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Deep Inelastic Scattering (DIS) is the best tool to probe proton structure
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Final inclusive data from all HERA running
~500pb-! per experiment split ~equally between e* and e-beams: EPJC75(2015)580
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- The ZEUS analysis uses these polarised data, H1 data are used unpolarised
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The neutral current NC cross sections are given by
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In this expression the structure functions can be separated into contributions from y
exchange, Z exchange and y/Z interference

ﬁzi =F — (ve+ Pﬁaﬁ)szj"Z + (Lf" +a’+ QPE_J.'{_J&E])L-?JFQZ,_ _ 1 Q> 1
sin? 20y M2 + Q21 — AR

zFy = —(a. = P.v.)xzxFy” + (2v.a. £ P.(v? + a2))X3zFZ | Where AR accounts for radiative

corrections using the EPRC program of
ve = —1/2 + 2sin’ 0y @, = —1/2. Spiesberger

The on-shell definition of sin?fy = 1 — ;'lfarfl.-";'lf% was chosen for the analymis =0.22333
(F3, F7 Y] = ) leq, 2eqva, vy + ag]z(g + 9), The structure functions are given
! in terms of EW couplings to the
wFy aF{] =) [eqaq, vqa,)22(q — q), parton densities v,,a4,v,,,Vq
; (LO expression)
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In the first part of this analysis the SM expressions for the NC coupling
parameters are replaced with free parameters a,, ay, v, Vg4

A simultaneous NLO QCD and LO EW fit of PDF parameters and electroweak
parameters is performed in order to assess the uncertainty on the EW
determinations due to uncertainty on PDFs.

The QCD part of the analysis follows the framework of the HERAPDF2.0, including
the form of the x2 and the accounting for correlated experimental uncertainties

xg(x) = A5l 0% - AF(1 - 0%, The central parametrisation is given here but
xu(x) = Ay xBe(1—x)% (1+Eyx?), due to variation of:

xd,(x) = AgxF(1 —x)%, szinv M, M, f

xU(x) = Apx®(1- T, Parametrisation uncertainties due to variation
xD(x) = Apx®(1 - x)°D, of Q?%, and addition of extra parameters in a

multiplying polynomial 1 . pr 4 e

The charged current (CC) cross sections are also used to determine the PDFs

d*occ(etp) GEM;, - 5, ‘
dzrp;dQ)? = (1 + PEIIEHIBJ_[:QQ + M2,)2 rzl{u+e)+(1—y)(d+s+b),
LO expressions
Loon(e=) G2 A for illustration
“Occle P, . r Wy \ . 92,7 _ = -
——— = — - F z(u+e)+ (1 —y)*(d b))
dzrp;dQ)? [‘ jfﬁl‘ﬂj(Qg + M3 )? l(u )+ y)(d+35+D)]

Later on in the analysis they also contribute to the determination

of M,, and sin?6,, through the propagator AND Gp— T 1 5
\/2 ."iillE IEj'Ii,' qlfﬁ 1 - AR




The simultaneous NLO QCD and LO EW fit — called ZEUS-EW- Z --was done to the
uncombined H1 and ZEUS data.
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For Q?,,,=3.5 GeV? the number of data points is 2942 of which 501 are ZEUS cross sections for
polarised beams. The x2/ndf =3270/2925 =1.12 for a fit with NC couplings free .The description of
the data is illustrated here for the NC e+ and e- polarised data..
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Now take a look at the extracted NC couplings
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There is only weak correlation between the EW and the PDF parameters, 7



The vector and axial-vector couplings in the fit show a strong correlation
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The results of this simultaneous PDF and EW analysis can be compared with the
results of fitting the EW parameters with fixed PDFs, either from a dedicated fit to

these data (13p), or using the HERAPDF2.0 fit.
(Note this fit did not use the on-shell sin?6,,, so it has been repeated for consistency) 3



