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Summary of 2023 combination

—— Total uncertainty

Stat. uncertainty

LEP combination
Phys. Rept. 532 (2013) 119 - e——

Tevatron 1 combination
PRD 70 (2004) 092008 &

DOII
PRL 108 (2012) 151804 R

CDFII
Science 376 (2022) 170 ==
ATLAS
EPIC 78 (2018) 110 B
ATLAS-CONF-2023-004 (reanalysis) o
LHCb
JHEP 01 (2022) 036 I ———

Electroweak Fit (J, Haller et al.)
EPJC 78 (2018) 675 -

Electroweak Fit (J. de Blas et al.)
PRD 106 (2022) 033003 B

80100 30200 80300 80400 80500
my, [MeV]



Input measurements

Experiment

Event requirements

Fit ranges

CDF — pp collisions @ Vs = 1.96 TeV; fit variables

CDF
Are s, pe and ma

DO — two separate measurements using

pp collisions @ Vs = 1.96 TeV; fit variables are pg, oo
mr and p7.

ATLAS — pp collisions @ Vs = 7 TeV; central region

e : I ATLAS
at LHC; fit variables are py and m.
[Original analysis used following agreement to use published
results] e

LHCb — pp collisions @ Vs = 13 TeV; forward region

30 < p% < 55 GeV
|mel <1

30 < EF"" < 55 GeV
65 < mr < 90 GeV
ur < 15 GeV

pr > 25 GeV

[n¢] < 1.05

E7"® > 25 GeV
mr > b0 GeV

ur < 15 GeV

pr > 30 GeV

[me| < 2.4

ET7%% = 30 GeV
mr > 60 GeV

ur < 30 GeV

Pl > 24 GeV
22wy <l

32 < pt < 48 GeV
32 < EF*® < 48 GeV
60 < mr < 100 GeV

32 < p7 < 48 GeV
65 < mr < 90 GeV

32 < p% < 45 GeV
66 < mr < 99 GeV

28 < php < 52 GeV

at LHC; fit variable is q/pif.f.

LEP — legacy combination from LEP experiments.



QCD aspects

Measurements made over a number of years

QCD understanding has significantly improved over this time (modelling of PDFs,
Matrix Element, Soft Radiation).

Newer measurements typically use an improved QCD model than older
measurements.

Seek to ‘update’ measurements to a common QCD framework before
compatibility assessed and combination.

Update to Additional (small)
d common PDF l updates
update re o
mmf — f + 5mPDF + 5,mp + 5mother
Published Common W boson

value polarization update
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QCD aspects

* Starting point of fits to data therefore crucial.
« DO: RESBOS CP (N2LO, N2LL) with CTEQ66 PDFs (NLO)

[CDF publication applied a correction to

» CDF: RESBOS C (NLO, N2LL) with CTEQ6M PDFs (NLO) |ooroduce Resbos? + NNPDF3.1]

* ATLAS: POWHEG + Pythia8 (NLO+PS) with DYTurbo for Angular Distribution (N2LO)
with CT10 PDFs (NNLO)

 LHCb: POWHEG + Pythia8 (NLO+PS) with DYTurbo for Angular Distribution (N2LO)
with averaged result from MSHT20, NNPDF31 and CT18 PDFs (NLO)

* Approach taken:
* LHCb measurement “repeated” using same code framework but with PDF updates.

 Effect of updates on other measurements using simulated samples from two
models.



Detector Emulation

e ATLAS, CDF and DO detectors emulated.

n- and pr-dependent smearing of leptons.

Recoil modelling includes lepton removal and
and event activity effects.

Agreement typically at the percent level
between full simulation and LHC-TeV MWWG

emulation.

Small imperfections in emulation lead to MeV-
level uncertainties on dmy.
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Analysis code rerun

PDF effe cts Using the POWHEG MiNNLO generator to study
impact of changes in the relevant distribution.

PDF set DO p5, DO E7 CDF p. CDF Eriee ATLAS W+ ATLAS W~— LHCb
CTEQG _17.0 B v [00 0.0 1 - -

ﬁ}) F  oredes [0.0 0.0 1 15.0 17.0 o e =
CT10 0.4 1.8 16.0 16.3 | 0.0 0.0 | "
CT14 9.7 -10.6 5.8 6.8 1.2 5.8 .1
CT18 8.2 408 7.2 79 12.1 2.3 6.0
ABMP16 -19.6 21.5 14 2.4 -922.5 | 7.6
MMHT2014 -10.4 -12.7 6.1 5.5 -2.6 9.9 11.8
MSHT20 13.7 A5 3.6 4.1 -20.9 4.5 2.0
NNPDF3.1 1.0 -1.2 14.0 15.1 141 1.8 6.0
NNPDF4.0 6.7 8.1 20.8 24.1 -92.4 6.9 8.3
PDF set D0 CDF ATLAS LHCb Note Tevatron combination did not consider
CTEQ66 154 (CTEQ6 CTEQ6.6)~17 MeV.

