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Simultaneous QCD & Electroweak fits
to HERA inclusive DIS data

K. Wichmann on behalf of H1 & ZEUS collaborations
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Deep Inelastic Scattering at HERA

e/v(k')
= © Lepton beams polarised for HERATI
— crucial for the EW measurements
V/Z/W*=(q)
X(P)  E,=920(820,460,575)GeV
p(P) — E,=275GeV

Vs=318(300,225,252)GeV

4 \
Q2 pq Experimental luminosity (H1 & ZEUS):
pPq p
~ -1 .
s=(p+k) O’=xys  \_ 0.5fb* data from each experiment )
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Fantastic precision of

H1 and ZEUS HERA inclusive final data
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» NC and CC at tree level Y,=1%(1-y)

dove _2ma’l 1 | Y, F,+Y xF,+y’F 490 _12P Cr | M 2(Y Wi+Y xWi—y’ W;)

dQ*dx  x |Q° (Y. FotY xFyty Fy) dQ’dx 2 4mx|my+Qt| Tt T ’
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@ Polarised DIS

) E=——= = = . . . N — N
* Generalised structure functions depend on e-beam polarisation . = =
R L
ﬁ'gi = FY — (ve & Potte)xzFy? + (v2 + a2 £+ 2Pw.a.)x% FZ,
2B = —(a. + Po.)xzzF)? + (2.0, = Po(v? + a2))x2xFZ
* Structure functions in QP model NC sensitive to sin?6,, via
[y, Fy%, FF] =) [€2, 2e,0,, 02 + al]z(q + @), A= i 20, M2 + Q1 — AR

q

[xF:;Z: iEF.BZ] = Z[eqaq: Vg04)27(q — ),
7 * Calculation in on-shell scheme

CcC o TOY 1
F —
2 + 2 74 2 "'11129 rﬂszf 1—AR
Cocol@D) (14 )y E e (@ 4 2) + (1 ) 5 +D) e

drp;dQ?

drgdQ? 2R (Q2 + A\
focc€d) _q_py—GeMi 14+ (1 - y)2(d+5+b)]

dzp;dQ? “2mrg; (Q* + My, )?

CC sensitive to sin®6,,
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Global QCD fits

‘

H1 and ZEUS

Data: NC & CC, €+p and ep sca’r’rering 0.8:— —

pr=10 GeV?

Global PDF fits closely follow HERAPDF2.0 GPP'"oach

DGLAP evolution using QCDNUM
13 parameter fit (HERAPDF2.0 - DUbar)

xf(x)zAxB(l—x)C(l—|—Dx—|—Ex2) B
xg(x),xuv(x),xdv(x),xU(x),xD(x)

Starting scale Q?, = 1.9 GeV?

Model and parameterisation uncertainties — HERAPDF2.0
Corrections calculated using EPRC code: AR

desy.de/~hspiesb/eprc.himl
* No ISR/FSR corrections
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http://www.desy.de/~hspiesb/eprc.html

% K. Wichmann

Diffraction 2016

QCD+EW fits

Vector and axial-vector couplings



Uncombined data sets

* All HERAI data (H1 & ZEUS)
* unpolarised
+ Reduced E, data (H1 & ZEUS).
+ HERAII ;
* H1 unpolarised data °
* ZEUS polarised data
Data from Q2 = 3.5 GeV?
* DGLAP evolution @ NLO

Data used

ZEUS
%v’ Q’ zso GeV? Q‘ =350 GeV* Q* =450 GeV?

Phys. Rev. D 93 (2016) 092002

ZEUS

Q*=800 Gev?

Q' =1200 Gev?

Q} =1500 GeV?

Q? =280 GeV?

T T T
Q? =530 GeV?

Q? =950

GeV?

Q* =650 GeV?
n + m r m m N m m
Q*=12000 GeV* Q*=3000 GeV? Q* =5000 GeV? Q =8000 GeV*

HERA I+1I
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1 1 [
s I ]
05
0.5 ™+ ]
| @=2000GeV? | QP=3000GeV? | QP=5000GeV? |  QF=8000GeV
¢ 0 t d t
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05 5. 8y 2 3
" S R o HICCep.P,=0
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X X

* HF scheme - GN VFNS NLO (RT OPT)


