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CT18 in a nutshell

Start with CT14-HERAII (HERAII 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

PDFSense (arXiv:1803.02777), L2 sensitivity to determine quantitatively
which data will have impact on global PDF fit

ePump (arXiv:1806.07950) on quickly exploring the impact of data prior
to global fit within the Hessian approximation

+ good agreement between ePump results and global fit

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

Lagrange Multiplier studies to examine constraints of specific data sets
on PDF distributions, and (in some cases)
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CT18...

® Main productis CT18 (NNLO, NLO,LO)

2-0 L] i | i |} 1 1 1] 2-0 ] | 1 1 1 1
CT18 at 2.0GeV CT18 at 100.0GeV
NNLO — 8 NNLO — s
15F
o
1.0
by
>
0.5
SV S — ;) N ’ 0.0 === ) |
10~ 10 " 10 10 X 1007 0.2 05 09 107 10 " 10 10 X 100" 0.2 0.5 0.9

® [ncluding full data set except for ATLAS 7 TeV W/Z,
which has a sizeable impact on the global fit (strange
quark)



ensemble

CT18

CT18X

CT18A

CT18Z

...and family

Factorization scale | ATLAS 7 CDHSW Pole charm
Z/W data plz"d data mass, GeV

included? |included?

ug pis = Q2 No Yes 1.3
K2 pys = 0.8 (Qz o “}CGT‘?BVZ) No Yes 1.3
Ug pis = Q2 Yes Yes 1.3
W2 s = 0.82 (Qz ; 0-3;;%3”) Yes No 1.4

CT18 PDFs available from https://tinyurl.com/ct18pdfs-1



|ID# IExperimental data set IN,,t,n| X2 Ixﬁ/Npt,n| Sh |

F\& 160 |HERAI+II 1 fb~', H1 and ZEUS NC and CC e*p reduced cross sec. comb. [10]| 1120 [1408.7(1377.8) | 1.3( 1.2) | 5.7( 5.1)
101 [BCDMS FY (22]| 337 | 873.7( 383.8) | 1.1( 1.1) | 1.4( 1.8)
102 |BCDMS Fy [23]| 250 | 280.4( 287.0) | 1.1( 1.1) | 1.3( 1.6)
104 |NMC F/F} (24)| 123 | 125.7( 116.2) | 1.0( 0.9) 0.2( -0.4)
108 |CDHSW! F} [25]] 85 85.6( 86.8) | 1.0( 1.0) | 0.1( 0.2)
109 |[CDHSW! FP [25]| 96 | 86.5(85.6) |0.9(0.9) |-0. 7( -0.7)
110 |CCFR F} [26]| 69 | 78.8(76.0) |1.1(1.1)0.9(0.6)
111 |CCFR zF} (27)| 86 | 33.8(31.4) |0.4(0.4) |-5.2( -5.6)
124 |NuTeV vupu SIDIS (28] 38 | 18.5(30.3) [0.5(0.8) |-2. 7( -0.9)
125  |NuTeV wupu SIDIS [28]| 33 | 38.5(56.7) |1.2(1.7)|0.7( 2.5)
126 |CCFR vpup SIDIS (20| 40 | 29.9(35.0) [0.7(0.9) |-1.1(-0.5)
127 |CCFR iup SIDIS (20| 38 | 19.8(18.7) |0.5(0.5) [-2.5( -2.7)
145 |H1 ot (30| 10 6.8(7.0) | 0.7(0.7) |-0. ()( -0.6)
147  |Combined HERA charm production [31]| 47 58.3( 56.4) | 1.2( 1.2) | 1.1( 1.0)
169 |H1 Fy, (6] 9 | 17.0(15.4) |1.9(1.7) | 1.7( 1.4)
201 |E605 Drell-Yan process (32)| 119 | 103.4( 102.4) | 0.9( 0.9) |-1.0( -1.1)
203  |E866 Drell-Yan process op,q4/(20pp) [33]| 15 16.1( 17.9) | 1.1( 1.2) ( 0.6)
204 |E866 Drell-Yan process Q3d?o,, /(dQdx ) [34]| 184 | 244.4( 239.7) | 1.3( 1.3) | 2.9( 2.7)
225 |CDF Run-1 electron Ay, pre > 25 GeV [35]] 11 9.0( 9.3) 0.8( 0.8) |-0. 3( -0.2)
227 |CDF Run-2 electron A, pry > 25 GeV (36)| 11 | 13.5(13.4) |1.2(1.2) | 0.6(0.6)
234 |D® Run-2 muon Auy, pre > 20 GeV (37| 9 9.1(9.0) | 1.0( 1.0) | 0.2( 0.1)
260 |D@® Run-2 Z rapidity [38]| 28 16.9( 18.7) | 0.6( 0.7) |-1.7( -1.3)
261 |CDF Run-2 Z rapidity (39| 20 | 48.7(61.1) |1.7(2.1) | 2.2(3.3)
266 |CMS 7 TeV 4.7 b=, muon Ay, pre > 35 GeV o)l 11 | 7.9(122) [0.7(1.1) |[-0.6(0.4)
267 |CMS 7 TeV 840 pb~!, electron Aeh, pre > 35 GeV [M1)| 11 | 11.8(16.1) | 1.1(1.5) | 0.3( 1.1)
268 |ATLAS 7 TeV 35 pb~! W/Z cross sec., A, [42]] 41 44.4 50.6) 1.1( 1.2) 4( 1.1)
281 |D® Run-2 9.7 b= ! electron A.p, pre > 25 GeV [43]| 13 | 22.8(20.5) | 1.8(1.6) | 1.7( 1.4)
504 CDF Run-2 inclusive jet production [44]| 72 | 122.4( 117.0) | 1.7( 1.6) | 3.5( 3.2)
514 |D@® Run-2 inclusive jet production [45)| 110 | 113.8( 115.2) | 1.0( 1.0) | 0.3( 0.4)

