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PDF uncertainties in EW analyses

PDF uncertainties are (among) the largest uncertainties in precision EW studies in Run-|,

Run-11, and beyond...
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PDFs are determined from data

MSHT, EPJ C81 (2021) 341
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Can PDF uncertainties be reduced in the future?

Are PDFs correlated with EW parameters, or are the data used in PDF fits themselves
sensitive to EW parameters?

|s there sensitivity to EW parameters in the PDF?
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Neutral and charged current DIS

Inclusive NC and CC DIS data from HERA H1, JHEP 09 (2012) 061

H1 Collaboration
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To which extent are these data sensitive to EW parameters ? L
Q*[GeV]
How to do a PDF+EW fit?
NB: the following studies are performed with dPoye  2ma? o= =L 4=
dedicated data from H1, while otherwise the inclusive  dzdQ? ~ Q* (Yo by FYoofy —y F)- :
DIS data are not accurate beyond LO EW theory H1, JHEP 09 (2012) 061
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CC DIS: purely weak

NC DIS: vy, yZ, ZZ exchange

Electroweak effects in DIS
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NC generalised structure functions
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Quark-parton model
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Ar = Ar(a,mw, mz, my, My, -+ )

EW higher orders: p, K

gfl = VpNC,qIE,q b

g% = VPNC,q (Iﬁ,q — ZQqKNC’qSil’lzgw)

[ 3 independent variables at born-level in DIS, e.g on-mass shell scheme (a, m,, m_, Ar)
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* (excl. vacuum polarisation & virtual photon corrections)
» Corrections vary by < 0.1% for polarised case, or for e- scattering

Higher order EW effects

Size of the purely weak 1-loop EW corrections for unpolarised NC and
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Simultaneous fit of PDFs and EW parameters

PDFs are parameterised at low scale with 13 'free' fit parameters

 NNLO QCD and DLGAP evolution:;
— similar to HTPDF2012, H1PDF2017 or HERAPDF2.0 03

= | T III\HII T I!IIIIII T
L Q?= 10 GeV?

H1, JHEP 09 (2012) 061
H1 Collaboration
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Electroweak parameters are determined simultaneously with PDFs =, i A
- their correlations are properly taken into account [ i

- the final uncertainties include those arising from the PDFs

* X2 minimization are performed with normal-distributed relative
uncertainties

X = Z log £V, log (%

ij
* Very good data/theory agreement (PDF fit alone)
Xe/n,.=1435/(1415-17) = 1.03
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Determination of the W-boson mass

W-mass determination in on-shell scheme

e Simultaneous PDF+m,, fit

my = 80.520 + 0.0704, + 0.055y4 = 0.074ppr GeV

* W-mass in on-shell scheme difficult to interpret
— consistency test of EW theory, when compared

to direct W-mass measurements

Sensitivity 'breakdown’

« Dominant sensitivity (~120 MeV) from
normalization of the CC cross sections

» The quark and electron couplings to the Z (in NC DIS)

provides sensitivity of ~225 MeV

« W-propagator term my,,., in CC DIS has a

sensitivity of ~800MeV
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H1, Eur.Phys.J.C78 (2018), 777

EW parameters with PDFs

D. Britzger — LHC EW WG 2022

8



NC form factors

Probe higher-order corrections to weak NC couplings

* Introduce anomalous form factors (p', k')

gh = VpNC,q[E,q ,
8y = VPneg (Iﬁ,q - 2QqKNc,qSin29w)

PNC p’NCpNC

!
KN —™ KNCKNC .

* 4 independent determinations of NC form factors:

— U-type, d-type, (light) quarks, electrons

« Results consistent with SM expectation

« With some calculation, results could be compared with

LEP+SLD - but much larger uncertainties

H1, Eur.Phys.J.C78 (2018), 777
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Light quark weak neutral current couplings to Z

« Results are competitive and consistent with other determinations

Reasonable consistency with expectation
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« 2-coupling fit is more precise due to the reduced correlation
« Among most precise measurements to date

SM born-level
expectation
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2.5

NC,f

0.5

Scale dependence

Three fits of 'form-factor modifications' (p',K') + PDFS (set other parameters to their SM values)
1) quark form factors, 2) electron form factors 3)

