due to the experimental
errors of the datasets included 1n the fit, are already completely correlated.

Correlation of other 1ssues, such as parameterizations/scale choices can be
studied.

11.1f the PDF sets include the data, but do not agree with the data, and the other
PDF sets do, then it is crucial to understand the source of the disagreement.

12.1f the measurements do not have clearly defined systematic errors (in the
modern sense), then it is justified to not use them in a global PDF fit. If the
data sets are in strong tension with the other data sets used in a global fit, then
they can be excluded. Of course, this happens on a case-by-case basis.
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13. The Hessian and MC approaches are complementary. In recent years, the PDF
groups have gained a great deal of experience in converting between Hessian
and MC replica PDFs, strengthening the understanding of both. The Hessian
PDFs are sufficient for the majority of estimates of PDF uncertainty in the case
of sufficient experimental constraints. The MC error PDFs are useful in the
case of weak experimental constraints or persistent non-Gaussian effects.

14.Conceptual foundations of PDF reweighting have not been explored
sufficiently, which may result in its spurious applications. This area needs
additional exploration before PDF reweighting can be safely used in high-stake
situations such as in item 11.
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