TABLE I. Data sets included in the CT18(Z) global analysis. The numbers in round brackets are
for the CT18Z fit.



ID# |Experimental data set Npt.n X2 X2 /Npt,n Sn

245 |LHCb 7 TeV 1.0 fb~! W/Z forward rapidity cross sec. [46]| 33 53.8(39.9) |1.6 (1.2)|2.2(0.9)
246 |LHCb 8 TeV 2.0 fb~! Z — e~e* forward rapidity cross. sec. [47]| 17 | 25.8 (23.0) |1.5(1.4)|1.4(1.0)
248 |ATLAS* 7 TeV 4.6 fb~!, W/Z combined cross sec. [19]| 34 | 287.3 ( 88.7) [8.4(2.6)|13.7 (4.8)
249 |CMS 8 TeV 18.8 fb~! W cross sec. and A, 48] 11 | 11.4 (12.1) 1.0 (1.1)] 0.2 (0.4)
250 |LHCb 8 TeV 2.0fb—! W/Z cross sec. [49]| 34 | 73.7 (59.4) |2.1(1.7)] 3.7 (2.6)
251 |ATLAS 8 TeV 20.3 fb~! single diff. high-mass cross sec. [50]| 12 | 20.4 (25.6) [1.7(2.1)] 1.6 (2.3)
253 |ATLAS 8 TeV 20.3 b=, Z pr cross sec. [51]| 27 | 30.2(283) 1.1 (1.0)]|0.5(0.3)
542 |CMS 7 TeV 5 fb~!, single incl. jet cross sec., R = 0.7 (extended in y) [52]| 158 |194.7 ( 188.6) (1.2 ( 1.2)| 2.0 ( 1.7)
544 |ATLAS 7 TeV 4.5 fb—!, single incl. jet cross sec., R = 0.6 [53]| 140 |202.7 ( 203.0)|1.4 (1.5)| 3.3 ( 3.4)
545 |CMS 8 TeV 19.7 fb~1, single incl. jet cross sec., R = 0.7, (extended in y) [54]| 185 [210.3 ( 207.6)|1.1 (1.1)| 1.3 ( 1.2)
573 |CMS 8 TeV 19.7 fb~1, tf norm. double-diff. top pr & y cross sec. [55]] 16 | 18.9(19.1) (1.2 (1.2)| 0.6 ( 0.6)
580 |ATLAS 8 TeV 20.37!, tf pt. and m,; abs. spectrum [56]| 15 9.4 (10.7) 0.6 (0.7)|-1.1 (-0.8)

TABLE II. High precision LHC measurements employed in the CT18(Z) analysis.

The numbers

in round brackets are for the CT18Z fit. Np, X2 are the number of points and value of x? for

the n-th experiment at the global minimum. S,, is the effective Gaussian parameter [18, 57, 58]

quantifying agreement with each experiment. The ATLAS data, labelled by I, are included in the

CT18%Z global fit, but not in CT18.

|



Treatment of new LHC data

Include processes that have a sensitivity for the PDFs of interest, and
for which NNLO predictions are available.

Include as large a rapidity interval for the jet data as possible

+ for ATLAS this involves using the ATLAS de-correlation model,
rather than using a single rapidity interval. Using a single rapidity
interval may result in selection bias. The result is a worse %2 due to
the remaining tensions in the ATLAS jet data, and a reduced
sensitivity compared to the CMS jet data.

+ the use of only a single jet rapidity interval provides incomplete
information

Use multiple t-tbar observables, possible using experimentally provided
statistical correlations.

+ and for CMS, using the double differential calculation from Mitov et
al

+ again, some of the observables are in tension with each other.

