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Introduction

HERA
electron(positron)-proton collider at DESY
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Introduction

HERA | |
electron(positron)-proton collider at DESY
+/e Status: 1-July-2007
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about 400pb~—! per experiment
similar amount of e~ p and e™p data
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Introduction
HERA I

Longitudinal
Polarimeter

Through the emission of synchrotron
radiation electron beam at HERA
becomes transversely polarized

Transverse

Spin Rotators installed S
to obtain longitudinal polarization at IP i

\
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Introduction
HERA I

Longitudinal
Polarimeter

Through the emission of synchrotron
radiation electron beam at HERA
becomes transversely polarized

Transverse

Spin Rotators installed S
to obtain longitudinal polarization at IP i
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Polarization measured in
dedicated polarimeters
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Introduction

Two omni-purpose detectors

Both equipped with silicon tracking, drift chambers,
hermetic calorimetry and muon detector system
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Introduction

Fine-grained LAr calorimeter:

op/E = 12%/VE®1% (ele) Uranium-scintillator calorimeter:
og/E = 55%/VE®1% (had) op/E = 18%/VE (ele)
Backward lead-scintillator calorimeter: op/E = 35%/VE (had)

op/E = T%/VE®1% (ele)

/
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Introduction

Combining H1 and ZEUS measurements

Different detectors
= complementary event reconstruction methods
= reduction of systematic uncertainties

/
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Deep Inelastic e=p Scattering

Main process studied at H1 and ZEUS

NC DIS ety o es] ' CC DIS
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Kinematic variables:
e(k) e, (k) Q° = —(k—F)? |virtuality| of the exchanged boson
7 = spatial resolution A ~ 1/Q)

Q* = sensitivit
= y to mass scales A~ Q)
7727W L 2P</€_k/)
/
q, q P. (]f o k/)
p(P) p remnant Yy="p.1
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Deep Inelastic

e~p Scattering

Main process studied at H1 and ZEUS

(@ = 25030 GeV?, y =0.56, M = 211 GeV|

NC DIS

ity

CC DIS

Kinematic variables:

e(k) e, (k)

v, 4, W

q,q

p remnant

Q° = —(k—F)? |virtuality| of the exchanged boson

o Q* fraction of proton momenta
2P (k= k) carried by stuck quark
P (k—k)

Yy="p 1 fraction of lepton energy

transfered in the proton rest frame
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Deep Inelastic e=p Scattering

High- Q2 NC & CC DIS ERA
& § I I I I T TTT I I I I T T || I I I I
i ' % B A Hle'pNC
NC & CC comparable in size for 0 10 o ene
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Precise HERA data in excellent
agreement with Standard Model 107
predictions over many orders of
magnitude.

Hle pCC
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ZEUS e'p CC HERA I
ZEUS e’ p CC HERA I

|||||||||
e EH X )

10° SM e’ p CC (HERAPDF 1.5)
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10° 10*
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Deep Inelastic e=p Scattering

High Q2 NC DIS cross section: neglecting radiative corrections

d2oNC (eip) B 2o

VP Y aF PR

drdO?2 o 4
zdQ 7 where: Y3 =1+ (1 — y)?
Generalized structure functions: P, - lepton beam polarization
~ 4
Fy = FJ —(ve+P.ac)xz F)7 + (vV?+a?+2Pweal)x% FZ
-+
rF3 = — (ae &+ Pove)xz ©F)7 + (20eae + Po(v? + a?))x% oFZ
_ 1 Q
X7 Gin% 20w \ M2 + Q2
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Deep Inelastic e=p Scattering

High Q2 NC DIS cross section: neglecting radiative corrections

d2oNC (eip) B 2o

[yj; FY_aFE - y2ﬁg]

drdO?2 o 4
zdQ 7 where: Y3 =1+ (1 — y)?
Generalized structure functions: P, - lepton beam polarization
~ 4
Fy = FJ —(ve+P.ac)xz F)7 + (vV?+a?+2Pweal)x% FZ
-+
rF3 = — (ae &+ Pove)xz ©F)7 + (20eae + Po(v? + a?))x% oFZ
_ 1 Q
X7 Gin% 20w \ M2 + Q2

