PDF Update
...more specifically PDF4LHC21 benchmarking update

J. Huston
Michigan State University

for J. Bendavid, R. Thorne and M.
Ubiall

For more details, see for example the talk of Tom Cridge at DIS21.
Robert Thorne will give a more complete presentation at the next
general Higgs XSWG meeting.
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Precision physics

® Precision physics at the LHC,and specifically for Higgs
boson production, requires precise determinations of
PDFs and of a¢(m,)

Gluon-gluon fusion into Higgs
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Figure 9.2: Summary of determinations of as (M %) from the seven
sub-fields discussed in the text. The yellow (light shaded) bands
and dotted lines indicate the pre-average values of each sub-field.
The dashed line and blue (dark shaded) band represent the final
world average value of as(M32).



PDFs

Experimental data in CT18 PDF analysis

® Determined from global fits to
data from a wide variety of
processes, both from fixed
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® The 3 groups are CTEQ-TEA
(CT), MSHT (new acronym) 10
and NNPDF

® Each uses on order of 4000
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(z,Q) = (zB,Q), in DIS, etc.. The matching conventions used here are described in Ref. [20]. Also shown are the
u n Ce rta i nties ATLAS 7 TeV W/Z production data (ID=248), labeled ATL7TWZ’12, fitted in CT18Z.
with CT and MSHT using a because of the difference, there can sometimes
Hessian formalism and NNPDF / be difficulties in comparing/understanding results

using a neural net formalism to better understand similarities and
® Each group provides regu|ar|y _____, differences, it is useful to periodically
updated sets of PDFs perform benchmarking exercises
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...as for example, PDF4LHC15

combination of CT14, MMHT2014, NNPDF3.0
« 1 year benchmarking exercise comparison of above PDFs
« comparing theory and treatment of experimental data from each group
« 300 Monte Carlo replicas generated for each of the above PDFs

« condensed to Hessian sets with from 30-100 members for distribution to users
with central PDFs and error PDFs representing the three published PDFs

- good (too good?) agreement for gluon-gluon luminosity
LHC 13 TeV, NNLO, ag(M,)=0.118

...over 1200 citations
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...In the meantime

® New critical data sets from the LHC on Drell-Yan, top,
jets, W/Z+jets

® NNLO predictions available for all of above allowing this
data to be included in PDF fits

transferring NNLO information to global PDF fits still
a bit of an issue, i.e. precision of K-factors (statistical
jitter->need to smooth and/or use statistical error),
availability of grids
® New NNLO PDFs available (CT18, MSHTZ20,

NNPDF3.1) that make use of this LHC data (NNPDF4.0
only recently available)

additional technical improvements to the PDF fits

® These 3 PDF sets will be used for the construction of
PDF4LHC21



PDF4LHC21

——————————————————————————————————————————————————————————————————————————————
« new PDFs CT18, MSHT2020, NNPDF3.1, containing large amount of LHC data

« some new/different techniques, i.e. fitted charm* for NNPDF 3.1
Gluon-Gluon, luminosity

I oo consistency with PDF4LHC15,
5= 1 500,08 G more of a spread of the gg
uncertainty bands than for the

2015 combination; some of
gg fusion Higgs uncertainty will
be due to spread of central

values

Generated with APFEL 2.7.1 Web

*charm is fit as a free PDF rather then
being generated through evolution

2 3
10% 1 [GeV] 10

« exercise: start with a reduced data set large enough to provide constraints,
small enough that resulting PDFs should be similar for the different groups

« add more data sets, ttbar, jets ... leading to something close to full data sets

« end result in by end of year: central PDFs and Hessian error sets representing
the 3 published PDFs->30-50 error PDFs should be sufficient

« paper will appear on archive (PDF4LHC15 paper has 1200 citations)




Aside: uncertainties

PDF uncertainties depend first on the experimental uncertainties of
the data (the path to 1% precision goes through the data)

Data from two measurements, or even from within the same
measurement, can both be very precise, but the result of adding
both to the PDF fit can be an increase in the PDF uncertainty (or
more likely) a smaller decrease in uncertainty than expected if the
data are in tension with each other

The resultant PDF uncertainty relies on the definition of a
tolerance, i.e. (in the Hessian fit perspective) what is a significant
increase from the global minimum 2, i.e. PDF uncertainty can be
adjusted by changing the tolerance