1.5}
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! | ]
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(e+q) form factors
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— No significant scale dependent deviation from SM

K' can be
translated to

sin%g_*1(Q)

H1, Eur.Phys.J.C78 (2018), 777
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Charged currents effective couplings

Charged current cross section

Charged current form factors
« SM: CC form factors incorporate higher-order EW corrections

* Introduce (non-SM) modifications
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- No significant devitions from SM

— Unique test of CC sector
(actually better than NC form factor of d-type quarks)

H1, Eur.Phys.J.C78 (2018), 777
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Conclusions on HERA data

HERA inclusive DIS data have only (very) little sensitivity to EW parameters
— No impact from EW parameters on PDFs to be expected
— HERA inclusive data are accurate to LO EW only, while no relevant sensitivity to
higher-order EW effects

Though, there are some interesting aspects
— Competitive sensitivity for EW effects of 1st generation quarks
— Sensitivity to EW effects in charged currents
— Moderate sensitivity to scale-dependent effects (space-like)

How to reduce the (dominant) PDF uncertainties in future LHC analyses ??
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Electron-proton collisions at the HL-LHC ?

\

LHeC - ep data in 2030s

* ERL electron ring attached to HL-LHC

e« E,=50GeV, L~1034cm2sT

 concurrent operation with pp LHeC, J.Phys.G 48 (2021) 11050

LHeC

e Vs~ 1.3TeV

 Electron and positron data

* Upto1abintegrated luminosity

« Symmetric detector may possibly be shared with ALICE3

K. Andre et al., ERJ C 82 (2022) 40

Relocatable

 electron-accelerator components can be relocated
from HL-LHC to FCC-hh




L HeC kinematic reach

LHeC: greatly increased kinematic reach (vs~1.3 TeV and L~1 ab1)

Polarized e p cross section

N> E T T ' HHH‘: (\'|_| E T T I\I\Il T T \I\Ill T LI II\I\‘ T LU
S1o7L EW effects4 > 1020 —NC —CC LHeC
5 % Eﬁg&he S 0 3 ~-NC - CC EIC
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105L [] BCDMS g N E
F [ ] NMC T 10" - ' 4
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1. Superior sensitivity to PDFs
2. Enhanced sensitivity to EW effects
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LHeC PDFs

Prospects for PDFs determinations with LHeC inclusive DIS data
— greatly reduced PDF uncertainties LHeC, J.Phys.G 48 (2021) 11050

Khalek et al., SciPost Phys. 7
(2019) 051

Uncertanties in PDF luminosities @ Ys=14 TeV

up valence distribution at Q° = 1.9 GeV?

’6‘16_ T — T T
5 2:\||\‘\\\\l\\\\‘\\\\‘\.\\\‘\\\\‘\\\\‘\\\\ é L] — PDF4LHC15 _
o18- PDFS Wlth % 1.40 v + LHeC -
2.5 [ HeC data S 4 ol hne ]
© -2 __
c P ETTTY + LHeC + HL-LHC ]
1.4 = = —
» o 1

1.2 ‘:’ L . \ ]
- £ b Reduction by o4
B | =3 R F —
| L = —
> . f factor ~4-5 :
0.87 L 0.6— v,
/ S E & e
BE= cTis > N & o =
0.6 44 NNPDF3.1 =04 0z L sy, S
C . AR L L e Ty o - .
= MMHT2014 < - .y‘,}ﬂﬂmml|m|||\mlu-ruummrmn|rll.lrlﬂﬁa"‘ .
04 HERAPDF2.0 _\Ig 0 2 . e HH."“‘ “““ PRTTL L IR T T PN ) 7
LHeC 50fb-1 e-, P=-0.8 a Tk LTI -
3 0] * N nl |
0.2 Il LHeC inclusive > MELETTTTTE & it ]

O 0 L1 L | L | L1

0 L1l ‘ LLLl | LLLl ‘ L1l ‘ Ll ‘ LLLl ‘ LLLl ‘ LLLl ‘ L1 1 O 1 02 103

01 02 03 04 05 06 07 08 0.9 M)( ( GeV )