ZEUS-EW-Z results are compatible with the SM and competitive with previous
measurements for the u-type quarks
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Another way to see this is shown here.
The ZEUS result is the best for a single measurement for a, v,
It is not yet included in the PDG average and will have impact.
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The data can also be used to determine sin“6,, and M,

¥ DIS inclusive cross sections depend on sinZ6,, through:

* ¥, term in NC cross sections;

4 Vector couplings of Z to quarks;  w=1/2-43sfy  w=-1/2+2/3sn by,

o = F) — (v + Pa)xzF? + (v? + a + 2P.v.a.) X2 Ff 1 02 1

Xz = =5 3 5

i _ 0 o M )21 — AR
By = (a0 = Pu)xzaFy? + (2vea, £ Po(v? + a?))xGo kg SR Mz + Q71— AR

@ CC cross sections via G
flll.zﬂq’ ol e I ]ra]' ‘.r.r'.'j',- 1l.lr|||I y 3

= (it ' “d+s+h -

o pyd () (14 jIIrjlﬂ'-'u'.:'li_uf‘t“.v}” I -"“r-;‘;-}"”’f“” O+ (1-y)d+ e+ ) Gp = V2 T;” I&R
d®occlep) o G My, - 28 Oy Ms 1 — AR
g d0? (1 =P JETT-TH,i(QZ"'ﬂfﬁ]I rl(u+e) + (1 —y)*(d+ 5+ b))

AP is an EW correction. arxiv:hep-ph/9902277

+ Re-expressing G through sin®8,, and M, allows to use both CC and NC for sin®8,, determination.

e Current analysis exploits all three dependences for sin®6,, extraction.

The information from the x,term and from Grare both important

the vector couplings do not contribute much

sin?0,, is fitted as a parameter along with the PDF parameters-- this fit is called ZEUS-EW-S

Strictly speaking since sin?@,, is no longer =(1-M,,,*/M,?) this is no longer in the on-shell scheme
11



The description of the data is also good, illustrated here on CC data

n.04

0.02

ZEUS

ZEUS

—

Q% = 3000 GeV©

E

Q= 20000 CeV*

'x?=3270/2928 =1.118

s Q' = 1700 GeV* :
- [
- =
. 15
- E
;_I B : a 0.5 E—
j_l_l_u] ||||||_|,|J |||||||‘ 1 [l ;|_|_|,|,|J |||||||_|J L 111 H IIIIII|,|J 1L 111 H 1 ||||||,|] 111 H
- Q% = 5300 Gev® Q' = 9500 GeV? Q' = 17000 GeV? Q' =3000GeV' [ Q'=5200GeV’ | QP=09500GeV’ | Q'=17000 eV’
» C C 1+ - L L
. s s 0s |- o o o \gg\
» Lli\sk_ - I L L L N
;__u_u] _‘|||||u,|J :I |||||u,|:tu_uj ‘.IIIIILUJ‘-:I::IIII -_| 1| 1 l I| 1] 5|1|,|,|J |||||||_|J ||||?t|]];1u,|,| ||||||u] ||||TI|]];:|_|,|,|,| 1 |||||u] |||;| L 1
] . =] - 2 - I R , -3 4 .3 3 1
10 10 10 10 10 10 . [ Q=000 cer | 10 10 10 10 10 -
] 03 | Bj
ZEUSCCe'p ZEUS-EW-5 oz i ZEUSCCep ZEUS-EW-5S
C - -1
® 76pb . P,=+0.33 Bl P =+033 - \ ® 7lpb P =+0.30 Bl P =+030
[ \ -1 - -
36 ph™, P,=—10.36 Bl P,--036 i \ 104pb™,P,=—027 HE P,=-0.27
0 :I.I.I.I.LI_1I_LLLI.LI.I.|_I_LLI.I:'II.I.I
10° '
Xg;

12



The fitted value of sin?6,, is.