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.092002

Fit results

* Simultaneous QCD and EW fit:
* 13 QCD parameters + 4 EW couplings
ZEUS ZEUS
&, 0 T & 9 — — — —
s % 2 » [y Q=200 GeV? F\ Q=250 GeV? F Q=350 GeV? - Q?=450 GeV?
«2 =10 GeV T i 3 g
05 |- ) a B
0.8 - —— ZEUS-EW-ZNLO = - 5 N :
uncertaintiES: 0 'JJJ]]' Lil llll L1l >“Lllltl{ L LlllLHl L Ll ﬁtl\lll‘ | \IIHH] L L Ll ‘HUIIJ | IJHU] Ll
I experimental / fit C C C C
) model Xu, - QP=650 GeV? F Q=800 GeV? F QP =1200GeV: | Q*=1500 GeV?
[ parameterisation 1 - ; - C
. HERAPDF2.0NLO y - 05 | 8 = -
0 __\HIII L1l llll L Ll IIH:__\IIHI‘ 1 \Illll\l 1 |\I||\|__\|HII‘ Il \|I|\|\1 1 I\l\lll__\\\\ll‘ 1 IIIIIJil L1 1Ll
E [ QP=2000GeV? [ Q'=3000GeV' | Q'=5000GeV’ | Q'=8000GeV’
e i B 3
025 — = = — \
0 I LLLIL L1l llll Ll I IIIH‘ Il \IIHHl Ll L] I I\III‘ L \IIHH] Ll L1 I H‘I!‘-zl IIIIH||-’ 1
oa | QP=12000GeV’ | Q*=20000GeV: | Q=30000 GeV> v . Xp;
i L | ZEUS-EW-Z ZEUSNCe'p
0z |- I | Bl P =+032 e 79pb™ P =+032
- 3 - \ M P =-035 O 57pb,P_=-035
0 ;H'Il 111 lII| I [ Ill\l‘ 1 \lll\l\l 1111 ;Hlll‘ 1 \|I|\|\1 ilxﬁ

0? 0! 0 0" 0 0
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@ QCD & EW parameters uncorrelated

xf

* Reference fit ZEUS-13p:
* QCD parameters fixed to 13p fit

* Only 4 EW couplings fitted

* Very similar results

* Correlation between QCD and EW -

parameters small

0.8

ZEUS

—_— ZEUS-EW-Z NLO
uncertainties:
I experimental / fit

[ ] model
[ parameterisation

v ZEUS-13p NLO

uZ=10 GeV?
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@ QCD & EW parameters uncorrelated

* Detailed studies performed to check stability of EW couplings with

respect to various QCD parameters

* HPDF1: QCD parameters and all constants fixed to HERAPDF2.0
« HPDF2: QCD parameters fixed to HERAPDF2.0 + on-shell value of sin?8,,

* 13p - reference fit described before

— Results for couplings very similar

UUDWYI1 M N @
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Ay exp tot ad exp tot Uy exp tot vd exp tot
EWZ | £050 oo fop | -0s6 oit “oit | «oua on topp | o ok TR
13p +0.49 507 —0.57 o9 +0.15  Toos —0.40 932
HPDF1 | 4047 *00% —-0.62 *oH +0.16  TO0R —0.35 592
HPDF2 | +0.49 908 —0.63 ¥ +0.15  FORE —0.36  Fpa2
SM +0.50 —0.50 +0.20 —0.35
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Correlations

ZEUS

d

IIIIII|'IIII|IlIllllll|llllllll!|||||||lIIII

_IlI.III!III.IIII1I!IIlI

TIT]T!II[[[[I1IIiI[l[II|1'I]I[I['I]'|1'I]'IIIITI

Ll

¢ ZEUSEEW-ZNLO
uncertainties:
experimental / fit
model
[ parameterisation

+  Standard Model

iy

el b abunabonra o bovvnbovnnloragl

III|IIIIlII.II|I1IIiII.II“

-0.8 -0.7 -0.6 -0.5 -04 -03 -0.2 -0.1 0 0.1

a,=0.50""

—0.56

49
.09 +0.04 +0.08
05 (exp/fit) —0.02(mod) —0.01( par)
+0.34 +0.11 +0.20

—0.14 (exp/fit) —0.05(mod) —0. OO(par

08 +0.01 +0.03

+0.
v,=0.14 —0.08(exp/fit) —0.00 (mod) —0.01( par)

—0.41

+0.24 +0.04 +0.00
—0.16 (exp/fit) —0.07 (mod ) —OOS(par

ZEUS
>=0.6rLI[T]T'III [[lT1'IlII[I[II|]!]I[I[I|'|]11!iII.I-L:
I ¢ ZEUS-EW-ZNLO ]
05 uncertainties: ]
~ - experimental / fit -
= model 7
0.4 ) parameterisation ]
E *  Standard Model E
0.3 T
0.2 —
0.1 =
0 =
0.1 =
-0.21 =
:I 111 I 1 111 l L1 11 1 1 1 | | (| 1 | | | 1 1 | I:
01 02 03 04 05 06 07 08 09 1
all
+0.12
=0.50 —0.05(tot ) 0.5 (_’2
5
+0.41
—0.56 —0.15(tot ) -0.5 8—
a
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+0.25 8_
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Correlations

Vector and axial-vector couplings in the fit show high correlation

ZEUS
-50.1:LTTT]|II'[[II'I'I|1ll'l[lII'I|'II|III:T'I'I]'II'ITITT'IJ—_ >ﬁ0-1
T ¢ ZEUS-EW-ZNLO gl
o- uncertainties: o
- [ experimental / fit N 0
- model A
-0 1'_ 0 parameterisation 2= ~0.1
F % Standard Model E
-0.2F - -0.2
-0.3F = -0.3
-0.4F o -0.4
-0.5F = -0.5
-0.61 i = -0.6
0.7 \ = -0.7
:L LIl I L1111 | | | I L1 11 | Ll L1 L1 11 l L1l | 1111 l | | I:
0.1 0.2 03 04 05 0. 0.7 08 09 1
a,
Ay, aq Uy Vd
au 1.000 0.861 | —0.555 | —0.729
aq 0.861 1.000 | —0.636 | —0.880
va | —0.555 | —0.636 1.000 | 0.851
vy | —0.729 | —0.880 0.851 1.000

ZEUS

TI"II'II[I'II'II'I1'IIII[||I|'|'I|I![II"I'I11'II'FTT!_[.

