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Introduction

® The Standard Model (SM):
excellent description of fundamental particles and

interactions among them by Gauge theory
: ! 1 ELEMENTARY
1. electr(? magne?tlc (EM) interaction PARTICTES
2. weak 1interaction

% unification of EM and weak interactions;
electro-weak interaction.

3. strong interaction (QCD)

e Tested for long time by many experiments elulr ]
I II III
and good agreement between data/theory e Genéations of Ml

www.fnal.gov

e W and Z boson: mediate weak interaction. Spin=1
- W* : m~80GeV, charged current (CC)
- 70 : m~90GeV, neutral current (NC)


http://www.fnal.gov/pub/inquiring/matter/madeof/
http://www.fnal.gov/pub/inquiring/matter/madeof/

Weak bosons at HERA ep collider

® Important to prove the electro-weak sector in the SM

e Virtual W and Z: studied precisely in high-Q? CC and
NC Deep Inelastic Scattering (DIS)

T ccois " NCDIS




W/Z production at e*e-/hadron colliders

® s-channel annihilation provides rich W/Z bosons

CDF Collaboration,
Phys. Rev. Lett. 108, 151803 (2012)
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e < HERA ep collision: only from lepton/quark line

(conservation of L and B numbers)
— small cross section

e Background for physics beyond the SM


http://prl.aps.org/abstract/PRL/v108/i15/e151803
http://prl.aps.org/abstract/PRL/v108/i15/e151803

e World only electron-proton collider at DESY
® Operated: 1992-2007

® (enter-of-mass energy: 318GeV

- proton:920GeV
- electron(positron):27.5GeV

e Recorded integrated luminosity: ~0.5fb"! per experiment

Status: 1-July-2007
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H1 and ZEUS detectors

constructed at HERA
H1 detector

High resolution EM calorimeter using LAr

- electron o (E) /E = 0.11/VE

® Two general purpose detectors, H1 and ZEUS are

ZEUS detector

High resolution hadron calorimeter using
Uranium absorber

- electron o (E) /E =0.18/VE
- hadrons ¢ (E) /E = 0.35/VE

)

)




W production at HERA

JHEP 1003 (2010) 035



Starategy

tree |level
e

SM cross section: 1.26 pb
~1fb! data collected with H1 and ZEUS

High pr isolated lepton (decay branch of W—1lv is ~20%)
- lepton pr>10GeV, 15°<0,<120°, 1solation: D(/; jet)>1.0 & D(/; track)>0.5

High missing transverse momentum, pr
- ensure high missing pr, pr measured in calorimeter, prcaioc>12GeV

Contributions of

- rare TGC (triple gauge couphng)

- FCNC (flavor changing neutral current) process of single top;
can enhance this mode at higher pr* (pr of additional hadron, X)

anormalous




e 81 events are observed while 87.8+£11.0 expected

® W—ev W—uv
Selection acceptance by MC ~30% ~10%
Purity of W—lv ~70% ~90%

e Observed cross section: o (ep — eW=X) = 1.06 + 0.16 (stat.) & 0.07 (syst.) pb.
in good agreement with the SM predlctlon of 1.26 = 0.19pb
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H1+ZEUS combination: pr* disctribution

o F E
T I e H1+ZEUS (0.59 fb™) % L. e H1+ZEUS (0.39fb™)
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. X — — &
29 events 1n PT >25GeV Electron Total 61 [692 + 82[483 + 74[209 + 3.2
1mn agreement with the SM PX>25GeV | 16 |130 + 17[100 + 16| 31 + 0.7
Muon Total 20. 1186 £ 27T || 164 £ 26| 22 X 05
P > 25 GeV 13100 &= o) 98 = 16| E2 = K
Combined Total 81 |878 + 11.0(647 £ 99231 £ 33
PX>25GeV || 20 |240 + 32197 = 31| 43 £ 08
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H1+ZEUS combination: pr* disctribution
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Z production at HERA

Phys. Lett. B 718 (2013) 915-921

11



SM cross section (0.4pb
~0.5fb-! data collected with ZEUS

Branching ratio of leptonic decay 1s too small : ~3% for each

Hadronic decay Z—qgqg(70% branching fraction)

- require at least with pr>25GeV and |n|<2.5
- two leading jets are (Ap>2.0)
- , Mijets 18 reconstructed by all jets with pr>4GeV and [n|<2.5

To suppress QCD multi-jet background, (quasi-)elastic
production, ep—ep™Z’, is selected (o = 0.16pb)

Cross section 1s obtained by a shape fit on mijets with
signal(MC) + b.g.(Data-Driven) template

12



(Quasi-)elastic-interaction selection

® Require Nmax < 3.0
% NMmax : maximum pseudo rapidity of energy deposit at calorimeter
% Systematic uncertainty according to this cut 1s estimated by Nmax<(3.0+0.2)

e Almost all inelastic events are removed by this

§ Zeus Run 62600 Event 144033 date: 18-03-2007 time: 14:27:24 i Zeus Run 31565 Event 40151 date: 20-11-1998 time: 18:23:12 |

electron beam im0 proton beam ; .
B PR oz P
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XXXXXX

ep-’e(ZO—>qc_])1; candidage NC DIS candidate
r]max= I 24 nmax=4.03

Small Nmax implies beam proton is not broken up after the collision

ZZZZZZ
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Background shape template