[[ain2 By =0.2252£0.0011 0

+0.0003

+0.0013
—0.0001(mod } ‘—0.000L( par'|:9'2252— n.mu(mzjﬂ

0.0007

i

F

The data were also split into three Q? regions and fitted with PDF parameters fixed

(to the ZEUS-EW-S PDF values) in order to look at the running of sin?6,,,
Uncertainties on these values are then assigned by ratio of the total uncertainties on the fit to

the full range (as above) to as similar fit in which PDF parameters are fixed|sn"tyw — 02241 + 0.0004

bin Q?nin Q2. scale | sin® O exp sin? H‘fff exp FPDF
(GeV?) | (GeV? ) (GeV) | on-shell unc. effective unc. unc.
1 200 1000 22.3 | 0.2254 | £0.0020 | 0.2352 | £0.0020 | TO-00%0
2 1000 5000 40.9 | 02251 | £0.0014 | 0.2339 | £0.0015 | T)-00M
3 5000 | 50000 | 139.8 | 0.2240 | £0.0026 | 0.2323 | £0.0026 | *-00%
All Data Mz | 02252 | £0.0011 | 0.2335 | £0.0011 | Fp-o00s ZEUS
. 5 . 5 : §F o242 "7 T T T R
The values of sin<8,, for different Q< are given < B ZEvSEWS
. . e B o all data
in this table, where the scales of the 024 ’ % binsed data
measurement are taken as the log-average 0.238
Q? of the bins. -
0.236—
- n QwCs)
0.234— NuTeV
- P Qs
They are then translated to values of sin?0,, e o232 o ATLS
using the procedure from: Czarnecki and ok . %m
Marciano, IJMPA15(2009)2365 - O FpeL
I L
10° 107 107" 1



The mass of the W boson can also be fitted using the dependence of the W-propagator

of the CC events and the dependence of G, Tap 1

Gy = —
! V2 sin? By M3 1 — AR

This ties the fit to the NC data through the common use of sin?0,,
The fitted value from this ZEUS-EW-W fit with sin26,,, =0.22333 fixed is:

+0.12 +023 . +0.38
[[ M, =80.68=0.28 0 150) —0.01(mod) —0.01(par) €V = 80.68_ 5 10 GEV}]

This represents one of few determinations in a space-like rather than time-like process

Finally sin?6,, and M,, can be determined simultaneously (ZEUS-EW-S-W)
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o ------- CL.95% experimental/fi | . 2 _ {10005 + (0003 | +0.0032
0.234¢ . uncertainty k sin”6,=0.2293=0.0031, explfit) ‘—0.0001(mod) —0.0001(par) — 0.2293_, 4a: (1o¢)
0.232 :— _:
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Summary

A combined QCD and electroweak fit to all available HERA inclusive DIS cross sections
taking into account beam polarisation for ZEUS data gives results on:

1. The couplings of the Z boson to u and d-type quarks that are competitively precise
for the u-type couplings.

2. sin?B,, and its running

3. My, — from a space-like process

The correlations between the PDF parameters and the electroweak couplings are weak
and the resulting PDFs are compatible with HERAPDF2.0
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extras
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Quark coublinas to Z

Decompose the NC cross sections into polarised and unpolarised pieces. Cross

sections are related to parton distribution functions PDFs and electroweak parameters

The total cross-section : 0 = o’ + P of

The unpolarised cross-section is given by c? =Y, F,* + Y xF;°

LO expressions F0= % A%(Q?) [xqi(x,Q2) + xq;(x,Q2)]
for illustration

xF3%= Z; BP(Q?) [xqi(x,Q?) - xqi(x,Q?)] SH values
' 2 —4/3q E . [
AYQ%) =e? =26 ViV, x,+ V.2+a?)(Vi+a?) x2 -4y, 0 = 172
BO(Q?) = —2eaa, X;+ 4a;3,ViV, XA =-l/14 )ity 0= 1)1
The polarised cross-section is given by ” = Y, F.,” + Y xF,"
F.P =% AP(Q?) [xqi(x,Q2) + xq;(x,Q2)]
xF;P= X, BP(Q?) [xqi(x,Q?) - xq(x,Q?)]
AP(Q2)=  2ev,a, Xz~ 2V, a, (v2+a?) X7°
BiP(Q2) = 2 € a Ve Xz- 2 a; V; (Ve2+8.92) X22
Xz >> ng (YyZ interference is dominant) unpolarized xF; = a,

