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| Discovery of neutral currents ETP)

xperimentel

o Gargamelle: neutrino beam hits heavy liquid (freon) 1973
o Neutrinos interact with electrons and atomic nuclei

Neutral " v,

Current 5 :
/ ENC} 1GeV

NC event candidate

Charged . v
Current Vi H j-‘A EH > 1GeV P

" -~ /

}a candidate

’ i CC event candidate Nucl. Phys. B73 (1974) 1

o Neutral-current interaction: scattered electron — electromagnetic
shower (bremsstrahlung and e e~ production)
o Charged-current interaction: muon in final state — long track
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A SppS collider at CERN ETP)

o pp collider reach
o Momentum fractions of colliding valence (anti)quarks x; ~ xo ~ 0.2

— estimated Eqqs: V§ ~ /X1 X2S = 100 GeV — /s = 500 GeV

o SPS (Super Proton Synchrotron)
at CERN

o 6.9km circumference
o 400 GeV protons

ldea (C. Rubbia, 1976):
upgrade to a pp collider

SppS
later upgrade to 630 GeV

o UA1 and UA2 experiments
data taking from 1981

UA1 experiment £
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A SppS collider at CERN ETP)

o Antiprotons

o p beam on target: approximately gt

1 p in 10° final-state particles

o Very large emittance of p beam:
reduction without violating
Liouville’s theorem?

o Solution (S. van der Meer, 1968):
stochastic cooling' with pick-up
and kicker

o Further challenges

o p and p share same beam pipe
o Hermetic 471 detectors for the
first time at hadron colliders

cerncourier.com

'Details e. g. Nucl. Instrum. Meth. A532 (2004) 11

Klaus Rabbertz Karlsruhe, 09.06.2023 TP Il - WZH 6



A Discovery of the W boson (1983)

@ Again nice nistorical perspective in article to celebrate this year
the 40* anniversary of W discovery at CERN
% Must find charged and neutral weak bosons
% C. Rubbia initiated SppS with second “p” really an anti-proton!
% Two experiments: UA1 and UA2; January 1983: 4 and 6 candidates

% No imaginable background
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electron (pink arrow) and only soft particles in opposite directions to it, as eXpected
ifanundetected neutrino balances the electron’s transverse momentum.

L. Di Lella in CERN Courier Vol. 63 no. 1, Jan/Feb 2023.
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A Discovery of the Z boson (1983) ETP)

Lo} d
al First Level Cuts
301 i
N — 152 Event
o Processpp — Z — 11~ (I = e, p) vents
20 .
_ =
; 10k {3
7 Z
i 0 In L | O T W — g
N @
z -E . Second Level Cuts E
T oF 6 Events 1 ©
f - M 18
f—l_ Q 2 F N %
E U | |_| [J—H 1 o
o Analysis strategy: charged leptons 2 | o = |
o Invariant mass of lepton pair 4 L L Events 1
o Depends on lepton momenta and &l , Ny N
opening angle (lepton masses ! 50 100 150
neglected) Uncorrected invariant mass cluster pair (GeV/c?)

m% ~2-|pp|-|p-| - (1 — cosy-)
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A Events at CERN ETP)

@ Scientific seminar this year at CERN: 31.10.2023

% Celebrate 50 years of discovering neutral currents with Gargamelle

% Celebrate 40 years of discovering W and Z bosons at SppS

@ Before: Official inauguration of new Science Gateway: 07.10.2023

Architect R. Piano & CERN DG F. Gianotti
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HERA Collider at DESY ETP

Institut fur Experimentelle Teilchenphysik

HERA: 1992 — 2007
Collisions of e*-p,e-p
HERAII: E___ =319 GeV
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| Deep-inelastic scattering at HERAe1P)

Electromagnetic reaction:
Backscattering of electron off charged proton constituent

H1 Detector

Proton

Quark

H1 Event Tutorial, J Meyer, DESY (2005)
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A\ DIS kinematics

Neglect electron and proton masses: M, = M, =0

/LZEQ;
Institut fur Experimentelle Teilchenphysik
:

Center-of-mass energy: s=(k+P)*=2k-P=4E.E,

Elastic — one independent variable:

Q2 — _q2 — (k _ k/)Q — 2k . k/ — QEGEG,(:[ + COS(@G/)
Deep-inelastic scattering (DIS)
e(k) & (K) Inelastic — 2" variable:

W2 =(q+P)*=2P-q—q

Alternative: ,

Bjorken scaling £ = op .
Many Hadrons variable: 1
» X(h) . _L-q
Inelasticity: Y= p. 1
(P) 7
p 0< (z,y) <1
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A Infinite momentum frame ETP)

Proton equals collinear stream of fast moving “partons”, masses negligible
— factorised incoherent partonic scatter

$=(q+EP)? =26 P - Q= (5_1) 0?