PDF~ CTi0 - — 9.2 -
O'(mw CT14 13.8 124 11.4 108

i'TlB 149 134 10.0 122 Uncertainties larger here than in some original publications,
ABMP16 4.5 3.9 4.0 3.0 . . .
MMHT2014 88 7.7 8.8 g0 €.8.NNPDF3.1 ~6.6 MeV (CDF) here v 3.9 MeV in original
MSHT20 9.4 8.5 7.8 6.8 i H H H i H
e o o - i publication (which used principal component analysis).

NNPDF4.0 86 7.7 5.3 4.1 S. Carraza et al., EPJC 75 (2015) 369




W boson polarisation

do do

7 — r. 1 . -‘2
o dydmdll — G ayam T o )

1 i &
+ 5110(1 —3cos?f) + Ay sin2f cos ¢

1 , . . _
+ §AQ sin? f cos 2¢ + A3 sin 0 cos ¢

+ Ajcosf + As sin? f sin 20
+ Agsin 20 sin¢ + A7 sinf sin ¢

e ATLAS and LHCb use DYTurbo treatment of
polarisation — no update made.

* Fits to data using RESBOS-C (CDF) and RESBOS-
CP (DO) ported so that A, — A, coefficients
match O(a;) predictions using RESBOS2.

Ratio
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+ DYNNLO, O(c:2) >

* Resbos-CP
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W boson polarisation

FO .
GO
FO
unpol
FO

o
" (Resbosl)

Resum.
unpol T

O

e.g.

0 o

unpol

0]

e ATLAS and LHCb use DYTurbo treatment of
polarisation — no update made.

* Fits to data using RESBOS-C (CDF) and RESBOS-

CP (DO) ported so that A, — A, coefficients
match O(a;) predictions using RESBOS2.

(most codes, data)
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W boson polarisation

do do _ ..
{ = . T
dp¥ dydmdf? — dp¥ dydm [(1+ cos®6)

1 i &
+ 5110(1 —3cos?f) + Ay sin2f cos ¢

1. i o : . o
+ §A2 sin® @ cos 26 + A3 sin 6 cos ¢

+ Ajcosf + As sin? f sin 20
+ Agsin 20 sin¢ + A7 sinf sin ¢

e ATLAS and LHCb use DYTurbo treatment of
polarisation — no update made.

* Fits to data using RESBOS-C (CDF) and RESBOS-
CP (DO) ported so that A, — A, coefficients
match O(a;) predictions using RESBOS2.

15
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CDF ém};
Coefficient my D pr
Ao -6.3 -2.6 -9.1
Ay 14 1.3 0.3
A2 -0.7 0.4 -3.2
Aj -2.1 -4.2 1.0
Ay -14 -3.3 -1.6
Ao — Ay -9.5 -8.4 -12.5
REsBos2 -10.2+£1.1  -7.6+1.2 -11.84+14
Difference  -0.7+£1.1 0.8+1.2 0.7£1.4

ol
DO Smly
Coefficient mr Y PT
Ao -9.8 -7.3 -15.6
Ay 1.9 2.4 1.8
Ao 3.0 3.3 -2.7
As -1.6 -2.9 0.4
Ay 0.2 -2.3 0.5
Ao — Ay -6.4 -6.9 -15.8
REsBos2 -7.8+1.0 -6.6x1.1 -16.5£1.2
Difference  -1.4+1.0 0.3%1.1 -0.7£1.2




oT(W) modelling

* Keep each experiment’s approach to pT(W) modelling — unified approach beyond
scope of this study.

* Treat pT(W) uncertainties as uncorrelated between experiments since the
different experiments use different generators to evaluate these uncertainties.

Experiment Uncertainty

CDF 2.2 MeV
DO 2.4 MeV
ATLAS 6 MeV

LHCb 11 MeV

16



Other ‘updates’ and modelling effects

* Treatment of W boson width
* Experiments use slightly different values for W boson width in fits.
* Default value of 2089.5 MeV used.

* W boson resonance
e Update to RESBOS 2 invariant mass modelling causes a 2 MeV shift in W
boson mass for CDF.

* Higher-order electroweak effects

e ATLAS and DO use same shower models to study these effects, so
uncertainties considered fully correlated in combination. CDF and LHCb are

considered uncorrelated.

