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erimental Results and Tests

e Effects (Bremsstrahlung, Higher Order Processes)
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Electromagnetic Decay of Pion

 Pion is the lightest hadron (meson)
o consists of u and d quarks (isospin triplet)
* No strong or weak decay

Can the electromagnetic decay of the pion be described by QED?

Complication: quarks are involve large QCD corrections!
Solution: introduce pion form factor

e+
pion
. DVDAN\
| . f e
°) = 72 (lua)—|dd)) Pion formfactor

(measured from pion lifetime)
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Test Pion Branching Ratios

e dominant decay: B(n’ — yy) = 98.823 %
e radiative decay: B(n® —>e'ey)=1.174 %
e 2-prong decay: B(n®—e'e)=6.46x10°

Can QED describe this surprisingly small branching ratio?

Vector Currents: jbu = v(x)y"u(x)  per photon/fermion vertex

€" < \ector currents conserve helicity.

* Resulting spin should be J(n°)=1

e But pion is a Pseudo-scalar J(n°)=0
e = contradiction — helicity suppression

pion

Resulting suppression factor:

Polarisation of helicity state is 2 2
given by fermion velocity: i(l—Bz)(l—Bz) A 1 - mym,
q e 2_2 4
(N) == forright/left chiralities 16 HEGRY m;
no scalar couplings! ~3-10°
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Effects

/

rimentally very important:
can be exploited for measurements (luminosity, radiative returns)
 but can also disturb measurements!
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QED First Order Corrections

P, P, P,
initial state radiation (ISR) final state radiation (FSR)
Fermion propagator: [ _ 1 i _ 1
ISR p,2_m2 (pl_k)Z_mZ p,2_m2 (p2+k)2—m2
1 » 1 1 1 ,
(p,—kP—m’ 4 PP+I—2 p k—m’ T 2p.k 5 “2E,E,(1—cos0) (if mass small)
Singularities:
» photon emission under zero degrees 0-0
* soft photon E,~0
FSR: similar

ISR + FSR: interference term shows no singularity (wide angle scattering)
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QED First Order Corrections

+ Singularities are not allowed in (renormalisable) gauge theories and have to cancel

+ Singularity from “soft” and collinear Bremsstrahlung cancel with virtual vertex
corrections in QED

“real corrections” (Bremsstrahlunié
) (xz ( ( (XZ ﬁ
virtual correction: \
interference of LO diagram g
and vertex correction ~ o? ~ A ~ O
compensates singularities
from Bremsstrahlung
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ectron-Proton Collider HERA

E,=26.7 GeV E =920 GeV
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Q? = 25030 GeV?2,

y = 0.56, M = 211 GeV

electron E==é=7.5 G

ep—-eX

(neutral current)




rocess

electron

photon
on-rest frame):
R EElektron ’
photon-proton system (hadronic final state):
BT
proton
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Lorentz Invariant Kinematics of
Deep Inelastic Scattering Process

The virtuality of the exchanged
photon is given by:

Q' =—-q =—(p-p') electron

Vv

y — — =
E Elektron p P

relative fraction of parton momentum:

.y _ O

2q P E

X

withcms energy: s = 2pP
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on of Luminosity?
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rOCESS

section

P—¢€epy
ss with large cross section (~ 1 barn)!

electron

proton

Note,
s the proton stays intact (elastic)!

s the cross section can only be measured with a minimum photon
energy cut! — infrared singularity

A.Schoning 14 Standard Model of Particle Physics SS 2016



Radiative Effects in Electon-
Proton Scattering

Bremsstrahlung effects are large for particles with low mass

Electron mass: m_= 0.911 MeV  —— heavy radiation!
Proton mass: m, = 938 GeV

Radiation is large if
1. photon is soft
2. photon is emitted collinear

Photons can be emitted from
1. incoming electron (initial state radiation, ISR)
2. outgoing electron (final state radiation, FSR)
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able center of mass energy s
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F. =267 GeV
I, =820 GeV

calculated jet direction /

L/

‘-.\_‘\k\
;“‘“‘a
IS
P
e E—

e Radiation?
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F.=26,7 GeV

E, = 820 GeV calculated jet dlrectlon/
B -?=== -
s ' ]
) Y ‘hw‘:’" T

A

L W

" n
IR
7

Energy E conserved and momentum p conserved E-p, conserved

E-p, (proton)=0 E-p, (electron) =2 x 26.7 GeV
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hoton detector

3
1
HERA tunnel 5 103 m
= 3
2

Objects:
1- PD M/platform

34 m 2- ET M/platform

3- PD { Photon Detector)
4- ET (Electron Tagger)
5- C water counter

6- Filter
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F,=26,7T GeV
E, = 820 GeV

( N e - H:H'
- TS
o - oml T p
\\1 ‘
[ n [ n R
Initial State Radiation? EJ
E_dep = 8.5 GeV
PD
F_trig= 5.1 GeV
[
Y
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NC - DIS with hard Photon

70—

LAr energy (GeV)
&
|

Inner Drift Chamber operational?

Final State Radiation?




NC - DIS with hard Photon

70—

LAr energy (GeV)
&
|

Inner Drift Chamber operational?

Final State Radiation?




Q? = 25030 GeV2?, y = 0.56, M = 211 GeV

Question: Final State Radiation?

collinear photon can not be resolved!