NB: previous data (including CMS 7 TeV W,Z data) continue having an
impact on global fits and tend to dilute the impact of new data



Treatment of new LHC data

® For jet data, always use the largest jet size available; use of
smaller R sizes can result in inaccurate scale uncertainties

DiJets, R-dependence fit to 10* - (a + blog(R) + cR?), Hr/p = Hr

0.2 04 0.6 1.0 1.2
160000 F s * H H $ %
— fit LO: a= 7.73, b=-0.00, c= 0.00 === fit MC@LO (Sherpa): a= 7.35, b= 1.97, c= 1.34

— ook — fit NLO: 2=1062, b= 182, = 0.36 —— £it NLO @ PS (Herwig7): a=10.34, b= 2.96, c= 1.17 | .
2 —— fit NNLO: a=11.20, b= 2.59, c= 1.04 -—= fit LO & PS (Herwig7): a— 7.6, b= 2.24, c= 0.84 OO arX|V 1 903 1 2563
- — fit S-MCONLO (Sherpa): a=9.82, b= 264, c=1.82 == fit POWHEG: a=10.17, b= 2.90, c= 2.10 __....ocereosdi e . .
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3 « AtNNLO, there are
=
mﬁ‘ 10000 - 2 o 14— . | I .
s accidental cancellations,

20000

| that lead to an artificially
1" low scale uncertainty for
. processes with

" small R (0.4) jets

* Prescription for
|*---restoring reasonable
uncertainty estimate

» Oiriginal idea from
Salam et al

->|_es Houches Accord

Ansatz 1

Ansatz 2

Ansatz 3




Theory input

Obs. Expt. fast table NLO code K-factors R,F scales
L ATL 7 APPLgrid 1
Inclusive jet CMS 7/8 £astNLO NLOJet++ NNLOJet PT,PT
p4. ATL 8 APPLgrid MCFM NNLOJet \/ Q% +p3 4
- LHCb 7/8
W/Z rapidity ATL7 | APPLgrid | MCFM/aMCfast | FEWZ/MCFM Mw z
W asymmetry CMS 8
DY ATL 7/8 .
(low, high mass) CMS s APPLgrid | MCFM/aMCfast | FEWZ/MCFM Qu
_ ATL 8 Ht mp
tt CMS 8 fastNNLO T o

when justified, a small Monte-
Carlo error (typically 0.5%)

1D Obs. Expt. fast table NLO code K-factors URF

added for NNLO/NLO K- 2451 yuwmu | LHCBTZW
Yee .
APPLgrid | MCFM/aMCfast | MCFM/FEWZ | M

factors 250 Vi M LHC8ZW g Z.W

249 A(u) CMS8W

253 pr- ATL8Z APPLgrid MCFM NNLOJet MY

201 VY E605

203 Gpd/Gpp S XF E866 CTEQ FEWZ Q]]

204 Q,xp E866

225 Ale) CDF1Z Qn

227 A(e) CDF2W

534 Aw) DO2W CTEQ ResBos My

281 A(e) DO2W

260 yil D02

261 yi CDF?2 CTEQ VRAP Qn

266 Au) CMS7TW M

267 A(e) CMS7TW CTEQ ResBos w

268 yll,T]],A(l) ATL7ZW (2012) MZ,W

248 yi1, M ATL7ZW(2016) | APPLgrid | MCFM/aMCfast | MCFM/FEWZ | My w
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g What experiments provide the greatest constraints?

® ...and how well do the LHC experiments agree among
themselves?

® \We use
+ Effective Gaussian variables
o PDFSense and L2 sensitivity
+ Lagrange Multiplier scans
e ePump



CT14 NNLO

04 Ot1e
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V2xe2 -V2Ne -1 in 36 data sets

Effective Gaussian variables

,’ \ NMC X0p
>
£ Al
5 ! \
B o5 I \\ DO Run-1
e I’ Aeie(y)

I

)

Define S,,(x?, N,;) 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, ,,

Sn(x? Npe) = 242 — \[2N, — 1

[H.-L. Lai et al., arXiv:1007.2241;
S.Dulat et al., arXiv:1309.0025;
K. Kovarik, P.N., D. Soper, arXiv:1905.06957]

An empirical S,, distribution can be compared to N(0,1) visually or using a
statistical (Anderson-Darling, Kolmogorov-Smirnoy, ...) test
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LHC experiments, especially ATLAS7
CT1 8 (CT1 82) N N LO TeV Z,W production (only in the CT18A
13 (14) new LHC experiments with and Z fits) tend to have elevated y2/N