® No nmax dependency 1s found on mjets distributions

® Use Nmax > 3.0 region as a background template

(signal contamination is <1%)
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Miets N
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® 5S5events are observed 1n MNmax<3.0

e Maximum likelihood fit is performed and 15.0770¢ 4 signals

are observed

e FExtracted cross section: o (6p — eZOp(*)> = 0.13 £ 0.06 (stat.) £ 0.01 (syst.) pb

in agreement with the SM (0.16pb).

First measurement of real Z cross section in ep collisions!
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Measurements of cross sections of W and Z boson 1n ep collisions have
been performed

Important to test the Standard Model (SM) and as background processes
for physics beyond the SM

Cross sections are expected to be very small : challenging topic

Total W boson cross section :

o (ep — eWiX) = 1.06 + 0.16 (stat.) = 0.07 (syst.) pb.

in agreement with the SM : 1.26 pb.

- H1-ZEUS combined ~1fb-!

- Searched 1n events with 1solated lepton and missing transverse
momentum

Z boson cross section in (quasi-)elastic scattering, ep—eZ’p(” :
o <ep S eZOp<*>) — .13 & 0.06 (stat.) + 0.01 (syst.) pb.
in agreement with the SM : 0.16 pb.
- ZEUS data ~0.5fb"!
- Searched in Z’—hadrons events
- This is the first measurement of Z’ cross section in ep collisions!
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SM prediction of the real W and Z production

e U. Baur, J. A. Vermaseren and D. Zeppenfeld,
Nucl. Phys. B375 (1992) 3.

e EPVEC: Monte-Carlo simulated events
- to correct the instrumental effects
- to know selection acceptance

e Three categories to calculate cross section:

® (Quasi-)elastic process : calculated by form factors and
structure functions fitted directly to experimental data

e DIS: calculated in the quark-parton model using a full set of
leading-order Feynman diagrams.

° . parameterized using a photon
structure function and 1s carefully matched to the DIS region

e Total cross section@NLO at HERA centre-of-mass energy:
1.26 pb for W and 0.40 pb for Z

® ~15% uncertainty mainly PDF uncertainty

18



W production: Background components

NC DIS

Dilepton production

p (p") X

p (P X

Real lepton
+

fake missing pt

Real missing pT
+

mis-identified lepton

Real lepton
+

fake missing pt

o=8000pb

0=40pb

0=30pb

These processes are simulated by MC

To remove them, series of cuts are applied for example:

- lepton and missing pr should be back-to-back

- measured longitudinal balance: dmiss=2Ec’ - Zi(Ei-pz;i) € [5, 50] GeV
(if only proton beam direction particles are un-detected, Omiss=0)

etc.
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W production: Event selection

H1+ZEUS Isolated Lepton + P’ Event Selection

Channel

Electron Muon

Basic Event

15° < 6, < 120°

Selection Pf > 10 GeV
Pmiss > 12 GeV
Pge . 12 GeV
Lepton Isolation D(¢;jet) > 1.0
D(e; track) > 0.5 for 6, > 45° D(p;track) > 0.5
Background Vap/Vp < 0.5
Rejection Vio/Vo <015for P < 25GeV V[V, < 015 for PS¢ < 25'GeV

Ap._x < 160° Ad,_x < 170°
9 < Opiss < 50 GeV =
¢? > 5000 GeV*? for Pi*° < 25 GeV =
MY > 10 GeV
= P > 12 GeV

# electrons < 3 —

20



Excess in H1 only result

e,u + P'T"iss events at HERA (e p, 291 pb™)

g H1 ® H1 Data
S == All SM
1110 Signal

e [8events in pr*>25GeV

e |7/18events are
observed 1n e"p channel

(~8 predicted)

® 24cexcessine’p

e,u + P events at HERA (e p, 183 pb™)

Events

' H1

0 10 20 30 40 50 60 70 80 90 100

® H1 Data
== All SM

Signal

(b)

PX [GeV] PT [GeV]
H1 1994-2007 e*p || Data SM SM Other SM
474 pb~! Expectation Signal Processes
Electron Total | 39 [431 + 60 [303 + 48 [128 + 34
P¥ > 25 GeV ll 10 o £ 13 1579 £ 0991171 £ 0.72
Muon Total 14 110 £+ 18 (101 + 1.7 [0.88 + 0.28
P¥ > 25 GeV 8 6.1 + 10 [[564 £+ 099047 £+ 0.15
Combined Total 53 |541 £ 74 (404 £ 63 |13.7 = 3.5
P¥ >25GeV | 18 \’ 136 £ 22 |114 £ 19 |218 + 0.80

Eur.Phys.J.C64 (2009) 251-271




W production: H1 only result

H1

1994-2007 e*p || Data
291 pb~!

