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o, from inclusive o(W,Z) in hadronic collisions

B Method: Calculate inclusive W= and Z production cross sections at
NNLO and compare them to the LHC experimental data.

Opp—W,Z+X =// dzidxs fi (-’L‘l; MF)JCQ(Q’:QHUF) [f}m + Gﬂs(HR)(}NLo + (ll’g (fiR)f}NNLo 4

B The ag dependency of the cross section comes from higher order
effects (virtual & real parton emissions).

X _ ‘
LO diagrams: * " s M
W.F- v,V
o} 2.V,

NLO diagrams: NNLO diagrams:

Fiducial cross sections: CDF DO LHCb ATLAS CMS
NNLO/LO ratio 135 135 1.29 1.22 1.33
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o(W,Z) measurements in CMS,

LHCb & ATLAS

B Inclusive W & Z x-sections
are the most precisely
known at the LHC:

— Experimentally:
Stat. uncerts. <0.5%
Syst. uncerts. below ~2%
(lumi) in some cases.

— Theoretically:
Scale uncertainty: 0.5-1%
PDF uncertainty: 2—4%
(that's why o._ extraction

is done per PDF set).

W Up to 2019, there were
12+9+7=28 leptonic fiducial
measurements by
CMS+LHCDb+ATLAS.

We exploited them to carry
out a novel a_ extraction.
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Measurement

Fiducial cross section

pp at /s = TTeV [13]

W, py > 25GeV, || < 2.5

W, pp > 25GeV, [n°] < 2.5

Z,, ;fr > 25GeV, n°| < 2.5, 60 < myg < 120 GeV
v»; > 25GeV, || < 2.1

W, ph > 25GeV, 5| < 2.1

Z,, Py > 20GeV, [n¥| <2.1, 60 < mg < 120GeV
pp at /s = 8TeV [14]

W ph > 25GeV, |5°] < L4d, 157 < |p°| < 25
W, pr > 25GeV, [5°| < 144, 1.57 < [°| < 2.5

Z, pp > 25GeVY, [n°| < 144, 157 < n°| < 2.5, 60 < my < 120 GeV

Wi, pl > 25GeV, 5| < 2.1
W, ph > 25GeV, || < 2.1
Z,, P> 25GeV, [n"'| < 2.1, 60 < my < 120GeV

3404 + 12 (stat) + 67 (syst) £ 136 (lumi) pb = 3404 + 152 pb
2284 + 10 (stat) =+ 43 (syst) £ 91 (lumi) pb = 2284 + 101 pb
452 + 5 (stat) & 10 (syst) = 18 (lumi) pb = 452 +21pb

2815 £ 9 (stat) £ 42 (syst) £ 113 (lumi) pb = 2815 £ 121 pb
1921 =+ 8 (stat) & 27 (syst) = 77 (lumi) pb = 1921 + 82 pb
396 =+ 3 (stat) &+ 7 (syst) & 16 (lumi) pb = 396 & 18 pb

3540 =+ 20 (stat) £ 110 (syst) = 90 (lumi) pb = 3540 & 140 pb
2390 + 10 (stat) =+ 60 (syst) £ 60 (lumi) pb = 2390 £ 90 pb
450 = 10 (stat) £ 10 (syst) = 10 (lumi) pb = 450 £ 20 pb
3100 £ 10 (stat) £ 40 (syst) £ 80 (lumi) pb = 3100 £ 90 pb
2240 £ 10 (stat) £ 20 (syst) = 60 (lumi) pb = 2240 £ 60 pb
400 £ 10 (stat) £ 10 (syst) £ 10 (lumi) pb = 400 £ 20 pb

ATLAS measurement

Fiducial cross section

pp at /s = TTeV [7]
W, pf > 25 GeV, pf. > 25GeV, |nf| < 2.
W, ph > 25 GeV, ph > 25GeV, 7| < 2.!

5, mr > 40 GeV
5, mr > 40 GeV
Z, ph > 20 GeV, |nf| < 2.5, mgz = 66-116 GeV, central

2947 & 1 geary = 15syst) = 53(1umi) Pb = 2947 £ 55ph
1964 £ 1y = 1liayet) £ 3500y Pb = 1964 £ 37 pb
502.2 £ 0-3{,,‘_,,“‘} + 1.7{%_“] + 9.0{1,”“3} pl‘.l =5022+92 ]‘.lb

pp at /s = 8TeV [§]
Z, ph = 20 GeV, |nf| < 2.4, mg = 66116 GeV

537.10 £ 0.45% (aye) £ 2.8% (umi) PP = 537.10 £ 15.23 pb

pp at /s = 13TeV (9]

W, pf > 25 GeV, pf. > 25GeV, |nf| < 2.
W™, ph > 25 GeV, p > 25GeV, |nf| < 2.!
Z, p > 25 GeV, |nf| < 2.5, mgz = 66-116 GeV

5, mr > 50GeV 4530 & 10(yay) + (gpery T 1001y Ph = 4530 + 130 pb
5, mr > 50GeV 3500 £ 10(yus) £ T0(spst) £ T0(mi) Pb = 3500 £ 100 pb

779 £ 3(erat) £ Bpayst) T 16(1umi) Pb = 779 £ 17 pb

LHCbH measurement

Fiducial eross section

pp at /s = TTeV [10]

W, p > 20GeV, 2, < 5 < 4.5

W, ph >20GeV, 2. < ff <45

Z, p > 20GeV, 2. < o < 4.5, mz = 60-120 GeV

8780 £ 2.1(_““;) + G‘T(S}'Sf.) +9.3 (c.m.en) £ lﬁ.ﬂ“.,mi) pb = 878.0 £ 19.0pbh
689.5 + 2,005ty £ 5.3yst) £ 0.3 (cmen) £ 118 (1umiy) pb = 6G89.5 £ 14.5pb
76.0 £ 0.3(star) = 0.5¢syst) = 1.0 cm en) £ 1.3 0umiy pb = 76.0 £ 1.7pb

pp at /s = 8TeV [11, 13]