Vv, is very small (~0.04). polarized F,

2V,




The reduced cross sections used were published after QED corrections were applied
using the HERACLES program interfaced to DJANGO. Corrections for LO ISR and
FSR of the electron are mostly ~1% but can reach 15% in some bins.The uncertainty
on these corrections was assessed using HECTOR and EPRC to be below 2% of the
correction.

Updated values of ZEUS polarisations are used presented as compared to the original
publications
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Effect of coupling determination on PDFs

ZEUS ZEUS
hH 1_ R . S — ﬁ 1_ S . S —
u=10 GeV? ur=10 GeV®
0.8 — ZEUS-EW-Z NLO 0.8 — ZEUS-EW-Z NLO
uncertainties: uncertainties:
B cxperimental ¢ G B cxperimental £ Gt
| model Xu, 1 model XU,

[ parameterisation P parameterisation

0.h v HERAPDFZA NLO 0.6 v EEUS=13p NLO

0.4
xg (x 0.05)

0.2
x5 (x 0.05)

(I [

« HERAPDF2.0 and ZEUS-13p F’D'Fé_ﬁf-ith couplings set to SM agree with ZEUS-EW-Z PDFs.

« Releasing couplings has little effect on PDFs.

There is only weak correlation between the EW and the PDF parameters, 19
The QCD part of the fit can be repeated at NNLO with little pull on the EW parameters



Correlation matrix for the fit parameters

NO. Bg Cg Aprg Bprig Buv Cuv Euv Bdv Cdv CUbar ADbar BDbar CDbar auEW adEW vuEW vdEW
By 1.000-0.014-0.449 0.824-0.216 0.172 0.250-0.084-0.085-0.098-0.107-0.136 0.046 0.025 0.003 0.01%5 0.018
Cg -0.014 1.000 0.831 0.457 0.341-0.373-0.550 0.010 0.296-0.018-0.082-0.103 -0.434 0.105 0.095-0.098 -0.111
Aprig -0.449 0.831 1.000 0.120 0.548-0.404-0.629 0.233 0.274 0.159 0.081 0.072 -0.148 -0.052 0.000 -0.043 -0.054
Bprig 0.824 0.457 0.120 1.000 0.106-0.037-0.082 0.075 0.047 0.043 0.011-0.014 0.012 -0.029 -0.011 -0.001 -0.002
Buv -0.216 0.341 0.548 0.106 1.000-0.409-0.774 0.485-0.086 0.690 0.476 0.395 0.439 -0.360 -0.178 0.079 0.070
Cuv 0.172-0.373-0.404-0.037-0.409 1.000 0.828-0.297-0.235-0.188-0.095-0.069 -0.040 0.110 0.029 0.040 0.028
Euv  0.250-0.550-0.629-0.082-0.774 0.828 1.000-0.296-0.066-0.363-0.170-0.117 -0.092 0.192 0.087 -0.023 -0.017
Bdv -0.084 0.010 0.233 0.075 0.465-0.297-0.296 1.000 0.518 0.405 0.350 0.291 0.673 -0.335-0.134 0.038 0.021
Cdv -0.085 0.296 0.274 0.047-0.086-0.235-0.066 0.518 1.000-0.137-0.186-0.193 -0.139 0.110 0.128 -0.101-0.128
CUbar -0.098-0.018 0.159 0.043 0.690-0.188-0.363 0.405-0.137 1.000 0.673 0.635 0.329-0.320 -0.137 0.055 0.052
ADbar -0.107-0.082 0.081 0.011 0.476-0.095-0.170 0.350-0.186 0.673 1.000 0.959 0.477 -0.272 -0.137 0.056 0.059
BDbar -0.136-0.103 0.072-0.014 0.395-0.069-0.117 0.291-0.193 0.635 0.959 1.000 0.415-0.239 -0.120 0.047 0.053
CDbar 0.046-0.434-0.148 0.012 0.439-0.040-0.092 0.673-0.139 0.329 0.477 0.415 1.000-0.449 -0.271 0.148 0.153
auEwW 0.025 0.105-0.052-0.029-0.360 0.110 0.192-0.335 0.110-0.320-0.272-0.239 -0.449 1.000 0.861 -0.555 -0.729
adEW 0.003 0.095 0.000-0.011-0.178 0.029 0.087-0.134 0.128-0.137-0.137-0.120 -0.271 0.861 1.000 -0.636 -0.880
VvUEW 0.015-0.098-0.043-0.001 0.079 0.040-0.023 0.038-0.101 0.055 0.056 0.047 0.148 -0.555 -0.636 1.000 0.851
vdEW 0.018-0.111-0.054-0.002 0.070 0.028-0.017 0.021-0.128 0.052 0.059 0.053 0.153 -0.729 -0.880 0.851 1.000