SM

Expectation

SM
Signal

Other SM

Processes

Electron Total 28 |256 X 35 [[186 + 2.9 B B A
PX > 25GeV 9 1432 X 07135 X+ 061076 X 0.32
Muon Total 12 6.7 X Al 61 = 10 |05 = 018
P > 25 GeV 8 |370 £ 063|343 + 0.60]028 + 0.09
Combined Total 40 1323 L+ 44 ||248 + 3.9 9 = kb
PX>25GeV | 17 | 80 £ 13 || 70 = 12 |1.04 * 0.37
H1 1998-2006 e p | Data SM SM Other SM
183 pb~! Expectation Signal Processes
Electron Total EE | 2D ah B | 1Ee =& LS 59 £+ 19
P& > 25GeV 1 |318 £ 059223 £+ 0381095 <+ 041
Muon Total 2 1429 £+ 06939 L 066|033 £+ 0.11
PX > 25 GeV 0 |240 £ 041222 X+ 039]019 = 0.06
Combined Total 1§ |28 &= 3% |1986 = 24 g2 &£ 19
P& > 25 GeV 1 [558 + 091445 £+ 0.75]1.14 + 044
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W production: H1 + ZEUS

H1+ZEUS Data SM SM Other SM
1994-2007 e*p 0.59 fb~! Expectation Signal Processes
Electron Total 37 (386 = 4.7|289 £ 44| 9.7 = 14
P >25GeV || 12 “d. = 1O 60 X 08| 15 £ D3
Muon Total 16 |1k2 4= L&|| 99 = 16| 13 = 03
PX>25GevV | 11 | 66 =+ 10| 59 + 09| 08 = 0.2
Combined Total | 53 | 498 £+ 62388 £+ 59111 £ 1.5
PX>25GeV || 23 |140 + 19118 + 19| 22 + 04
H1+ZEUS Data SM SM Other SM
19982006 ¢ p 0.39fb~? Expectation Signal Processes
Electron Total 24 (306 +£ 36194 £+ 30(11.2 £+ 1.9
PX > 25 GeV 4 56 + 08| 40 £ 06| 16 = 04
Muon Total 4 4 = L1 66 = 18| 409 4 03
P& > 25 GeV 2 43 £ Q) 38 = 06| 04. = 02
Combined Total 28 (380 == 341|260 = 34120 = 20
P# > 25GeV 6 |100 = 13| €9 = 12|21 &= 408

23



W production: other plots
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W production: systematic uncertainties

e Systematic uncertainties are considered
individual for H1 and ZEUS, respectively.
- CAL energy scale (EM and hadronic)
- Muon momentum scale
- Track reconstruction
- Trigger
- Luminosity
- MC (theory) uncertainties
etc.

o All systematics are treated as correlated

e Totally: 11% (ZEUS) and 12% (H1)



Z production: detailed event selection
o CAL ET trigger

® (leaning cuts for cosmic and beam-gas background
® Jes defined by kt algorithm
e At least 2jets with ET>25GeV, n|<2.0. Apjlj2>2rad

e Use all jets with ET>4GeV and [n|<2.0 for invariant mass
calculation

® Remove fit if 1t overlaps with e/y within R<1.0
® Atmost 1 electron in detector
e Ec>5GeV, 1solation, track match 1f 1n tracking coverage
® 0e<80deg required
® No particles 1n rear directrion
e ERCAL<2GeV
o S50<E-pZ<64GeV
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Z production: fitting procesure
Fit procedure

* For each bin z on invariant mass M.

Niot = a NMC (€) + b Nt2 Miets = (1 + €)M

Sg,1 bg,1 jets

e Poisson likelihood and nuisance parameter

Nref,z') (Nref,i)NObS’i
Nobs,i!

L = £1(N0b87 Nref) X £2(€7 Ue) Ly = H eXP(—

7

and Lo =exp (—

e x*-like log-likelihood function

~ L (N N, ) € 2
2 1 obsy 4 Vref
= —21In —2lnLr =2 fi+(—

f' - Nref,i — Nobs,i + Nobs,i ln(Nobs,i/Nref,i) (lf Nobs,i > O)
b Nref,i (lf Nobs,i — O)

e Minimize x“ to find best set of (a, b, €)

— Oobs = @ * OMC, error of @ given by Ay? < 1

62

2
202-

)
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Z production: systematic uncertainties

e Systematic uncertainties: total (+7.2, -6.2)%

e acceptance change by 3% energy scale: (+2.1, =1.7)%
®* Nmax cut varied by +0.2: (+6.4, =5.4)%

e using different Nmax slices for background template: £1.5%

 signal template peak width (6 GeV) smeared: negligible

* luminosity: +2%
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Data/MC on Nmax agree within 0.2
in study of diffractive cross section of

DIS (DESY-THESIS-2012-008)
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