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HERA — world only e*p collider

HERA data provides unique opportunity to study the structure of the proton.

operated during 1992 - 2007,
2003 - 2007 — polarised lepton beams

=» important for the EW
measurements

e*energy 27.5 GeV;
p energies 920, 820, 575 and 460 GeV.

Kinematics of the e*p collisions:

~ 0.5 fb™* of luminosity recorded
by each experiment.
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Eur. Phys. J. C75 (2015) 580

co.bined lucl“sive D'S arXiv:1506.06042

H1 and have presented the combination of inclusive DIS measurements,
but for zero beams polarisation.
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do/dQ? (pb/GeV?)

at low Q2

Y exchange
(NC DIS)

dominates 107

107

Combined Inclusive DIS

H1 and ZEUS

#f

\

O HERA NC €p 04 fb*
O HERA NC €'p 0.5 fb!
mssm HERAPDF2.0 NC ep

mmmm HERAPDF2.0 NC e'p

y<0.9
\s =318 GeV

® HERA CCe€p 0.4 fb!

B HERA CCe'p0.5fb!
wssm HERAPDF2.0 CC ep

mssm HERAPDF2.0 CC e'p

10° 10*

Q*/ GeV?

NC and CC DIS cross
sections become

comparable at
QZ ~ MZZ’ MWZ

vZ° interference
difference in NC e*and e

Effects of electroweak unification clearly seen.
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QCD analysis of combined DIS data

Neutral Current:

q 2 e¥p

dxg; dQ° XB]. T

-F,+Y -x-F,—y"F,)
Yi:1i<1_Y)2

Fzzg(xUHc U)+%<XD+XD) —

o
x-Fy~xu,+xd, \

Similar equation for CC DIS. »— &

arton Density Functions parametrization at starting scale Q2 = 1.9 GeV=

XQ(X):AQX (1- X) —A’ X (1 x) fixed or calculated by sum-rules
xu,(x)=A, x“(1-x)™(1+D, x+E, x°) set equal
— Bi(1_,)\Cd
xd, (x)=gx"(1-x) . Evolve to any Q2 with DGLAP at NLO.
[ ] — By Cy
xU(x)=Agx™(1-x)"(1+Dyx) + Use Thorne-Roberts GMVFN scheme
xD(x)=A x> (1—x)° for Heavy quarks.
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QCD analysis of combined DIS data

— 1
g

PDFs set HERAPDF2.0: "

0.6 =

0.2

10*

H1 and ZEUS

Eur. Phys.J. C75(2015) 580

0.4

—— HERAPDF2.0 NLO
uncertainties:

I experimental

[ ] model

[ parameterisation

HERAPDF2.0AG NLO

Hf =10 GeV*

xu,

10° 102

10!

arXiv:1506.06042

Combination of measurements of inclusive deep inelastic e p
scattering cross sections and QCD analysis of HERA data

This paper is dedicated to the memory of Professor Guido Altarelli who sadly passed away as it went to
press. The results which it presents are founded on the principles and the formalism which he developed in
his pioneering theoretical work on Quantum Chromodynamics in deep-inelastic lepton-nucleon scattering

nearly four decades ago

H1 and ZEUS Collaborations
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Polarised DIS

Phys. Rev. D 93 (2016) 092002

In NC DIS polarisation affects yZ° interference and Z° exchange:

Pe: NR_NL
Ny+N,
F;T:Fg_(VeiPeae)Xngz-l_
+(vi+a’F2P,v,a,)x, F>
XFéT:_(aelpeve)XZXng-F

+(2v,a, TP, (vi+a)))x, x Fs

ve:—%+251n2(®w) ae:—%
In the on-shell scheme:
2
. 2 w
sin*(@©,,)=1—
M

2

1 1
sin’(20,,) M.+Q* 1-AR
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Polarised DIS

