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How does this weak charged current interaction relate to QED?



Electroweak unification
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Electroweak unification
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Weak neutral currents (1973)
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Weak neutral currents (1973)

V. V.

Can we predict the masses of these heavy weak bosons?



A MODEL OF LEPTONS*

Steven Weinbergt
Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge fields ? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the

-~

and on a right-handed singlet

R=[3(1-yy)le. (2)

The largest group that leaves invariant the kine-
matic terms —LyH e ML—R' yHo,R of the Lagrang-
ian consists of the electronic isospin T acting

on L, plus the numbers Ny, Np of left- and
right-handed electron-type leptons. As far

as we know, two of these symmetries are en-
tirely unbroken: the charge @ =T3—NR-%NL,
and the electron number N=Np +Nj. But the
gauge field corresponding to an unbroken sym-

10



has mass

MW—_-.-%Ag.

Their masses are

M, = 3\(g"+£")",

(9)

(12)

(13)
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[the charged spin-1 field]
has mass

széhg.

[the neutral

spin-1 field] masses are

M, =2\(g%+8"%)"%,

How to we determine (g, g,, /1) ?

(9)

(12)

(13)
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[the charged spin-1 field]

has mass
[the neutral
spin-1 field] masses are
M, =2M(g°+8"%)", (12)
M , =0, (13)

GW/&-=g2/8MW2 =1/2)2 muon lifetime again

e=gg" / (g2 + gr2)1/ 2 fine structure constant
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[the charged spin-1 field]

has mass
[the neutral
spin-1 field] masses are
M, =2M(g°+8"%)", (12)
M , =0, (13)

so that (14) gives g and g’ larger than e, so
(16) tells us that My >40 BeV, while (12) gives
Mz >Mwy and M7z >80 BeV.
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W and Z discovery 1982-1983
pp—>Z+X—ete” +X \/EJ,:-@()() GeV

Determination of mz is “easy” but mw more challenging...



Coordinates
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Coordinates

n = — In |tan(6/2)]
pr = |pl/coshy
¢
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W mass determination with charged lepton pr
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Note that there is also the “transverse mass” variable



Final UAT+UA2 results (~1983)

My = 82.1 = 1.7 GeV
mzo - 930 + 17 GeV

Standard Model predictions confirmed [to a few %]!

Why are we still measuring the W mass then?
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Modern prediction of mw

Parameter Measured value

a1 137.035999084(21)
Gr 1.166 3787(6) x 10-5 GeV-2
m, 91.1876 + 0.0021 GeV

2 (4 m%v _ T
v mzz \/§GF

Approx. precision
1 part in 1070
1 part in 106

1 part in 10°
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Modern prediction of mw

Parameter Measured value

a1 137.035999084(21)
Gr 1.166 3787(6) x 10-5 GeV-2
m, 91.1876 + 0.0021 GeV

ms T
may (1 VZV) = Nl (1 + A(m, my, my, ..

my

-

Approx. precision

1 part in 1070
1 part in 106

1 part in 10°

, Verve - - -
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Modern prediction of mw

Parameter Measured value

a1 137.035999084(21)
Gr 1.166 3787(6) x 10-5 GeV-2
m, 91.1876 + 0.0021 GeV

ms T
may (1 VZV) = \/iGF(1+A(mt,mH,mb,..,VCKM,...
+Agsm

Approx. precision
1 part in 1070
1 part in 106

1 part in 10°

0O
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mP*! = 80354 + 7 MeV

Global electroweak fit by the gFitter group EPJC 78, 675 (2018)
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https://link.springer.com/article/10.1140/epjc/s10052-018-6131-3