Ayx2=1 is not applicable for ~4000 data points from different
experiments

NB: CT (Tier 2) and MSHT (dynamic tolerance) have introduced
criteria to restrict the pull of data sets that disagree with global fit;
can lead to non-Gaussian behavior; NNPDF can intrinsically have
non-Gaussian behavior



Datasets: CT18 example (non-LHC data)

TABLEI. Datasets included in the CT18(Z) NNLO global analyses. Here we directly compare the quality of fit found for CT18 NNLO
vs CT18Z NNLO on the basis of y%, y%/N . g, and Sg, in which N, g, ¥% are the number of points and value of y? for experiment E at
the global minimum. S is the effective Gaussian parameter [38,42,56] quantifying agreement with each experiment. The ATLAS 7 TeV
35 pb~! W/Z dataset, marked by 11, is replaced by the updated one (4.6 fb') in the CT18A and CT18Z fits. The CDHSW data, labeled
by t, are not included in the CT18Z fit. The numbers in parentheses are for the CT18Z NNLO fit.

Exp. ID# Experimental dataset Npg i X%/Npik Sk
160 HERAI +1I 1 fb~!, H1 and ZEUS NC and [30] 1120 1408 (1378) 1.3 (1.2) 5.9 (65:1)
CC e*p reduced cross sec. comb.
101 BCDMS F} [57] 337 374 (384) 1.1 (1.1) 1.4 (1.8)
102 BCDMS F4 [58] 250 280 (287) 1.1 (1.1) 1.3 (1.6)
104 NMC F4/Fb [59] 123 126 (116) 1.0 (0.9) 0.2 (-0.4)
108F CDHSW F} [60] 85 85.6 (86.8) 1.0 (1.0) 0.1 (0.2)
1097 CDHSW xpF¥ [60] 96 86.5 (85.6) 0.9 (0.9) —0.7 (—0.7)
110 CCFR F} [61] 69 78.8 (76.0) 1.1 (1.1) 0.9 (0.6)
111 CCFR xgF¥ [62] 86 33.8 (31.4) 0.4 (0.4) —5.2 (-5.6)
124 NuTeV vuu SIDIS [63] 38 18.5 (30.3) 0.5 (0.8) —2.7(-0.9)
125 NuTeV puu SIDIS [63] 33 38.5 (56.7) 1.2 (1.7) 0.7 (2.5)
126 CCFR vuu SIDIS [64] 40 29.9 (35.0) 0.7 (0.9) —1.1(=0.5)
127 CCFR puu SIDIS [64] 38 19.8 (18.7) 0.5 (0.5) —2.5(-2.7)
145 Hl1 o% [65] 10 6.8 (7.0) 0.7 (0.7) —0.6 (—0.6)
147 Combined HERA charm production [66] 47 58.3 (56.4) 1.2 (1:2) 1.1 (1.0)
169 Hl F; [33] 9 17.0 (15.4) 1.9 (1.7) 1.7 (1.4)
201 E605 Drell-Yan process [67] 119 103.4 (102.4) 0.9 (0.9) —1.0(-1.1)
203 E866 Drell-Yan process 6,,/(26,,) [68] 15 16.1 (17.9) 1.1 (1.2) 0.3 (0.6)
204 E866 Drell-Yan process Q3d’%c,,/(dQdxr) [69] 184 244 (240) 1.3 (1.3) 29 (2.7
225 CDF run-1 lepton A.;, prs > 25 GeV [70] 11 9.0 9.3) 0.8 (0.8) —0.3(-0.2)
227 CDF run-2 electron Ay, pre > 25 GeV [71] 11 13.5 (13.4) 1.2 (1.2) 0.6 (0.6)
234 D@ run-2 muon A_;, pry > 20 GeV [72] 9 9.1 (9.0) 1.0 (1.0) 0.2 (0.1)
260 D@ run-2 Z rapidity [73] 28 16.9 (18.7) 0.6 (0.7) —1.7 (-1.3)
261 CDF run-2 Z rapidity [74] 29 48.7 (61.1) 1.7 2.1) 2.2 (3:3)
266 CMS 7 TeV 4.7 fb~!, muon A, pre > 35 GeV [75] 11 7.9 (12.2) 0.7 (1.1) —-0.6 (0.4)
267 CMS 7 TeV 840 pb~!, electron A, prs > 35 GeV [76] 11 4.6 (5.5) 0.4 (0.5) —1.6 (—1.3)
268+ ATLAS 7 TeV 35 pb~! W/Z cross sec., A, [77] 41 44.4 (50.6) 1.1 (1.2) 0.4 (1.1)
281 D@ run-2 9.7 fb! electron A, prs > 25 GeV [78] 13 22.8 (20.5) 1.8 (1.6) 1.7 (1.4)
504 CDF run-2 inclusive jet production [79] 72 122 (117) 1.7 (1.6) 3.5@3.2)
514 D@ run-2 inclusive jet production [80] 110 113.8 (115.2) 1.0 (1.0) 0.3 (0.4)