Wi, pg > 20GeV, 2. < 1° < 4.25

W_. p§ > 20GeV, 2. < 1 < 4.25

Wi, ph > 20GeV, 2. <t < 4.5

Wi, php > 20GeV, 2. < pt < 4.5

Zy. pp > 20GeV, 2. < ' < 4.5, myg = 60-120 GeV

11244 = 2.1y = 210000 £ 112 en) £ 13.0)0p) Pb = 1124.4 £ 27.6 pb
B09.0 £ 1.9, 0ty £ 181yt £ 7.0 eny £ 9y PB = 809.0 £ 216 pb
1093.6 = 2.1 (o) = T-2(ays) = 10.9 i eny % 1271y Pb = 10936 £ 183 pb
8184 £ 1.9 0ty £ 5.00ym) = 7.0 e eny £ 9-5(1ump) Pb = 818.4 £13.0pb

95.0 % 0.3(u00) = 0.Tgge) £ 1.1 g oy £ 1Ly P = 95.0 £ L.7pb

pp at /s = 13 TeV [12]
Z, pp = 20GeV, 2. < it < 4.5, mz = 60-120 GeV

194.3 £ 0.9stat) + 3-3(eys) = 7-B(tumiy b = 194.3 + 8.3 ph
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Theoretical setup

MCFM v8.0
B MCFM - Monte Carlo for FeMtobarn processes, able to calculate
cross sections in defined fiducial vol. at NNLO accuracy.
LHAPDF v6.1.6
M Interface to 4 PDF sets: CT14, HERAPDF2.0, MMHT14 and
NNPDF3.0, plus associated eigenvectors/replicas (*)

B PDF sets available for 5 or 7 o values: 0.115, 0.116, 0.117, 0.118,
0.119, 0.120, and 0.121.

MCSANC v1.01

B SANC used to calculate electroweak corrections to W= and Z boson
production at NLO QCD+EW accuracy.

B For e* final states we recombine the photon with e* if AR < 0.1
(" calorimetric” prescription). For ™ we use the "bare” cross section.

m Multiplicative factor computed to correct the MCFM cross section:
Kew = o(NLO,EW on)/o(NLO,EW off): Negative 1-4% correction of
the overall cross section.

(*) None of these PDFs use in their global fits the absolute ¢(W,Z) values exploited here.
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Experimental data & NNLO computations

A total of 28 different experimental setups considered

Vs(Tev) 7 8 13 Total

ATLAS 3 1 3 I
LHCb 3 5 1 9
CMS 6 6 O 12

B The 28 systems represent a total of ~20000 jobs, taking into account
all PDF eigenvalues (101 NNPDF + (56+7) CT14 + (29+414+7)
HERA + (51+7) MMHT), and 5 or 7 « values (0.115, 0.116, 0.117,
0.118, 0.119, 0.120, and 0.121).

B All these computations are done at the CERN computer cluster with
hundreds of jobs in parallel.

B Running at NNLO is slow. Using the longest 2-week queue we get

0.2—-0.6% numerical accuracy, comparable to ~1% diffs. to alternative NNLO
calculators: FEWZ, DYNNLO (impact on final o_result assessed at the end)
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Data:
CT14:
HERAPDF2.0:
MMHT14:
NNPDF3.0:
MCSANC corr.

Data:
CT14:
HERAPDF2.0:
MMHT14:
NNPDF3.0:
MCSANC corr.

Data:

CT14:
HERAPDF2.0:
MMHT14:
NNPDF3.0:
MCSANC corr.

Data:
CT14:
HERAPDF2.0:
MMHT14:
NNPDF3.0:
MCSANC corr.
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System

Fidurial cross section

pp = WHITL) £ X, /5 =TTeV
ATLAS measurement [7]

MerM (NNLO, CT14)

McFM (NNLO, HERAFPDE2.0}
MerM (NNLO, MMHT14)

MCFM (NNLO, NNPDF3.0)
MesaNc (NLO EW, NNPDF3.0)

ATLAS (p} > 26GeV, pi > 25 GeV, |n| < 2.5, mT > 40 GeV)
2047 1 (stat) = 15 (svst) = 3 {lumi} pb

2862 t%::1|(PDF} £ 28 (o) & 30 (scale) = 18 (gpar) PD

3019 7| o) £ 110z £ 36 (scate) £ 18 (stay DD

2880 +136| (poE) £ 28 () % 36 (scale) = 16 (spary PD

2827 £ 61 (PDF} + 25 (4?:,} + 36 (ﬁﬂilo} o lﬁ(ﬁbﬂt} ph

—10ph {—0.4%)

pp — W)+ X, /5 = T7TTeV
ATLAS measurement [7]

McFM (NNLO, CT14)

McrM (NNLO, HERAPDF2.0})
sMcrM (NNLO, MMHT14)

McrM (NNLO, NNPDF3.0)
Mesanc (NLO EW, NNPDF3.0)

ATLAS (pf > 25GeV, p > 25GeV, |n| < 2.5, mT > 40 GeV)
1964 % 1 (sat) = 11 (o) = 35 umi) Pb

1910 43| Py £ 17 () £ 12 (scate) £ 8 (sear) PD

1993 *3| poF) £ 7 (a0) £ 12 (scale) £ 7 (stat) PD

1930 13| oF) £ 20 (a2 £ 12 (scate) £ T (star) PL

1875 & 43 (ppry % 12 (q,) £ 12 (scate) £ 7 (star) PD

—5.2 pb (—0.3%)

pp — Z{UHT) + X, s = TTeV
ATLAS measurement [7]

MerM (NNLO, CT14)

McFM (NNLO, HERAFPDE2.0}
MerM (NNLO, MMHT14)
MCFM (NNLO, NNPDF3.0)
MesaNc (NLO EW, NNPDF3.0)

ATLAS (66 GeV < my < 116 GeV, pf > 20GeV, || < 2.5)
502 £ 0.3 (yat) £ 2 (ayst) £ 9 (i PP

