Advanced Particle Physics: VIII. Experimental Tests of the Standard Model

VIIl.Experimental tests of the Standard Model
—1—Diseevery-of-W-and-Zboeson—

2. Precision tests of the Z sector

3. Precision test of the W sector

4. Radiative corrections and prediction of the
Higgs mass

5. Higgs searches at the LHC

1. Discovery of the W and Z boson . SopS accelerator

V52540 GeV, UA-1/2 experiments
1.1 Boson production in pp interactions

pp >W — /v, + X pﬁ-)Z-)ff+X

10nb ff Ow (O-z)

Similar to Drell-Yan: (photon instead of W)
inb +
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=X XS mit (X,)~0.12
0.anbt §=(x,)’s ~0.014s = (65 GeV)’

— Cross section is small !
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1.2 UA-1 Detector

1.3 Event signature:

High-energy lepton pair:
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1.4 Event signature: pp >W — /v, +X W—eV

T,

——MiSsing py vector, “~_
1]

Undetected v:

A4V
Missing momentum ~,*
4
4
/
/ J—
p > < p )

High-energy lepton:

/ Large transverse
- momentum p;

Py 1 GeVic

How can the W mass be reconstructed ?

Fig Ifib. The same ax picrure (b, except that mow only pamicles with pr>l GeVic and
calogimeters with E~1 GeV are showsn

W mass measurement
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In the W rest frame:

In the lab system:

. H =|p | = 2w *W system boosted only
, P/|=1P, .
y 2 along z axis
—_— —
/ pr|< My * p; distribution is conserved
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Carlo Rubbia | Simon van der Meer

"for their decisive contributions to the large project, which led to the
discovery of the field particles W and Z, communicators of weak interaction”

S. van der Meer

One of the achievements to allow high-intensity p p collisions, is
stochastic cooling of the p beams before inserting them into SPS.

1.5 Production of Z and W bosons in ete- annihilation

[
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2. Precision tests of the Z sector  (LEP and SLC)

~4.5M Z decays /
experiment

2
‘M‘Z :‘>—~<+>—~<
/4 Z

for e'e > u'u

2.1 Cross section for e*e” — y/Z — ff

2/ 1
M, =-e (W;,ﬂ)qu(e r'e)
2

g — v 1 5
M. = — Liak gk
z cos? a {/17 2(gv gay )ﬂ}

gvp _QVqlz)/M% |: P 1 e e 5 j|
ey’ — - e
(@ -M2)+iM I | 2O ~9w)
-

Z propagator considering
a finite Z width

One finds for the differential cross section:

2
do o

s(s-M2) s?
= F (cos®)+F,(cosf)——————2 4+ F,(COSH)———>——
Joosd - 2s { Al )+ Fa( ) 2( )

(s —M;)° +M;T7 (s —M2)* + MI7

Y v/Z interference 4

Vanishes at Vs~M,

F (cos6) = QZQ:(1+cos® ) = (1+ cos’ §)

QQ,

—— e 12g89#(1+ cos? 8) + 49°g~ cos b
4sin® g, cos? 6, [ 9.9/ )+ 49,94 ]

F,(cosd) =

1
16sin* 4, cos* 4,

o2 62 2 2 e
F,(coso) = [(gv +dx )@/ +94 )(L+cos”0) +897ga0,gx cOS O
Forward-backward asymmetry

do
dcosé@

F0s

~(1+cos?6) + 8 Agcostd  with Axg= Ze e
3 O +0g
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At the Z-pole Vs=sM, — Z contribution is dominant
— interference vanishes

2

~ _4la—2 e\2 €y2 )2 2. S
0 %92 =35 16sin" 4, cos* 4, CURLCRP CORICRY (s =M2)* +(M_I;)?
e e HAoH
Ay =3 9v9a 9v 9

(9)7+(95)% (9l)? + (gL

At the Z-pole Vs=M, — Z contribution is dominant
— interference vanishes

SZ

(s =M2)? +(M,T3)?

_4r LA
3s 16sin* 4, cos* 4,

Ot ® Oz

Lo + @) lle)? + @?]