¢ ZEUS-EW-ZNLO
uncertainties:
experimental / fit
model
I parameterisation

+ Standard Model

,,,,,,,
,,,,,,

,,,,,,,,,
........

,,,,,,

IIIIIIIIlllIIlJI|I|II|I|I|]|J||I|]|]||||.I|

-ITIT|TITI]IITIIITTIIIT'III'IT'.IT]T'I'IT]T]T'II'I]T'If~

Il||||I1III.Il||||1|1IIl|I|||I|II|III!L

[}
o
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o
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0 0.1 02 03 04 05 0.6
Vu

Insignificant correlations of
couplings to PDF parameters
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@& Comparison with other measurements
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ZEUS ZEUS

>-5 T 1 | L L [ 1T T 1T | T T 1 | 1T T 1 1 >= i UL | UL [ L | LU | 1T T 1 T 1 ]
= —+4— ZEUS-EW-Z NLO (HERA I+II) H o —4— ZEUS-EW-Z NLO (HERA I+1I) -
= — — — LEP4SLC = - — — — LEP+SLC i
l | CDF — | el CDF —
T hensRne DO B T — DO -
T eeeeians H1 (HERA I) 7 [ Tedesiee H1 (HERA I) ]
i * Standard Model ] L * Standard Model e ]
0.5+ - m . . 0.5+ —
= \\ o -~ —
- ““ \J . : :
0 ~ 0 -
: ] : (\ ]
_ ] _ \ ]
N i L O - 4
-0.5 — -0.5— e S -~
_1 - — _1 - —
i e v b v b b oy ] i N B T R T N N TS RN R }

-1 -0.5 0 0.5 1 -1 -0 0 0.5 1
a d a,

HERA data remarkably sensitive to u-type quark couplings
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H1 fit methodology prlim 16.061

* Lots of basics same as in ZEUS measurement SAME

* Differences/different approaches pointed out SAME

BUT

* Calculations performed strictly in on-shell scheme DIFFERENT
« Parametersare: o, m,, m_,(m,m,, ..)

* Polarisation measurements considered as independent measurements in fits
* New C++ code for PDF and more general fits developed: Alpos
* DGLAP evolution @ NNLO

X2 Definition

UUDWYI1 M N @

)TOZ uo!4onJii1q

» Uncertainties on cross sections are assumed to be 'log-normal’ distributed (relative uncertainties)

» Uncertainties on polarisation measurements are assumed to be 'normal’ distributed
» Correlations of syst. uncertainties between different datasets are considered

%’ =(log(d)—log(t)|' V' |log(d)—log(t)+(d—t|" V' [d—t]

Fit parameters
* 13 PDF parameters
* 4 polarisation values
* 4 Light-quark couplings (or other SM parameters)
* More general also 'nuisance parameters' of syst. uncertainties

DIS 2016 Workshop Daniel Britzger — H1 Electroweak Fit
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Uncombined data sets

H1 HERATI data

* unpolarised

« Reduced Ep H1 data
HERAII

* H1 polarised data

Data from Q? = 12 GeV?