= Polarization asymmetry sensitive to F. “
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Deep Inelastic e=p Scattering

High Q2 NC DIS cross section: neglecting radiative corrections

d2oNC (6ip) B 2o

[mgi FY_aFE - y2ﬁg]

drdO?2 o 4
zdQ 7 where: Y3 =1+ (1 — y)?
Generalized structure functions: P, - lepton beam polarization
~ 4
Fy = FJ —(ve+P.ac)xz F)7 + (vV?+a?+2Pweal)x% FZ
-+
rF3 = — (ae &+ Pove)xz ©F)7 + (20eae + Po(v? + a?))x% oFZ
_ 1 Q
X7 Gin% 20w \ M2 + Q2

= Polarization asymmetry sensitive to F. “

= Charge asymmetry used to extract = ;) 7

/

<~ A.F.Zarnecki Electroweak results from HERA = —p.8/17




Deep Inelastic e=p Scattering

High Q2 NC DIS cross section: neglecting radiative corrections
d2 NC/ _ + 2 2 B B B
iz dé; P _ 72‘4 [YJ’Qi FY_zFy — yQFgE]
’ v where: Y3 =1+ (1 — y)?
Generalized structure functions: P, - lepton beam polarization
~ +
Fy” = ) w(q+7) [e] — 2e404(ve £ Peac)xz + (v + af) (v} + af + 2Poveac)x7]
q
5 E _ 2 2\\ 2
k3 = Z 20(q —q) | —eqaq(aec £ Pove)Xz + vgaq(2veae £ P (V2 + al))x7]
q
- o (@)
X7 Gin% 20w \ M2 + Q2

= Polarization asymmetry sensitive to FQZ = vector quark couplings, v,

= Charge asymmetry used to extract :cF;Z = axial quark couplings, a,

/
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Deep Inelastic e=p Scattering

Polarization asymmetries
Direct measurement of parity violation due to v — Z interference

2 ot P(Pp) -0 P(PR)
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P; — Py 0% P(P7) + 0¢P(Py)

H1 Collaboration
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Deep Inelastic e=p Scattering

Polarization asymmetries
Direct measurement of parity violation due to v — Z interference
9 Oeip(pé:) _Jeip(p]f_{t) F;Z

AT = : X Fae =
PE Py oor(P) toor(pr) TR,

H1 Collaboration

-
Transformed to &= 1500 GeV

- ® H1 - q
- —— H1PDF 2012 -

At high-z:

i1+d/u

AT ~
44+d/u

[
HERA I

O I I R R |

JHEP 1209 (2012) 061 .

= constrains d/u ratio

/
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Deep Inelastic e=p Scattering

Charge asymmetry
H1 and ZEUS
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Deep Inelastic e=p Scattering

Charge asymmetry

Measurement of z[F35“ from
combined e*p and e~ p data.

Assuming SM couplings:

2 1
xF;Z ~ <§uv + §d“> T

= constrains valence quarks

H1 Collaboration

yz 1_ T T T T T T T T | n

- Transformed to @ = 1500 GeV -
08__ ° Hl __

i — H1PDF 2012 i
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JHEP 1209 (2012) 061
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Deep Inelastic e=p Scattering

Charge asymmetry

Measurement of «F;” from _ . ZEUS
I T — ° ¥+ 5 2
combined e"p and e~ p data. L B &M ERARDEL D) pb'), Q=1500 GeV
— ---SM (ZEUSJETS)
0.6—  SM (CTEQ6M)
— SM (MSTW2008)
0.5 i
Assuming SM couplings: 045
7z 2 1 0.2
ng ~ <§uv + gdv> X 0.12_
o |
=- constrains valence quarks 10" 1

submitted to EPJ C
Well described by different PDF sets
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Deep Inelastic e=p Scattering