In CC DIS polarisation scales the whole cross section:

d2 e—p GZ M4
Gcczz(l_Pe) F 2W 2 ZX g
dx.dQ 27 x5 (Q°+ M) 72
Xx[(u+c)+(1—y) (d+5+b)] 15
d2 e+p GZ M4 0.5 c
L%:(l_kpe) F : w - 2>< 0 im.
dx,dQ 27X, (Q +My,) 1
Xx[(a+c)+(1—y) (d+s+b)]
In the on-shell scheme: |
M, = Ao 0
" sin’(©,)V1-AR
G - T, 1 :
" V2sin’(®,)M2 1-AR

o b

AR — radiative corrections.
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ZEUS QCD + EW Fits

Used uncombined datasets:

=» Same as in the data combination:

e ALl HERA | data from H1 and ZEUS, unpolarised
e Reduced Ep data from H1 and ZEUS

e HERA Il data from H1, unpolarised o

=» Different from the data combination:
e HERA Il data from ZEUS, polarised

Data from Q2 = 3.5 GeV?

PDFs fits:
=» Closely follow HERAPDF2.0
=» One parameter less for better fit stability:
xU(x)=A x"(1—-x)"
=» AR calculated with EPRC code:
desy.de/~hspiesb/eprc.html

=>» Simultaneous PDFs fits with 4 couplings of Z°
to quarks, or sin*(®,,) and M,

Phys. Rev. D 93 (2016) 092002

arXiv:1603.09628

ZEUS

\If\\l

uﬁ =10 GeV?

0.8 - —— ZEUS-EW-Z NLO
uncertainties:
I experimental / fit
[ | model Xu,
[ parameterisation

0.6 N oo HERAPDF2.0 NLO
0.4

0.2

10*
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http://desy.de/~hspiesb/eprc.html

ZEUS light quark couplings

In quark parton model: ~ [F),F)*,F5]=) [e’,2e v, ,vi+a.]x(q+q)

q
YZ Z71__ —
[XFB ’XFB]_Z[eqaq’vqaq]Zx(q_q)
q
ZEUS ZEUS
>"c :I T T T T T | T T I T T | T TT | | I T T | 1T I: >= 0.6 rl— 1T DL TTTT | T 1T | T T I T T I TTTT | T TT | 7T -lt
o _ N EW. ]
N ¢ ZEUS-EW-ZNLO _ C ¢ ZEUS-EW-ZNLO ]
C uncertainties: . 0.5 uncertainties: T
- experimental / fit . e experimental / fit .
0.1 model ] - model ]
B () parameterisation ] 0.4 o [ parameterisation ]
-0.2 %  Standard Model - - %  Standard Model ]
- - 0.3 =
-0.3 ] - .
- - 0.2f =
0.4 = - .
- - 0.1 =
-0.5 = - .
- - o =
—0.6— . - :
- 1 -0 =
-0.7— — C ]
- 1 -0.2F =
~0.8p | | | | | | | | E - | | | | | | | | -
-0.8 -0.7 06 05 04 03 0.2 01 0 0.1 01 02 03 04 05 06 0.7 08 09 1
ad a,
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Comparison to other measurements

ZEUS ZEUS
>"u i T | T T T | T T T | T T T | T T T T T | >= i T | T T T | T T T I T T T T l T T T T ]
L ——+— ZEUS-EW-Z NLO (HERA I+II) - = —4— ZEUS-EW-Z NLO (HERA I+II) -
- — — — LEP+SLC . - — — — LEP+SLC -
1T— e CDF — L | CDF _|
T DO . m DO .
C H1 (HERA I) 7 T H1 (HERA I) }
i * Standard Model ] i * Standard Model ... ]
o5 BN - 0.5 -
u o\ - L 4
[ L i i i
ol ] ol ]
i | i (O |
i ] i N\ 1
B 4 B \\ - i
-0.5— ] -0.5 B N o
1 N P N
i ] | | ] ] 1 1 | | | 1 | | | 1 1 | | | | 1 | | | | | i ] ] | 1 1 | ] | ] 1 | ] | ] | | | | | | | | | | | ]
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
a, ay
SM SM
_ +0.34 +0.11 +0.20 _ +0.09 +0.04 +0.08
ad__0‘56—0.14(exp/fit)—0.05(mod)—0.00(param) -0.50 a,=0.50 —0.05(exp/ fit) —0.02(mod ) —0.01( param) 0.50
_ +0.24 +0.04 +0.00 _ +0.08 +0.01 +0.03
vd__O‘4]‘ —0.16(exp/ fit) —0.07(mod ) —0.08 ( param) -0.351 Vu= 0'14—0.08(exp/fit)—0.00(mod)—O.Ol(param) 0.202
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Comparison to other measurements
ZEUS