O

c
n

d

e

HI Collaboration

Gy 1 Q@=120GeV? 1 @=150Gev?> 1 @=200Gev: 1 Q*=250GeV? ]
. 1 i i ] H1 Collaboration
. af T - T 2\ »
=500 GeV' = 1000 GeV’
05 1 1 1 (o ¢ € Q
0 2l —+ 4
15F @=300Gev? 1 @=400Gev> 1 @=500Gev? 1 Q@ =650Gev?
1 1 1 1 1k § L} I
5.0
il \§ .
0 0 | |
2k = 2 I
Q=800 GeV? Q*=1000GeV? | Q*=1200GeV? | Q= 1500 GeV* - Q@ =3000 GeV’
1 N 1 1 1 1
15f + + .
05 1 1 1 1
’\,‘\ ] i ]
=
=
0 ; ; . " . . ' ; osk I <
I @=2000Gev? ] P=3000GeV’ | Q=5000GeV? I Q=8000GeV’ | : ) ﬁb“g %
! i am—— — 1 ‘ ‘ AT
05 » 1 F2. 1 N ] Q= 8000 GeV? Q= 15000 GeV? 10° 10"
3 g =] 150 b ]
A - X
g P, =-25.8%
0 L T s HICCep
o8 Q*=12000 GeV*l  Q7=20000 GeV*] Q7 =30000 GeV] 10° 10" o s T 1 —HIPDF2012
1 1 P.=-258% =36,
0.6 \ = HINCep 0.5¢ ] R=360% _
04 ] ] — HIPDF 2012 3 o HICCep
K P, =+36.0% ---- HIPDF 2012
0.2 3 1 o HINCep 0 L L L
0 . . . . ---- HIPDF 2012 102 102 107
10" 107 10! 1 107 10! 1 107 10" 1
X X X X X
Gy 15 Q=120Gev? 1 @ =150GeV? Q@ =200 Gev? Q@ =250 Gev?
1
05 H1 Collaboration
& =500 GeV? ? = 1000 GeV*>
0 O 2f 3 € Q
15F Q*=300Gev> 1 Q@ =400GeV* Q= 500 Gev* Q* = 650 Gev* s
. : i Sg i ]
T
0 ! ' ' . 0 f 5 | L
Q=800 GeV*> Q@=1000GeV> | Q*=1200GeV> | Q= 1500 GeV’ Q@ = 3000 GeV? Q%= 5000 GeV?
1 . 1
N N X s I I ]
05
Q'“{z
0.5 s —+ o3 —+ g
" " - i+ b \“ Uﬂ\
L @=2000GeV? 1 QF=3000GeV? Q= 5000 GeV? Q= 8000 GeV? 3 .\.\Q\A o)
0 : e : o - 3
Q2 = 8000 GeV?* Q= 15000 GeV? 10° 107!
05 e s o 04t T 1 P=-325% X
ﬁl“k. g = HICCe'p
0 . . T — HIPDF 2012
os Q@ =12000Gev?]  Q*=20000GeV’] Q= 30000 GeV> 10* 10" ! 021 §\§‘ T P.=37.0%
o P, 37.0% \ ] o HICCe'p
= HINCe'p ) = ‘ | my,] HIPDE2012
04 3 HIPDF 2012 0 N : N ;
"~ P, = +32.5% 10* 107 107 10"
3 o HINCcp X X
o . %i\“ . . fﬂ\. . . 3.1 - HIPDF 2012
10’ 10° 10 1 10° 10! 1 0% 10! 1

* HF scheme: ZM-VFNS as implemented in QCDNUM

1
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Light quark couplings @ H1

Fit: PDF + 4 couplings
x?/ ndf = 1370.5 / (1388 - 21)

u-type couplings constrained >

better then d-type
— sensitivity from valence quarks
Results compatible with SM
PDF uncertainties small
Considerably improved sensitivity
using final H1 HERA-IT data
Polarisation in HERA-IT important
for vector couplings

Fit: PDF + 2 couplings
Reduced correlations and
uncertainties
Correlations between a -a, and v -v,

large

0.5

- [[¥_] H1 (prel.) (PDF + 4 couplings), 68%C.L.
I [ H1 (prel.) (PDF + 2 couplings), 68% C.L.
L[] H1 HERA-I, 68% C.L.

— % Standard model —

-1 -0.5 0 0.5 1

=
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0.6

0.4

0.2

-0.2

Comparison with other measurements

o ; —T —T —T —
- [[¥] H1 (prel.) (PDF + 4 couplings), 68% C.L. 1
[ ---- LEP & SLD, 68%C.L. ]
— DO (PDF,4D), Ay? = 4.72 —
% Standard model i
—0|.2I - 0| — 0{2 — 0.|4 — 0.|6 -

a

u

0.2

I
o
\S]
T | T T T | T T | T T T | T T T | T T

T T | T T | T T T | T T T | T T T |
[¥ ] H1 (prel.) (PDF + 4 couplings), 68% C.L.
---- LEP & SLD, 68%C.L.

............. DO (PDF,4D), Ay? = 4.72

* Standard model

UUDWIY21 M @

—0.6 -0.4 -0.2 0 0.

* Comparable precision of complementary processes

2

dq
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H1 and ZEUS Results Combined

o T T T 1 T T 1 T T 1 — T T |
> 1= | | | | |
" [¥] H1 preliminary ZEUS-EW-Z
H1 (HERA |) H1 and ZEUS data
0.5 *  Standard model

| St AU T T NS ST NSO TS N AT NS N Y

—1 —0.5 0 0.5 1

S
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=T T LI B L B SR B B I I | T
LEP+SLC i | [ LEP+SLC n
CDF [ CDF [ I
DO I DO [N
H1 (HERA I) [ . H1 (HERA I) [ I -
PDG14 B PDG 14 1R
zeUS-EW-Z HERA 1+11) [ ZEUS-EW-Z (HERA I+I1)
e e 1. 4 4 . 1 . 4 4 . 1 ., . . . 1. PO T T oA g 1 . 1 . . . . 1 .
-1 -05 0 0.5 -1.5 -1 -05 0 0.5
@, z
S — S — —r—r :
LEP+SLC B | LEP+SLC |
CDF P U CDF ] " o]
DO 2 [l DO [ =
H1 (HERA I) nm H1®HERATD)
PDG14 tH PDG14 I
zEUS-EW-Z HERAT+1) [ zeus-Ew-z (HERA 1+11) [
sz 3 o 1 5 5 5 1 . - 5 o1 . 5 4 o1 . . . 4 PR T T TR N T T T TN N TR T TR TR NN TN TN T TR NN T SR T
-1 -0.5 0 0.5 1 ) -2 -15 -1 -0.5 0 0.5
2