CC DIS Cross section

Polarization dependence:

2 _eTp 2 5 2
4o " _ (11p)Gr QMW
dxd()? drxe \ My, + Q?
(clutct+(1—y)*(d+5+D)
for e p
8 <x:(1—y)2(d+s+b)+ﬂ+5:
for etp

\

constraints on u and d densities at high x

Measurements confirm chiral structure of SM

HERA Charged Current e “p Scattering
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Deep Inelastic e=p Scattering

S HERAT + 11

2 | -

Polarization dependence: | ep - VX ]

100 0 H1 HERA —

ety - 2z, ) : = H1 HERAII :
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Deep Inelastic e=p Scattering

Combined QCD and Electroweak analysis

High precision of NC and CC DIS measurements for polarized e~ p and e*p allow
for simultaneous determination of PDFs and electroweak parameters:

>3 I 1 1 ‘ 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 ] >-c i T T I T T T T I T T T T I T T T T I T T T T I T T
1 - H1 O H1 prel (94-07) - 1 - H1 O H1 prel (94-07)
68% CL [ m ] ZEUS prel (94-06) . - 68% CL [ m ] ZEUS prel (94-06)
05 ‘1:::,{; - - 05F _,_--,.’.‘:11\“ .
of §> . 0f -
0.5} - 0.5 S
* Standard Model * Standard Model -
-1 ---- LEP EWWG — -1 ---- LEP EWWG -
[ \-\.-‘l-\C\DI\: | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | ] -I 1 I 1 1 1 1 I 1 1 1 1 I I-.I-l-ICIqFI 1 1 1 I 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
au ad

= Precision of light quark EW coupling determination similar to Tevatron and LEP.
No sign ambiguity. H1lprelim-10-042

/
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Deep Inelastic e=p Scattering

Contact Interactions

HERA data in perfect agreement

Assuming that /s is much smaller than

“new physics” scale A

with SM predictions S o
o SE- H1epNCO0.10f™ (P = 26.1%)
% 1.8;— ;CTEQGme_p n
s 16 e Hie'p NC0.09fb_1(Pe=+32.5%)
N;* 1‘215: % CTEQeme'p
et ese etk q q
: Hi | eeqq contact interactions (ClI)
10 10 0 [GeV7]
PO e oo Effectiv_e Lagrangian for vector eeqq contact
i 125: T Ezi?sgcf;fosm*(lv = -37.6%) InteraCtlonS
o HE Smomamen #‘%
S Nttty b———% 2t eq _ _
o Lor = Y 0k (Bar"ea)(@s7u4s)
22;: H1 ? a,B=L,R
.OE e L o . q
1 10 Q% [GeV? . .
N5 - 4 possible couplings for every flavor
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Deep Inelastic e=p Scattering

Contact Interactions
HERA data in perfect agreement
with SM predictions

H1 limits on compositeness scale
iIn general Cl model:
A>36-72TeV (95% C.L.)

o o,E- A HlepNCO.10f™ (P, = -26.1%) ) _
2 1sF E= creqsme depending on the chiral structure
S 16 = @ HLe’pNCO009fh™ (P =+32.5%)
~  YAE 22 creQeme’p .
o 12F 2 H1 Search for General Compositeness
s O e S S & M .
S s A [TeV] : A*[TeV]
0.6 & :
4 LL 4.0 ; 4.2
02f  H1 ;
= . M| \ \ N | . . LR 3.7 ' 4.8
0 10° 0 ) ) :
Q" [Gevi RL | 38 : 4.8
~ RR 3.9 4.4
Q  2F A HIePNCO0D™(P,=+369%) vV 70 56
Z 18— == CTEQ6me p '
S 16F @ Hle'pNC008MH™ (P =-37.6%) AA 5.1 . 4.4
N\ 1.4 ;_ ZZ + [ E
o 12f %2 CTEQéme'p VA 3.6 : 3.8
s 1 A =Dy Ay Ay M~ MMy b———% #%/_- :
©  o0sfE LL+RR| 51 ; 5.3
0.6 & -
= 4.8 : 5.4
04 E Hl . LR+RL | T T T | I | I - I | I I | I I | I - I 11 1 I | I I | T T T |
02 6 4 2 0 2 4 6
T ‘ — ‘ ‘ AN*[TeV]
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Deep Inelastic e=p Scattering