LEPI+SLC | | - | LEP+ISLC | | [ | | |
CDF = CDF R
DO [ DO I
H1 (HERA I) e H1 (HERA T) ]
PDG14 [ | PDG14 [ |
ZEUS-EW-Z (HERA I+II) zEUS-EW-Z (HERA 1+11) [
A R SR TP SR B P T P SR T T
-1 -0.5 0 0.5 1 -1.5 -1 -0.5 0 0.5
Vu Vd
N —————r S —
LEP+SLC [ ] LEP+SLC [ |
CDF I CDF I
DO [ ] DO I
H1 (HERA 1) [ ] H1 (HERATD [
PDG14 m PDG14 |
7ZEUS-EW-Z HERAT+ID [l zEUS-EW-Z (HERA 1+11) [
A T S E N S R R S T S
-1 -0.5 0 0.5 1 1.5 -2 -1.5 -1 -0.5 0 0.5

Remarkable sensitivity to u-type quark couplings
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Correlations

Fit shows high correlation of axial-vector and vector couplings between

quark types:
ZEUS ZEUS
&"5 0.1:l- T | T T | B | DL | B | T T [ DL T -lt >"° 0-1—_I—I I | FTTT | T T T | B | T | T TTT | L DL 1T I—L—
_ ¢ ZEUS-EW-ZNLO ] _ ¢ ZEUS-EW-ZNLO ]
oF uncertainties: 7 o- uncertainties: ]
- experimental / fit . - experimental / fit .
- model ] B model ]
_0.1 - parameterisation 7 —0.1 - parameterisation 7
E % Standard Model E E % Standard Model E
-0.21- - -0.21- -
—0.3 - —0.3 =
-0.41 - -0.41 -
-0.5 - -0.5[~ -
—0.61— — —0.61- -
-0.7 — -0.7 —
:I 1 11 | 1 111 | 1111 | 1111 I L 111 | 1111 I L 111 | 1111 | 11| I: -_r 1 11 | 1 111 1111 | 1111 | 1111 | 1111 | 1111 1111 L1111 ‘l_‘
01 02 03 04 05 06 0.7 08 09 1 0.2 01 0 01 02 03 04 05 0.6
a, Vu
Their corelations to PDF parameters are small.
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M, and sin’(6,)

Simultaneous extraction of M, and sin(®,):

ZEUS
g0.242l [T T 11 L L I B O I LI B T T 1 T]
D - PDG14 ] . 2
= 0.24- * - Oncl@t,sin” (0 ), M,)
B .L. 68 % uncertainties: A .
0.238— experimental / fit ’ GCC<GF((X.,SIH <®W>’MW)’MW)
- del ]
0.236 :— Ipfla(;‘a(:neterisation E
:_ ------- C.L. 95 % experimental/fitz +0.38 +0.48
0234: uncertainty ] _79 30=0. 76 (exp/fit ) —0.08(mod) —0.10( param )
0.232 —
N 1 .2 +0.005 +0.003
023__ 1 sin (® ) 0.2293x0. 0031 (exp/fit) —0.001 (mod)—0.001( param)
0.2281 =
0.226 1 Good agreement with world average:
0-224- v 1 MP“=80.385+0.015
0.222 ) ! =
0_22; Lo b b b | ; Sinz<®W)PDG14OH_She”20.22333i0.00011