482 110 poE) £ 5 (02) £ 2 seale) £ 0.9 (sat) PD

199+ PDF) £ 3 () £ 2 (scale) £ L (stat) Pb

485 14| pDE) £ 5 (0r) £ 2 scale) £ 1) P

AT4 210 pppy + 40, F 2(scate) T 1 (stary PP

—3.5ph (—0.7%)

pp = ZETET 4 X, s = 8 TeV
ATLAS measurement [8]

MCFM (NNLO, CT14)

McrM (NNLO, HERAPDF2.0})
McFM (NNLO, MMHT14)
McFM (NNLO, NNPDF 3.0)
Mmesance (NLO EW, NNPDF3.0)

ATLAS (66 GeV < mg < 116 GeV, pf = 20GeV, || < 2.4)
5372 (syst) +15 {lumi} pb
H1R t%{” (PDF} +5 (4?:,,} +2 (ﬁcal.o} +1 (ﬁLHt} pb
e +12 . v
a7 :;:.l; | {PDF) +3 o) T 2 {seale) T 1 {stat) 1')1')
g +8 PR +
523 74| (prry % 6 (0.) = 2 (scale) 1 (star) P
511 +11 (PDF} = 4(05} = = 2(“&.[.} +1 (stat) 1')1')
—2.5 ph {—0.5%)
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Exp. & theor. uncertainties. y“/ndf data-theory

B Experimental & theoretical uncertainties and their correlations:

Source

Uncertainty

Degree of correlation

Experimental:
Luminosity
Systematic
C.1M. energy

Statistical

2-4% (CMS), 2-3% (ATLAS), 1-4% (LHCb), 3-6% (CDF, D0)
1-3% (CMS), 0.3-2% (ATLAS), 0.6-2% (LHCb), 2-3% (CDF, D0)
0.9-1.3% (LHCb)
0.3-25% (CMS), < 0.4% (ATLAS), 0.2-0.5% (LHCb), 0.4-2.6% (CDF, D0)

fully correlated per exp. at each /s
partially correlated within each exp.
fully correlated at each /s

uncorrelated

Theoretical:
PDF

Scales

Numerical

1-4%
0.4-1.2%
0.2-0.6%

partially correlated within PDF set

partially correlated among all calculations

uncorrelated

Table 4. Typical ATLAS, CMS, LHCb and Tevatron experimental and theoretical uncertainties in
the W* and Z boson production cross sections, and their degree of correlation

B NNLO-data for default o =0.118: Goodness-of-fit ~1 for CT14/MMHT14
~2 for HERAPDF2.0/NNPDF3.0

CTl14 HERAPDF2.0 MMHT14 NNPDF3.0
X% /ndf (symmetrized to the largest PDF uncertainty value)  15.8/27 21.8/27 15.7/27 58.8/27
x?%/ndf (symmetrized to the smallest PDF uncertainty value) 26.3/27 60.4/27 22.7/27 58.8/27

Table 11. Overall goodness-of-fit per number of degrees of freedom, x?/ndf, among the 28 LHC
experimental measurements of W, W, and Z boson cross sections and the corresponding theo-
retical predictions obtained with the four different PDF sets for their default as(mz) = 0.118 value.
The first (second) row lists the results obtained symmetrizing the PDF uncertainties of the cross
sections obtained with the CT14, HERAPDF2.0, and MMHT14 sets to the largest (smallest) of

their respective values.
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O-NNLO

(W,Z) versus a _(m.) for ATLAS data

Theory uncertainty
(mostly PDF)

a_(2022), ECT*-Trento, Feb'22

ATLAS 4.61b™" (7 TeV)
o
=
c =
2 B
2 B
[&] s
o} =
w -
» B
w =
o B
e =
o =
ogg0 PP — W'+X, Vs =7 TeV B HERAPDF2.0 (NNLO)
I CT14 (NNLO)
2860 - BB Total exp. uncertainty B MMHT14 (NNLO)
Luminosity uncertainty NNPDF3.0 (NNLO)
2840 1 il I 1
0.1 0.105 0.11 0.115 012 0.125 0.13 0.135
NNLO
olNLO(m,)
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B CT14 (NNLO)

B MMHT14 (NNLO)
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490 = Total exp. uncertainty

T
1
I
1
I
I
I
H

Luminosity uncertainty

485. NN
0.105 0.1

1
0.1

" " 1 s | P
0.115 0.12 0.125 0.13 0.135
NNL
aiNO(m,)
ATLAS 81pb’' (13 TeV)

cross section (pb)

pp — W'+X, ys =13 TeV
4350 B Towul exp. uncentainty

B HERAPDF2.0 (NNLO)
BN CT14 (NNLO)
B MMHT 14 (NNLO)

4300: Luminosity uncertainty NNPDF3.0 (NNLO)
B 0].1 D.IIOS 0.11 0.115 0.12 0.1J25 0.!13 0.135
O._glNLO(mZ)
lmJ\TLAS 81pb' (13 TeV)

cross section (pb)

760 pp — Z+X, ¥s =13 TeV
" B Total exp. uncentainty

BN HERAPDF2.0 (NNLO)
BN CT14 (NNLO)

1
i
E EE MMHT14 (NNLO)
I
H

cross section (pb) cross section (pb)

cross section (pb)

cross section (pb)

ATLAS
2000~

4610 (7 TeV)

1980
1960 —

1940

1920-PP — W+X, Vs =7 TeV
- B== Total exp. uncertainty

| W HERAPDF2.0 (NNLO)
} B CT14 (NNLO)

| MMHT14 (NNLO)
i

H

1900 Luminosity uncertainty NNPDF3 0 (NNLO}
0.1 0.105 0.11 0.115 012 0125 013 0.135
NNLO

oliNO(m )

ATLAS 20.31b 7" (8 TeV)
555
550=
545_

540

520:pp — Z+X, ¥s =8 TeV
515: E== Total exp. uncertainty

| N HERAPDF20 (NNLO}
| W cT14 (NNLO)

| MMHT14 (NNLO)
i

!