¢hit




(“Compton” events / Wide Angle Bremsstrahlung):

(energy is transferred from the proton to the electron line)

electron and photon have large opening angles and
alanced
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QD Compton

ep—€epy

| AT

electron electron

proton proton




Bethe-Heltler Process

process: ep —epy

ISR: FSR:
electron electron electron electron
poles — » \
poles
proton proton proton proton

Cross section is largest if electron and photon are scattered (emitted)
at small angle (Compton and ISR/FSR poles combined)

Electron and photon go down the beampipe and are not registered in
the central detector
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photon detector

ep—epy i

E =820 GeV
Ee = 206.7 Ge\/ HerAtunnel

S 103 m

6

electron detect

Objects:

1- PD M/platform

2- ET M/platform

3- PD { Photon Detector)
4- ET (Electron Tagger)
5- C water counter

6~ Filter
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PD E_dep = 14.5 GeV
E_dep = 11.8 GeV = E_trig= 14.1 GeV
Y
] J ]
T / F|ve | ppl -
Y : ] - N -
T_px — | - | ) -1
ET * PD
détecteur H1 faisceau d’électrons faisceau de protons
I: ] ]
2% - — 1 . i +p
o gl P ———— PD
II ET T—lp—
o 10 20 30 40 50 60 70 80 90 100  110(m)

d: measure coincidence signal
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ment

s, Bethe-Heitler cross section

* dogn
dF

dFE
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[tem Online Actual | Offline Actual | Online Upgrade
Theoretical uncertainty 0.5 0.5 0.5
Trigger efficiency 0.1 0.1 —
Background subtraction 0.3 0.2 0.2

Pile up corrections 0.3 0.2 =
Photon detector acceptance 1.0 0.6 0.5
E-scale, resolution 2.0 0.7-1.2 0.6
p-bunch satellites 2.0 0.5-1.0

Pileup Correction —
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1/N dN/dE

.....

B typical e—pilot bunch—2000 :
---- 1997 (<N,>=0.3) E
-------- HERA design L (<N, >=0.52) ]

— Upgraded HERA (<N,>=2.6) -

e N, is average number of -
T ) photons per collision

= :"i ..... l_'~_' A =
TILLE....E‘ _._I- i l-‘-i: =-| =
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L Il o
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Determination of the Integrated Luminosity in the H1
Experiment at HERA using Elastic QED Compton Events

electron

A, 1

pole —* (p—p'—kP &

proton
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—¢— H1 data (a)
—— MC prediction

[ background uncert.
' ® QEDC uncert.
[ @ exp. uncert.
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i before interaction:
E=E +E 26.7 GeV
1 0 P, =P, -26.7 GeV
Bremsstrahlung! E-p,=E_-p, 53.4 GeV
oo b by ey
0.6 0.7 0.8 0.9 1 after interaction:
(E-pz)/(2E0) E=E,+E <= 26.7 GeV

p,=P,.* P,, >=-26.7GeV
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Trigger uncertainties

Analysis

Background uncertainties

Trigger efficiency 0.02%
Veto inefficiency 0.22%
0.22%

Reconstruction uncertainties

SpaCal energy scale 0.56%
SpaCal energy resolution 1.10%
SpaCal position resolution 0.34%
CIP efficiency 0.18%
CIP resolution < 0.01%
Conversion probability 0.33%
Alignment 0.39%
z-vertex distribution 0.24%
SpaCal cluster finder 0.04%
CTD efficiency 0.03%
LAr energy veto 0.05%

1.41%

non-elastic QEDC 1.11%
elastic DVCS 0.25%
p-dissociative DVCS 0.08%
diffractive p 0.03%
diffractive ¢ < 0.01%
diffractive w 0.03%
diffractive .J/1 0.03%
diffractive 1) 0.08%
diffractive Y 0.01%
non-resonant diffractive DIS 0.16%
ep — epete” 0.13%

1.17%

QEDC theory uncertainties

Higher order corrections 0.99%
Proton form factor 0.35%

1.05%
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otal systematic error [in percent]: 0.22% + 1.41%2 + 1.17%2 + 1.05% = 2.122
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Figure 1.7: Feynman diagrams for scattering with radiation.

etector and create missing p,
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nts
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ectrically charged and can also radiate photons!
test anomalous couplings
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rad. correction
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cesses at HERA
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e+

mu+AﬂIupha4 Proceslses at HERA

e'p—oe Xuw




E_IR
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F.=26,7 GeV
E, = 820 GeV

h “ >
----
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Z

E_dep = 8.5 GeV
E_trig= 5.1 GeV

FD

Y
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eturn allows a return to the resonance:

ere—”2y

pe large, e.g. at LEP
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Cross-section / pb

-
[—]
.
[

adiative returns
are extemely important!

_III|IIIIIII|III|§
120 140 150 180 200

OPAL : 4R
preliminary Incl. radiative return

# g'e=hadrons

0 "¢ = hadrons; s74-0.7225

no radiative return

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
80 100 120 140 160 180 200

Vs [ GeV
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10

Proton form factor

PEP-1I
Rings ™

Positrons

10

Low Energy Ring
BABAR Detector

""‘Electmns

High Energy Ring

ko400 @

BABAR
FENICE
DM?2
DM1
BES
CLEO
PS170
E835
E760

2
MPP (GeV/c)
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