77 78 79 80 81 82
M,y (GeV)
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Effective sin’(®,)

On-shell measurements for the whole data and for three bins in Q2
translated to effective sin?(®,):

%a 0.242_I T TTTTIT I I IIIIII| I I IIIIIII I T TTTTd I I IIIIII| T T T TTTT1T
(i u ZEUS-EW-S
@ L o= all data
024 B ¢ Dbinned data _
0.238= E
0.236— | E
5 : ]
= m Qw(Cs) i
0.234 — A g;]g‘sev ° + ]
- v -
B 6 CMS i
0.232 — E ggLAS \ ¢ -
I~ v CDF 7]
B % LEP+SLC _
0.23 B & LHCb —
L O PDGI14 i
0.228_ 1 1 lIIIIII 1 1 IlIIIlI 1 1 IIIIIII 1 1 IIIIIII 1 L1111l 1 1 lIllllI ]
1 0_3 1 0_2 1 0_1 1 1 o 1 02 1 03

Q (GeV)

First observation of sin?(®, )" running from one experiment.
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Hl @QCD + EW Fits

Hiprelim-16-041

Used uncombined datasets:

=» Same as in the data combination:
e ALl HERA | data from H1, unpolarised

.ReducedEpdatafromHl (o} 1_I|IIII|IIIIIIIIIIIIIIII_

>
= Different from the data combination: - (5 H1 (prel.) (PDF + 4 couplings), 68%C.L. ]
[ H1 (prel.) (PDF + 2 couplings), 68% C.L.

e HERA Il data from H1, polarised | [0 Hi HERA-I, 68%C.L i

Data from Q2 = 12 GeV? 0.5_— * Standard model u-type 7]
PDFs fits:
=» Basics similar to ZEUS approach 0 |

=» DGLAP evolution at NNLO

=» Calculations strictly in on-shell scheme

=» Polarisation values fitted within 0.5

uncertainties as 4 additional parameters
> New C++ fitter and Alpos code used R .

1 I 1 ] ] 1 | | | 1 | I 1 ] ] ] I | ] | 1 | |

- Different (log-normal) x2 definition, but ~ ——3 05 0 05 ]
results similar to using y? from HERAPDF2.0 3
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Comparison to other measurements

0.2

-0.4

—-0.6

|
o
N
L L L L e

L I B A T
[v ] H1 (prel.) (PDF + 4 couplings), 68% C.L.
---- LEP & SLD, 68%C.L.
------------- DO (PDF,4D), Ay? = 4.72

* Standard model

| 1 | 1 1 | | | 1 | | | 1 1 | 1 [ [ | 1

©
QD
o

0.6

0.4

0.2

-0.2

i [v ] H1 (prel.) (PDF + 4 couplings), 68% C.L. i

| ---- LEP & SLD, 68%C.L. 1

— DO (PDF,4D), Ay? = 4.72 —

% Standard model ]
| | 1 | | | | | | | 1 | |

-0.2 0 0.2 0.4 0.6

Comparable precision for u-type quark couplings
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0.5

-0.5

Comparison to ZEUS result

| | | | | | | | | | | | | | | | | | | | | | I
[ ] H1 preliminary ZEUS-EW-Z

H1 (HERA |) H1 and ZEUS data
*  Standard model

—1 -0.5 0 0.5 1

a

q
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M, and sin’(®,), G, M,

Simultaneous extraction of pairs of parameters:

10°
2 . 2 — 12? T ] T T T T T ™ . 2
0‘NC(O("SH‘-l (®W)’MZ[SH1 (®W):MW]) (% C H1 preliminary E 0JNC(O("SH1 (GW)[MZ’MW]:MZ)
@ 119 '/ [EJFit(PDF,m ,G)68%C.L.
e 2 —_ L ! W TF ]
0.(Gla,sin*(0,,),M,,],M,,) . /| ~—Fit(PDFm,), G, from PDG Occ(Gela, M, My, [,M,,)
O 118 t Fit(PDF.G), m_from PDG —
; 0.23-"'\ f,: """"" [T | I AL T 11 7:_ : +PDG 2014 _: ;! gsiﬂl """""" I [ I 7 l_
P L\ H1 preliminary r ] 8 - H1 preliminary
= [0 Fit (PDF,m, sin®,,) 68%C.L. 1160 1= - [EFit(PDF,m m)68%CL
—— Fit(PDF,m, ), sin®,, from PDG | F 1 e . —— Fit(PDF,m, ), m, from PDG -~ -
4 Fit(PDF sin’®,), m  from PDG S ] 94" ¢ Fit(PDF,m,), m from PDG ~ -~ B
—— PDG 2014 1.5 B [ —— PDG 2014 )
- 1.4 / = 5
0.22F - - 931~ =
11.3F - i
- | 92} =
T 81 82 83 84 :
myy [GeV] 3
I 1 GeV. 5 o1t —---sinf@,, = 0.220
F A . - &k, =
0.2 — M =912Gew: — O‘NC(OL,SIH (®W)[GF’MW]’MZ[GF’MW]) Lz z::zg‘”_g'ggg
bt AR Lt Lt L. AT Lt Lt Lt |
80 81 82 83 84 1 2 84
0JCC(C’F s MW) 80 8 8 83
m,, [GeV] my [GeV]

Determined mass of W boson using external mass of Z°:

GNC(a’Sinz(GW)[MZ’MW]’MZ)

m,, =80.407£0.118,, o =0.005,

exp, pdf ) m,,m,,my)

GCC(C}F[Cx"lv‘[Z’MV\7]’MW)

Result consistent with PDG2014: M, °*=80.385+0.015
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On-shell sin*(®,,)

On-shell measurement for seven bins in Q2:

@; 0-25_| I | | [ | | I | | | I | | | I I [ | | | II_
£ Y H1 (prel.) (PDF,sin’®,,) .
(V)] - _
- *x PDG 2014 z

0.24_— ~
0.23F Y + % .
0.221- + + + s
0.21- .

_I | | | | | | | | | I | | | I | | | | | | | | | I_

20 40 60 80 100 120
u [GeV]

.2 +0.0003 +0.0007
sin <®w> =0.2252+ O’OOll(exp/fit) —0.0001 (mod ) —0.0001( param)

Good agreement with world average:

sin’(@,,) P =0,22333+0.00011

Unique measurement of sin?(®,,) at different scales.
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BSM physics - quark Form Factor

One of the possible parameterisations of deviations from SM - spatial
distribution or substructure of electrons and/or quarks:

e 2 2 2

R
1-—Q°
6Q

do do™

] sz_ dQ2
R

q

RZ
1-—=0Q°
; Q

R.. R —root mean square radii of the electroweak charge distributions in

the electron and quark.

expected for NC and CC e*p and ep.

We assume R?_ = 0 and consider both, positive and negative values of R?_

HERA data is a core of any PDF extraction, and thus simultaneous fit,
PDF+BSM, is necessary for any BSM analysis. For R? such fit provide:

quData =-[0.14- 10 cm]?

in agreement with SM expectation of R > = 0.
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Frequentist approach
onte Carlo replicas of the whole data set were generated as:

I i i i i j. j
W _[m0+6t0t.uncor. rtot.uncor. MO] (1+Z jy rsys.sh.)
r' = Gaussian random numbers.

Previous And procedures were tested: New
method R -only poF+r, Method

R? parameter fited R? parameter fited
with PDFs fixed to SM PDFs. simultaneously with PDFs.
For example, for R ™ =0.48 - 10® cm:

$ 240 T = $ 240 T[T T[T T T

B 2205 i = E 2205 3

é 200;_ R,-only —i é 200E- PDF + R, E

180F- (R = 03544 x 10° GeV? 180F- (R = 04786 x10°Gev? 3

160 ®)"™ =6 x10° GeV™? 3 160 ;_ ®)"™ =6 x10° Gev? 3

1402_ Fraction of (Rz)F"<(Ri)F"’°: _i 1402— Fraction of (Rz)m < (Ré)mc: _z

120 0.96 % = 120 1.84 % =

100 = 1005 =

80 E 80 E

60 E 60 E

40E- E 40E- E
2g§n_r’|ﬂ_|||||| A - T R V1. zgz_r"“r'_l“|| 1 3x10°

0 5 10 15 20 0 5 10 15 20 25
R}/ GeV? R}/ GeV?