High sensitivity of HERA data to u-type quark couplings
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Probing Standard Model

Standard Model is now overconstrained

* Important to study consistency in many
complementary processes

* HERA: Space-like momentum transfers

* Only purely virtual exchange of bosons

GET ALL THE
INFORMATION You CAN,
WEe'LL THINK ¢F A
USE Fof T LATER,
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Boson masses

(m,, - m,) + PDF fits
Assume o is known
on-shell masses m, and m,

m, [GeV]

are only free EW parameters
Agreement with SM

Large correlation between
m,, and m,

Mass of W boson
Take other masses (m,) as

external input to calculations

95}

94f

93

92t

-
L r 4
- ’
- ’
o 4
.~ .

- S
. ’

. H1 preliminary

- [EJFit(PDF,m m)68%CL
+ —— Fit(PDF,m ), m_from PDG .~ 7 .
-t Fit(PDF,m ), m from PDG ~ .-~

[ — PDG 2014 Wy

—--sin"®,, = 0.220
— sin"®,, = 0.225
------ sin"®,, = 0.230

’
- -
,
P
’
-ll | | |
PSS TN WO TN TN AN ST TN ST T AT T TN T NN Y T NN SN T S T A TN TN ST T N TR N TN S AT SN Y

83

m,, [GeV]

m = 80.407 + 0.118 (exp,pdf-fit) £ 0.005 (m,m,m,) GeV

M, ¢ *=80.385 £0.015 GeV

84
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Study of Standard Model Parameters

Different view on SM parameters Perform calculations consistently in on-shell
o Fermi coupling constant G, scheme (a,m,m,)

Gp= fm i [14Ar] ——» .« Calculate m, (iteratively) from G, or sinz0,,
vem e Results from fits together with PDF and m,,
 H1 values consistent with precise values from PDG

» Weak mixing angle

m, [GeV]

2 my « Correlation to m,, are different for m,, sin20,, and G;
sin"0,=1-—
z
x10°®

o5l LT | & e T =023 e

; H1 preliminary > A1 H p'rehmmary 1 @ H1 preliminary 1
- EEIFit(PDF,m, m.) 68%C.L. ] g 1.9+ '// EFit(POFm, G)68%CL ] £ [0 Fit(PDF,m,_sir?0,) 68%C.L. |
-~ Fit(PDFm, ), m from PDG - ~+Fit(PDFm ), G fomPDG | 7 e Fil(PDF 1) 60, from PDG 1
94y Fit(PDF, m) m,, “ from PDé 4 @ 1. 8- f Fit(PDF,G,), m, from PDG - } Fit(PDFsir‘e,) m. from PDG |
| 4 PDG2014" S - & PDG 2014 ] 4 PDG2014 " ]

i 1o -

931 - - ; _ _
: TR E 0.22]

92 4 e E
: 14 /// -

- sirfe,, = 0.220 S :

N _sife,-0225 "3/ = e -
A s, =0230 ¢/ 0.21— e ae n
i I I S DI I D I I 112'!| T [ : 1]

80 81 82 83 84 80 81 82 83 84 B D S ST SV}
m,, [GeV] my, [GeV] my, [GeV]
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@Simul’raneous extraction of sin’6,, and M,

———

* Similar measurement by ZEUS My =79.30£0.76( 1 “008(m0a) ~0.10(par) GEV =T9:302075 1 GeV

« All

-0.242
D
= 0.24

.2 +0.0005 +0.0003 0.0032
sin”0,=0.2293 +0.003 l(exp/ﬁt) ~0.0001 (mod) —0.0001 (par)— 0'2293J—r0.0031(

tot)

extracted quantities agree with world average values
ZEUS

I | L | | | | | ] L LI 1 LI I I I T 1 T T

* PDGI14 ]

EUSEWSWALO M1 *=80.385+0.015 GeV
. C.L. 6%% Jn;ertainlies: ]

[ZZZZ7) experimental / fit

i L sinferPeHO_ 0 2933340,00011

P parameterisation

....... C.L. 95% experimental/fit E
uncertainty

]
|
a

corr (M, sin’0,,)=—0.930

Frrrjprrrjprrryprrrprrryprrryprrryprerryperirfperrr]ornrirA
I I | I ! I | I | !

