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OPAL 10-year reunion, 21/10/2010

Richard Hawkings

A challenge — OPAL physics in 20’
430 papers = 2.8 sec/paper

Instead focus on some personally-
selected ‘highlights’:
“The twelve highlights of OPAL’ —
a pre-Christmas carol

Hopefully triggers some
memories

Certainly not complete

Will not mention zedometry or
Higgs — covered elsewhere

Music ...bJ 3D



Basic properties in had. Z decay

Charged particle production using
the jet chamber dE/dx

Pions, kaons and protons —
fragmentation fns vs MC prediction

More exotic states
Sigma baryons: *—pn’;, X-—nn;
20— Ay Call different modes!
Latter with converted photons
Charm and bottom mesons
D**—DO*; DO— K
Separate b, c and g—cc

contributions using lifetime, event
shape and lepton information

Important for tuning MC models
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2-particle correlations: BEC & more

With many species of particle
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One to begin - particle production

PR SR S R
fraction [ % ]

*x
=3

~
=
L L

L L |.\|J|‘ L s L
" [G wé !
momentum ev/c
00 ¢

+  OPAL data

I —— Fittothedata

11

Richard Hawkings

g

b=

& 2 2

73
=

r  — JETSET7.3

%3
=
T

10

0'.

e OPALDATA =°
o OPALDATA K*

¥ OPALDATA pp

---- Interpolation functions + ‘%
v

HERWIG 5.5

e Y
. ¥ LA +{+

10
p [ GeV/e ]

1180 |
Y1160 |
1140 |
Wﬁ 120 |
{100 |
{ 80 |
60 |

140 ¢
s 20 [

Ay invariant mass (GeV/c) 0 L

OPAL

Xp> 0.5

charm production

\||1‘-ﬂ—1

[ L;J,L%Mfﬂ”ﬁfﬁ i s

015 0. 1752 0.2
M(D*)-M(D°) (GeV/c?)



QCD measurements - two related experiments

1. OPAL i

Decay of Z—qq is a QCD laboratory |.. - | =
Very clean initial state, production of |, — .| : o
different flavours (some taggable) . e e e
Measurements of o with jet rates, event.” . £ S s S s A
shape observables, etc W e TP T i,
Here thrust, jet mass & broadening ';? """""" d_._k - 0w Hﬁ S + W
Measurements of colour factors :T" 1l e :E - = :Z: o
Repeated for flavour tagged samples, o 3 LN‘[:‘?.;S ST
and at various LEP2 energies g " A R AR A AR AR AR AR
Interplay between improved theoretical R [ result: — OPAL+JADE |
and experimental techniques ... 015 | N PN
Reanalysis of JADE data with OPAL 014 |
Cover E,-range of 35-189 GeV M
Take advantage of theoretical . :
developments since JADE !
And some computer archaeology M (. (M,)=0.119:0.004
o from jet fractions and differential dists " o 141"]?'??6'01 S' Ty TP
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Three well-spaced jets:

Quarks, gluons and colour reconnection @2"

s ] ]
(a) OPAL & ¢ _jes Studies of quark VS. g!uon jets
5 ¢ uds jets 2 Use events with 3 widely-separated
P 5 — Jetset 74 jets, 2 are b-tagged (hence g-tag)
=“| = 4k --- Herwig59 - Opposite hemisphere is a clean
ﬁ ﬁ o [ —— A 3 d 4“3 . - . .
- riadne 2. gluon jet — effectively a point source
lz 4 E
- — — AR-2 ) ) .
s Ve Compare properties with uds jets
| 3 QCD predictions for particle
. 3 L O multiplicity ratio of ~2 (from C,/Cy)
0 ! 2o 2 4 > ¢ - Also sensitive to colour recon (AR3)
Rapidity y _ o
0.04 P RS AR R AR R RS Studies extended to look for rapidity
(a) ¢ OPAL . | .
Jetset 7.4 gapS IN g uon je’[S
. 3 o | Luthsman-C R Signature of colour reconnection
rdl=) Ariadne-CR :
512 oo § | o Herwig63 - Also Iqok at charge of leading part of
~ |z T ) Quark et gluon jet — expect O-charge excess
- ==} i background .
0.01 2 = _ Disfavour some colour recon
* l models, and search for glueballs
r"—'i'—"‘} S . . .
PO P TN s o b e IR SN D Production favoured in gluon-rich
-4 -3 -2 - 0 1 2 3 4 5 i
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Tau physics (four = 1 + 3 prongs)

OPAL

LEP1 produced O(100k) Z—1*t"
' i - . 1994 DATA
Rich t-physics program — 2 examples «» o

t-lifetime measured to ~0.7%

2000 |

= }
o 1000 |

. .
________
..............