LS
r

665 (711) data points in global fits
.......... CIIGNNLO . - e e pgnn o0 OIOCNNID, .. .. ...
o . . 1 2 I[ .
- Deviations of yz /NJt from 1 in
[ . units of standard deviations
41 ]
[ sl
% % CT14HERAZ2 data HERAI4I
£ 4l | £ ATLTZW
3 HERAMI| %
- CT14HERA - 2+
g data 3 [CCFRF
Hi s
Z CCFRF3 Z l
) w
1_
1t Y .
. I| | LHCdata I LHC data
Of, s Of, , , . ,
-6 6 -6 -4 -2 0 6

v 2)(5 -V 2 Neg -1 in 40 data sets V2 XEZ -V 2Ng -1 in 38 data sets
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Experimental data set

7

CT18, Sensitivity per data point (]

ATLS8ttb-pTt-mtt'15
CMS8ttb-pTtyt'17
ATL8ZpT'16 j [
CMS8jets'17 I
ATLAS7jets'15
CMS7jets'14
D02jets'08
CDF2jets'09
ATL7WZ'12
LHCb8WZ'16
LHCb7ZWrap'15
ZyCDF2'10
ZyD02'08
LHCb8Zee'15
E866pp'03
E866rat'01
E60591| |
DO02Easy2'15
CMS7Easy'12
CMS7Masy2'14
CMS8Wasy'16
D02Masy'08

CDF2Wasy0s| [ | | I .

CDF1Wasy'96
HERAI+I'15 [ ]
CCFR Sl nub'01
CCFR SI nu'01
NuTeV-nub'06
NuTeV-nu'06
CCFR-F3'97
CCFR-F201
CDHSW-F3'91
CDHSW-F2'91
HERA-FL'11
HERAC'13
HERAb'06| |
NMCrat97
BCDMSd'90
BCDMSp'89

g uxg) uixp) dxg) dose) sep) i) blos)  glep) uxp) uck) dixg) dixe) sikp) olxe) bxp)

Sensitivity per point and total sensitivity

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
(Npe ~ 10 — 20)

17



Experimental data set

ik

ZyCDF2'10

ZyD02'08

LHCb8Zee'15
E866pp'03
E866rat'01

CCFR Sl nub'01
CCFR SInu'01

CCFR-F2'01
CDHSW-F3'91
CDHSW-F2'91

HERA-FL'11

g uep) ulsh) dxp) dice) step) clxp) bxp)

gool) uxg) uey) dixg) dse) step) clxg) bixp)

* %

* * ¥ 5 * ok

* *

*

The LHC data sets (*)
hold a great promise
— if they agree

HERA I+Il, BCDMS,
NMC, DIS data sets
dominate experimental
constraints. Large
numbers of data points
matter!

1A



Correlations

Correlations are important, but not sufficient. The statistical power of
the data set also has to be there. The most effective data sets may
have low correlation, but high sensitivity. Tensions within the data set
also may reduce the ultimate sensitivity.

Number of people who drowned by falling into a pool
correlates with

Films Nicolas Cage appeared in

Correlation: 66.6% (r=0.666004)
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
140 drownings 6 films.
0
8o
<
c
g‘\ 20 drownings 4films Z
£ 5
[ o
S &
o0 o
o o
£ "]
£100 2films ‘o
E
2
@
80 drownings 0 films
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
-8~ Nicholas Cage -~ Swimming pool drownings
Divorce rate in Maine =
correlates with
Per capita consumption of margarine
Correlation: 99.26% (r=0.992558)
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
4.95 per 1,000
8lbs
<
® 2
24,62 per 1,000 V§
c ES
= 6lbs 3
P o
c 8
g g
'§4.29 per 1,000 4bs 3
[a] \ Q
3.96 per 1,000 2lbs
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

-8- Margarine consumed -#- Divorce rate in Maine
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Lagrange Multiplier Scans

CT18 NNLO

100~

80

60

(BX) o0t
8 T

as(M5)=0.1166+0.0027 at 68%CL

20-

“28110 0.112 0.114 0116 0.118 0120 0.122 0.124

as(Mz)

HERAI+II
Total

BCDMS p

CMSS8 jets

CMS7 jets
E866pp
CDF2 jets
CCFR F2
LHCb8WZ
D02 jets
ATLAS7 jets
ATL8ZpT

(AX%)expt

CT18Z NNLO
as(Mz)=0.1164+0.0026 at 68%CL

100~

80F

60

40F

20r

-201

0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124
as(Mz)

Total

BCDMS p
CDHSW F2
HERAI+I

CMSS8 jets
BCDMS d
CCFRF2
CDHSW F3
LHCb8WZ
ATL8ZpT
ATLS ttb ptMtt
D02 jets
ATLAS?7 jets