The three most precise measurements

> -
3 i > 400001 A - > 220
O soo0k- > (a) DO, 4.3 fb Data o Data
gtswo- GDF Woro & | aEASINS,y 8 mEATAS i
P I 30000 y2Idof = 37.4/49 S [ Background
c . y*ldof = 58 / 48 .3 - ~ y2/dof = 20/39
& 100001 2 20000] §
w i ) 0
I 10000 k
50001 :
= 24111“* Hulll++}l“ qulHHH * lllllhlh g 11%2‘& ' ‘ TTTT'I' g
g e e = OF T e e {*Hn'r it L bbbt P T T
60 70 80 90 100 2 SRR PR A .
my(uv) (GeV) 50 60 70 80 'go (Geel()m S a0 a2 34 3 98 40 42 44 46 48 50
T p [GeV]
Phys. Rev. Lett. 108, 151803 (2012) Phys. Rev. D 89, 012005 (2014) Eur. Phys. J. C 78 (2018) 110
80387 £ 12, + 15,4 MeV 30375 + 23 MeV 80370 + 13, + 14, 4 MeV

Extremely challenging measurements!
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“recoil” “

Parton-level hard process

q W
g
ZIv*
[ ] + +
q u

Uncertainty from truncation of
perturbative series.

Parton Distribution Functions

\ 2 0 NNPDF4.0 NNLO Q= 100.0 GeV
2109.02653 (Sept. 20211) ~ ~ 97
081 W VT d,
S S
0.6 - 0o U
f\.f\ a
ois! C
0.4 -
0.2 1
/
1072 10~2 10~ 10°

Uncertainty from experiments,
theory, parameterisations etc...
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https://arxiv.org/abs/2109.02653
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Rapidity Distribution of Z Bosons at the LHC

“recoil”
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Rapidity Distribution of Z Bosons at the LHC
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At pt ~ 40 GeV:
Momentum resolution ~ few %

e(r/K—p) ~ 10-3 for e(u—p) ~95%

LHCb can help with the W mass in two ways...
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1) Constrain the PDFs with cross-section measurements

Oy [PD]
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LHCb, s =8 TeV p4>20GeV/c
+ Data 20<n" <45
Bl Data, gy Z:60 < M, <120 GeV/c?

Data, ¢ gyst @ beam @ lumi 68 3% CL ellipse area
CT14

MMHT14
NNPDF30
CT10
ABMI12
HERA15

Lol < > o

JHEP 01 (2016) 155

90 95 100
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=
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https://inspirehep.net/literature/1406555
https://inspirehep.net/literature/1406555
http://10.1140/epjc/s10052-017-5199-5

2) Measuring the W mass ourselves!

80.5

'x'
<
X
o

80.35

Central mw [GeV]

80.3

EPJC 75 (2015) 12, 601

Use muon pr distributioninpp = W+ X = uv+ X

NNPDF3 0
L T T Y | B
- W+ -
p=-0.63
S A A A  —
80.3 8035 B804 B8045 BOS
LHCb mw [GeV]

Run-I Run-II
3 fb—1! 7 fb—1
wt w- wt w-
Signal yields, x10° 1.2 0.7 5.4 3.4
Z/v* background, (B/S) | 0.15 0.15 0.15 0.15
QCD background, (B/S) | 0.15 0.15 0.15 0.15
5mW (MeV)
Statistical 19 29 9 12
Momentum scale 7 7 4 4
Quadrature sum 20 30 10 13

1. Partial anticorrelation of the PDF uncertainty
2. Plenty of statistics
3. W prdistribution will be challenging...
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https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1
http://EPJC%C2%A075%C2%A0(2015)%C2%A012,%C2%A0601

Part 2: Proof-of-principle measurement of mw with LHCb

hep-ex:2109.01113 LHCb-PAPER-2021-024
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https://arxiv.org/abs/2109.01113
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2021-024.html

Selecting W—pv and Z— up candidates

W —uv

2.4 million”

L

0.2 million™*

Gstat(mw) ~ 20 M@V

*In 28 < pt < 52 GeV and 2.2 < n < 4.4 region used for mw fit
**Mass within +14 GeV of nominal Z mass
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Our mw-sensitive observable

N
-

- oW LHCb simulation :W*"
 fit region  fit region
' pp > W4+X—->uv+X

I~
-
|

Normalised events per GeV!