O'z(\/7 = Mz): 1ox rer#

M7 T
With partial and total widths: Cross sections and widths
aM FB . can be calculated within the
ho= e [ig))? + (g})?] | | S dard Model if al
12sin” @, cos” 4,
parameters are known
I; = ZFu
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2.2 Measurement of the Z lineshape

Resonance curve:
Fel"ﬂ . S

M7 (s—M2)* +MI7

Gjaa [Mb]
3

o(s)=12x

12z I.T,

Peak: o, = MZ 12
z z

» Resonance position - M,

* Height > T, T,

I I \Er’M:ﬁ‘ L
88 90 92 94 * Width > T,
E_ [GeV]

cm

Initial state Bremsstrahlung corrections

f 0 2E
Oy = [G(2)oy(zs)dz 7-1_"=1

am¢ /s \E

e"e” — hadrons e'e »>uu
40 2
F L3 O 1990-92 - L3 O 1990-92
Fe’e” — hadrons(y) Litre) L e = () 1993
30 & 1994 15 A 1994
[ ® 1995

® 1995

G [nb]

10

1.01

= 105F
s y b g ' B
A 1 Y I B
1] I TN B IV O VE-L] I BPEPIE R P
88 90 92 94 88 90 92 94
vs [GeV] Vs [GeV]

Resonance looks the same, independent of final state: Propagator the same
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ete” He'e” t channel contribution — forward peak
e e’
K’
L3 O 1990-92
[e'e —=eely) » 1993 p’
1+ oarcoci Oles
I ® 1995 .
e
=
= f
=X 1] #s-channel
F t-channel
or I."-.__ime:'f'el\euce
LosE =
g | 4 -i ! E
\1-L] S T T BN N
88 20 92 94
Vs [GeV] o5 o= ) ot

Z line shape parameters (LEP average)

M, = 91.1876 +£0.0021 GeV ~ +23 ppm (*)
r, = 24952 +0.0023 GeV +0.09 %
g =1.7458+0.0027 GeV
I, =0.08392 + 0.00012 GeV 3 leptons are treated
r,  =0.08399+0.00018 GeV independently
T, =0.08408 + 0.00022 GeV test of lepton
universality

Iy = 2.4952+0.0023 GeV .

Assuming lepton
Fhag  =1.7444+0.0022  GeV universality: [', =T =",
r =0.083985 + 0.000086 GeV

e

*) error of the LEP energy determination: +1.7 MeV (19 ppm)

http://lepewwqg.web.cern.ch/  (Summer 2005)
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LEP energy calibration: Hunting for ppm effects

Changes of the circumference of the LEP
ring changes the energy of the electrons:

« tide effects ‘ Changes of LEP circumference

) AC=1...2 mm/27km (4...8x108)
« water level in lake Geneva

_’: 46475 : I I I+ I E : Y :
= t X .
& +IH'# it 3,1 Correlates with
2 # & lake J
£ 46470 N |
& t 1
46465 ﬂ E 0
: |
g A ; : k A | "Heavy" Rainfall
2200 200 600 1000 1400 1800 2200 2:00 -1 T ooy E e ' =,
) 100 E‘U ‘UO ‘“J \UU
Daytime Day
The total strain is 4 x 10 (AC = 1 mm)
Effect of the French “Train a Grande Vitesse” (TGV)
November 17th 1995
. ) = T T
Vagabonding currents (~1A) from trains 5 R :
s f £ IGV A h
g ¢ »,'I N il \"‘“"h
Earth current % _ o a 5 "““U'T‘ BN VA
AC railway 15 kV ';5 - | F\\‘R J ! ; -f i
La Versoix Railway Tracks l L|
f S ——t—
Ej__ 0012 - B
T % 0016 |, ""'V"T“ A N ]
\ :’:';n 0024 -
E LEP Beam Pipe
= } } +
£ oo W
IW power station T meEp X A MI\« o
2 Sy P "f . B
Zimeysa  Meyrin Sr , M A I,"‘
- “ ‘U\'Ll | ! ]
— = omesl . \ B
DC railway 1.5 kV tha LEPRME
16:50 16:35 Time
In conclusion: Measurements at the ppm level are difficult to
perform. Many effects must be considered!
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2.3 Number of light neutrino generations

In the Standard Model: ee >Z >

I,=0,+3-T,+N,-T, — S

L e'e >Z-vy,
invisible : T}, o

I, =0.4990+0.0015 GeV|

To determine the number of light
neutrino generations:

rf exp r" SM =

5.9431+0.0163  =1.991+0.001 (small theo. 10
uncertainties from mg,, My,

Ghag [ND]
(@]
o

| N, =2.9840 + 0.0082 |

ol
86 o1 _ 96
No room for new physics: Z—new Vs |GeV]

2.4 Forward-backward asymmetry and fermion couplings to Z
ete 5 Z > utu do ~~(1+cos29)+§AF cosd
HH dcosé 3
e = () Wlth A‘FB — m
O +0g
10
; pﬂ:_ O o
pe O s ——dcosé
_ [ peak+2 o( 1)dCOSt9
> - : :
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5= $ o 5 4 PLUTO
:\ml o ~3 0 4 _ 14 o TASSO ]
&Q?g_ no.~ 8 o < _iq_h'?s#.?.}
23 | e ot !
LR S
Or y Or -0.5 1 \
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€08 Vs [GeV]
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Fermion couplings