510: Luminosity uncertainty NNPDF3.0 (NNLO)
1 -t P P " L. 1. P P
0.1 0.105 0.1 0.115 0.12 0.125 0.13 0.135
NNL
og™O(m,)
ATLAS 81 po (13 TeV)
3600
3550
3500
3450
3400

pp —» W+X, Vs =13 TeV
3350 B Towl exp. uncertainty
Luminosity uncertainty

1
0.105 0.1

| N HERAPDF2.0 (NNLO)
} B CT14 (NNLO)

| N MMHT14 (NNLO)

| NNPDF3.0 (NNLO)

H

1
0.1

0715 092 0125 013 0135
alNo(m,)
LHCb 294 pb ' (13 TeV)

185 pp — Z+X, Vs =13 TeV
" SR Total exp. uncentainty

BN HERAPDF2.0 (NNLO)
BN CT14 (NNLO)

I MMHT14 (NNLO)
750-  Luminosity uncertainty NNPDF:Q (NNLO) 180 Luminosity uncertainty NNPDF3.0 (NNLO)
01,1 D.1l05 0.11 0.115 0.12 0. 125 0.13 0.135 Ul.1 D.1105 0.11 0.115 D.:I2 G,1I25 0.‘13 0.135
NNLO(m ) agNLO(mz)
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Experimental uncer-
tainty (mostly lumi)

Crossing-line point
indicates “perfect
match” of exp-theory
x-sections for the
default o (m,)=0.118

of all PDF sets

1o ellipses are

Joint Probability
Density Functions
(product of data &
theory uncertainties)
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O, o(W:Z) versus a _(m.) for LHCh data

1.0 (7 TeV)

1.0 o' (7 TeV)

Experimental uncer-
tainty (mostly lumi)

cross section (pb)
cross section (pb)

Theory uncertainty

pp — W*'+X, Vs =7 TeV B HERAPDF2.0 (NNLO) pp — W+X, Vs =7 TeV

B HERAPDF2.0 (NNLO)

1
. B CT14 (NNLO) ) | mE cTia (NNLO)
850 === Total exp. uncertainty B MMHT14 (NNLO) B2 Total exp. uncertainty | EEEE MMHT14 (NNLO)
maos y Luminosity uncertainty NNPDF3.0 (NNLO) 665 Luminosity uncertainty | NNPDF3.0 (NNLO)
|

Ll Ll | [ ) ] vl ol R |
0.12 0.125 0.13 0.135 01 0105 0.1 0415 012 0.125 013 0.135
NNLO NNLO
og-2(m,) og-2(m,)

Looaa b aa ol
0.1 0.105 0.11 0.115

LHCb 1.0 b (7 TeV)
78

20fb" (8 TeV)

cross section (pb)
T ‘ TTTTJTITTIT ‘ T
cross section (pb)

B HERAPDF2.0 (NNLO)
B CT14 (NNLO)
B MMHT14 (NNLO)

Crossing-line point
I HERAPDF2.0 (NNLO) - . I3
—fertor indicates “perfect

pp — Z+X, Vs =7 TeV
B Total exp. uncertainty

73 Luminosity uncertainty NNPDF3.0 (NNLO) Luminosity uncertainty NNPDF3.0 (NNLO) ”
Lol ' () [} (Rt | ! [ 1 ! JR | 1 ' [ ) [} [l 1. ' [ 1 ' [ |
01 0405 0.41 0415 042 0.125 0.13 0.135 01 ' 0.405 0.41 0415 042 0125 0.3 0.135 |||atCh Of eXp-theory
g™t O(m,) ag™O(m,)

x-sections for the
default o, (m,)=0.118

of all PDF sets

2.0 (8 TeV) 2.0 (8 TeV)

cross section (pb)
cross section (pb)

pp — W, +X, Vs =8 TeV B HERAPDF2.0 (NNLO)

pp — W+X, is =8 TeV B HERAPDF2.0 (NNLO)
B CT14 (NNLO) "

780 E== Total exp. uncertainty B MMHT14 (NNLO) == Total exp. uncertainty = EE:]S?:I(L,\?,:LO)
Luminosity uncertainty NNPDF3.0 (NNLO) 1060 Luminosity uncertainty NNPDF3.0 (NNLO)
1 ' [N o [ I I [ 1 ' [ | (| Il I ] [ I ' [ 1 ' o 1
0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.1 0.105 0.1 0.115 0.2 0.125 0.3 0.135
NNLO NNLO H

og"O(m,) o"om,) 1o ellipses are
2.0 b (8 TeV) LHCb 2.0 b (8 TeV)

o o 97 . .

g ) Joint Probability

c c

i) e 1 1

8 8 Density Functions

@ @

2 2 (product of data &

6 ‘6 h - -

pp — W, +X, Vs =8 TeV | NN HERAPDF20 (NNLO) pp = Z,+X, Vs =8 TeV | EEEE HERAPDF20 (NNLO) t eo ry u nce rtal ntl eS)
B800| == Total exp. uncertainty I = EU:#:‘:I(I;“O,‘:LO’ == Total exp. uncertainty I = EE:]S?:I(L,\‘O,:LO)
Luminosity uncertainty | NNPDF3.0 (NNLO) 92 Luminosity uncertainty ! NNPDF3.0 (NNLO)
1 ' [ o [ I I [ 1 ' [ | 1 Il I ] [ I ' [ 1 ' [ 1
0.1 0.105 0.11 0.115 '0.12 0.125 0.13 0.135 0.1 0.105 0.11 0.115 '0.12 0.125 0.13 0.135
o™o(m,) o™O(m,)
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NNLO

(W,Z) versus a_(m.) for CMS data

38 pb' (7 TeV)

Theory uncertainty
(mostly PDF)

crass section (pb)

pp — WX, Is =7 TeV B HERAPDF2.0 (NNLO)