1-prong decay: impact parameter
3-prong decay: secondary vertex

no. entries / 20 um
-—
LN
9
-

10% o

Reconstruction of beamspot crucial e ' .
t-lifetime and t—>e BR together allow ™
test of lepton universality wrt p R T T e

t-decays also allow setting a limit on t-neutrino mass &
Look for decays into 3 or 5 charged hadrons () '

Study energy and invariant mass of nzt system
Also technique based on missing mass

Combined limit of m ,<27.6 MeV @ 95% CL
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Unfortunately ALEPH got a lucky event (18 MeV)

Also many measurements of tau branching ratios, and
studies of QCD in hadronic tau decays
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Tagging b-decays with leptons and : §19§4 d:;ua ;_ZD[ L/G‘5PAL3§
displaced vertices — R, 3 B
g, — _ L(z’ = bb) N
I'(Z" — hadrons) 7 ot
Initial results higher than SM 4 |
EPS-95 Brussels — the “flying pig’ ++W pe1-
R,=0.2219+0.0017 c.f. 0.2155 SM P e s 3
Some interplay between R, and R, t oo )
Along road to resolve this ‘Ry-crisis’ %N;l :
Improved tagging: 3D vertex, alignment, NN tag " | Momte Carous
Understanding of tag correlations (ALEPH pvtx)
Multitag measurements with charm _
Measurement of g—bb N—07 .
Systematics and more systematics... = A Lo
Finally, Rb=0.216320.0007 from LEP combined "L
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Five alive — an inconvenient asymmetric legacy @,‘

: b Measurement Fit  10™**- o"‘u meas
Vertex/NN techniques used to measure Agg 0 1
F b m,[GeV] 91.1875+0.0021 91.1874
i z
- (4] e ,[GeV]  2.4952+0.0023  2.4959
e et op. [Nb]  41.540£0.037  41.479
1% R, 20.767 = 0.025 20.742
Separate b/bbar with jet/vertex charge A 0-01714 = 0.00095 0.07645
_ Also measure b/c asymmetries with leptons/D* g 0.21629 + 0.00066 0.21579
aé"o 14 ilII[IIII]]]IIlIIIIIIIIIlI I I]llllllllllllll: Rc 01721 1_00030 01723
<% £ OPAL AP 0.0992 = 0.0016  0.1038
012 | — mu=114 GeV -3 AL 0.0707 +0.0035  0.0742
i my=1000 GeV A, 0.923 = 0.020 0.935
0.1 - i E A, 0.670 = 0.027 0.668 |
008 [ A(SLD) 0.15130.0021  0.1481 M——
N * lepton . sin“0; (Qq) 0.2324 +0.0012  0.231 '
0.06 - - N
- v inclusive my [GeV]  80.399=0.023  80.379 r
004 [ o combined r,, [GeV] 2.085 + 0.042 2.092
T T AT m, [GeV] 173.3 = 1.1 173.4 ¥
0.02 Y I B | 1 1 I | ) ) . . |
89 89.5 90 90.5 91 915 92 925 93 935 July 2010 o 1 2 3

Vs (GeV)
R,-crisis replaced by an AP crisis (tension with A, z from SLD)

This will remain unresolved for a long time (until a Giga-Z factory?)
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Many fives - Inclusive b-hadrons

- LI L L L L L L [T T T

- vertex charge,,, ]

L data

s /0.
(7
S
4
S
T

B*lifeime .= Vertexing techniques also allows
08<IQi<12 | Inclusive B-hadron reconstruction
| Separate charged and neutral b-