Contact Interactions
HERA data in perfect agreement
with SM predictions

H1 limits on compositeness scale
iIn general Cl model:
A>36-72TeV (95% C.L.)

o o,E- A HlepNCO.10f™ (P, = -26.1%) ) _
18- &= cTEQemep depending on the chiral structure
S 16E @ HIepNCO0.09f ™ (P, =+32.5%)
=~  14F . R
> = Z= CTEQéme’p .
g 12 Search for General Compositeness
S LEAR AP AP dD M0l A4 4- M : c\(l)' 2
T o8fE C
06 R ,f A HlepNCols fo ™
0.4 £= H1 4 TF —— W,A'=55Tev
02 s i
B - . Db VV,A =7.2TeV ®
10 [N e + -1
Q% [GeV? o C ® Hile E) NC 0.28 fb /
o - = VV,A"=55TeV
b 14__ - /
. _ S [ —— WA =72TeV
o 2E- A HlepNCO0.04fh™ (P =+36.9%) -
Ke) = € -
= 18- == CTEQémep 121 . 4
S 16E- @ HlepNCO0.08fH (P =-37.6%) B
o~ L4E z + [ 1 Y i kit e Rl =
o 1F %44 CTEQemep - TR &
R e & o e e e e e H 3#%/; - RN
T 08 0.8~ H 1 -
0.6 & =
04 :_ . _I 1 1 1 1 11 1 I 1 1 1 1 1 11 1 I 1
02 H1 06 10° o
E . . L ! . 2 2
° 10 o Q? [GeV?
Q’ [GeV’]
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Deep Inelastic e=p Scattering

Contact Interactions
HERA data in perfect agreement
with SM predictions

H1 limits on compositeness scale
iIn general Cl model:
A>36-72TeV (95% C.L.)

o 2E- A H1epNC 0101 ™ (P = -26.1%) _ _
T depending on the chiral structure
S 16F o Hle*pNC0.09fb_1(Pe=+32.5%)
~  MAET 2 cregeme'p -
R PO R W W Leptoquark limits:
ma Mrg/A > 0.41-1.86 TeV
02f  H1
T Tw T w . Large Extra Dimensions:
Mg > 0.9 TeV
Ng 2;_ A Hle'pNc?.04fb'1(pe=+3e.9%) .
B IoE e mmermcomue, -0 } Quark radius: ,
o 1 PP CTEmeh R, <0.65-107"°m
% 1W {4 H f#% 9
20 l Phys.Lett. B705 (2011) 52-58
0oE  H1
10° 10 O [Gev]
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Electroweak cross sections

W= production

Signatures of single W boson production:

guark jet

| isolated lepton = large transverse momentum pt,.

neutrino = large missing transverse momentum prp
Cross section measurement accessible only with the full HERA high energy data.