— +300 MeV
— -300 MeV

Ratio

095r | | |
-0.04 -0.03 -0.02 -001 0 001 0.02 003 0.04
Muon ¢g/py [1/GeV]

The challenge is modelling the data, but first...
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Curvature biases

True
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Curvature biases
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Curvature biases

True
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Using the pseudomass’

T _p:!
M 2pE D7 — (1 — cos0)
Pt

*Inspired by similar variable used in PRD 91, 072002 (2015)

EPJC 81 (2021) 3, 251
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https://arxiv.org/abs/2101.05675

Using the pseudomass’ EPIC 81 (2021) 3, 251

M* = QpipT _:F(l — COS 0) Z—pp simulation with 50
Pr micron global mis-alignment

xlOl
11r

Entries / (0.6 GeV)
=

S = N W Es WL N N e O
« ¥ ¥ ¥ ¥ ¥ ¥ ¥ %

65 70 75 80 8 9 95 100 105 110 115 120

M* (GeV)

The p+ and py-are now independent “probes” of g/p biases!

*Inspired by similar variable used in PRD 91, 072002 (2015)
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https://link.springer.com/article/10.1140/epjc/s10052-021-09016-9
https://arxiv.org/abs/2101.05675

Curvature corrections from the pseudo mass

g/p correction [10/GeV]

>
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Data 1.7 fb a

: =

| —+— + polarity Sy
| —— —polarity

0 10 20 30 40 50 60 70 80 90 100 110 120
Detector region index

- Simulation

. —+— + polarity

| —— — polarity

0O 10 20 30 40 50 60 70 80 90 100 110 120

Detector region index

Typical size of gq/p corrections ~ 10-5> GeV-1

Now the data are easier to model.
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Muon momentum smearing

Events per GeV
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s
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LHCb + Data
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15}

10+

5_

0

84

86

simulation

88 90 92 94
Dimuon mass [GeV]

9% 98

Simultaneous fit of Z, Y(1S) and J/W data (and simulation) in many categories’

Contributes 7 MeV uncertainty on mw

[1] 36 fit categories (based on species, magnet polarity, n of the two muons).
[2] Includes statistics, variations in the PDG resonance masses, detector material budget, final state radiation and the form of the smearing function.

100
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Muon (trigger, tracking, ID) efficiency modelling

8data/ Eim T+ /2

Sufficient sub detector redundancy to measure the efficiencies.

Z — uu

Y(1S) = pp

<P < 75/2\

E.g. Trigger efficiency corrections

: j LHCb 1.7 fb'll :
i=10,440<n<500 ¥ b
=9, 412< <440 R . ]
i=8,385<n<412
i=7,358<n<385 o D
r-------"-"-"-"--"-" - °"~ °”°” " T TP O —— === e hd i
i=6, 330< 17<3.58_____‘___‘.______‘_____________________________________-
. . —
i=5,302<n<330 o ]
i=4,275<n<302 T
""""""""""""""""""" & o~ ——---================== o—9
[i=3,248<my<275 .-
i=2,220<n<248 e ]
i=1,193< <220 ]
e e e e A &=
i=0,150<n<193

1072

1/ps [1/GeV]

Contributes 6 MeV to uncertainty on mw
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Isolation efficiency modelling

1
pr
9 |
9 ————— Uncorrected simulation hadronic
= LHCb recoil
=
“'La* 04+ 1.7 fb'l Corrected simulation h
02+ W boson distribution _
0 ,
G —>other
s P
—
<
a7

Contributes 4 MeV uncertainty on my
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Vector boson production model 6 and ¢ in the Collins-Soper frame

lepton plane

Electroweak part:
QED FSR —7 MeV uncertainty

Missing EW corrections — 5 MeV uncertainty k1
Y
T 0 ¢
* 7 A Y
General QCD form of kinematics: z p1 P2
do 3  dgunpol. hadron plane

dpWdydMd cos6d¢ 167 dp¥.dyd M
1
{(1+ cos®0) + A0§(1 — 3cos” @) + A; sin 26 cos ¢

+ AQ% sin” § cos 2¢ + Az sin @ cos ¢ + A4 cos b
+ As sin? 0sin 2¢ + Ag sin 20 sin ¢ + A, sin 8 sin d)},

The pt dependence of the cross section is particularly important...