1
|
3200! B CT14 (NNLO)
B8 Total exp. uncertainty | W MMHT14 (NNLO)
A 50 ] Luminosity uncertainty } NNPDF3.0 (NNLO)
01 0105 011 0415 012 0125 013 0135
NN
ol LO(mZ]
Ccms ) 38 pb” (7 TeV)
2400— i

cross section (pb)

B HERAPDF2.0 (NNLO)

pp = We+X, Vs =7 TeV

| I T14 (NN
2150 B Total exp. uncerainty | =hClM11:IEM II;"IOI':LOI
2100, Luminosity uncenainty } NNPOF3 0 (NNLO)
| . il Ll
01 0105 011 0115 012 0.125 013 0135
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re)
£ 470
S I
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w450
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o
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01 0105 011 0115 012 0125 013 0135
NN
ay"-O(m,)
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cross section (pb) cross section (pb)

cross section (pb)

38 pb' (7 TeV)

2600,

| AP
01

CcMS

Exp. uncertainty
(mostly lumi)

pp — Wi+X, {5 =7 TeV
2650 | 8 Total exp. uncertainty
Luminosity uncertainty

0105 011

B HERAPDF2.0 (NNLO)

I CT14 (NNLO)

I MMHT 14 (NNLO)
NNPDF3.0 (NNLO)

i ek deld i L -

012 0125 013 0135

asNNLO(mZ)
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0115

pp — V\J;J-i-x, I1s=7 TeV
1800 9 Total exp. uncertainty
Luminosity uncertainty

01 0105 0411

Cms

Crossing-line point
indicates “perfect
match” of exp-theory
x-sections for the

B HERAPDF2.0 (NNLO)
I CT14 (NNLO)
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I B MMHT14 (NNLO) S
|

1, weosoano - of gl PDF sets
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oafN-O(m,)
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1o ellipses are
Joint Probability
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pp — Z,+X, 1s=7 TeV |
370" 8 Total exp. uncertainty |
Luminosity uncerainty I

0105 0.11

Density Functions
(product of data &
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(W,Z) versus a_(m.) for CMS data
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O, o(W,Z) versus a_(m.,) for LHC data: Global trends

CMS . 18.2 pb™' (8 TeV)

2300
2280
22605
2240-=
22205
22005

21805
2160 PP = W +X, s =8 TeV

Total exp. uncertaint
2140/ — p. u inty

cross section (pb)

| BN HERAPDF2.0 (NNLO)

| mm cT14 (NNLO)

| . MMHT14 (NNLO)
Luminosity uncenamty J| NNPDF3 0 (NNLO)

212050 . .
01 0105 041 0115 0412 0125 013 0135
0tNNLO(m)

z
B Theory consistent with data within uncertainties but not systematically for the

same o (m,) value (in particular, HERAPDF2.0 results do not always overlap
with any of the others within the 1 std.-dev. region)

m For a fixed a (m,) value, HERAPDF2.0 (NNPDF3.0) predict larger (smaller)
x-sections: HERAPDF2.0 (NNPDF3.0) prefer systematically smaller (larger) o (m.).
MMHT14 and CT14 predictions are in between (and less scattered).

m HERAPDF2.0 (MMHT14) always has the smallest (largest) slope, i.e.
HERAPDF2.0 (MMHT14) x-sections are the least (most) sensitive to a,_variations.
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Preferred o _(m_) per measurement & propag. uncertainty

-‘g‘: 3700| mum W, CMS lum

B The as value for each setup 5 onp| Mo on
is determined by the inter- 3 sl
section point of the fitted o0
theoretical line with the ex- o0

perimental value. o100

3000'

sect

Cross

3300

0.114 0.115 0116 011? Ul‘IB 0.119 012 0.121 0.122

o,

m Each o uncertainty §; propagates into as as d;/k:
B To motivate this, one can construct a marginalized posterior by

multiplying the theoretical and experimental probability densities and
Integrating over o:

Pas) = / () - Fin(o]rs)dor

B Using this the variance of a;s from this single system considering all
uncertainty sources d; is given by (k is the slope of the fitted line):

var(as) = % Zvar(@;).
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Preferred o _(m_) per measurement & per PDF

W Example of preferred o (m,) per measurement & PDF (total: 28x4 = 112 values):