Oleksii Turkot Electroweak and new physics fits to HERA DIS data 22



Analysis Flowchart

Choose R? ™ and generate Monte Carlo replicas

L ]
Previous using SM PDFs New
method method
MC replicas MC replicas
R -only P P QCD+R,
For each replica fit R* with fixed PDFs For each replica fit PDFs + R?_
RZqutN RZqutN

Evaluate fraction of RZqut < RZqData

Plot Prob(R? 7 < R? P*?) as a function of R? ™,

calculate qu“m“ for CL =95 %
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R -only

) (%)

2 Data

Prob(Rﬁ Fit . R

10

ZEUS
§ L L L | L l L | 1T 1T 1773
7ZEUS i 8 R.-only replicas
g Rq-only fit
I I ) I O O T v 95% C.L. limit
- = =)
— | N%C"
C . 2 6
i R,-only replicas R
5 ____________________________

R,-only fit

Ill[llllllllllllllllllllllllll

—TIIII!III'IIIIIIITIlIITIlII!IlIr—

v v v Py v 17
A7 0.18
R(Z1 True ((10-16cm)2)

11

1 11 11

1 I 1 1 I 1 El| l 1
0.14 0.15 0.16

Fractions close to 5% fitted with:

240
220
200
180
160
140
120
100
80
60
40
20

Entries

UL L L U |

LA B e

Rg-only

(R} =-03544 x 10° GeV?
RY)"™ =6 x10° GeV?

Fraction of (R2)™ < (R2)"™* :
0.96 %

f(x)=5-exp((x—A)-B)

11 IIIIII]lliIII

1 I |
1 0.15 0.2 0.25

P L e e e e R BT

L1, dx10®

20

R2/GeV?

RqLimit =0.40-10*cm
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+R
QCD+R, ZEUS

S

N B T 1T 1 | 1T 1T 1 | T T 1T | T 1T 1 | T 1T 1 | T 1T 1 i
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Fractions close to 5% fitted with:

Prob(Rz < REP) (%)

f(x)=5-exp((x—A)-B)
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QCD+R
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Negative R* limit:
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Summary
HERA polarised inclusive data allows to determine electroweak
parameters simultaneously with PDFs
Couplings of u-type quarks among the most accurate in the world

Unique observations of sin?(®,) and sin?(®, )" running from one
experiment

First BSM limits based on the new approach: simultaneous fit of
PDF and BSM contribution; it shows that limits obtained with

n . 7] 0/
L d
previous” method ~10-20% too strong. ZEUS
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Backup
QCD analysis of combined DIS data

""" Charged Current:

P X 2 _e¥p 2
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BSM QCD analysis of combined DIS data

ZRqPDF set compared to HERAPDF2.0:
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Quark Form Factor and CC DIS data
ZEUS

m HERACC e*p 0.5 fb™
e HERACC ep 0.4fb"
' ZRgPDF total unc.

=

72]
©
S~
©

L L L L 1 | !
3 4
10 10 Q’ (GeV?)
bw ~b) L1F : . Quark Radius 7]
S T i ] 95% CL Limits ]
_ 1W — RZ = (0.4310"°cm)? 7
; + ] -~ R2=+0.4710"°cm)’
- 09k - . i
10° 10*
1 fe———o—o ¢ hd
— I 7]

10" e 0 Gevd
Comparison of R?_exclusion limits to HERA CC ep DIS data.

Oleksii Turkot Electroweak and new physics fits to HERA DIS data 31



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31