New PDG a,(m;) and uncertainty coming out soon, including
input from PDF fits; divide inputs into lattice/not-lattice
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CT18 NNLO
50— -

g(0.01,i125 GeV)
CT18Z NNLO

Il ! 1 ]
760 780 §00 820 840

Fﬂ Lagrange Multiplier scan (gluon: x=0.01, Q=125 GeV)

‘ - Total
T ]—HERAI+HI
/|- ATLASTY jets

CMSS jets

,1—CCFRF2
7" 1.-D02 jets
< "1 HERAC
4 —ATLS ttb ptMt

CDF2 jets
CMS7 jets

-1~ CMS8 ttb pTiyt
~=1—NuTeV nub
1 ATL8ZpT

(B3 et

T T]—cms8 jets
"/ 7/ ]<HERAMI

1 ATLASTY jets

" Total

HERA c

-] D02 jets
-~ 1_-ATLS ftb ptMtt

1 ~ATL7ZW

7 “GCFRF2
“1—CMS7 jets

— ~CDF2 jets

1 CMS8 ttb pTtyt

1 E866pp

0(0.01,125 GeV)

760 780 g00 820 840

® Top:CT18
+ HERA1+I|l data set provides the
dominant constraint, followed by

ATLAS, CDF2,D02 jet production,
HERA charm...

+ tt double differential cross sections
provide weaker constraints

® |ower: CT18Z

¢ a 1% lower NNLO gluon in the Higgs
production region than for CT14/
CT18 as a result of
a higher charm mass, m_c'e=1.4
GeV
a including ATLAS7 W/Z
production

A a special factorization scale in
DIS that mildly improves x? and
approximates the effect of small-
X resummation



Lagrange Multiplier scan (gluon: x=0.3, Q=125 GeV)

a0l

CT18NNLO

T Total

CMS7 jets

/| ATLAST jets
ATL8ZpT
CMSS ttb pTiyt
LHCb8WZ

<1/ E866pD

" LHCb7ZWrap
D02 jets
_|.~ -BCDMSp

=] ~CCFRF2

71\ CDF2 jets
1\ ATLS ttb ptit
CMS8 jets

1 CDHSWF2

0.25

1
0.:80 0.35
9(0.3,125 GeV)

0.40

CT18Z NNLO

“—1Total

1 oMST jets

, |-ATLAST jets
] EMSS8 jets
1-CMS8 ttb pTtyl
LLHCb7ZWrap
-- | —E866pp
-D02 jets

—— ATLS ttb ptMtt
CDF2 jets
CDHSW F2

0.30 0.35
9(0.3,125 GeV)

0.40

Upper: CT18
Lower: CT18Z

Opposite pulls from ATLAS7/
CMS?7 jet production on one
hand, and CMS8 jet
production on the other hand

Similarly, ATLAS tt
distributions (dm,, dp+!) and
CMS double tt distributions
(dp;'dy,) at 8 TeV impose
weak opposite pulls

+ NB: tt data has relatively large
impact if jet data removed, or if
statistical precision increased to
match that of the jet data

Constraints from ATLASS8 Z p;
production are moderate



L, sensitivity, definition
Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

Faster than Lagrange
Multiplier; works in the
Hessian approximation;
See for example slide 27.

(b)

Orthonormal eigenvector basis

L, sensitivity. Take X = f,(x;,.Q;) oro(f); Y = \7 for experiment E.
Find AY (%, x) for the displacement |7, x| = 1 along the direction

VX/ }VTX’ (corresponding to A7, = 7% and X (2) = X(0) + AX):

*Sv.faL‘z =AY (Znx) = ﬁiy c Zm, X = ﬁ)r -

VX ;o
— f— ‘OS ".
~ =AY cos¢
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Ay? (Lo sensitivity)

10}

-10}

=151

SN LOF 7%

£ -

Estimated y? pulls from experiments
(L, sensitivity, arXiv:1904.00222, v. 2)

CT18 NNLO, g(x, 100 GeV)
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ség"ésg

542 101109

..

204 162 542‘3‘3; 150 160, 188 w7
253 \ , ;i

3 284 3 : /
147 182 . '
253 264 7204, 253 o04-204 ™ 9 Yoo 103 04/
s04 A% 204 584 204~ 102 g4 ~3§9° 182
14" a7 "253-263 d
7- 147 102402 110,

108

110310
108 545
544 102

PRELIMINARY sds

gg — H production range

« »

504 545
160- 160 os . A9
.8 160 160
160 L) 545 Az 504504
. 160 / 545 204, 504 sdo |
. 544544 165 504 253-38%°263"208. 5, 10917
344 300349 47 101- AB1, ;6? 253
2 253
544 110 o 110 18’?" : 101 189 308 1
110 4 204 2 108"
544 147 543 | !
116 147

1 008 42 508 108 1 . ; ) J 544
.S ” 5% ::s i1 193 1091097208 147--189 Loy AN ]
4

" 04’ 188 W ]