Spartyness, a
statistical variable
that indicates the
degree of tension
of a given data
set with the
resultant PDF

Spartyness should
have a normal
distribution with a
mean of zero and
a standard
deviation of 1

sometimes data
sets are fit too well
or too poorly



LHC data

e
TABLEII. Like Table I, for newly included LHC measurements. The ATLAS 7 TeV W/Z data (4.6 fb1), labeled by %, are included in
the CT18A and CT18Z global fits, but not in CT18 and CT18X.

Exp. ID# Experimental dataset N,k 1 XE/Npik Sk
245 LHCb 7 TeV 1.0 fb~! W/Z forward rapidity cross sec. [81] 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.  [82] 17 17.7 (18.0) 1.0:(1L1) 0.2 (0.3)
248% ATLAS 7 TeV 4.6 fb~!, W/Z combined cross sec. [39] 34  287.3 (88.7) 8.4 (2.6) 13.7 (4.8)
249 CMS 8 TeV 18.8 fb~! muon charge asymmetry A, [83] (1] 11.4 (12.1) 6§ 0 i 0.2 (0.4)
250 LHCb 8 TeV 2.0 fb~! W/Z cross sec. [84] 34 73.7 (59.4) 2.1 3.7 (2.6)
253 ATLAS 8 TeV 20.3 fb~!, Z p; cross sec. [85] 27 30.2 (28.3) LA(1.0) 0.5 (0.3)
542 CMS 7 TeV 5 fb~!, single incl. jet cross sec., R = 0.7 [86] 158 194.7 (188.6) 1.2 (1.2) 2.0 (1.7)
(extended in y)

544 ATLAS 7 TeV 4.5 fb~!, single incl. jet cross sec., R =0.6  [9] 140  202.7 (203.0) 1.4 (1.5 3.3 334)

545 CMS 8 TeV 19.7 fb~!, single incl. jet cross sec., R = 0.7,  [87] 185 2103 @U1.6) 1:1:1.1) 1.3 (1.2)
(extended in y)

o913 CMS 8 TeV 19.7 fb~!, #f norm. double-diff. top py and y  [88] 16 18.9 (19.1) 1.2(1.2) 0.6 (0.6)
Cross sec.

580 ATLAS 8 TeV 20.3 fb~l, 77 p% and m,; abs. spectrum [89] 15 9.4 (10.7) 0.6 (0.7) -1.1(-0.8)

CT18: 3681 data points, ¥?=4255 (similar y?/dof values for MSHT20, NNPDF3.1)



Benchmarking

® Origins of differences of PDFs

due to variations of experimental input, different theory choices, fitting
methodologies?

so for benchmarking, use common theory settings (i.e. perturbative charm,
Mam=1-4 GeV, s=sbar at input scale, as(m,)=0.118, positive-definite
PDFs, no deuteron or nuclear corrections...)

® NB: CT18 and MMHT20 have positive-definite parameterizations;
NNPDF3.1/4.0 impose positivity constraints




Benchmarking

® Origins of differences of PDFs

due to variations of experimental input, different theory choices, fitting
methodologies?
so for benchmarking, use common theory settings (i.e. perturbative charm,

Mam=1-4 GeV, s=sbar at input scale, as(m,)=0.118, positive-definite
PDFs, no deuteron or nuclear corrections...)

® ...and start with reduced set that contains targeted data; differences in fit
PDFs expected to be due then to methodology

vy v v ¥y ¥V vV vV v vYY

NMC deuteron to proton ratio in DIS.

NuTeV dimuon cross-sections.

HERA I+l inclusive cross-sections from DIS.

E866 fixed target Drell-Yan ratio pd/pp data.

DO Z rapidity distribution.

ATLAS W, Z 7 TeV rapidity distribution, only Z peak and central.

CMS 7 TeV W asymmetry.