World results (full uncertainties)
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The PDF fit is consistent with the one where NC couplings are fitted

ZEUS

]_ T T T TTTTT T IIIIIIII T IIIIIIII T T T TTTTT

ni=10 GeV?

xf

0.8 - —— ZEUS-EW-SNLO -
umcertainties:

I experimental [ fit

] model XU,

[ parameterisation

0.6 _ - ZEUS-EW-Z-NLO

0.4

xS (% 0.05)

10 107 107 107 1




Fits to M,,, and sin?8,,

We first fit M,,, purely from the G2 M,,#/(M,,2+Q?)? term in the CC propagator
My, =79.39 £ 0.56 GeV 006 .(mod) #0902 . (param) GeV

We can ALSo fit M,, from the NC data using by replacing GF above with
GF= ma/ (N2 sin28,, M,,2) *1/(1-AR)
Where AR is an EW correction coming from EPRC
Working at this level also adds such 1/(1-AR) terms to the Z propagators
This is of course in addition to using the CC propagator
This ties the fit to the NC data through the common use of sin26,, which is fixed at
0.22333
More accurate than using the propagator alone
M,y =80.68 £ 0.28 GeV *012 /. (mod) *0-23 , ,,(param) GeV

Then we can do sin%6,, and M,, fits simultaneously using all the information from points |
to iii above PLUS the W-propagator and we get
Sinzew =0.2293 +0.0031 *0:0005 -0.001(mod) +0.0003 -0.001(param)

and |le =79.3+0.76 GeV *0-38 -0.08(model) +0.48 -0.1(param)
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G, and mass of W boson

+ G; and M, were also determined simultaneously with PDFs as a consistency check.

ZEUS
lj'lh= i T T T T T T |' T T 1 [ T T 1 | T T T | T T 1_
— i ~ ZEUS-EW-Gf-Mw NLO | M, =79.77+1.15(exp ) GeV
. - —— ZEUS-EW-S-WNLO v '
«a 1.22— e Hi — -. o . g
= I \ 1 Gp=(1.1618%=0.0117 )*10" (exp ) GeV
E - *  World average i
& A ] corr(M,,,G, )=—0.87
118 —
[ | M riieverese — g0 385+ 0.015 GeV
1.16— —
- 1 Gt 1166378710 "+6%10 “GeV ™"
1.14F .
7'5' | '?'3’ | '3'0' | '3'2' | '3'4' | 'Blﬁl — Experimental/fit uncertainties only!!

My, (GeV)
& Fitter G_and M, are consistent with current world average values.
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The improvement from using ALL HERA polarised data compared to using just ZEUS
polarised data is shown here. arXiv:1604.05083

It is the uncertainties on v, and v, which have reduced, as expected

Central values have also shifted somewhat
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