Deep-inelastic scattering (DIS)
e(k)

2
\ xzzg
Many Hadrons q
> X(h) _ " q
YT Pk
p(P) )
0< (z,y) <1
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A Infinite momentum frame ETP)

Proton equals collinear stream of fast moving “partons”, masses negligible
— factorised incoherent partonic scatter

§=(q+EP) =26 P - Q= (2_1) 0?

Deep-inelastic scattering (DIS) atLO s=0—>¢{=a2 ¢ = (1 + é) X

k K
Quark parton model (QPM) — scaling variable x:
momentum fraction of struck parton in proton

2
T = ¢
P1 One parton 2P - q
_P-q
TPk
) ‘" 0< (z,y) <1
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A Target rest frame ETP)

Inelasticity y is relative energy loss of electron in target rest frame:

E.,— E.
Ee
Only two of the four invariant variables are independent!

y:

Deep-inelastic scattering (DIS)
e(k) e’ (K)

Conversion formulae

@ QP+ W?
Q2+ W2 v = s
; X(h) QQ = sxy W2 — 8(1 . x)y
P(P) r )
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A Neutral current DIS ETP)

@ HERA e-p collider at DESY y
QZ 6( )
% 3 km circumference e(k) :
+ 27.5 GeV e* on 820 or 920 GeV vz
protons ) -
% 2 large omni-purpose detectors H1 ” \ w
and ZEUS

supraconducting:

ko

920 GeV

. __ﬁ
H1 Experiment @ HERA

HERA tunnel with magnets norma'conducting: e
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http://h1.desy.de/

A Charged current DIS ETP)

1

@ Exchange of charged boson W*

Changes charge and flavour
% Neutrino escapes undetected

% Clear signature of missing transverse
energy

Klaus Rabbertz Karlsruhe, 09.06.2023

e(k)

0?2 Ve (K)

Y
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A

Maximally parity violating

Q2

@ Exchange of charged boson W*
=
+ W- couples to left-handed v. e(k) >
%+ W couples to right-handed anti-v.
<+ HERA provided partially polarised p
beams of electrons and positrons
= 120 | PIII|C()IllaI‘t)01“atilon
) ]
§b8 & ep—VvX i
100 O H1 HERATI ]
- m H1 HERAII i
80; ep - VX ; =
- O H1 HERATI n
i ® H1 HERAII |
60— —
: BN HIPDEFE 2012 :
40—  ## Linear Fit _
20__ 2 2 __-:l-
n Q> 400 GeV 4=
B y <09 *é
ol Cl CL L NIE
-100 -50 0 50 100
LH P.[%1RH H1, JHEPO9 (2012) 061.

Klaus Rabbertz

Karlsruhe, 09.06.2023
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Al CC and NC cross sections  ETP:

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

e(k")

m"}/ — () C\/‘-\ ; | I T T TT1 | | | | I T T TT1 | T | | T ;
> - .
S 10 %\E O HERANCep 04"
= = a 0 HERANCe'po05Sfb' 3
p 2 = s HERAPDF2.0NCep 3
o~ - -
- u g s HERAPDF2.0 NCe'p ]
= 10-1 | 2. _
B = N o =
= = A o B -
= “a_e g =
- . —
e(k) _
10 > y< 0.9 | =
- \s =318 GeV E
\ -
= aE E
. / u ® HERA CCe€p 0.4 fb?! S ‘ .
10-5 E + 1 R =
= ® HERA CCposf’ ¢ \ 3
- HERAPDF2.0 CCep O \?_:
= HERAPDF2.0 CC ¢'p N\E
10'7 B | | | I I I | | | | | | |"| 1 | | | \

10° 10*
Q?/ GeV?

Low Q% CC almost constant dominated by factor 1/m:,
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A CC and NC cross sections  ETP

e(k")

m,y _— 0 g E \ I T TTT | | | | I T T TT1 | T | | T E
5 10 ;mm\g O HERANCep04fb'
= S _ O HERANCEpOSH' 3
p 2 = s HERAPDF2.0NCep 3
o~ - -
\ =) - m"m,,,( wess HERAPDF2.0 NC e'p
% 10-1 E_ o e} _E
= iy e :
| e, _
S "-a e 9 3
e(k) 3 i - i
107 y<0.9 = =
- \s =318 GeV -
nE 3
D CC €p 0.4 fb! g ]
HERA CC e'p 0.5 fb™ NZZ E
HERAPDF2.0 CCep O N0
HERAPDF2.0 CC ¢'p \&
10-7 | | | I I I | | | | | | |"| 1 | | | \

10° 10*
Q?/ GeV?