CMS 8 TeV inclusive jet data. -later added ATLAS tt data

LHCb 7, 8 TeV W, Z rapidity distributions. "+ @4 SHS 71V
BCDMS proton and deuteron DIS data.



Theory/systematic errors

® First step, ensure that theory predictions are the same
for each group, i.e. make predictions for data used in
reduced fit using PDF4LHC15 predictions

some differences observed, understood

® Verify that treatment of systematic errors is the
same/similar



v2 values for reduced fits (before fitting)

ID Expt.

X2/Np: (CT) x2/Ny (MSHT)

\?/N,: (NNPDF)

{Vpt
101 BCDMS FJ 329/1637 /3257 1.35 1.2 1.51
102 BCDMS Fy 246/15111 /2447 0.97 1.27 1.24
104 NMC F§/F} 118/1171 0.92 0.93 0.94
1244125 NuTeV vup + vup 38+33 0.75 0.73 0.84
160 HERAI+II 1120 Ly 1.24 1.74
203 E866 0pa/(20,p) 15 0.45 0.54 0.59
245+250 LHCb TTeV& 8TeV W, Z 29430 1.5 1.34 1.76
246 LHCb 8TeV Z — ee 17 1.35 1.65 1.25
248 ATLAS 7TeV W ,Z(2016) 34 6.71 7.46 6.51
260 DO Z rapidity 28 0.61 0.58 0.61
267 CMS 7TeV eletron A, 11 0.45 0.5 0.73
269 ATLAS 7TeV W,Z(2011) 30 1.21 1.23 1.31
545 CNIS 8TeV incl. jet 185/174ft 1.53 1.89 1.78
Total Nyt — 2263 1991 2256
Total x2 /Nyt — 1.31 1.36 1.62



v values for reduced fits (after fitting)

1D Expt. Ny: X2/Np: (CT) x2/Np: (MSHT) x2/N,; (NNPDF)
101 BCDMS F? 329/1631 /3257 1.06 1.00 1221
102 BCDMS F¢ 246/15171 /2447 1.01 0.88 1.10
104 NMC F§/F} 118/117° 0.91 0.93 0.90
124+125 NuTeV vup + vup Tl e 0.77 0.81 1527
160 HERAI+II 1120 122 1.20 122
203 E866 gpa/(20pp) 15 1.49 0.79 0.43
245+250 LHCb 7TeV& 8TeV W ,Z 29430 1.16 1.18 1.44
246 LHCDb 8TeV Z — ee Iy 1.30 1.43 1.57
248 ATLAS 7TeV W ,Z(2016) 34 218 1470 233
260 DO Z rapidity 28 0.57 0.58 0.62
267 CMS 7TeV eletron Ay, 11 148 1.50 0.76
269 ATLAS 7TeV W,Z(2011) 30 1.01 0.93 1.01
545 CMS 8TeV incl. jet 185/1741t 1.02 1.39 1.30
Total N — 2263 1993 2256
Total X2/ Np: — 113 1.14 1.20

Table 1: Reduced FITS. x?/N,:, consensus theory:s = 5, perturbative charm, nuclear-free, ...

"TMSHT TNNPDF



Reduced fits
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Uncertainties

Uncertainties increased with respect to full global fits, but in agreement with each other.
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Consider precision region |y|<2.5

120 T T T T T TTTT] T 120 T T T T |-
L15F  |[== MSHT20(red) L15| Vs =14TeV
= 110 == CT1g(red) —~ 110 ly| < 2.5
EN = wweorsired [ 2 % 10 T
oo oo
S 0.95 S 0.95
2 0.90 2 0.90
0.85 0.85F
| Ll Ll L1 | L1l L1l L1l
ST 107 10° -0y 107 10°
0.14F —— MSHT20(red) / . -
—_ = O' 12 B -7 CT1 8(red) c.' h - 0'12
o . o 1T
\(T 0.10 NNPDF31(red) | N \-QU‘ 0.10
~— 0.08 ‘ 4 ~— 0.08
S 0.06 1 . F 006
Lo 93
o 0.04F" 1 o 0mf
0.02 - 0.02F
R T T BT R T T/ BU
mx (GeV) mx (GeV)




High x gluon

Of great interest for both SM physics and searches
3 main datasets sensitive to high x gluon: jet data, top data, Z p; data
Tensions between data sets, tensions within data sets
correlated systematics important
Consider ATLAS 8 TeV top datasets: my,V:, Vi, 1P