17



Combination

e Results combined using BLUE.

e Approach validated by reproducing internal experimental combinations.

* CDF measurement itself contains ~3MeV ém,, effect (CTEQ6M — NNPDF31;
mass modelling; polarisation) — this is removed as a first step before combination

performed.

18



Combination: PDF Correlations

* PDF correlations determined in order to provide combination.
* Significantly different correlations reported by different PDF sets.

* Presence of anti-correlation provides stable results with reduced PDF
dependence.

CT18 MSHT 20 NNPF40

cccccc ATLAS W™ ATLAS W

19



Combination

Input measurements with updates applied

LHC-TeV MWWG Combinations for different PDF sets
—8— ABMP16 —— CT14 —A— CT18
—¥— MMHT2014 —— MSHT20 —i— NNPDF3.1 All GXpt‘-I'iIll(-JIli-S
—4— NNPDF4.0 PDF set mw OPDF XQ p(XQ)
ABMP16 80392. 7T+ 7.5 3 29 10.0008%
— . T4 80393.0+ 109 7.1 16 §0.3%
Do L CTI18 80394.6 +£11.5 7.7 15 10.5%
e ., MMHT2014 80398.0 &£ 9.2 5.8 17 0.2%
- MSHT20 80395.1 +9.3 5.8 16 §0.3%
S e NNPDF3.1  80403.0+8.7 5.3 23 §0.1%
. ? NNPDF4.0 80403.1 £ 8.9 5.3 28 0.001%
10 (5 S — E—
——— Note: ho combination of all measurements
(B I
coE S provides a good y? probability, so the full
| | | T combination is disfavoured.
80300 80350 80400 80450

my, [MeV]



Sub-combinations

LHC-TeVMWWG

LHC-TeV MWWG

—@— ABMF16 | CTi4 —&— CT18
—F— MMHT2014 —%— MSHT20 —4i— NNPDF3.1
—&— NNPOF4.0 - NA

LEP o

—_—
——
Tevatron -
—%—
et
i
—_——
LHC —
——
_—
——
——
——
All e ™Y
et
R
| | | |
80300 80350 80400 80450
m,, [MeV]

—8— ABMP16 —- CT14 —&— CT18
—¥— MMHT2014 —4— MSHT20 —4— NNPDF3.1
—d— NNPDF4.0
Excluding ATLAS %
—_—
b
——
— e
Excluding LHCb =
_——
—_—
——
—i—li
Excluding CDF e
i
—
Excluding DO $‘,
—_—t
——
Excluding LEP %
—_——
—_——
—
| | |
80300 80350 80400 80450

m,, [Me

10

-
=]

»? probability

107°

LHC-TeV MWWG

—&8— ABMP16
—¥— MMHT2014
[~ | —#— NNPDF4.0

—— CTi4
—%— MSHT20

—&— CT18
—i+— NNFDF3.1

Excluding CDF

=

Excluding others

80300 80350 80400 80450

m,, MeV]

PDF spread reduced compared to input measurements to
roughly 5 MeV (without ABMP), 10 MeV (with ABMP)

21
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Sub-combinations

* Combinations with CDF excluded have good compatibility.
* mW = 80369.2+13.3 MeV (CT18) CDF, Science 376 (2022) 170
[CDF measurement value (mW = 80433.54+9.4 MeV)].
« Combination without CDF has a y? probability of 91%.
« Relative weights: 42% (ATLAS); 23% (DO0); 18% (LHCb); 16% (LEP).

 Difference between “All-CDF” combination and the updated CDF value here is
3.60 when the CT18 PDF set is used.



Towards the next iterations

New measurements since : ATLAS’24, and most importantly CMS’24

“Historical” complications are now treated and shouldn’t be of relevance in the future
- Measurements will come natively assuming the relevant PDF sets of their time
- Polarisation questions solved

- CDF measurement very precise, and for the moment not considered

New challenges

- Statistical :
* how to combine several profile-likelihood measurements, and/or with offset measurements?

e Profiling of PDF uncertainties

- Modelling : measurement correlations beyond PDFs

23
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Statistical aspects : combine PL and offset measurements

* Option 1 : maintain mW-only combinations using BLUE

- Requires to decompose uncertainties of the PL fit results, such that the uncertainty
contributions have the usual interpretation in terms of error propagation.
Motivated 2307.04007

POI-POI cov.