I — simulation 10 2:
% -

“events /0.2 ps

5 0 | _
1500 | : hadrons using charge of sec vtx
1o | 1 Precise measurement of B*/B°
n | lifetimes and CP-violation tests

e ML ¢ study of pions produced with B

-4 4

» 0 eicess pmple?. time (psﬁs Charge correlations between B
=z SRR -SSR and pions from fragmentation
= 300 | @ 3 =50 [ = . ,
% 5s0 b . OPALdatad 2 [ . OPAL data Basis of BO/BObar tagging
SOUF 1 40 f ata method later used at hadron
.Ezoo - ;539 - e colliders for oscillations/CP
z 150 [ 5 - . ]
= 100 | =20 | = Evidence for resonant Bt and BK
S ok S0 Bk H E production
0 N Al 'Ih + H' First observation of orbitally
- ntls excited B** mesons
-50 AN NN SR EE AT A A |_' '10 __I | | |Lu 1 1| |t |+| |+|+__
54 56 58 6 62 64 58 6 62 64 6.6
Bn mass (GeV) BK mass (GeV)
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Enter the sixth flavour:
B-oscillations and CP violation @‘E‘

I : D%recon | - -Amgfrom D*lv
Many measurements of B? oscillations i oraL OPAL
B°—D*lv, D**—D%*, DK r* | + f’ et —
Higher statistics from inclusive slow & . W .f l* b * % |
BO production flavour from opposite side ’ + g\“‘&ﬂl A
lepton, jet charge, vertex charge,... R T S R S B
. . . m”-s;l?d('l(p'(ﬁe‘?'wffwr"l"'llllt(lm\)"lll|‘;
Inclusive single and dilepton analyses So7 | opposite sign (a)
also sensitive to Am, Fos | O :
) . 205
Heroic efforts to push limits to Am>5 ps-? I E
Time resolution not enough — 03 E
i 02 ]
mesaurement had to wait for Tevatron o | Amy from D * slow 7 -
Same machinery cheekily recycled ... B TN T
First investigation of CP-violation in =+, 1 _  emppr e
decay B%—J/yK 3 | ‘ £ 6@  4oPALdata -
/ s St e Rl R
Sample of 24 candidates, 60% pure ;| IR JF sin2f fit | |
Result of sin2p=3.2 £ 2.0 £l COhgd | F I
Later confirmed by CDF, ALEPH and b- *| Cal i
factories (~0.7) — the sign was right! o VI b, S b
0 bt e -1 0 1 2 3 4 5 6

+ 45 3 . 6 65 7
21st October 2010 Richard Hawkings Invariant mass (GeV/c)

reconstructed proper time (ps)



Seven swans (?) a-swimming

* Interlude - The OPAL duck-pond

* | cannot find a way to link ‘seven’ with two-photon physics...

21st October 2010 Richard Hawkings 10



I Y 2 = 1 ] | | S 1 ET
Structure function F.Y(x,Q2) 309 F ob o 1a7e 209 F orcxens
€tag (Etagnetag) S'm 0.8 ;— OPAL F 08 ;— OPAL
0.7 F =07 F
0.6 F 06 [
0.5 — ol 05 z_ ) =
€anitag (P= 0) g; 3 zz "/f
] 5 2 F GRV 2 F GRV
LEP gives large range of Q 01 E o) SaSID o1 E @ - - -Ho oS 1D
H 2 Eooooo Loy b by by E||||| | Loy a , Ly
Can test evolution qf EZY vs.Q?and 0 00 0e o081 O | —
modeling of hadronic final state 10 1002 [GevY
. . ~ I LI I LI I LI I LI I LI I LI I I LI I I LI
Dijets in untagged yy events B IS ¢ o 10 w0
Mix of direct (x,>0.75) & resolved - [ 11 [ ]
(x,<0.75) photon interactions @ wh %’ 2 ol = NLO/(143,) 1
Latter has large contribution from S | [ T PYIHIASaS 1D,
gluon initiated jets (peaked cos6*) ¥ [ 1] [0 8 PYTHIAMIA - -
. RS i | i contribution )
Dataset with only one resolved 5L e R A -
photon sensitive to hadronic [ Biee I . ]
structure of photon, free from MPI = = “ I e ]
0 0 N d P s s |

Complementary to HERA studies

21st October 2010 RichardQIawk%s 04 06 08 0 02 04 |0‘61%),P|'8
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Cross-section / pb