1708.00008 acknowledged for the figure. 46



https://arxiv.org/abs/1708.00008

Boson prdistribution

L
LHCb, Vs =13 TeV ¥ POWHEG+PYTHIAS o
Muon - Statistical Uncertainty ¢  PYTHIAS, Monash tune g
Muon - Total Uncertainty ¢ PYTHIAS, LHCb tunc =
x X%
* Z — up
e P, E
e -
v E
» -
* - -
? —
~
-
-
| ol S PPPTL
1 10 2

Related observable with better experimental resolution:

w— Ag An Dt
* = tan /cosh|{ — | ~— EPJC 71:1600 (2011
’ ( 2 > ( 2 ) M S



https://link.springer.com/article/10.1140/epjc/s10052-011-1600-y

Modelling the boson pr distribution

Convergence of perturbative series spoiled by large logs.

Order by order corrections ~ —— Z In"" —
Pt Pt

m

Resummation to all orders is required.

Parton showers (Pythia, Herwig etc...) effectively resum the
leading logs.

Limited accuracy can be compensated by “tune” of asand the
“Intrinsic kt”
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Effect of as and intrinsic kt variation [in Pythia] 1907.09958 (2019)

Varying Qs or intrinsic kr
? 1.0 | I | lllllll I ] llllli] I | Illll‘] j | I L lllll]l I L lllllll 1 L llllll] ]
h= L W ER = 1.0 i . Wt a, =0.133 i
= - =, = 0.120 - - kit = 0.5 -
0.8 —a, =0.127 - T ekt =10 B
2 [ —a, =0.133 1 L ihe -
& [ —a =014 1 [ TR =e :
:‘: O 6 ;,-_ Qs = . - '— __k}ll..ltl‘. — 2.0 -‘
..D .
- I - I ]
< 1 | :
~l e - . - B

1 L lllllll 1 L lllllll 1 L lllllll 1 L lllllll

101 10° 10* 102 101 10° 10* 102
pr [GeV/c] pr [GeV/c]
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https://arxiv.org/abs/1907.09958
https://arxiv.org/abs/1907.09958

Tuning and validation with Z pr data

x10° x10°

15k o ' Fit reéion | | | LHCb | | 15l Fit reéion | | | LHCb

10 10 |

Before tuning After tuning

Events per GeV
Events per GeV

Ratio to ref.
Ratio to ref.

0 10 20 30 40 50 60 70 80 90 100
p% [GeV]

Note that the W boson model gets an independent
---- POWHEGPYTHIA (ref.)  {\ne in the my fit 1907.09958 (2019)

—— HERWIG

POWHEGHERWIG Best description from POWHEG+Pythia with as =
—— PYTHIACTO9IMCS 0.125

PYTHIANNPDES Uncertainty from envelope of my fits based on 5
— DYTuUrBO models.