545 |

10% 102 001002005 01 0.2 050.7
X

CT18 NNLO, gluon at Q=100 GeV

‘ 15 core-minutes I

wm | Most sensitive experiments
»2}?31@8%!}23;33133 542 545 199409 51 160, e

253 ATL8ZpTbT 109--- cdhswf3
542 CMST7jtR7y6T 110 ccfrf2.mi
544 ATL7jtR6UT 147--- Hn1X0c
545 CMSSjtR7T 204--- e866ppxf
160 HERAIpII 504 cdf2jtCor2

101 BedF2pCor
102 BedF2dCor
-408--- cdhswf2

Experiments with large Ay? > 0 [Ay? < 0]
pull g(x, Q) in the negative [positive]
direction at the shown x

Estimated using CT18 Hessian PDFs



Ay? (Lo sensitivity)

10+
| 504 545
- 166--160 ’ 545
| 160 60 160
160" 380 545 542 504504
[o1%¢ 545 a53- 268204 sok o
5F 544-544 188- 447 °% 101 %g% ;Z; 203-253 Ssa 199
_ 394349 5% . 253
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544 110 110 81 101 gz’ 168
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544 1 147 543 a7 188 103
5 o R ¢ 94488,
2 183‘} - 488 108, 108 545 108268204
= . 108,543 542 545 1o 160 PR
0'8' 1 §8 % ;22';5% i sap 1015109, 2% FLY L s
1 508 e ses 108, 109 , v 7
204 562 $35-248 505 %g; ?5? 109109 208 f47-18¢ 147 4z 544
542-28% 3 .54 .
204 564 02 2388 159 160 168 147
253 . : .
3. 2 147
3 147 T8> . 7
1 » 204 253 o 204 Tog 102 ;504
sod 353_2“ .2043%_204.204 182 1459160 102 9
5% 47" "253-253 108 44,110
7- 147 162402 110, v
os2 jog 4 ?’gg 283
}>310° -
19" %08 545
- D44 102
| - 182 _4g5 |
' 545
-10+ S
PRELIMINARY 55
545
545
-15- .
gg — H prOdUCtlon range
1 1 1 1 1 1 L | | 1 1 1 L
104 10 001002005 01 02 0507

Estimated y? pulls from experiments
(L, sensitivity, arXiv:1904.00222, v. 2)

CT18 NNLO, g(x, 100 GeV)

X

CT18 NNLO, gluon at Q=100 GeV

| Most sensitive experiments

253 ATL8ZpTbT ~—109--- cdhswif3
542 CMS7jtR7y6T 110 ccfrf2.mi
544 ATL7jtR6UT 147 Hn1X0c
—--545-—- CMSS8JtR7T ---204--- e866ppxf
160 HERAIplI 504 cdf2jtCor2
101 BedF2pCor
102 BedF2dCor
{ --t08--- cdhswf2

Note opposite pulls (tensions) in some x
ranges between HERA I+I1 DIS (ID=160);
CDF (504), ATLAS 7 (544), CMS 7 (542),
CMS 8 jet (545) production; E866pp DY
(204); ATLAS 8 Z pT (253) production;
BCDMS and CDHSW DIS
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NT oF 7%,

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

2
(A )oxpt

(BX Joxea

30

CT18 NNLO

20

10t

10

"
1

- PAPChes i |
R.=(s+8)/(u+d) ]
1
1

Total

" ~+ NuTeV nu
/" ~———]-NuTeV nub
—— HERAI+II

_{-CCFR SI nu

" CCFR SI nul

30

LHCbSWZ
== 1 ECFRF2
- E866pp

03 04 05 06 07
1

R:(x=0.023, u=1.5 GeV)
1

1
c:hsz NNLO

0.8 0.9
Unstable fits

20t

10

\

-10+

03 0.4 015 06 0.7

R(x=0.023, y=1.5 GeV)

The CT18Z strangeness is increased primarily
as a result of including the ATLAS 7 TeV W/Z
production data (notin 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

2.0 vy . — .
(s+9)/(u+d) at Q =1.3784 GeV 90%C.1
CTI4HERA2NNLO
CTI18
1.5F
Total
(=
HERAII g Rs
1 NuTeV nu o< 10k
j NuTeV nub g
/_- | CCFRSInu =
CCFR Sl nub osk 1
_CCFRF2
E866 rat.
BCDMS d 0.0 b L N L :
E866pp 1021021072+ 10 s 10" 0.2 0.5 09
1 ATL7ZW
08 09 _ P.Nadolsky, EW precision WG meeting 27

Unstable fits



S

'

r‘\ Look at residuals and nuisance parameters
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*
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25 Residuals for CMS7jet, CT18 14 Residuals for ATLAS7jet, CT18 20 Residuals for CMS8jet, CT18
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FIG. 41. Distribution of residuals for the CMS (ID=542 and 545) and ATLAS (ID=544) jet data.