Forward-backward asymmetry

+ Away from the resonance Agg large
— interference term dominates

ent S(s=M7)

AFB gAgA (S_MZZ)Z +M§1—~ZZ

e Atthe Z pole: Interference = 0
Az ~ 930v9A0v
— very small because g,/ small in SM

Asymmetries together with cross sections
allow the determination of the fermion
couplings g, and g,,

Lowest order SM prediction:
)
g, =T;-29sin°4, g,=T;
O 7 e e ————————
[ Im=178.0+4.3 GgV
mH: 114...1000 GgV
-0.035 1 B
S
(@]
-0.038 1 4
Ao
-0.0414— : —S8%CL
-0.503 -0.502 -0.501 -0.5

9a

.

Confirms lepton universality

Higher order corrections seen

3. Precision tests of the W sector (LEP and Tevatron)

e'e” 5> WW — ffff
e ‘~~.-,wm:\w.w.~ e

f
Y 7

(]

w- <
}—/'ww.'wv.'\w.

I ~10K WW events /
experiment

s §
A L AW o s SééW?\f
J\";’Vv‘;".’\:'v\l\"ﬂlg WAANIANA 5
- W T o W T
< <

204

cross section (phase space)
for ee>WW production:

l 10

Phase space factor = f(M,,,, Vs):

=
Threshold behavior of the %
5

— Allows determination of M,, 0

T T T T
LEP PRELIMINARY 1
B YFSWW and RacoonWw + 4 i

/V_“
'
§
,r'/
160 180 200

Vs (GeV)
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W decays

| qaév
WW — 1 9999
| vl
Lepton Ngutrino
Jet

W branching ratios

ALEPH e 10.95 + 0.31
DELPHI ; 1055+ 034
L3 e 10,40 + 0.30
OPAL | 1040+ 0.35
LEP W—ev _.. 1059+ 0.17
ALEPH | 111 + 0.29
DELPHI i 1085+ 0.27
L3 e 972+ 031
OPAL —l 10,61+ 0.35
LEP Wopv o 10.55 + 0.16
ALEPH i 10.57 + 0.38
DELPHI > 11.46 + 043
L3 | _a— 11.78% 043
OPAL | - 1118+ 048
LEP W—stv | . 1120+ 02

LEP W—lv F 10.74 + 0.09

10 M1 12

Br(W—slv) [%]

Br(W —qq) =(67.77 £ 0.28)%

Lepton universality tested to 2%
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Invariant W mass recontruction

8

ALEPH Preliminary gqqq

« Deta (Luminesity = G82.6 pp™")

— MC A
B Beockground T +
Py

8

Events per * GeV/c"
®
g8 8

g

8
L"'—"". &
=

30¢ More difficult: %
.

20¢ pairing ambiguities N
100 E :‘,,t«‘ bﬂh""_.:}
[}

60 63 70 7> B0 B> 90 83 100

u, 300 T
) 8
= ALEPH Preliminary evqq
O 250 |- « Dete (Luminosity = 682.6 pb™)
= e
;?m B Background
§
“iso |
100 | |
I J
5.5 T M S o (R et
056772 74 76 78 60 82 84 86 86 90

M (CeV/c®) My (CeV/c™)
Mass of the W Boson pp-colliders —+— 80.454 £ 0.059
Experiment My [GeV] LEP2 = B0.412+0.042
Gl _._E_ lbeTE 2 Average - 80.426 +0.034
DELPHI @ 80.404 +0.074 FiDeF031 1
1 —_ Or 490 A na
L3 ] 80.376 £ 0.077 NuTeV  —— 80.136 £ 0.084
OPAL :——.— 80.490 + 0.065 LEP1/SLD —a— 80.373+£0.033 g
: x2 fdof = 29.6/37 LEP1/SLD/m, A= 80.378 +0.023 é
LEP o 80.412 £ 0.042 e =
' my, [GeV]
Effect of triple gauge coupling
) W £ @ f
— L i |
AL - erJrQ £
Vo . p '\,‘\,ﬁv{ﬂi .
A | iy = — 3
e‘—, v’\:’\w” 1, e; w:L'I'.,-c‘_\_HE i,
DR/ EDDT
LEP Preliminary
20
Racoo WW / YESWW L.16
- et
- | 8
Data confirms the = 15
existence of the y/ZWW §u
triple gauge boson vertex '
10
18 =
WESWW L 18
—— RacoonWW +
5 17TF +
Y
16 -
o ]
160 170 180 190 200 210

E,, [GeV]
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4. Higher order corrections and the Higgs mass

2 Including radiative
p= M 1 =| p=1+Ap corrections
m2 cos? By
) mg, ) v
sin 6W=1——2 = Sin” G = (1 + Ax) Sin“ Oy
my
. Ta Ta
ms = —————— = My = ——————(14+Ar)
W /2sinZ6wGr W /PsinZ6yGr
a(0)
Lowest order a@) | = cx(m%) =1 Aq
SM predictions With : Aa = Adgept + Actiop + Aat(]?d

Ap, Ax, Ar = f (m?2,log(my),...)

