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(Searchingfor the Higgs)



Phenomenology: lecture 2 (p. 27)
Higgs searching High-energycolliders

Collider Process max
p

s experiments status

SLC e+ e� 100GeV SLD closed1998
LEP e+ e� 208GeV Aleph, Delphi, L3, Opal closed2000
HERA e� p 330GeV H1, ZEUS(& Hermes) running
Tevatron p�p 1:96 TeV CDF, D/0 running
LHC pp 14 TeV Atlas, CMS, LHCb, Alice starts 2007
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Higgs searching

Production (e+ e� )
Higgsproductionat LEP
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Phenomenology: lecture 2 (p. 29)
Higgs searching

Decay modes
Higgsdecay modes

Easilycalculatewidths (for tree-leveldecays, cf. questionsheet)
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Higgs searching

Decay modes
Higgsdecays cont.

hep�ph/9705442

tt

gg

tt

ZZ

WW

cc

bb
BR(H ! X ) = �( H ! X )=� tot

Most features can be understood
basedon previouspage'sformulae:

b is strongestdecay channelat
low masses(width � m2

f ).

rapid dominanceof W ; Z at
highermasses(width � M 3

H v.
� MH for f �f ) oncethey're
kinematicallyallowed.

NB: Not just tree-leveldecays, e.g.
H ! gg and H ! 
 
 :
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Higgs searching

Decay modes
Commenton � versuscharm?

Beware: plots like thoseof previouspageoften contain subtleties.. .

Expect

�( H ! c�c)
�( H ! � + � � )

'
Ncm2

c

m2
�

' 2 (for mc = 1:5 GeV, m� = 1:8 GeV)

But actual ratio � 0:5. Why?

Massesare not constants.Like coupling`constants',they run with scale
(i.e. haveanomalousdimensions).QCD givessigni�cant runninge�ects
for quark masses

Q2 @m
@Q2 = � 
 m(� s)m(Q2) ; 
 m =

� s

�
+ O

�
� 2

s

�
:

In expressionfor Higgswidth usemq(M 2
H ). Since@m=@Q2 < 0 this

reduces�( H ! c�c). å questionon problemsheet.
[NB: 9 alsoother higher-order e�ects, but generallymore modest]
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What canexperimentsdetect?

e+ e� ! � + � � 
 


e+ e� ! e�� e� �

e+ e� ! q�q

e+ e� ! b�b (secondary vertex)



What canexperimentsdetect?

e+ e� ! � + � � 
 


e+ e� ! e�� e� �

e+ e� ! q�q

e+ e� ! b�b (secondary vertex)



What canexperimentsdetect?

e+ e� ! � + � � 
 


e+ e� ! e�� e� �

e+ e� ! q�q

e+ e� ! b�b (secondary vertex)



What canexperimentsdetect?

e+ e� ! � + � � 
 


e+ e� ! e�� e� �

e+ e� ! q�q

e+ e� ! b�b (secondary vertex)



What canexperimentsdetect?

e+ e� ! � + � � 
 


e+ e� ! e�� e� �

e+ e� ! q�q

e+ e� ! b�b (secondary vertex)



Phenomenology: lecture 2 (p. 33)
Higgs searching

LEP
LEP Higgssearch

Searchesin variouschannels(e+ e� ! HZ)

H ! b�b, Z ! q�q

H ! b�b, Z ! � ��

H ! b�b, Z ! `+ ` �

H ! � + � � , Z ! q�q

Must reducebackgroundse.g.

ee ! Z ! b�bgg. Call the
jets 1,2,3,4,require
M34 ' MZ

ee ! Z(! b�b)Z(! q�q).
RequireM34 ' MZ and
M12 6= MZ

Exampleevent (from Aleph):
Centre-of-massenergy 206.7GeV
NN value 0.996
b-tag probabilities 0.99 0.99

0.14 0.01
HZ hypothesis MH = 112:4 GeV

MZ = 93:3 GeV
ZZ hypothesis MZ = 102GeV

MZ = 91:7 GeV
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Higgs searching

LEP
Data v. expectedsignal& background
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Higgs searching

LEP
LEP limit

LEP's highest(sustained)energywas
p

s ' 206GeV.

Threshold:
p

s & MZ + MH , so MH;max '
p

s � MZ = 115GeV

Higgssignalat � 115GeV, i.e. right at kinematic limit. Possible
becausethere is only onereactionat a time: takesall energyand is
`clean'.

So why not increase
p

s? Synchrotronenergylosstoo large:

Eloss �
E4

beam

R
1

m4
e

; (� 2:5 GeVper turn)

Next generatione+ e� colliderwill be linear. Not before � 2015.

For now havehadroncolliders(at sameenergy, synchrotronenergy
loss(me=mp)4 � 10� 13 smaller).
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Moonrise over LEP

Fall of  1992 : The historic tide experiment  !