Contributes 11 MeV uncertainty on mw
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https://arxiv.org/abs/1907.09958

Angular coefficients
JHEP 11 (2017) 003

NNLOJET pp— Z+X, y, E[2.04.5] Vs =8 TeV
E 025l " L L oo <m T " " — 1 " ]
@ o . 0.2F i1 3
oI ATLAS p JHEP 08 (2016) 159 7 Lo ]
= % sTev. 203 I e
- 0.15~ Data - 0.08— =
- -~ —=— DYNNLO (NNLO) ] - .
8 - —+— DYNNLO (NLO) . 0.06— ]
£ 0.1— -—*— POWHEGBOX —_— u e N
- - —+— POWHEGBOX+PYTHIAS .t . 004 =
< - —+— POWHEGBOX+HERWIG j:y:i_j’_‘—: - — -
0.05 — 002 — —
. = . N
0 .......................... @) 1 ' ' ' L ' i
- * Z 12 e
-0.05- R
- S s =
-0.1 '1 T o e
10 100
pf [GeV] Prz [GeV]
X Event generators (e.g. POWHEG) For the renormalisation and
- factorisation scale uncertainties
Fixed order QCD we use the uncorrelated (31-

point) scheme.
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https://link.springer.com/article/10.1007/JHEP08(2016)159
https://link.springer.com/article/10.1007/JHEP11(2017)003

Angular coefficients

E 0.25
(]
2 0.2
<
’5 0.15
(@)
é 0.1
< 0.05
0
~0.05
~0.1

JHEP 11 (2017) 003

NNLOJET pp— Z+X, y, E[2.04.5] Vs =8 TeV
l LI I 1 1 | ] LB I 1 ] 1 1 LI I 1 1 1 1 L on T T T T T T T T T T T
- . < 012kiio =
C ATLAS 1 JHEP 08 (2016) 159 - o :
- - i 0.1~
8TV, 2030 : = I
- Data _ 0.08— —
~ —=— DYNNLO (NNLO) . - ]
- —— DYNNLO (NLO) . 0.06[— —
— —4— POWHEGBOX ——— - T ]
- —+— POWHEGBOX+PYTHIA8 L | l - 0.04— —
- —=— POWHEGBOX+HERWIG P . a - ]
— A e — 002 m— -
z | : = ... _
-------------------------- > ‘ _E_'—— O J T T T T T T L | T ]
- . . > 12F -
- - o 1_ —
_ N = - .
N | y | 1 L 1] m 08 [ ]
—I 1 1 1 1 1 1 1 1 I 1 N
1 10 10° 0 700
pf [GeV] Prz [GeV]

Using as? fixed order predictions from DY Turbo
31-point scale variations — 20-30 MeV uncertainty on my.

Mitigate by introducing a floating As scale factor in the mw fit.

Contributes 9 MeV uncertainty on mw
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https://link.springer.com/article/10.1007/JHEP08(2016)159
https://link.springer.com/article/10.1007/JHEP11(2017)003

The simultaneous fit to W and Z data x*/ndf = 105/102

x10° ] | | | ] - x10° | | | | | |
FV § LHCb §F/+ § LHCb
150+ fitregion | 1 fitregion | A 2000 L 1
. : b TP : < . \ baa 171
= N Z = uu
(D) s — i
(2 100 - W= ny 5 1500 T | Rare backgrounds
2 Lok o
2 21000 F n
5 = N
[5 50 - Light hadrons o +++
M 500 F e
- Rare backgrounds T
]
( - . - ; . 0
- Lar Model uncertainty ] - L4t Model uncertainty
= 20 : — ' 1 £ 127 . _
g | prossespssr S R T g S NS R ¥+++éc++¥+t-éc++¥++—f#++
A 08¢} A 08¢} :
06t i E . 0.6t :
004 -003 -002 -001 0 001 002 003 004 0 005 0.1 015 02 025 03 035 04 045 05
Muon ¢g/pr [1/GeV] "
Parameter Value \
Fraction of W+ — putv 0.5288 + 0.0006 EPJ C71 1600 (2011)
Fraction of W™ — u v 0.3508 4 0.0005
Fraction of hadron background 0.0146 + 0.0007
aZ 0.1243 4 0.0004
alV 0.1263 4 0.0003
krllfltr 1.57 £ 0.14 GeV
Ag scaling 0.975 £+ 0.026
myy 80362 £+ 23 MeV