Repeat of ‘zedometry’ at higher energies

Measurements of cross-sections and
asymmetries forqq/ee /uu/ 1t

New feature of ‘radiative return’ to Z pole

Hard ISR photon, remainder is like Z

Non-radiative events (large s'/s) have
increased photon contribution

Cross-section / pb

+ - + -
OPAL e'e—e'e OPAL
3 T |+ T T ] = 1 7 ML L B B R B
+25% E z [ayuww * “
0 F | Eos| ) ¢”'"%”"ﬁ'n"'-%-a:”—
25% 1 =z o LI
E W I e vy T
+5% | E : ]
0 F e " s> 001 ]
5% E E 0.5 g O s'fs>0.7225 1
E e ] R R il! J,} ——1 }
+5% E £ F +o *
o boaded E | o B R R U
E | AL E 05 - FUEE
5% T 1 77t L . 2
I ! I L E < r [ T P
120 140 160 180 200 0 ]
b * sls>0.01
05 ¢ % ss> 07225 g
[ PSR B S — 1 PR n
;. S DL B = L
E ah Y ?
< ]
¢ C: |cost|<0.96;0, <10 .
e A [cost|<0.9:0, <170 —:
O B: cost, |<0.7:0, <10 {
al PRI IS R SR EFU T ST R
80 100 120 140 160 180 200 2["0‘ |
Vs I GeV
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2-fermions at LEP2 — eight new observables

adrons

+5%

® s'/s>0.01
O §'/s>0.7225

1

0

OPAL e'¢e—h

L

140

160

1 1 l 1 L
80 100

L l L 1
120

1 { 1 L
140

1 I 1 L 1 I 1 1
160 180

1 I L L

200

Vs / GeV
12



2-fermions — eight all agree

15

9]

All 2-fermion .measureme.nt.s in beautiful O | TOPAZ wieews: & qq:
agreement with SM prediction "< 150 | Fits to leptonic data from:
.. ) ) “DORIS, ~PEP, OPETRA, ¢ TRISTAN
Place limits on various 4-fermion contact 145
interaction terms 14
OPAL A A 01 o1

+

ce . = 135 |
” e 130 wﬁ\%@ L
— OPAL®

- _— 125 9
I : E _ 120
a — 115
T —— __ 110

o — 105 53550 75 100 125 150 175 200
ad = Extract oz, (LEP2) from fit to 2-f datd/ G¢V
ud —— Assumes SM behaviour for 0-4 GeV (lumi)
15 10 5 0 5 10 15 Use ratios of cross-sections to get a fully
M mRe mik mRL v EAA SRR LR oy independent ag,,; 4.3c different from oy, (0)
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WW and the W mass — nine years of effort

ole’'e =W'W
WW physics central @ LEP2 Z.| OPAL BAR e 27 opPAL
First opportunity to study W in clean % P -
environment of e*e- collider iz +
O(10k) WW events reconstructed in " 10
lvlv, qglv and qqqq final states .
Measurement of WW production cross- *| 4 N
section and W branching ratios R . 0

Vs[GeV] 160 170 180 190 200 210

Measurement of W-boson mass Vs (GeV)
Natural complementto LEP1 m, _ 450 ———++F++

0 B —
Many challenges to reach 0.06% < 400 FWW = qalv
« 350 |-t OPAL data
=

7]
=
=

L.

events / GeV
o
un
—]

—  rt ottt
- WW — qqqq 0.7<Q_<1.0

~ ¢+ OPAL data

Detector response (calib Zs) g - | WW signal "] WW right
Hadronisation and precision 250 L1177 L0 77 8
electroweak effects 200 :_D Zhy 150 - Zx
LEP energy calibration 150 |- 100
Colour reconnection and BEC in 4q 100 |- 0
Also a measurement in Ivilv! Sg - e _
60 80 100 0 60 80 100

(m_z+m, )/2 (GeV) (m_z +m,c,)/2 (GeV)
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Ten triple gauge couplings
(9,4, %z, Ky Az, Ky, 9<% f,7%2, 1,22, f.222, £.220)

1 1 | T 1

= LT ¥ . . .
S [ WeosOdistrib < 3 SRanns Aase 7 Diboson production allows study of triple
;[ 10,05 1 ez L'm'ts from W 3 gauge couplings (TGC)
=750 £ L1 u ;— E WWy, WWZ, ZZy, 2ZZ
500 - 4+ 1 0r ] Precisely predicted in SM — look for
' o] 1 o1 b ; & anomalies indicating new physics
250 :,_i_'z,:.i-'j 1 02 b Cross-sections and angular distributions
SV O S T T measured in WW and WZ, as well as
1 0 I single-W production
cost, ! No deviations from SM seen
_ 1 OPAL :
Eﬂ 1 (a) ' ‘ 95% C.L. ) " WwyevenFS IIIIIIII N A ISO QGC. WW’Y’Y and WWYZ
05 Limits from ZZ RO OPAL  — svg,m=0)
w14 === Best Fit (a, /A" = 0.044)
% 12 95 % C.L.(a, /A’ = 0.070)
0 = 4} : [] FSR
: | ] WWaqq+ZZ
-0.5 « Fit Min. L gt
1y 05 0 03 % 3w Measurement of WWy cross-section

1
E, [GeV] . . i i
f,222 L First (weak) limits on quartic couplings

21st October 2010 Richard Hawkings 15



LEP2 searches — found nothing!