Combined H1 and ZEUS samples:

81 events observed, 87.8£11.0 events expected.
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Electroweak cross sections

”fj: - F
pI’OdUCtIOH *g 50 e HI1+ZEUS (0.98 fb™)
o C = gMm
>
L B SM Signal
e 40
30F
20
| F +
10
q Z © /
v * == S=mn ==
0 20 40 60 80 100 120 140 160 180 200

M [GeV]

Inclusive single W production cross section (H1+ZEUS combined, 0.98 fb—1):

ow = 1.06+0.16(stat.) +0.07(sys.) pb
In agreement with the SM prediction: JHEP 3 (2010) 1-19
oo = 1.26+0.19 pb
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Electroweak cross sections

//° p rOd u Ctl on [f Zeus Run 60538 Event 164297 date: 3-09-2006 time: 12:24:21 |

ij = 91.7 G@V

Expected SM cross section ~ 0.4 pb
= only hadronic decays accessible (leptonic BR too small)
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Electroweak cross sections

Z° production

ﬂ I [ [ [
C
Q) -
it d)
300F ( n_ >42 -
2542 events 1
200+ =
4%
‘ +¢ .
o ¢ o .
. *e
% ]
00
0 Py ] 1 ] 1 ] 1 ] 1
40 60 80 100 120 140
M. (GeV)
Hadronic Z° decays
= very large QCD multi-jet background
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Electroweak cross sections

o .
Z° production ZEUS
2 T T
C r i
g 10— e ZEUS 496 pb* _|
Ll i ]
| —— Fit(Z°signal + b.g.)
gL _
- Fit (b.g.)
61
4
2t
ol-- l x
40 60 100 120 14(

Mieis (GEV)
Better S/B ratio for elastic events, selected with a requirement 7,,,4. < 3.0
Nmaz - PSeUdorapidity of the most forward energy deposit in the calorimeter
olep — ep'™Z°) = 0.1340.06(stat.) £ 0.01(syst.) pb

SM
— 0.16 pb
’ b Phys. Lett. B 718 (2013) 915-921

\
— | _pasn7
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Electroweak cross sections

Single top production

SM cross section below 1 fb—!
FCNC couplings can induce single-top production in several BSM extensions

Signatures of t — b [ v:

Isolated lepton with large transverse momentum plT

neutrino = large missing transverse momentum p

b-jet = large hadron transverse momentum p/
required to suppress W production background
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Electroweak cross sections

Single top production

SM cross section below 1 fb—!
FCNC couplings can induce single-top production in several BSM extensions

2 @wchame . ZEUS 0371t ]
2 10l oM |
23 W =
w - - single top E
10-1 el | : 1
10 20 80 90 100
P (GeV)
%) ] T | R
= (b) e-channel
S ol ]
No excess observed m 0 T
1
o < 0.13 pb (95% C.L.) ;
103656
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Electroweak cross sections

Single top production

SM cross section below 1 fb—!
FCNC couplings can induce single-top production in several BSM extensions

Resulting constraints on the anomalous top BRs
ZEUS

\\llll T T T T T 17T

ZEUS 0.5fb™
- H1t - uy

------------- CDFt - u(c)y,u(c)Z
- =—=DO0t - u(c)Z
------- ALEPH t - u(c)y,u(c)Z |

1 T T T T T

Br,,

AR NN
EEEE T IR SRR

\\\\\\ N
------ LR PN

10—1 -

s

T T T 1T
S
S
v
/
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TR

N N
N

No excess observed

v,
v/
v/
1 IIIII|

\\\\\\\\\\\\\\\\\\\\\

N

%

c<0.13pb  (95% C.L.)

S

PP

S
- 4

2200

10—2 1 1 1 N
10° 10

Phys. Lett. B 708 (2012) 27-36

-1
Br%?
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Conclusions

HERA
High luminosity + polarization = unigue window for precise EW studies

H1 and ZEUS are finalizing analysis of data collected in 1994-2007
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Conclusions

HERA
High luminosity + polarization = unigue window for precise EW studies

H1 and ZEUS are finalizing analysis of data collected in 1994-2007

NC and CC DIS at high Q? in very good agreement with SM
Including polarization and charge asymmetries

EW parameters can be constrained from HERA data only
No deviations from Standard Model predictions

Cross sections for W and Z production consistent with expectations
No anomalous single top production observed
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