0 Nuisance parameters for CMS7jet, N, ,=25, CTI8 45 Nuisance parameters for ATLAS7jet, N, =74, CT18 12 Nuisance parameters for CMS8jet, N, =28, CT18
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FIG. 42. Distribution of nuisance parameters for the CMS (ID=545) and ATLAS (ID=544) jet

data.



Shifted vs unshifted: CMS 8 TeV jets
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CMS., Vs=8 TeV, L=19.7 [fb] |, R=0.7
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f‘\ Shifted vs un-shifted: ATLAS 7 TeV jets

ATLAS, Vs=7TeV, L=4.5 [fb] "', R=0.6

L3F 0.0<|y<0.5 T 05<]y<10 T 10<ly<15
12} “ j !
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3 0.8f 1
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IR FEENNTH '
09} ‘] l i ot i } Pl
08t ™ Unshifted data i l
I CT18, 68% C.L.
0.7 b~ Shifted data for CT18
100 1000 T00 000 T00 1000

P+ [GeV]



Global T2

Dynamic T2}

ATL7ZW
HERAI+II
NuTeV nu
E866pp
CMSS8 jets
ATLASY7 jets
CMSY7 jets
ATL8ZpT
LHCb8WZ
CMS8Wasy

Effect on PDF uncertainties

T

CT18Z NNLO uncertainties

2]

R S . — - - &=

|

yUNSTABLE FITSy

R4(0.023,1.5 GeV)
~o- T2=10 o T2=4 — T2=1

k]

[1] Nonlinearities: the error bands for
tolerance T? = 1,4, 10 may not scale
according to the Gaussian distribution

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

i x° instability: Neither the “global T2
nor “dynamic T'2” reflect instability of
fitsat R, > 0.9



PDF luminosities

' Lo at E.,=14.0TeV, 90%C.L., lyl<5.0 - L,, at E  =14.0TeV, 90%C.L., lyl<5.0
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PDF luminosities

Error Bands

Lyo at E,,=14.0TeV, 90%C.L., lyl<5.0

1.0

CTI4HERA2NNLO
CTI18
CTI8Z

Normalized to central fits

102 103
Mx [GeV]

Error Bands

l‘g): at E =!4.()TcV. 90%C.1.., lyl<5.()

Ccim

1.0

CTI4HERA2NNLO
CTI18
CTI8Z

G 14 TeV [pb]

+ CTI4HERA2
1000F + CTI18
+ CTI8Z

16465 47 475 48 485 49 499
gleo->h) 14 TeV [pbl

0.9

Normalized to central fits

2 3
10° 10
Mx [GeV]

CT18Z gg — H and tt production cross
sections lower by about 1 and 2.5%

compared to CT14HERA2
PRELIMINARY



Comparisons to PDF4LHC15

Quark - Antiquark Luminosity
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1.3
1.25
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1.15
1.1
1.05

Ratio

0.95F
0.9
0.85
0.8

Comparison to PDF4LHC15

Gluon - Gluon Luminosity

wmss PDF4LHC15_ nnlo_100 |

seeene CT18

s CT18Z

; NNPDF31_nnlo_as 0118
\'S = 1.4e+04 GeV

If we would take the full range here,
Higgs cross section uncertainty
would increase
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CT18 similar to PDF4LHC15; some
reduction in high x uncertainties
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Generated by APFEL2.6.0: V.Bertone, S.Carrazza, J.Rojo (arXiv:1310.1394)



Towards PDF4LHC20

We are gearing up for the full 300 fb-! expected from Runs 1-3
New generations of PDF sets are/will be coming out

It's been 5 years since PDF4LHC15

It may be time for a PDF4LHC20 combination

...which will of necessity include some benchmarking before-hand

First benchmark Drell-Yan codes/vector boson production; see Sergey’s
presentation at the EWWG meeting

There are a large number of tools that have been developed to examine
the impact of data pre- and post-fit; let's make use of them to understand
the impact of the LHC datasets on each PDF fit, both in terms of the
central fit and the uncertainty

Go back to HERA1+Il data? Confirm what the central values and
uncertainties look like with new formalisms.

Add top data from ATLAS; each single distribution, several distributions
simultaneously using the statistical correlations; do we see similar effects/
influences for the different fitting programs?

Add ATLAS/CMS jet data, each jet y bin individually and then together
Add jet and top data together




Extras




‘ri ePump (error PDF updating package)

ePump (Error PDF Updating Method Package) is a set of
classes, functions, etc. for analyzing the impact of new data on
the PDF predictions and uncertainties, in the Hessian method.