— greatly reduced PDF uncertainties
- Independent determination of PDFs (no shared syst. uncertainties)
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pp physics with LHeC PDFs

Significantly improved PDFs will reduce uncertainties
IN My, Or SiN%0

Improved PDFs are crucial to reach current precision

myy [MeV]
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LHeC vs. LEP+SLD

2D determinations of k and p

g; = VpNC,qli,q ’
gl = VPncg (Ifiq - 2QqKNc,qSin29w)

* Competitive sensitivity to LEP+SLD (aibeit a single

detector only)

« Complementary with pp/ee
» c-quark vs. u-quarks
* b-quarks vs. d-quarks

 highest precision for 1st gen. quark couplings
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Running of the weak mixing angle
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« Simultaneous determination of multiple values of sin?6,, together with PDFs at different Q2

» Per mille uncertainties in 20 < Q <2000 (700) GeV in spacelike regime

. i : na' i DB, Spiesberger, Klein,
Unigue measurement of 'running’ at high scales oS Ehe e (0367
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(The) global electroweak fit — with LHeC

Global electroweak fit
* Many precision observables fitted together
« FEull fit with m,, & m,, where p, defines correlation = Overconstrained test of the SM

S - e a7 ; 240 1~ 68% and 95% probability|contours
8 - 68% anfi 95% CL contours - m, = 17247 GeV | (o)} " [ [] Fit without M, m/, and m,_
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E; ~ Fit /o M, m and M, measurements | | —© =0.46 © 050, , GEV 7] o L []:D Fit without M, and m, | |
B Direct M, and m, measurements - = E 220 - D:D Full Fit FU” ﬂt
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80.4 — ”’l/ \ / 200 B PN
1 1 = M,, comb. = Io : ”,» = = :
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8025 AN . i
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arXiv:2112.07274
HEPfit, JHEP 12 (2016) 135
GFitter, EPJ C78 (2018) 675
PDG20, PTEP 2020 (2020) 083C01
arXiv:2112.07274
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(The) global electroweak fit — with LHeC

(simplified) global electroweak fit
* Free EW parameters:

GF; le mtl mH

Global electroweak fit with LHeC inclusive DIS data
« my—Mm; relation domainated by p,

» Fit also proton-PDFs 804

e Constraints from direct measurements:

Gg, My, M, My, My,

— Good agreement of expct'd uncertainties

with global fitters

Include inclusive DIS data

* Free fit parameters:
Gg, My, m, my, 13*PDFEs
- Fit also proton-PDFs

e Constraints from measurements:
Gg, My, m, My, My, 1200 NC/CC DIS data

T 1
80.45 _- Global E
- [ ]Global E

80.4

[]Glo

T

bal EW fit (simplified)

80.35

_1680-"’0 (9§°-bilC.L|

170

— DIS predictions: NNLO QCD + 1-loop EW

1 :I 1 I 1
172 174
m, [GeV]

— Only tiny impact of DIS data observed on m-m,, correlation
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Conclusions

» Precision physics at the LHC becomes successively limited by PDF uncertainties
» Deep-inelastic scattering is sensitive to PDFs and has sensitivity to electroweak effects

» A simultaneous determination of PDFs and electroweak parameters exhibit some moderate
sensitivity to EW parameters, with some highlights:
— NC couplings of 1st gen. quarks, scale-dependent parameters, EW effects in charged-currents
— Exact treatment of EW effects in DIS predictions will (very likely) not affect the PDFs

* Future high-luminosity TeV-scale DIS experiments (LHeC) could reduce PDF uncertainties in proton-
proton analyses, and enable to achieve uncertainties at a competitive level
— These LHeC data would also be highly sensitive to EW effects themselves, and being
complementary to pp or e+e- data (and being highly sensitive to Higgs-couplings)

 Full ‘'global EW-fit' together with a PDF determination is possible, but DIS data will not contribute to
the m-m,, relation
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Backup
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Higgs physics at LHeC