Q%= mw?: NC and CC equally strong
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A CC and NC cross sections  ETP

e(k’)

m,y pr— 0 ('{'l_\ ; I I T TTT | I I I I T TTT | T | | T ;
> - ]
_ O HERANCep04fb!
> 10 ?E\a |
= - | 0 HERANCE'p0.5mh! 3
p 2 = s HERAPDF2.0NCep 3
o~ - -
\ - = Sg wess HERAPDF2.0 NCe'p 1
~ 10-1 - g _
B = 8 S =
= - G 3 =N .
— *—o —
= “a_e g 3
| — . —
e(k) _
107 y<0.9 | —=
= \s =318 GeV .
= o E
D = ® HERA CCep0.4fb?! g ; .
10-5 E + 1 R =
= B  HERA CC €'p 0.5 fb . N
- HERAPDF2.0 CCep O \?_:
= HERAPDF2.0 CC ¢'p \E
10-7 __I_I#_\_IQIV | IR/ | \

10° 10*
Q?/ GeV?

High Q2 CC drops off slightly faster since 1/(m37, + Q%) , BUT ...
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Proton structure ETP

Sea(anti)quarks

Gluons

Valence quarks

+ Gluons: Do not participate in CC
+ Low x: Roughly equal numbers of u, d, ubar and dbar (sea)

+ High x: Valence quarks, u, = 2-d,

Klaus Rabbertz Karlsruhe, 09.06.2023 TP Il - WZH 22



A

CC cross sections ETP)

@ CC cross sectionep — ve+ X

% Changes charge and flavour

% Neutrino escapes undetected

% Clear signature of missing transverse energy

alzacé9 B G4miy
drdQ?  27(Q% + m?,
dzacc B GFmW (
drdQ?  27(Q? + m?,)?

Klaus Rabbertz

u(z)+ (1 —y)*d(z))

)2(

e'p: dominated by u(x)

(1 —y)*d(@)|+u(x))

e*p: d(x) < u(x) & suppressed by (1-y)>?
— ep CC cross section larger than e*p at large Q?

Karlsruhe, 09.06.2023 TP Il - WZH 23



A Coupling strengths ETP)

Ratio of weak to electromagnetic coupling

de

— = sIn HW
g
o q>
e1n .
X —5 = sin? Gy
8 g

— Weak coupling even stronger than electromagnetic one!

Relative weakness at low Q? stems from propagator of massive W boson

e(k’) ve (k')
e(k) > e(k) >
\/ aem \/ aW
o & 2 w X 3 2
Q miyy, + Q
p > \\ p o~
\mW ~ 80 GeV

Where is the Z boson (NC) at high Q2?
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Al CC and NC cross sections  ETP:

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

e(k")

m,_y pr— 0 (('l-\ ; I I T TTT | I I I I T TTT | T | | T ;
> - ]
_ O HERANCep04fb!
S 10£% po4m’
= - | 0 HERANCE'p0.5mh! 3
p 2 = s HERAPDF2.0NCep 3
o~ - -
\ - = Sg wess HERAPDF2.0 NCe'p 1
~ 10-1 - g _
B = 8 o =
= - G 3 =N .
— *—o —
S "-a e g 5
| — . —
e(k) _
107 y<0.9 | —=
= \s =318 GeV .
D s - e HE ]
10 HERA CC'p 05! ¢ AN
HERAPDF2.0 CCep QO \?_:
HERAPDF2.0 CC ¢'p \E
10-7 | | | I I I | | | | | | |"| 11 | | | | \

10° 10*
Q?/ GeV?

High Q2: NC cross section starts to differ between ep and e*p beyond mz?
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A Z production with e*e ETP)

@ Projects to directly produce Z in huge amounts ep — v+ X

+ e'*e colliders with Vs = mz = 91 GeV (“at the Z pole”)
% Linac at SLAC (SLC) and ring collider at CERN (LEP)

% Hermetic “4mr” detectors

- LEP (1989-2000) SLC (1989-1998)

LEP 1 (1989-1995):
Vs=mz=91 GeV Vs =mz =91 GeV

Data-Taking

Periods LEP 2 (1996-2000): Polarized electrons since 1992
Vs = 160-207 GeV

Mark Il (until 1991),
m ALEPH, OPAL, DELPHI, L3 SLD (1992-1998)
Z Boson Decays |
17,000,000 600,000 (polarized)
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A Production cross section ETP)

@ Resonant (“s-channel”) production of Z bosons in e*e” collisions

% Photon and Z boson have same quantum numbers — interference!