Cross section PDF as(mz) Bag (stat)  dag (lumi) o (syst) bag (PDEF) b, (scale) oy (num)
ATLAS CT14 0.1211 F-00e8 00000 0.0019 0.0005 o ooar 0.0013 0.0007
Wt (7TeV) HERAPDF2.0 0.1132 T0000  0.0001 0.0049 0.0014 B 0.0034 0.0017
MMHT14 0.1205 190055 0.0000 0.0019 0.0005 oo 0.0013 0.0006
NNPDF3.0 0.1229 0086 0,0000 0.0021 0.0006 Ho-boa 0.0015 0.0007
ATLAS CT14 0.1211 55028 0.0001 0.0020 0.0006 AR 0.0007 0.0005
W~ (7TeV) HERAPDF2.0 0.1160 F99%9  0.0001 0.0051 0.0016 oot 0.0017 0.0010
MMHT14 0.1198 T-0028  0.0001 0.0018 0.0006 oo 0.0006 0.0004
NNPDF3.0 0.1254 FO-0MT 00001 0.0030 0.0009 Hi-ona 0.0010 0.0006
ATLAS CT14 0.1229 T000%2 0.0001 0.0021 0.0004 o ioas 0.0005 0.0002
Z (TTeV) HERAPDF2.0 0.1200 T0055%  0.0001 0.0040 0.0008 oo 0.0009 0.0005
MMHT14 0.1214 T39025  0.0001 0.0018 0.0003 oot 0.0004 0.0002
NNPDF3.0 0.1260 T o0ar  0.0001 0.0025 0.0005 o o0a 0.0006 0.0003
ATLAS CT14 0.1220 F-0044 - 0.0000 0.0032 0.0005 R 0.0005 0.0002
Z (8 TeV) HERAPDF2.0 0.1177 2098 0.0000 0.0053 0.0008 o o0ar 0.0008 0.0004
MMHT14 0.1207 T340 0.0000 0.0027 0.0004 o 0.0004 0.0002
NNPDF3.0 0.1247 T35047 0.0000 0.0038 0.0006 o 0.0006 0.0003
ATLAS CT14 0.1194 F-0102  0.0003 0.0027 0.0025 Hbos 0.0014 0.0008
W* (13TeV) HERAPDF2.0 0.1102 75009 0.0005 0.0048 0.0043 R 0.0024 0.0017
MMHT14 0.1208 00115 0.0003 0.0031 0.0028 000 0.0015 0.0011
NNPDF3.0 0.1215 18042 .0002 0.0023 0.0021 Fo-o 0.0012 0.0009
ATLAS CT14 0.1213 39845 0.0003 0.0020 0.0020 +0.0042 0.0009 0.0005
W~ (13TeV) HERAPDF2.0 0.1149 5017 0.0009 0.0062 0.0062 o o0es 0.0029 0.0014
MMHT14 0.1207 TH 00 0.0003 0.0020 0.0020 oo 0.0009 0.0004
NNPDF3.0 0.1248 T0000 0.0004 0.0027 0.0027 o 0.0012 0.0007
ATLAS CT14 0.1222 FI-004 0 0no4 0.0022 0.0008 R 0.0007 0.0003
Z (13TeV)  HERAPDF2.0 0.1181 T390 ,0009 0.0046 0.0017 R 0.0014 0.0006
MMHT14 0.1209 TH003s  0.0004 0.0020 0.0007 o 0.0006 0.0002
NNPDF3.0 0.1251 4040 0.0005 0.0026 0.0010 oot 0.0008 0.0003

m Dominant propagated o (m,) uncertainties: Luminosity (exp.) & PDF (theory)
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Combination of a_ extractions per data-set & PDF-set

B Results are combined using Convino! (Neyman y? prescription),
taking into account correlations and asymmetric PDF uncertainties
(method equivalent to BLUE for symmetric uncertainties).

B 6 uncertainty sources for each estimate considered: EXP: statistical,
luminosity, systematic; TH: NNLO scale, PDF, and numerical.

B Uncertainty correlations:

1. Luminosity at the same /s: 1 within one detector, 0. between
detectors. 0 between different /s.

Stat. uncert.: fully uncorrelated.

Syst. uncert.: see next slide.

TH scale uncert.: partially correlated.

PDF uncertainty: partially correlated within each PDF set (see slides
later).

6. TH Numerical error: fully uncorrelated.

oR N

'J. Kieseler, Eur. Phys. J. C 77 (2017) 792
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Experimental syst. uncertainties

W Typical (%) syst. uncertainties in W*,W-, Z x-section measurements (CMS exp.):

Measurement W: W, Z, W; W, 7,
7 TeV

Lepton reconstruction and identification 1.5 1.5 1.8 09 0.9

Muon trigger inefficiency 0.5 05 0.5
Energy scale and resolution 0.5 06 012 0.19 0.25 0.35
Missing pr scale and resolution 0.3 0.3 0.2 0.2
Background subtraction and modelling 0.3 05 014 04 05 0.28
8 TeV

Lepton reconstruction and identification 2.8 2.5 28 1.0 09 1.1
Energy scale and resolution 04 07 00 03 03 0.0
Missing pr scale and resolution 0.8 0.7 0.5 0.5
Background subtraction and modelling 0.2 03 04 02 01 04

Table 7. Breakdown of the experimental systematic uncertainties (in percent) for each of the wE
and Z boson production cross section measurements at 7 and 8 TeV [13, 14].
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EXp. uncertainties correlation matrices

m Correlations among W*,W-, Z x-section uncertainties sources (CMS exp.):

The following 5 systematic uncertainty components are considered
separately with their associated correlation matrices:

Uncertainty source Correlated

1. Lepton reconstruction & identification Per lepton

2. Trigger prefiring Within u

3. Energy / momentum scale & resolution | Per lepton

4. E™sS scale & resolution Within W

5. Background subtraction / modeling Within W, within Z

These assumption result in very strong correlations (0.9-1.0) of the
systematic uncertainty within one lepton.

W Correlation matrices for the W*,W-, Z boson x-sections per experiment:

ATTLAS, pp at /s =T7TeV LHCb, pp at /s = 7TeV LHCb, pp at /s =8 TeV LHCb, pp at /s =8 TeV ATLAS, pp at /s =13 TeV
wtowe 7 Wt oWo oz Wi Wi wioWso %, Wi Wiz,

Wt 100 090 0.36 Wt 100 056 0.54 WI  1.00 0.89 VV:’; 1.00 0.83 0.61 V\-‘TI 1.00 095 0.21

W= 090 1.00 0.32 W~ 056 1.00 048 Wo 089 1.00 W, 083 1.00 0.61 W, 095 1.00 020

Z 036 032 1.00 Z 0.54 0.48 1.00 Z, 061 0.61 1.00 Z, 021 0.20 100

Table 12. Correlation matrices among the systematic uncertainties of different W+, W~ and Z
boson cross section measurements in ATLAS [7-9] and LHCb [10-13] as derived, in some cases
using eq. (6.1), from the corresponding experimental studies.
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Theoretical uncertainties correlations

W Degree of correlation of PDF uncertainty for the o (m,) values extracted

with the same PDF set is determined with Pearson correlation coefficients
calculated from all x-sections computed with all individual eigenvectors/replicas
for each pair of W* and Z measurements. Correlations for CT14, MMHT14
HERAPDF2.0, NNPDF3.0 are found to be 0.4-0.8, 0.1-0.6, 0.4-0.8, and 0.8-1.0,
respectively. Stability of a.(m,) wrt. assumed degree of correlation:

LHC combined CT14 PDF err. correlation scan LHC combined HERAPDF2.0 PDF err. correlation scan
, Eloza = E
=3 | [=} E
Pearson’s g, o g, owb
£ &
o 115{ ] ] { ] }
correlat. range !
0.114— E
11111 E E 1 ] I
E =S | | :P 7777777 1 77777777 %WW”W} ¢
E P IR IR PRI PRI PRI IR IR | N E L | PPV IR | L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 .2 0.3 .4 5 0.6 0.7
P P
. LHC combined MMHT14 PDF err. correlation scan . LHC combined NNPDF3.0 PDF err. correlation scan
“Ero1z2f— Eloaz2— f
13 LT R - e - A EE LT T T SURIRETE M, e S —— =3 |
2, ol {_ 2, oi2— l ]
E ———{———— — 33 ___1____‘} S E ] |
018 | i, O 118 i
0116 01161

11111111

\'HM

HI‘\H‘H T

_\\I"\\I“\l"'\"""'

ol

W Correlations between scale uncertainty estimated for each pair of measurements
also via Pearson correlation coefficients, vary over 0.0-0.8. When combining o (m,)

estimates, each specific correlation coeff. for every specific pair of estimates is used.
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Combined 28 a_extractions & average o_per PDF

LHC
* CT14 ! - T ATLAS 7 TeV W*
= HERAPDF2.0 ===, ATLAS 7 TeV W PDF as(my)
— | Tl ATLAS 7 TeV Z 0.0015
RRETT14 = ATLAS 8 TeV Z CT14 0.11721_0:0017
“ NNPDF3.0 — =2 ATLAS 13 TeV W* +0.0022
e ATLAS 13 TeV W' HERAPDF2.0 0.1097Z¢ 5023
e — ATLAS 13 TeV Z MMHT 14 0.1188F 4014
— T = CMS 7 TeV W, )
=— E CMS 7 TeV W, NNPDEF3.0 0.1160 += 0.0018
—— CMS 7 TevV Z,
—a— CMS 7 TeV W,
- _._E CMS 7 TeV W,
. | s mCT14, MMHT14 and
- -~ S cMS 8 Tev W, NNPDF3.0 scatter around
T s Ty a (m,)=0.117-0.119 world
i =t CMS 8 TeV W, th —10
; 1 — cwearovs, average Wlth 1% propag.
E?"—L LHCb 7 TeV W* Uncertalntles
" LHCb 7 TeV W’
RN - = LHCb 7 TeV Z .
R weorww: W HERAPDF2.0 is systema-
—_—— | | LHCb 8 TeV W, i ~
B manii1 | oo, tically below, o (m,) 0.11.0,
e LHCb 8 TeV W, and ~2% propag. uncertainty
e S 2 LHCb8TeVZ,
111 IIII||||||IIII|III|Iﬁﬁl_]ll_lll|llll|lllllllll LHCb 13 Tev 2
0.085 0.09 0.095 0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14
a9,
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o (m,) robustness wrt. exp./theor. ingredients

W Stability of extracted o (m,) values per PDF cross-checked by varying key
exp. & theor. ingredients & uncertainties:

(i) Data subsets: ATLAS/CMS/LHCDb or 7, 8, 13 TeV
(i) Varying p=0-1 correlation of PDF/scale uncerts.

(i) =10 TH shift of central values prior to combination
(iv) Adding +1% TH uncert. (diffs. among NNLO calc.)

PDF ag(mg) ag(myg) o (mg)
[7TeV data] [8 TeV data] [13 TeV data]
CT14 0.1188+05022 0.1152+5:0024 0.1210%39%1
HERAPDF2.0 0.1105%5502 0.1085%5-0027 0.113475-0042
MMHT14 0.119750 502 0.1186 = 0.0017 0.11877000%
NNPDF3.0 0.1171 + 0.0023 0.1147 + 0.025 0.1207 = 0.0033
[ATLAS data) [LHCD data] [CMS data] [28]
CT14 0.1214 + 0.0017 0.1131 £ 0.0024 0.11637 55021
HERAPDF2.0 0.117075:5558 0.1071 =+ 0.0021 0.107275:0043
MMHT14 0.1208 35038 0116659023 0.1186 = 0.0025
NNPDF3.0 0.1222 + 0.0026 0.1169 £ 0.0032 0.1147 £ 0.0023
[PDF corr. = 1] [scale corr. = 1] [PDF corr. = scale corr. = 1]
CT14 0.1181 £ 0.0010 0.117675 0T 0.1186 £ 0.0009
HERAPDF2.0 0.1071 + 0.0014 0110075 005 0.1098 = 0.0013
MMHT14 0.1192 = 0.0009 0.1192* 08 0.1191 + 0.0009
NNPDF3.0 0.1144 % 0.0017 0.1157 £ 0.0018 0.1148 £0.0016
[~ th. shift, comb. w/o th. unc.] [comb. w/o th. unc.] [+ th. shift, comb. w/o th. unc.]
CT14 0.1142 + 0.0009 0.1184 =+ 0.0009 0.1203 = 0.0009
HERAPDF2.0 0.1042 + 0.0012 0.1090 £ 0.0012 0.1123 = 0.00012
MMHT14 0.1163 + 0.0008 0.1188 =+ 0.0008 0.1209 = 0.0008
NNPDF3.0 0.1160 + 0.0009 0.1183 =+ 0.0009 0.1205 = 0.0009
[symm. PDF uncert.] [+1% uncorr. uncert.] Largest differences
CT14 0.1176  0.0023 0.117155 8 (+0.0042, —0.0041)
HERAPDF2.0 0.1121 + 0.0027 0.1101 + 0.0023 (++0.0073, —0.0026)
MMHT14 0.1200 = 0.0016 0.1191 758018 (-+0.0020, —0.0022)
NNPDF3.0 0.1160  0.0018 0.1170 £ 0.0022 (++0.0062, —0.0016)

a_(2022), ECT*-Trento, Feb'22

20/22+2

—*-CT14

—=— HERAPDF2.0
== MMHT14
——NNPDF3.0

7TeV

8 TeV

13 TeV

ATLAS

LHCb

CMS

PDF p=1

scale p=1

PDF p=scale p=1
=th shift, no th

no th

+th shift, no th
symm. PDF unc.
+1% uncorr. unc.
7 TeV

8 TeV
13 TeV

|I|I|L|l||

ATLAS

LHCb

CMS

PDF p=1

scale p=1

PDF p=scale p=1
=th shift, no th
no th

+th shift, no th
symm. PDF unc.
+1% uncorr. unc.