DIS Higgs Production Cross Section * nggS prOdCUTiOﬂ
in CC and NC DIS

Higgs couplings in
kappa-framework

Log(ep~>HX)
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L EIC
6 K-Andréetal; 050 I
EPJ C 82/(2022) 40 ' I
-7 0.00 .
bb ww 88 had « 2

cms energy /TeV

EHL-LHC mLlHeC mpp+ep

* Higgs-production cross section ~ 200pb LHeC provides most precise measurements of
 Sensitivity to six decay channels 1. H-ff (i-n bb channel)
bb, WW. gg, TT, cc, 77 2. H=>VV (in WW channel)
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EW physics with LHeC

inclusive DIS data

LHeC inclusive DIS data would come with
an interesting sensitivity to EW effects
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STU parameters from inclusive DIS

S, T, U parameters are non-SM contributions to Z & W-boson self-energies
» Studied here: 2-parameter fits incl. PDF fit
* Scheme dependence: Modified on-shell (MOMS)

* With inclusive NC&CC DIS: Possible to disentangle S, T and U
— Complementary to Z-pole
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W and Z mass — with G_ as additional input

; I T T ‘ T T ] 0_23 | T T I T I T T
o 100+ [ H1(m,m PDF) e “Elaéw G, =1.1663787(6) x 10° GeV* ]
) - W ] F % m, =91.1876(21)GeV
—_ ' __i1H1(m,m,,PDF) 95%C.L. ] — 0 22:
EN O8F -H'I( mZ PDF) with G, as |nput — n = [
i T = ]
:':" ] C\I® 0 21
- ' 1 to21 .
% IR |
94 . 0_22— -H1(ﬁn_w+mz+PDF) ]
3 L HI(msmsPDF) 95%C.L . TsellD
9oL i _ 0 197 -H'I(mw:{_.mz,PDF) with G_as input “ B
. - G -5 -2 ] ’ A H1 (mGFlmﬁ":‘) T
w5 --G=1.1663787(6) x 10° GeV ] i W ]
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W-mass in other PDF+EW analyses using HERA data

H1 — HERA-| data H1, Phys.Lett B632 (2006) 35
My = 80.786 % 0.205exp 0:020 | gy &= 0-0255m, — 0.084s7,, = 0.0335a,) GeV .

[47]

H1 — HERA-I + HERA-Il data

H1, Eur.Phys.J.C78 (2018), 777

my = 80.520 + 0.0704, = 0.0554y £ 0.074ppr = 80.520 + 0.115,, GeV .

ZEUS Collab. — H1-HERA-I + H1-HERA-II + ZEUS-HERA-I + ZEUS-HERA-II data ?

ﬂ'fﬁf = 80.68 £0.28 (experimental /fit) —’__8 [l]f (model) _q %} (parameterisation) GeV .

This t-channel determination is in agreement with the PDG14 value of 80.385+0.015 GeV,
which is dominated by s-channel processes. The result presented here is a substantial
improvement compared to a result published by H1 using HERAT data [47].

ZEUS, Phys. Rev. D 93 (2016) 092002

EW parameters with PDFs D. Britzger — LHC EW WG 2022 28



Luminosity

Uncertainty (%)

Uncertainty (%)

PDFs with photons and leptons

apfel_nn23gednlo0118_lept (C2)

luminosity @ vs =13 TeV

o per bin [pb]

[%]

[%]

—_—

My (GeV)

i

PO () = —25(1 _2)

104
10°
10°
10°
100
107
102
10
10
10®

106
100

10

100 L

10

e*e” production at LHC 13 TeV

pr(e*)>10 GeV, In(e®)I<2.5
Lepton PDF from evolution and initial prior
(apfel nn23gednlo0118_lept)

MadGraph5_aMCENLO

Relative contribution
il
PDF uncertainty (68% CL) per channel
=
—
20 40 60 80
m(e*e’) [GeV]
g
2 -
[ qq ( ~ )

120

Physics Letters B 820 (2021) 136534

1 —r—rrrr —
0.9 I
) —d
4,
08 ——u -
—d
07l 5= -
c=§
b=b
0.6 .
o 5
3 05  —— QCD+QED =
< ---- QCD
04 Qz=104 GeVl —
03[ .
02}~ i
\
\
0.1 vl
N\,
. ; M
10° 10* 10° 10? 10" 10'
X

Fig. 1. The parton distribution functions at Q2 = 10* GeV2 with and without QED
corrections.
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