%+ Add LO matrix elements:

M = *

e’ f e’ f

+ Cross section: o(ete”™ = ff) =0y« + 0z +0z
+ s << mz: Photon exchange dominates — only QED effects
+ +s=mz Zboson exchange dominates

+ s >> mz: Both contribute — unification

Klaus Rabbertz Karlsruhe, 09.06.2023 TP Il - WZH 27



Q| s << my: Total cross section ETB)

ete- — ff for Vs « mz pure QED process

e f

et f

Total cross section: decreasing with 1/(center-of-mass energy)?
4@

3s
W Assumption: all fermion masses can be neglected

2
T~y = NC,f Of

® Ncr. number of color degrees of freedom (3 for quarks, 1 for leptons)
B Qr fermion charge in units of elementary charge e

® «: fine structure constant

92
o= ~

1
T 4r T 137
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Q| s << myz: Bhaba scattering  ETP)

Special case: ete- — ete-
® Identical particles in initial and final state — t-channel process in addition

B Matrix element: ) . . 2
e e e e

2 —
“\/” - A ' Y*

B {-channel process: Bhabha scattering — differential cross section
do 1

dcost  sin*(9/2)

— dominates for small scattering angles (cf. Rutherford scattering)

Application at LEP: measurement of luminosity (precision: 10-3)
® Theory: pure QED process — can be calculated very precisely
® Experiment: number of Bhabha events = 3x to 4x number of Z events
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Q| Vs << my: Scattering angle 8 ETP)

Differential cross section as a function of scattering angle 9:

® Angular dependence from particle spins: spin-1 photon exchanged
between fermion/antifermion pairs (spin 1/2)

(egef — fifR):

dcost
~ (1 — cos 0)? ~ (1 +cos 0)?

M3

Can be derived using Wigner’s

3 .
d-matrices d'i_1 and d'1 1 (1 —cosd)? g(1+cosd)”

o] W

= =
- M B oo

=)
oo

3
.. L “(1 +cos?6)
B Superposition of all comblnatlons: 06

do., TP 5
= NC f02 ( + COS 9) 05 04 02 0 02 04 06 08 i
dcosf cos B

o

.

| /
o

=D
=]

- III|III

ol
w
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Al Asymmetry: First indications of Z gTP)

PETRA: Vs = 29-35.5 GeV

o Interference between ~* and Z
boson exchange already visible

fOI‘\/E < My

o Example: PETRA (DESY)
— first deviations from pure QED

sdo/dQ (nb GeV’)

9l —_— Fit to the data
- —-  QED: ~(1+cos?6)

i i i i i i L

-10 -0.5 0.0 05 1.0
Cos 6

Rep. Prog. Phys. 52 (1989) 1329
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A Asymmetries ETP)

@ Generic definition:

+ Divide dataset into two parts X and Y

X -Y
X+Y

A =

@ Predict and measure asymmetry, which is a ratio!

+ |dentical or similar backgrounds and systematic uncertainties cancel
at least partially!

+ |Improved sensitivity to small differences
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A

Again: Scattering angle 6

o Angular dependence from particle spins:
fr

e er*

ff_ (EEEI — fj_}:_ﬁ) !

dcos
~ (1 — cos #)? ~ (1 + cos )2

o For pure QED process

do 2

Ty .
= E 7,
dcosf chfo 28 (1 +cos )

— symmetric in scattering angle

Klaus Rabbertz Karlsruhe, 09.06.2023 TP Il - WZH
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A Now with Z exchange ETP)

o Angular dependence from particle spins:
fr

ert

ff_ (EEEI — fj_.f_ﬁ) : fR

dcos
~ (1 — cos #)? ~ (1 + cos )2

o For pure Z exchange

doy 3 2
dcosf 8 " (1+cos™0) |+ (2A!AfC059)]

symmetric in cosf@ asymmetric in cos 6
with “asymmetry parameter”
29v/9x  _ (9)* — (9R)°
f = — ; 9i/r = 9v + 9a
1+ (gv/ga)?  (90)% + (gr)? f

— asymmetric in scattering angle?
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A\ Forward-backward asymmetry ETP)

o Cross-sections depending on scattering
angle of final-state fermion

f

f
f
_ .,-«':'BI . _
E.‘—:F-/ e g —»

“Forward”

/2
OF — /
0

do
0
dcosﬁ)d '

6 +
\ )
“Backward” f

/W do
Tgp —
0 /2 dcosf

o Forward-backward asymmetry

Arg =

OF + 0B

_ 3
— ... = 3AA

Klaus Rabbertz

Karlsruhe, 09.06.2023

dt

do,./dcos(®) nbl

LEP: Vs = mzt 2 GeV

: DELPHI 93 — 95
) "
s e'e” > uu(y) /
4 la s
: _XX} Feak
0.8
0.6 | |
0.4 Fg P+2 4+
0.2 I
Vs =m,—-2 GeV
o
cos(0,.)
TP Il - WZH

/62 (9002) [zt "dey sAud
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