//,777
NP-NP cov.
Parameter aq . o e an | 6
Cry v Ciy o Cuy | @ Syst1 | Cu - Gy - Ci |«
C” et C“ e C,gﬂ, €t . : ) . . | ] \‘
: X : X —» E}}’ht t Ctl e (-f’f,‘r e (f’tn €t
Ca1 -+ Cut -~ Cun || 0 . . : ‘ : ’ \ |
S}rSt n Chi tet Chr cet Chn €n
_ 2 - = T S T s s
€ e € e € \ stat stat stat | _stat |
1 ¢ O I? Stat (o e Og " O, Oy |
7 E] hl
Total \/ C]_]_ e \/ <P e \/(-f’nn g8


https://arxiv.org/abs/2307.04007

25

Statistical aspects : combine PL and offset measurements

e Option 2 : combine complete information

- PL-PL
Cn,.f E:"'L-f
cov(Lar)|pr—ap = ( =
M O nr

The general covariance matrix can be constructed as,

- B cov(Ly)  cov(Lag)
COV (Jccmb) — ( C()V(L:AB)T (}DV(ﬁB)

where,

—

= Ca-Cp Ca-€p
EE'CB EE;'EB

Andres Pinto
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Statistical aspects : combine PL and offset measurements

e Option 2 : combine complete information
- PL-NP

Ca €x 1 Ca-€p

T 2 A =

cov(Lemp) = €4 Op, | €a"€B
1 o~ I3 = 2

€g-Ca €g-€a' op,

BLUE colored terms recover the BLUE combination matrix between A and B, i.e.
if we have no information of C'4. This matrix considers that the NPs from the B
measurement are Gaussian constrained, i.e. 0 %+ 1.
The off-diagonal blocks of the matrix propagate the NPs information through B, i.e.
Ca-€R.
Andres Pinto



Profiling of PDFs

In principle a question to be addressed upstream, by the measurements

But not only : combinations also profile PDFs, even if not explicitly

BLUE doesn’'t make PDF NPs explicit, but they are still there, and unavoidably
constrained in the process

27
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Profiling of PDFs

In principle a question to be addressed upstream, by the measurements
- Claim : tolerance criteria used in PDF fits should be treated consistently in downstream fits

- Proposal 1 (CTEQ)

—

Start by defining the correspondence between Ay? and cumulative probability level: 68% c.l. & Ay? = T2
2. Write the augmented likelihood density for this definition:

P(Dy|T;) & e™%7/CT")
3. When profiling 1 new experiment with the prior imposed on PDF nuisance parameters 4, ¢:

N,

+Zw 32\;‘:‘) @, exXp T 21 -}:}:'t ‘”' 242 th T'(ftT)_T‘(fn—’

Z s7 *ZX = ZT Aath Pia = 2 '
new experiment priors on expt. systematlcs

and PDF params

4. Alternatively, we can reparametrize x? = y2 /T?, so that 68% c.l. © Ay? = 1. We have
P(D;|T;) x e =X /2
”[1)+ BEXP )\ —5-Y .1\”,1

21,7 g - Lua Fia 7O, ‘/'VT' o M1,
X% (Aexps Aen) = Y 2 T'3 \ 3, \mp ¥ Wi
\\ 1 Cx s

|
=1 )

consistent redefinition

“Kills any prospect Pavel Nadolsky



Profiling of PDFs

In principle a question to be addressed upstream, by the measurements
- Claim : tolerance criteria used in PDF fits should be treated consistently in downstream fits
- Improved Proposal 2 (MSHT)

@ Include tolerance by two-step profiling:

@ First profile PDFs including factor of T2 to correctly account for
existing PDF uncertainties = obtain consistently profiled PDFs.

Q@ Then perform fit with Ax? = 1 and obtain PDF uncertainty by
scanning profiled PDFs as new input set. Tom Cridge

has the nice property that it reproduces offset error propagation exactly, for large T

- NB : regardless, such treatments will enhance differences between “aggressive” PDF sets
defined without tolerances, and “conservative” sets defined with tolerances

29



Profiling of PDFs

* In principle a question to be addressed upstream, by the measurements

- Personal perspective :

PDF model dependence is too large
already for offset measurements, and
error inflation is in order. Experimenters
should be given tools to understand the
reasons for the differences (cf.
E.Nocera, PDF4LHC21 — generalize!)

PDF profiling is not so much about
reducing uncertainties, but about
reducing model dependence.
Propagating tolerances downstream
makes PDFs stiffer and doesn’t go into
that direction

30
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Profiling of PDFs

* In principle a question to be addressed
upstream, by the measurements

- Personal perspective :

PDF model dependence is too large
already for offset measurements, and
error inflation is in order. Experimenters
should be given tools to understand the
reasons for the differences (cf.
E.Nocera, PDF4LHC21 — generalize!)