-IIIIIIIIIIIIIIIIIIIIIIIIII

I | I | I P N s | I 11 1 1 I 1 1 1 | I 11 1 1 I

77 78 79 80 81 82
M,, (GeV)
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!ZEUS

On-shell sin<g,,

sin®0,, determined simultaneously with PDF parameters (ZEUS-EW-S)

. 2 1+0.0003 0.000 0.0013
[[sm 0,=0.2252£0.0011 /5 ~0.0001 (mod) —0.00701 (par) 0°2252j0.0011(mt)ﬂ

Consistent with PDG14 sin”0,,"¢ " 1=0.22333:£0.00011
=S e B L L I R B
£ "L ¥ M (prel) (PDF.sine,)
? [ * PDG2014
0.24_—
_ i o
e r sin®0,, determined in Q? bins
i * * * + +' 1 * Unique measurement of weak
0.22- . mixing angle at different scales
: 1 ¢ Agreement with PDG14
021 1 + Can be translated to Msbar scheme
- 2|0 III 4|0 - 6|0 - 8|0 - I1 (l)OI | I1 2|0I |

1 [GeV]
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!ZEUS

;\7=§

Effective sin?0,,

On-shell measurements were translated to sin?g, *f

First observation of effective sin?6,, running from single machine

?oa 0-242__' | IIIIIII || I IIIIII| I 1 IIIIIII I LA I ] IIIIIII ] | lllIIlI
= - ZEUS-EW-S
@ [ o= all data
0.24 — ¢ binned data N
0.238 = -
0.236— | A
W ¢ i
e m Qw(Cs) + -
0.234— A NuTeV ¢ e
- v EI158 \ -
» o CMS o
e o ATLAS ¢ N
0.232 E A DO -
= v CDF =
N # LEP+SLC _
0.23— & LHCb —
N O PDG14 .
0.228_ 1 1 IIIIIII 1 1 IIIIII| 1 1 IIIIIII 1 1 IIIIII| 1 L. 1 1111l 1 1 IIIIII| ~
1072 1072 107" 1 10 10° 10°
Q (GeV)
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!ZEUS

| Summary
———

* HERA polarised inclusive data sensitive to electroweak parameters
— Simultaneous PDF and EW fits

Axial and vector-axial couplings to quarks agree with world average

Measurements of u-type quark couplings among the most accurate

wesic SR

CDF [

DO A

H1 (HERA I) |

PDG14 i i

zeUs-Ew-z HERA 1+11) [l

T 05 0 05 1
* Standard Model tests performed Vu

« Good consistency for M, M, 6. and weak mixing angle
» value of sin%0,, competitive with measurements from neutrino sector

* sin%0,, on-shell and effective determined for different scales
* Mass of W boson was determined at space-like momentum transfer
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Using all polarised HERA data in QCD+EW fit

DESY-16-063, accepted by PRD

>"c :IIII||||||||||||||||||||||||||||||||||||||||||: >= :|I||||||||I||||||||||||||||||||||I||||||||||:
0.1 ¢ HHEW-Z = 0.6 ¢ HH-EW.-Z =
- (HERA I+II) . - (HERA I+II) .
= uncertainties: i = uncertainties: ]
O experimental / fit . 0.5 experimental / fit .
= model - [~ model -
_0.1F RN parameterisation 0.4 parameterisation ]
- -+=:=- ZEUS-EW-Z . = - == ZEUS-EW-Z, .
—0.2 :_ " '\_\ (HERA I+II) — 0.3 :_ (HERA I+II) ]
- \ * Standard Model - - _',‘-’\' * Standard Model .
~0.3F ¢ = 0.2f : =
- - n \ ) -
_0.4F E 0.1 ‘ ; E
~0.5F E o~ 77 3
06 @ TN @ E —0.1F E
~0.7F = ~0.2F E
—0.8F- = _03F =
Eoog b b b b b bona b baa Ly 03;IIIIII|IIIIIIIIIIIIIIlIIIIlIIIIIIIIIIIIIIIIIII|I+
-0.8-0.7-06-05-04-03-02-01 0 0.1 0.2 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
a a
d

=

UUDWYI1 M N @

9102 Uol430d1}IQ

st} M3+QO0O




Using all polarised HERA data in QCD+EW fit

< 0.2
=]
0.1

-0.1
—0.2
—0.3
—0.4
—0.5
—0.6
—0.7
—0.8

777] experimental / fit

¢

*

HH-EW-Z
(HERA I+ID)
uncertainties:

model
parameterisation

ZEUS-EW-Z
(HERA T+IT)

Standard Model

.o_

(o)} o

0.7 0.8 09 1
all

0.1

-0.1
-0.2
—0.3
—0.4
—0.5
—0.6
—0.7
—0.8

DESY-16-063, accepted by PRD

I'H

I|IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII-I-

¢ HH-EW-Z
(HERA I+II)
uncertainties:

experimental / fit
model

parameterisation

——— ZEUS-EW-Z S
(HERA I+II) 7
7

% Standard Model

IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIIIII;