It assumes quadratic dependence of the global 2 function on
the parameters, and linear dependence of the observables on
the parameters.

It allows for the inclusion of a dynamical tolerance in each of
the original Hessian eigenvector directions.

Extensively cross-checked against actual global fitting




\\\Ir . ]
’F& It contains two main executables

1) UpdatePDFs 2) OptimizePDFs

® Given the original theory predictions

for a set of observables, and the
experimental data for some subset of
the observables, it computes the
updated predictions and uncertainties
for all of the observables,
incorporating the effects of the new
data.

If the original best-fit and Hessian
error PDFs are supplied, it also
computes updated best-fit and
Hessian error PDFs that incorporate
the effects of the new data.

® Given the original best-fit and Hessian

error PDFs, along with theory
predictions for a set of observables, it
computes a new set of Hessian error
PDFs that are optimized for the
particular set of observables.

The new set of error PDFs produce
equivalent results to the original set of
error PDFs (at least in the linear/
quadratic approximations assumed in
the Hessian method). However, each
new Hessian eigenvector PDF has an
associated eigenvalue that gives the
sum of the relative contributions of
that eigenvector direction to the
variance of each of the observables in
the given set. The eigenvalues can
be used to choose a reduced set of
Hessian error PDFs by discarding
those that are irrelevant to the given
set of observables.



e

1 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

sequenti
MT Sgrwm:
—
calculating gradient \

(?]
; } — <-- HERA DIS
iterated MTs

line search
<-- CMS top
MTs
validating Hessian || cost to 2/ <-- LHCb
(N,2+N)

<
converged

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

Calculations of theory and [2]?

<-- CMS jet

<-- ATLAS jet




Results of the fit (LHC observables)

ID Observable Npts x?/N(CT18) x?/N(CT18Z)
245 LHCb 7 TeV ZW 33 1.5 1.2
246 LHCb 8 TeV Z 17 1.4 1.2
248 ATLAS 7 TeV ZW 2.4
249 CMS 8 TeV W asym. 11 0.5 0.5
250 LHCb 8 TeV WZ 34 2.1 1.7
253 ATLAS 8 TeV DY d*c/dydM 27 1.6 1.4
542 CMS 7 TeV jet 158 1.3 1.3
544 ATLAS 7 TeV jet 140 1.5 1.5
545  CMS 8 TeV jet 185 1.3 1.2
573  CMS 8 TeV d?o04;/dpt.dy! 16 1.9 1.9
580  ATLAS 8 TeV doy;/dph and doyz/dmy; 15 1.1 1.4
Total 3493/3681 1.2 12



0.7

Data / Theory Data / Theory
= = - = = IS o o oy = = =
S = N WA -3 o) Ne) ) —_ \S] W

S
=)

CMS, Vs=8 TeV, L=19.7 [fb]'l, R=0.7

o

S I I
il It II{IIIIIII;II;IIII! mll
— CT18,90% C.L.

[ —— Shifted data
—— Unshifted data
100 T000
Pr [GeV]

E i i b
of ] *%§§§%§§5¥%ﬁ%¥3 IHIHI

——P%—T—rrj—r¥§§%5#§§1
RN P

CMS, Vs=8 TeV, L=19.7 [fb]', R=0.7
L 1.0<lyl<1.5

| ]

i

— CT18,90% C.L.
[ —— Shifted data
—— Unshifted data

00 7000
Py [GeV]

b CMS, Vs=8 TeV, L=19.7 [fb] ', R}

20<lyl<2.5

Q

;fliﬂ

i
i

. — CT18,90% C.L.

—— Shifted data
F —— Unshifted data

00 7000
Py [GeV]

Data / Theory

Data / Theory
() — —
o o —_

e
o0

0.7

—_
—_

Data / Theory

CMS, Vs=8 TeV, L=19.7 [fb]'l, R=0.7
05<Ilyl<1.0

— CT18,90% C.L.
[ —— Shifted data
—— Unshifted data

00 1000
Py [GeV]

CMS, Vs=8 TeV, L=19.7 [fb] ', R=01
1.5<lyl<2.0

1 ; I 1 1z ITIRIIIIII;I¥II I
t A =+ 1%L 1 ll
by begppfet
b CT18,90% C.L.
[ —— Shifted data
—— Unshifted data
100 T000

Pp [GeV]

oo
o ©
L)

11 R=0.7

| CMS, Vs=8 TeV, L=19.7
2.5 <lyl < 3.

t — CT18,90% C.L.
—— Shifted data
F —— Unshifted data

00 7000
Py [GeV]

drop the low pileup
data from 21-74 GeV

v?=168 (for 185 points)
before fitting; 132 after
fitting

PDFSense predicted
this would be the
highest impact LHC date
set

results in some
reduction in gluon
uncertainty at
moderate and high x
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uncertainty