—h———— 7 TeV

8 TeV

13 TeV
ATLAS
LHCb
CMs
PDF p=1
scale p=1

||||\l|l||l-

+ i PDF p=scale p=1

-th shift, no th

— no th

+th shift, no th
symm. PDF unc.
+1% uncorr. unc.
7TeV

8TeV

13 TeV

ATLAS

LHCb

CMS

PDF p=1

scale p=1

PDF p=scale p=1
-th shift, no th
no th

+th shift, no th
symm. PDF unc.
+1% uncorr. unc.

ll||||||

| .|
0.102 0.105 0.108 0.111 0.114 0.117

\|
0.12 0123 0.126
NNLO

oMO(m )

David d'Enterria (CERN)



Final combined a_ extractions per PDF set

m Final o (m,) values per PDF with break-down of uncertainties & x?*/ndf:

PDF as(myz,) § (stat) & (lumi) & (syst) G&6(PDF) §(scale) & (num) x2/ndf
0.0015 0.0011

CT14 0.1172550012  0.0003  0.0005 0.0006 FH9011  0.0006  0.0003 23.5/27

HERAPDF2.0 0109715003 0.0004  0.0009  0.0009 %015  0.0007  0.0005 27.0/27
0.0019 0.0015

MMHT14 0.118870:0017  0.0002  0.0008  0.0003 301> 0.0007  0.0002 19.3/27

NNPDF3.0  0.1160 +£0.0018 0.0006  0.0004 0.0005 0.0013  0.0006  0.0007 56.9/27

M Preferred o (m,)=0.1188+0.0016 extraction from MMHT14:
1) Largest sensitivity (slope) of o(W,Z) to o, 3) Lowest (symm.) propag. uncert.
2) Better ?/ndf~1 of combined o values. 4) Most robust wrt. analysis variations

10 LHC combined N LHC combined

= & [ —k— MMHT14
a - CT14 < 6L
B - --- World average:
8- - HERAPDF2.0 5F @, =0.1181% 0.0011
N - MMHT14
6 -¥- NNPDF3.0 4+
4— 3
F 2-
2— / )
l Y. ': \\.-/
0 S AN g o
R | P PR TP [ R o ], N | = | - 1 | oo L
0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.114 0.116 0.118 0.12 0.122

agN-O(m,) odN-O(m, )
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Summary

W New o (m,) extraction from high-precision inclusive EW
boson x-sections at LHC (28 datasets up to 2019). BDP 2008-16

Boito 2015 T decays
. . . . &
W 112 individual NNLO o (m,) combined per PDF Bato 2013 low 0
accounting for propagated exp./theory uncertainties: [|wateu201s S ul
PDF o (mz) ::Zto?;;la € .._l..L ' btﬂl;"d
S Narison 2018 (bb) ' o slates
CT14 117275 001 B
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" 10LHC combined JADE (3j) ; —— :Ej‘eti
L Verbytskyi (2j) 1-:-.—1 &
< & CT14 Kardos (EEC) —o—— shapes
8 -8 HERAPDF2.0 Abbate (T) el
L Gehrmann (T)  F——@———: |
- MMHT14 Hoang (C) | —@—i o
B S
6 ¥ NNPDF3.0 Kiijnsma (tD) ————
r CMS (tD) ——e——l
ha R | L)
d'Enterria {W/Z) !-_f.—|
L HERA (jets |—-='I=——|
2— I
. PDG 2020 Jn——-—o——|
\-.—/ W Ofitter 2018 i : : LT
r _ I
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B The o(W,2)-based a (m,) extraction has been
“criticized” by Forte & Kassabov (also J.Rojo today):

Why a, Cannot be Determined from Hadronic Processes without
Simultaneously Determining the Parton Distributions

2001.04986 [hep-ph]

Stefano Forte! and Zahari Kassabov?

0) Nobody(?) cares quantitatively about the “o (m,) preferred” by a given
observable. We want to know “What would be the global o _(m,) fitted by
a given PDF global analysis if this observable was incorporated?”

as(mz) determination

Total | S = NNLO

NLO
Top quark pair production -
Z pT A
Collider Drell-Yan A
Fixed Target Drell-Yan A
Inclusive Jets
Collider DIS (HERA) 4

Fixed Target neutrino DIS A

Fixed Target charged lepton DIS

0.110 0.115 0.120 0.125 0.130
as(mz)
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B The o(W,2)-based a (m,) extraction has been
“criticized” by Forte & Kassabov (also J.Rojo today):

Why a; Cannot be Determined from Hadronic Processes without
Simultaneously Determining the Parton Distributions

2001.04986 [hep-ph]

Stefano Forte' and Zahari Kassabov?

0) Nobody(?) cares about “a_(m,) preferred” by a given

observable. We want to know “What would be the
global o (m,) fit by a given PDF global analysis if this
observable was incorporated?”

1) Doesn’t this concern apply also to the o(ttbar)-based

and HERA jets-based a (m,) extractions?

2) The 28 (40+ now) inclusive o(W,Z) measurements

are NOT directly included today into the global PDF fits.
3) The global-PDF fits have an intrinsic theory (MHOU)
uncertainty, so this independent o (m,) extraction

provides a useful cross-check.
B Wouldn’t it be more accurate/appropriate/consistent

to incorporate the observables of the “hadron collider”
PDG category into the PDF-fits and redo the a, (m,)

extraction? Can this be done? How?

a_(2022), ECT*-Trento, Feb'22 24/22+2
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