With NNPDF31 PDFs, but there are alternatives...
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https://arxiv.org/abs/1009.1580

Democratic PDF average and uncertainty

118
116
114
112
X 110
108
106 |
104 -
102 ¢

e NNPDF31 LHCb
EPJC 77 (2017) 10, 663 17 fb'l
Tl
I;RDC1038(2021) 1,014013 — & —
MSHT?20
EPJC 81 (2021) 4, 341
[ ]
‘Fﬁ . > g 3
® 09 2
! ;) oP® o"
80320 80340 80360 80380
my, [MeV ]

Three separate results are reported in the paper.

Central result is a simple average of the three.

Contributes 9 MeV uncertainty on mw
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https://link.springer.com/article/10.1140/epjc/s10052-017-5199-5
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.014013
https://link.springer.com/article/10.1140/epjc/s10052-021-09057-0

Measurement uncertainty summary

Source Size [ MeV]
Parton distribution functions (9 Average of NNPDF31, CT18, MSHT20 )
Theory (excl. PDFs) total 17

Transverse momentum model
Angular coefficients

Envelope from five different models

10 “Uncorrelated” 31 point scale variation

QED FSR model 7 Envelope of Pythia, Photos and Herwig

Additional electroweak corrections (5 Test with POWHEGew )
Experimental total 10

Momentum scale and resolution modelling (7 )

Includes simple statistical contributions,

Muon ID, trigger and tracking efficiency dependence on external inputs

Isolation efficiency 4 |
QCD background 2 and details of the methods. )
Statistical 23

Total 32
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[Pre-unblinding] Cross checks

Orthogonal splits: Five ~50:50 splits of the data (polarity, charge X polarity,
etc...) all result in [mw] differences within 20.

Fit range: The result is stable w.r.t. variations in the upper/lower limits.

Fit freedom: The result is stable w.r.t. variations in the model freedom (e.g. 3
independent as values instead of 2, etc...)

W-like fit of the Z mass: Measurements with p+and p-agree to better than 1o
and their average agrees with the PDG value to better than 1c.

omw fit: Alternative fit with the difference between the W+and W-masses as
another floating parameter: this parameter is consistent with zero within 10.

Additional tests with NNLO PDFs instead of NLO PDFs, variations in the charm
quark mass, etc... affect mw at the = 1 MeV level.

Pseudodata challenges: fitting the default POWHEG+Pythia model to pseudo
data with DY Turbo, Herwig, etc... based models of the boson pr. Results are
commensurate with our 11 MeV uncertainty.
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Total uncertainty
Stat. uncertainty

ALEPH

DELPHI

L3

OPAL

CDF

DO

ATLAS
LHCb 1.7 fb’

Electroweak Fit

my, = 80354 + 23, £ 10, £ 17

theory

80100 80150 80200 80250 80300 80350 80400 80450 80500

m,, [MeV]
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Conclusions and outlook

Events per GeV™!

Data/fit

[JHEP 01 (2022) 036,

hep-ex:2109.01113, LHCb-PAPER-2021-024]
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Total uncertainty
Stat. uncertainty

ALEPH

DELPHI

L3 - ®
OPAL

CDF
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LHCb 1.7 fb’!

Electroweak Fit

004 —003 002 -001 0

Muon ¢g/py [1/GeV]
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my, [MeV]

First measurement of my from LHCb with 32 MeV uncertainty is consistent with
previous measurements and with the prediction.

A total uncertainty of = 20 MeV looks achievable with existing LHCb data.

EPJC 79 (2019) 6 encourages us to upgrade to a double-differential fit.