H 1

o
|
o

.2-01 0 0.1 02 03 0.4 05 0.6
Vll

UUDWYI1 M N @

9102 Uol430d1}IQ

st} M3+QO0O

29



Using all polarised HERA data in QCD+EW fit

DESY-16-063, accepted by PRD

—

= 1_l|lll|lll|lll|lll|l|||||'|"'|"'""_ ] 1_||||||||||||||||||||||||||||||||||||||_
-  ——— HH-EW-Z (HERA I+II) 1 > - ——— HH-EW-Z (HERA I+I]) .
0.8 — - ZEUS-EW-Z (HERA I+II) — 0.8 ----- ZEUS-EW-Z (HERA I+II) —
.  — — — LEP+SLC - .  — — — LEP+SLC -
[ meeemees CDF _ [ e CDF JRCETEED ]
0.6 [ s DO (exp.+PDF unc.) "\\\ . 0.6 T DO (exp.+PDF unc.) — —_ 7
C H1 (HERA I) i NN ] N H1 (HERA 1) S~ : .
0.4~ * Standard Model ..~ N\ . 0.4 * Standard Model : \\ ]
- R \\, 7 = : \\ -
0.2F - 0.2F * -
= - = Tl
C - N & ]
0.2[ 1  -02f \\ -
- . - \\\ .
0.4 -~ _o4F \ J
- ] 0.4 L \\\ ]
C n B ~_= ]
0.6F 1  -06F E
_1_|||||||||||||||||||||||||||||||||||||||_ _1:|II|IIIIIIIIIII|I||||||||||||||I|||||||:

-1.2 -1 -08-06-04-02 0 0.2 04 0.6 -1 -0.8-06-04-02 0 0.2 0.4 0.6 0.8

a

d a,
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Using all polarised HERA data in QCD+EW fit

DESY-16-063, accepted by PRD

LEP+SLC LEP+SLC
CDF CDF

DO DO

H1 (HERAI) H1 (HERAI)
PDG14 PDG14

ZEUS-EW-Z (HERA I+II) ZEUS-EW-Z (HERA I+II)

HH-EW-Z (HERA I+II) HH-EW-Z (HERA I+II)

-1 -0.5 0 0.5 1 -1.5 -1 -0.5 0 0.5

T T 1 T T T T T T T T T T T T T
LEP+SLC

LEP+SLC
CDF CDF
DO DO
H1 (HERA I) H1 (HERAI)
PDG14 PDG14

ZEUS-EW-Z (HERA I+II) ZEUS-EW-Z (HERA I+II)

HH-EW-Z (HERA I+II) HH-EW-Z (HERA I+II)

1 -05 0 0.5 1 1.5 2 15 -1 -05 0 0.5
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On sin?@,, (+X) fits to DIS data

« DIS inclusive cross sections depend on sin?0,, through:
@ / propagator in NC cross sections;
@ Vector couplings of Z to quarks;
Fgl =F) — (v, = Pea.E)XZFJZ + (v? + @ £ 2P.vea. ) X2 Fy 1 02 1

i X S 20 M2+ Q21— A
£ FEE_L — _(ﬂ'{i + Rﬁ'l-‘f-,)XZJITFQZ + (21’Jf1afi + Rﬁ(lJS + ﬂ-g))X%:ﬁFég Sl ZHW Tz + Q R

e W propagator (G, );
occ(e’p) B GLM, 7 9 , :

drgaqr gy A @ A (Ll d s b)) Gp = na !
Pocc(ep) _ L GEMy 2T V2 sin® Oy M2, 1 — AR
W =(1- pﬁ)QﬂJ'BJ(QE n .rli'ﬁ_.}zil[(u +c)+ (1 —y)*(d+ 5+ b)]
AR is an EW correction. arXiv:hep-ph/9902277

« Re-expressing G, through sin’6, and M, allows to use both CC and NC for sin*6,, determination.

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

e sin’0,, values extracted in current analysis correspond to On-shell scheme.

YAV y ALy A AVA A VLAY PRV RVIAVE S V) asas v A i i R B L T B S i S N 1 ox



Quark couplings to Z

Now consider fits to electroweak NC couplings as well as PDF parameters

The total cross-section : 0 = % + P o”
The unpolarised cross-section is given by o’ =Y, F,° +Y xF,°
F7 = & AP(Q7) [xqi(x,Q7) + xqi(x,Q?)]
xF3= Z; B2(Q?) [xqi(x,Q?) - xqi(x,Q?)]

AL(Q?) = e? —2 e V;V, Pz+ (v2+a.2)(vi?+a;%) P22 p 1 0’
p.2 ? sin?20 (M2 +Q?)