PDF profiling is not so much about
reducing uncertainties, but about
reducing model dependence.
Propagating tolerances downstream
makes PDFs stiffer and doesn’t go into
that direction

31

ATLAS cThs |
's=7TeV, 4.6/4.1 b ;
\'S eV, 4.6 b péim i
- B
G %1 R —
FDF —
= ATLASpdf21 I“"""‘"“"
= MSHT20 B
—CT18 Gpop X 2 ' A_%.
-« CT18A ——— e :
-= NNPDF3.1
-~ NNPDF4.0 —+:
Oppe X3 -5 B
R
| i
-100 -50 0
Am,, [MeV]

STDM-2019-24



32

Correlations beyond QCD

* Electroweak uncertainties play at the 2-3 MeV level; a proper correlation treatment
will have a visible effect on combined results

mil LmJs
M T

CMS W mass ReneSANCe EXPERIMEN
S [~ I T T T T T T ] - .
B 1.006] — my+25Mev ] Winhac:
o i ISR off — FSR MEC off ]
o 1.004 | — FSR horace — EW virtual y
B 1002k ‘ . PHOTOS/YFS FSR comparison: similar to FSR horace
e o Full EW/ YFS: similar to EW virtual
1.000 '
I - cmmmmmam e ===
0.998|- Fee T s
PR [N SRS SN [N SN TN T AN S ST S NN TN T S S NSNS S |
30 35 40 45 50 55 i
i Differences TBU!
Pl (GeV)
' [ 1 \ LI L L R ' L L L B L
11.006- ... my, - 20 MeV Winhac 11.006- ... m,, - 20 Mev Winhac
' - — my, +20 MeV 4 ' - —— my + 20 MeV B
B —— PHOTOS/YFS r —— PHOTOS/YFS
1.0041 —— EW/FSR - 1.0041 —— EW/FSR ]
r PHOTOS LULL+ME ] r PHOTOS LL/LL+ME
1.002- _,—'IK 1.002
 sa—— - 1
F Vs = o ki IS 5 i i
0.998 _j 0.998] T
0.996]- - 0.996 =
- 13 TeV Wplusmuon truth . - 13 TeV Wplusmuon truth ]
0.9941 - 0.9941~ 7
T R B B S B TR SR SR S NN SR SR NN S NN SAN SN S NS SO ST S S S S
25 30 35 40 45 50 55 65 70 75 80 85 90 XUGWG I Jla

Pl [GeV] m; [GeV]



Next combinations

Measurements presently available, and considered for combination:
- DO ‘13 (offsets)
-  LHCb ‘21 (partial profiling)
- ATLAS ‘24, CMS ‘24 (profiled measurements)
(+LEP legacy)

Foreseen on ~one year timescale
- ATLAS low-mu
- Others?

Still a goal to publish these results as experimental collaborations, instead (or in
addition) to the current working group

33
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Next combinations

e First exercise, with NNPDF3.1. Not even preliminary; just to give an idea of what to
expect:

BLUE: combination of all the measurements using only the uncertainty decompo-
sition.

MatrixCMB: ATLAS and CMS provides NPs covariance matrix and offsets while
LHChH, DO, CDF and LEP are offset-like measurements.

BLLUE MatrixCMB
Clombination ey Tiotal TPOF 1,2 l"ml:[yE:- Ty Trotal TPOF llj .l d l':l'uhl:".,E]
CMS + ALTAS [CA) BO3RG.T A3 2.9 .3 58.21% 03570 B2 25 10111 1m 47 B1%
CA + LHCh (CERN) IR HTRY 7.0 25 .3 B5.T1%™ BOZAT.G T4 2.2 101.13 102 S0.5T%
CERN + D0 (CERN-D) B036HE.6 7.0 a7 .8 B4 18% BO3AO.G 7.5 2.3 10181 103 51.4T%
CERN-DO + LEP (CERN-DL) 80359.4 7.4 2.6 1.1 BO.ATH | 803604 T3 2.2 10204  10d 53.60%
CERN-DL + CDF BOEEL.D 6.5 3.3 351 0.00% BOERG.T 6.l 2.8 14289 105 (R

Andres Pinto



Perspectives

Projects
— A CONF note in the next months, including ATLAS and CMS 24?

- Acollaboration-signed publication in 1-2 years?

Working group and documentation
- https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHC-TEV-MWWG
— Combination : Eur. Phys. J. C (2024) 84: 451
- Statistical methods : Eur.Phys.J.C 84 (2024) 6, 593

35


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHC-TEV-MWWG
https://doi.org/10.1140/epjc/s10052-024-12532-z
https://arxiv.org/abs/2307.04007
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