MSHT, CT, ATLAS cannot get good fit to all correlated distributions
together, or to vy, yi separately, in either reduced fit or full global fit

NNPDF able to fit rapidity distributions if systematics for each
observable are de-correlated; for correlated case find same large
chisquares as the other PDFs

Theory predictions check out, i.e. common theory used by all groups

NB: top data sets have a low number of data points; NNPDF cannot
divide into training and validation, so all data in training

small data sets are effectively double-weighted (e.g. E866, CMS W
charge asymmetry)



Useful tool Tim Hobbs, Pavel Nadolsky
L, sensitivity, definition

St .1, (E) for experiment E is the estimated Ayz for this experiment when
a PDF f,(x;, Q;) increases by the +68% c.l. Hessian PDF uncertainty

Take X = fq(xi. Q;) Or o(f): Y = x3, for experiment E.

S'f/._’ — A)[ il!..\— ) = v) g ?m,.\— — V) . V;\' = A) COS .

Vx|

A fast version of the Lagrange Multiplier scan of y2 along the direction of f,(x;, Q;)!
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Estimated y? pulls from experiments
(L, sensitivity, T. Hobbs et al., arXiv:1904.00222, v. 2)

Plots of L, sensitivities to various PDFs:

CT18 NNLO, g(x, 100 GeV) https://ct.hepforge.org/PDFs/ct18/fiqures/L2Sensitivity/
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Ay2 (Lo sensitivity)

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

Plots of L, sensitivities to various PDFs:
https://ct.hepforge.org/PDFs/ct18/fiqures/L2Sensitivity/

CT18 NNLO, g(x, 100 GeV)
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CT18 NNLO, gluon at Q=100 GeV

15 core-minutes

| Most sensitive experiments

ATL8ZpTbT 109--- cdhswf3
CMS7jtR7y6T 110 ccfrf2.mi
ATL7jtR6uUT 147~ Hn1X0c
CMSS8tR7T 204 e866ppxf
HERAIplI 504--- cdf2jtCor2
BedF2pCor

BedF2dCor

cdhswf2

Note opposite pulls (tensions) in some x
ranges between HERA I+l 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



AX2L, sensitivity

L2 sensitivity for CT18red and MSHTred

use tolerance?=10, no Tier 2 penalty for CT18red
. and remember that the gluon distributions for all reduced PDFs are similar

CT18redv7-2n0T2, g(x, 100 GeV) MSHT, g(x, 100 GeV)
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M) (L, sensitivity)

L2 sensitivity for NNPDF3.1red for the gluon distribution

NNPDFred_MC, g(x, 100 GeV)
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...this is using the MC
replicas; they have also
been converted into a
Hessian error set; results
should be equivalent



Can also look at sensitivities for individual experiments

...expect L2 sensitivities for each PDF flavor to average to about zero (Gaussian
behavior); asymmetric errors from dynamic (Tier 2) tolerance can change that

CT18redv7-2n0oT2, CMS8jtR7 (545), Q=100 GeV
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ok, what's the plan

® Similarly to PDF4LHC15, generate 300 Monte Carlo
replicas from each of CT18, MSHT20 and NNPDF3.1
and add together (->the prior)

NNLO, a4=0.118, Q =100 GeV NNLO, as=0.118, Q = 100 GeV
1.25 T 1.25 T
B MC900 { B MC900 o ( ):
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o1 S 108 ut 2 i
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ok, what's the plan

® Produce a Hessian set with a limited number of
orthonormal eigenvectors (30-50) that preserves the
information in the prior

® Also produce a condensed MC replica set for situations
where replicas could work better

® |2 sensitivity plots will be used as a means of
understanding the impact of various data sets in the 3
fits

® ...but detailed L2 (and related) studies will be written up
In a second publication



PDF4LHC21 and NNPDF4.0
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Gluon-Gluon, luminosity
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Generated with APFEL 2.7.1 Web

the situation for gg looks different

for NNPDF4.0 than for 3.1; spread of central
PDFs would still contribute to gg PDF uncertainty
(but plan is to use NNPDF3.1 in PDF4LHC21)
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Some points for discussion

® Any lessons from experience with PDF4LHC15 (from a
user perspective) that we should take into account?

® There are some variations that we could consider for
additional PDF4LHC21 results

perturbative vs fitted charm for NNPDF
small x resummation effects->affects low x gluon

very important for 100 TeV collider
(PDF4100TeV?)

any need for such additional sets?