BiD(QE) = -2 ei ai ae PZ + 4a| ae Vi VE

The polarised cross-section is given by o = Y, F,7 + Y. xF,"

xF4"= Z;B(Q?) [xqi(x,Q) - xqi(x,Q%)]

AP(Q2) = 2e V,a, P,- 2v, a, (vf+a?) P2

BP(Q2) = 2ea, v, P,- 2a,v, (v.2+a?) P,?
P, >> P,? (yZ interference is dominant) unpolarized xF; = a,
v, is very small (~0.04). polarized F, > v,

From slides by Amanda Cooper-Sarkar

Volodymyr Myronenko | 13.04.2016 | DIS16 | Combined QCD and EW analysis of HERA data 33/ 14



Color decomposition of uncertainties

H1 and ZEUS
ui{'-:mc.ev’

—— HERAPDF2.0 NLO
uncertainties:

I experimental

[ ] model

[ parameterisation

HERAPDF2.0AG NLO

¥ Parametrisation uncertainties
- largest deviation

¥ Modz| unczriaintizs

L 1 n L

- Hessian method
- Conventional Ay* =1 =>68% CL

¥ Experimental uncertainties:

Variation Standard Value | Lower Limit | Upper Limit
Q. [GeV?) 33 25 5.0
Q% [GeV?] HIQ2 10.0 7.5 12.5
M, (NLO) [GeV] 1.47 1.41 1.53
X | M. (NNLO) [GeV] 1.43 1.37 1.49
M, [GeV] 4.5 4.25 4.75
) 0.4 0.3 0.5
Uy [GeV] 19 1.6 22

Adding D and E parameters to each PDF

- all variations added in quadrature
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VPN

Fit methology |

Determine light-quark couplings
« Use iterative minimisation procedure ('fit') of cross section predictions to data

Unfortunate correlation
 PDFs have considerable uncertainties
 These PDFs are essentially determined from H1 structure function data
-> Large correlations
« Consider PDF uncertainty by simultaneous fit of PDFs and light quark couplings

Consistency of fit-parameters in SM formalism
« Perform calculations strictly in on-shell scheme
Parameters are: a, m, my, (m, m,, ...)

Polarisation measurement
 Measurements of the beam polarisations are measurements on their own
-> Consider these measurements as independent measurements in fit

1-loop EW corrections
« May be considered in terms of 'EW form factors'
« Are ighored In the present analysis, but will be included In the future

DIS 2016 Workshop Daniel Britzger — H1 Electroweak Fit



Fit methology I

New C++-based fitting code for PDF and more general fits developed (Alpos)
* DGLAP evolution of PDFs in NNLO QCD (QCDNUM with ZMVFENS)
« PDFs are parameterised at starting scale Qs = 1.9GeV2 (similar to HERAPDF2.0)

18 *8 xg(x) = Ag®(l —x)% — Alx"(1 - x)%,

= WU =t xe xuy(x) = [l (1 - 2)% (I + Eu..-"l) : fixed or constrained by sum-rules
*, uld= ks xdy(x) = AgxPe(l - x)Cée parameters set equal but free
xU xU = xit + x¢ x0(x) = Agx8(1 - )0 (1 + Dyx),

xD xD = xd + x5 xD(x) = A Dx‘gﬂ‘( -

» Use only data with Q2 >= 12 GeV?

X2 Definition
* Uncertainties on cross sections are assumed to be 'log-normal’ distributed (relative uncertainties)
» Uncertainties on polarisation measurements are assumed to be ‘normal’ distributed
» Correlations of syst. uncertainties between different datasets are considered

%' =[log(d)—log(t)] V' log(d)—log(t))+(d—t] V' ld—t)

Fit parameters
» 13 PDF parameters
* 4 polarisation values
* 4 Light-quark couplings (or other SM parameters)
* More general also 'nuisance parameters' of syst. uncertainties

DIS 2016 Workshop Daniel Britzger — H1 Electroweak Fit
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Polarised deep-inelastic ep scattering

Neutral and charged current at tree level Generalised structure functions
dczirc _2no %2(Y+F2+Y_xF3+y2FL) F2=F3’+Kz(—VEPae)Fé’szi(v}aﬁi:P'veae)Fi
dQ"dx *1e xF,=+x,(+a +Pv )F}*+x2|F2v,a,—P(vi+a’)|x F?
2 | _
dcéc _1xP Gzp mfv + £ 2yt
W0a 2 dnx|miaq| WY AWy WY Z°-exchange
n__Q  Gem,
2 I{Z(Q ): 2 2 T
Y,=1x(1-y) Q+m, 2V2ma

Structure functions in QPM

- - F,,FY* F?|= 2,2 ‘+a’|lq+q)
Calculations in on-shell scheme oY Fl=x Y e 2evpvirag(a+d)

q’q’
L L 17 = S, 2e0,.2v,0, (0]
vZam m .
" ‘ Weak couplings to Z-boson
Corrections to G_ v,=17)—2e,sin’0, ’ i)
=e,u,d,...
Ar=Ar(o,my,m,,m,mg,,..) afzj{ﬂ

Parameters to calculations
Parameters to cross section calculation: o, m, m , (m, m, ...)

More general, also couplings: v_,a_, v,a andv,a,

DIS 2016 Workshop Daniel Britzger — H1 Electroweak Fit
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[

Deep Inelastic Scattering @ HERA

'
I(1)
Electroweak * Fix pQCD & PDFs
| Test Electroweak

>

* Fix Electroweak
| Test pQCD & PDFs

* Fix Electroweak & pQCD

| Determine PDFs
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