We look forward to working with the other LHC experiments, and the theory
community, to fully exploit LHCb’s unigue/complementary rapidity coverage to

achieve the ultimate precision on mw.
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Prospects for LHC average

ATLAS+LHCb average under the simplest assumptions:

5mw [MeV]

1.0 13
0.5 17
16

5 0.0
g 15
—0.5 14
13

—1.0
-1.00 -0.75 -0.50 —-0.25 0.00 0.25 0.50 0.75 1.00

Ppdf

A detailed ATLAS+LHCb collaborative effort will be required to precisely determine these two correlation coefficients but it
seems likely that pror will be negative 1508.06954 while the (non-PDF) theory uncertainty will have a positive coefficient.  gp



https://arxiv.org/abs/1508.06954

Sensitivity to other angular coefficients
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Boson pr state-of-the-art (example, of many groups)
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Custom alignment for high pr analyses

II.HCb—FIGUR’IE—ZOZIO—OO9

—t+— Standard alignment LHCb Preliminary
20000 | —+— Alignment with Z sample

Entries/(0.5 GeV/c?)
2
S
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O ] ] ] ] ] ]
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Dimuon invariant mass [GeV/c?]

LHCb’s successful real-time alignment and calibration was commissioned
in Run-2 JINST 14 (2019) P04013

For the very high (up to ~1 TeV) momentum muons in EW processes the
resolution could be improved with a custom alignment including mass-
constrained Z candidates.


https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013
https://cds.cern.ch/record/2718452

Recent study on as 2106.10289

MSHT2020 NLO as(Mz?) bounds of datasets
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[Submitted on 18 Jun 2021]

An investigation of the ag and heavy quark mass dependence in the MSHT20 global PDF analysis
T. Cridge, L.A. Harland-Lang, A.D. Martin, R.S. Thorne

We investigate the MSHT20 global PDF sets, demonstrating the effects of varying the strong coupling as(Mé) and the masses of the charm and bottom quarks. We determine the preferred value, and accompanying
uncertainties, when we allow as(Mzz) to be a free parameter in the MSHT20 global analyses of deep-inelastic and related hard scattering data, at both NLO and NNLO in QCD perturbation theory. We also study the
constraints on as(Mi") which come from the individual data sets in the global fit by repeating the NNLO and NLO global analyses at various fixed values of as(MZZ), spanning the range aS(Mg) = (.108 to 0.130 in units of
0.001. We make all resulting PDFs sets available. We find that the best fit values are as(MZZ) =0.1203 + 0.0015 and 0.1174 + 0.0013 at NLO and NNLO respectively. We investigate the relationship between the variations in
as(Mg) and the uncertainties on the PDFs, and illustrate this by calculating the cross sections for key processes at the LHC. We also perform fits where we allow the heavy quark masses m,. and m,, to vary away from their
default values and make PDF sets available in steps of Am,. = 0.05 GeV and Am,;, = 0.25 GeV, using the pole mass definition of the quark masses. As for varying as(Mzz) values, we present the variation in the PDFs and in
the predictions. We examine the comparison to data, particularly the HERA data on charm and bottom cross sections and note that our default values are very largely compatible with best fits to data. We provide PDF sets
with 3 and 4 active quark flavours, as well as the standard value of 5 flavours.
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[Pseudo]data challenges

Events per GeV!
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Can our [POWHEG+Pythia] model adapt itself to pseudo data
corresponding to other models of the W/Z pr distributions?

Data config. Xiv Xz Omw [MeV]
POWHEGPYTHIA 648 34.2 N
HERWIG 71.9 600.4 1.6
POWHEGHERWIG 64.0 118.6 2.7
PyTHIA, CTOOMCS 71.0 215.8 —2.4
PyTHIA, NNPDF31 66.9 156.2 —10.4
DYTuURBO 83.0 428.5 4.3 _J

No more than 10
MeV bias on mw!
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Momentum smearing fit parameter values

N (6,2 )
p p'N(l‘i‘a,Ums) ( coshn

Parameter Fit value

a (n < 2.2) (0.58 £ 0.10) x 1073

a (22<n<44) (—0.0054 4 0.0025) x 103

0 (—0.48 £ 0.37) x 1079 GeV ™!
gs (77 < 2.2) (17.7 T | 2) keV 1

o5 (22 <n<4.4) (14.9+ 0. 9) keV !