But a big industry along the way
— keen expectation at each new

energy from LEP1.5 @ 130 GeV

Searches for SUSY via chargino
or neutralino pair production

Final states with jets, or jets and
leptons — tricks to fight WW b/g

And for R-parity-violating SUSY

Search for scalar fermions — e.qg.

pair-produced stops giving 2|+2]
Smuon and stau giving 4j+2|
And many more ...

Leptoquarks, radions, exotic
Higgs, excited leptons, yy states

Model-independent searches

Invisible objects ...
21st October 2010

Searching for SUSY — eleven null results

Observed llmlt at 208 GeV Hadromc Channel

Observed llmlt at 208 GeV, Leptomc Channel

> <100
1 pb U 1 pb
— 80
2
= 60
-1
20
2ob 0 2 ob
75 80 8 90 95 100 0P 95 100 0P
M(x}) (GeV) M(x1) (GeV)
T JoorrrrrTy B 5600 """""""""""""""""""""""""""""""""
6f 2j+2| - stop 1% OPAL
- OPAL J P12

(M Yasin

t smuon/stau

Events / 3 GeV
i

27 + « 4
1
%% 20 a0 60 s'ii"" 00 120 5 45 4 35 3‘ 25 -2 15.- 1 -05 0

Reconstructed mass (GeV)

log(y,s)
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dE/dx (keV/cm)

number of entries

15

1

Searching with CJ — twelve wires in overflow @}I

10 Prissrd & impsail il it ey -l

""" m

T I R IR s L
L :

m =70 GeV, Qle=+1-
=45 GeV, Qle==1 1
= m, =70 GeV, Qle=+2/3
Y E_=161 GeV

W E_=183 GeV .
A E I=]*J_"{.'.,-‘l; .
® E_ =206 GeV

L]

=

.

- I - - - -_.',‘_‘_—:.—:_T_ﬂ......:.
- "H-. ]
5 IR
“ i i i 1 i 1 1 I
20 30 40 50 60 70 80 920100 200
& 03 p/Q (GeVie)
o
Eo2s -
c [ :
° :
% 0.2 _
2 E
(=] .
30.15 “é
] B o ¥ ]
L] a
. o t $ _ ‘
1500 2000 2500 3000 3500 4000 4500 0 b
50 60 70 80 90 100 110

charge per hit in HighSector (FADC)
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Magnetic Monopole mass (GeV)

Jet chamber dE/dx allows searches
for anomalously-behaving particles

Long-lived heavy charged particles
produce ‘wrong’ dE/dx vs p/Q

Pair production of spin-0 and Y2
particles — limits on smuons and
staus in CMSSM

Also set limits on fractionally-
charged particles

Magnetic monopoles more difficult
Very-heavily ionizing — saturation of
FADC readout

Special monopole trigger looking for
high dE/dx on groups of 12 wires

Parabolic trajectory — not
reconstructed by standard software

Look for isolated heavy ionisation
Monopole limits from 45-102 GeV

Richard Hawkings 17



Final remarks

Fantastic breadth and depth of physics results from OPAL at LEP1 and 2
High-statistics Z decays at LEP1 — precision QCD, tau and heavy flavour physics
Physics at the energy frontier with LEP2 — searches, 2f and gauge boson physics
Not forgetting zedometry and Higgs searches ...

A triumph for the Standard Model — it did not crack

Some of these results have/will be overtaken (Tevatron, B-factories, LHC)

But form a ‘reference point’ for later experiments
Invaluable data for refining our understanding and models

Some will be with us ‘forever’, or until repeated at a linear collider Z-factory

OPAL was a ‘'small’ experiment — and a great opportunity
With 400+ papers, plenty of physics topics to study, write PhD theses, etc.
Excellent opportunities for young people to learn, to take positions of responsibility

And a great working environment — (nearly) always fun ...
Can we replicate this ‘spirit’ in the mega-experiments of today?
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