W:W zZmw

H

W 2w ZIW

Top mass prediction from radiative corrections

Top-Quark Mass [GeV]

CDF 176.1 + 6.6 | Direct
: measurement
The measurement of the bo WROERA | ot m,
radiative corrections: Average 178.0+4.3
FDoF 2614
o - Lq g s
SIN" Ger :Z( ~8,/3s) LEP1/SLD 1726F 12
in2 H)
Sin" 0 = (1+ Ax)sin” g, LEP1/SLD/m,/T,, 18147 188

Allows the indirect determi-
nation of the unknown
parameters m, and M,

125 200

Prediction of m, by LEP before the
discovery of the top at TEVATRON.

Good agreement between the indirect prediction of m, and the value obtained
in direct measurements confirm the radiative corrections of the SM
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Observation of the top quark at TEVATRON (1995)

q

2]
pp @ 2TeV

q
qg annihilation (85%)

Top decay

Channel used for mass reconstruction:

Events/(10 GeV)

g v Jg}h 9
N -/
t lf‘%‘l‘&'ﬂ'&r\"!‘w/
1 LR
n‘rﬁ ™
[T PR L

gluon fusion (15%)

D@ Run Il Preliminary

.,

[ o T .
m, =m,, (b- jet W — jet + jet) LR ”:“:“:;V;’
Higgs mass prediction from radiative corrections
j Final Status Summer 2005
Ap . 0.23099 + 0.00053
6
o A“\filu_
gy 5 — 0.02761£0.00036
e - e 0,02749+0.00012
Prefiminary 4 === incl. low Q° data
f i v 0.23212 £ 0.00029
A +———  023223+0.00081 Ng 3-
Average - (0.23150 + 0.00016
103 ol 10575
2-
3 .
e 1
€ 1t re 1000 o [Excluded N £
o IlJ,‘;92 S — 30 100 500

sin’0: = (1 - gy/gp)/4

Awaiting the discovery
of the Higss at LHC

-

M, > 114 GeV (from direct searches)

m,, [GeV]

M, <300GeV @ 95% C.L.
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5. Higgs searches at the LHC (pp collider @ 14 TeV)

Only missing ingredient of the Standard Model: Higgs-Boson
=) Huge effort to find it

| Higgs Production mechanism: |

/';'."\\ g t HO
X (® 0 @ g ! :
q .S p
q gg - Fusion
z0
T - T R T T U TIPSR
H+X] .
107} a(pp —-H+X) 107
vE=14 TaV
W0k m, = 175 GeV 110° :‘w
T o
—_ CIEQ 2 & WWZZ Fusmn
2 'F w3
= /e Wz
Ban1l =
10 k=] i
. ©T
w2k = £ WZ- Bremsstrahlung
>
] e
al o
10 - T m/
- 1 He
107 :;. >
1

M,, (GeV)

tt - Fusion

Higgs decay channels

A Dmuaﬂu J. Kalinowskd, M Spira
1 ! N | N1 T LI

At LEP: Searches were done using

H-—>bb M,>114GeV

“golden” Higgs decay channel at LEP; ;""'
At LHC: —too much background, BR 101} | e
is small above WW threshold. g vy | 3

At LHC:

+ m<150Gev: H -y

* 150 GeV <m,<1TeV
H—zz"
H->WW"

" BR(H)

\10-2
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Simulated H>ZZ—4u event at LHC

«20 pp interaction
/ event

e Large number of
particles

Rekonstruierte Tracks mit p, > 25GeW

To trigger and to reconstruct these events is an exp. challenge.

The ATLAS Experiment at LHC

Gewicht 7000t
Lange 44m
Durchmesser 22m

Muon Detectors Electromagnetic Calorimeters

Solenoid Forward Calorimeters

End Cap Toroid

| Toroi Inner Detector s A Aeli
Brarel Toroid Hadronic Calorimeters Shislding
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Y
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Higgs discovery potential (ATLAS experiment)

SM Higgs discovery petential

S /B

| ®@H —
B e B
@H — Z7WW

10% — TOTAL

10° pb™
Zyears ot low L
1 year at high L

>

vy + WH,H — bb

lif o+ Mz, 1]

ATLAS

no K—factors

S50

"I|\||
107

3

10
Higgs mass (GeV)

If the Higgs Boson
exists, it will be
found at LHC

LHC start is foresen
for mid 2008.
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