OMS (2.015 1 0.0: 9) x 1073




Our tunes to the Z prt data

Program Y2 /ndf  ay

DY TURBO 208.1/13  0.1180 g =0.523+0.047 GeV*?
POWHEGPyTHIA  30.3/12 0.1248 £0.0004 k" = 1.470 4 0.130 GeV
POWHEGHERWIG  55.6/12  0.1361 £ 0.0001 k" = 0.802 & 0.053 GeV
HERWIG 41.8/12  0.1352 +£0.0002 k2" = 0.753 £ 0.052 GeV
PyTHiA, CTOOMCS  69.0/12  0.1287 £0.0004 k" = 2.113 4 0.032 GeV
PyTHiA, NNPDF31  62.1/12  0.1289 £ 0.0004 k" = 2.109 4 0.032 GeV
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Data challenge exercise

Data config. X X3 Oomy [MeV] a? aV As scaling

POWHEGPYTHIA 64.8 34.2 — 0.1246 £0.0002 0.1245 £ 0.0003 0.979 4 0.029
HERWIG 71.9 600.4 1.6  0.1206 & 0.0002 0.1218 £ 0.0003 1.001 £ 0.029
POWHEGHERWIG 64.0 118.6 2.7 0.1206 £0.0002 0.1226 4+ 0.0003 0.991 £ 0.029
PyTHia, CTOIMCS 71.0 215.8 —2.4 0.1239 £0.0002 0.1243 £0.0003 0.983 £ 0.029
PyTHIA, NNPDF31 66.9 156.2 —10.4 0.1225 4+ 0.0002 0.1223 4+ 0.0003 0.967 £ 0.029
DYTURBO 83.0 428.5 4.3 0.13054£0.0001 0.1321 £0.0003 0.982 £ 0.028
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Consistency between orthogonal subsets of data

Subset X /ndf  dmy [ MeV ]
Polarity = —1 92.5/102 -

Polarity = +1 07.3/102  —57.5+45.4
n > 3.3 115.4/102

n<3.3 85.9/102 +56.9 =45.5
Polarity x ¢ =+1 95.9/102 -

Polarity x ¢ = —1 98.2/102  +4+16.1 £45.4
G| > m/2 98.8/102  —

B < /2 115.0/102  +66.7 & 45.5
6 <0 01.8/102

6> 0 103.0/102  —100.5 + 45.3
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Varying the freedom of the fit model

Configuration change X /ndf  dmy [ MeV | o(my) [ MeV ]
2 — 3 o, parameters 103.4/101  —6.0 +23.1
2 —1as;and 1 — 2 k% parameters 116.1/102 +13.9 +22.4
1 — 2 kI parameters 104.0/101  +0.4 +22.7
1 — 3 kI parameters 102.8/100 —2.7 1+22.9
No Aj scaling 106.0/103 +4.4 +22.2
Varying QCD background asymmetry 103.8/101 —0.7 +22.7
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Stability w.r.t. varying the [g/pT] fit range

Change to fit range x2,./ndf  dmw [ MeV | o(mw) [ MeV |
puin = 24 GeV 96.5/102  +6.8 19.7
puit = 26 GeV 97.7/102  +9.6 20.9
pin = 30 GeV 102.7/102  +3.0 25.7
puin = 32 GeV 84.9/102  —21.6 30.8
pRax = 48 GeV 105.3/102 —3.8 23.2
pRax = 50 GeV 103.0/102 —2.1 23.0
puax = 54 GeV 96.3/102  —8.6 22.6
pax = 56 GeV 103.7/102 —14.3 22.4
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Example postfit projections
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Parametric correction at high boson pr

Events per GeV
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Also applied to the model of W production but with 100% uncertainty => ~1 MeV on mw.
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Hadronic background model
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