	The total strain is 4 x 10-8  (� C =  1 mm)

Daytime

B
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eV
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Nov. 11th 1992

46465

46470
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22:00 2:00 6:00 10:00 14:00 18:00 22:00 2:00

Tide prediction
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Success in the Press !
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The Crack in the Model
Spring  of 1994 : the beam energy model seemed to explain all observed

  sources of energy fluctuations...

An unexplained energy
increase of 5 MeV was
observed in ONE
experiment.

It will remain unexplained for two years…

EXCEPT :
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August 29th 1993 (After Tide correction)

Expected evolution
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Pipebusters
The explanation was given by the Swiss electricity company EOS...

Vagabond currents
fro m

train s and subway s

Vagabond currents
fro m

train s and subway s

Source of electrical noise
and corrosion 

(first discussed in …1898 !)

I blast your pipes !

~20%

~80%

Vagabond (Earth) current

DC railway
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TGV for Paris

�  The current on the railway tracks
�  The current on the vacuum chamber
�  The dipole field in a magnet

correlate perfectly !

Because energy calibrations were 
usually performed :

• At the end of fills (saturation)
�  During nights (no trains !)

we “missed” the trains 
for many years !

we “missed” the trains 
for many years !
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Phenomenology: lecture 2 (p. 42)
Higgs searching

Hadron colliders
Basicsof hadroniccollisions

Protonsare composite objects.

Only a fraction of energy(e.g. 1
of 3 quarks) goesinto the `hard'
collision

å needhigher
p

s to generatea
givenprocess

x
2 p

2

p1 p2

x 1
p 1

s

Z H

� =
Z

dx1fq=p(x1; � 2)
Z

dx2f�q=�p(x2; � 2) �̂ (x1p1; x2p2; � 2) ; ŝ = x1x2s

Momentumfractionsx1 and x2 are di�erent in eachcollision

å C.O.M. framenot easilyidenti�able (ambiguouskinematic
reconstruction)
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Phenomenology: lecture 2 (p. 43)
Higgs searching

Hadron colliders
Basicsof hadroniccollisions(cont.)

There is QCD radiation from
initial-state partons

å collisionenvironmentis `dirty' x
2 p

2

p1 p2

x 1
p 1

s

Z H

`remnants'from protons fragment& can alsointeract
å collisionenvironmentis evendirtier

quarks and gluonsinteract via QCD (strong); Higgs& someother
`new' physics,via EW (weak).

å Backgrounds(from QCD) are enhancedrelativeto (some)signalsof
new physics
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Phenomenology: lecture 2 (p. 44)
Higgs searching

Hadron colliders
Example:TevatronHiggssearch

Largest production channel:gg ! H, with decay H ! b�b (for
MH . 135GeV).

s (pp
_
-> hSM+X) [pb]

Ös = 2 TeV

Mt = 175 GeV

CTEQ4Mgg-> hSM

qq-> hSMqq
qq

_
' -> hSMW

qq
_
-> hSMZ

gg,qq
_
-> hSMtt

_

gg,qq
_
-> hSMbb

_

bb
_
-> hSM

Mh [GeV]
SM

10
-4

10
-3

10
-2

10
-1

1

10

10 2

80 100 120 140 160 180 200

H
tg

g

For 115GeV Higgs,
production cross
sectionis � 1 pb.

[1 barn (b) =
10� 28 m2]

[1 mb '
2:56 GeV� 2(�hc)2]



Phenomenology: lecture 2 (p. 45)
Higgs searching

Hadron colliders
b�b background

b

b

mb�b ' 115 GeV �
ET ' 50 GeV

Crosssection� 1 nb

Backgroundis � 103�
signal.



Phenomenology: lecture 2 (p. 46)
Higgs searching

Hadron colliders
Actual searches

April  2, 2004 Moriond QCD: B. L. Winer Page 3

Final State Modes and Backgrounds

Signal Production and Final State: Primary Background Processes:

bbHgg ®®

bbqqWHpp '®®

bbWHpp ��®®

bbqqZHpp ®®

bbZHpp ��®® ��

bbZHpp ��®®

QCD Dijet Background…Huge

QCD Jet Background/W+jets

W+bb/cc, Single top, tt

QCD Jet Background/W+jets

W/Z+bb/cc, tt (Poor BR)

W/Z+bb/cc, tt, QCD Jets

Essentials:
Lepton Acceptance,     b-tagging eff/Acceptance,         dijet Mass Resolution



Eventsleft with realdetectors.. .

April  2, 2004 Moriond QCD: B. L. Winer Page 11

Event Rates/fb-1

0.850.39

19.6114Total Bkg

0.190.037

10.261.2QCD

2.716.5WZ/ZZ

3.322.3W/Z bb

0.52.4t(Wg)

0.73.3t(W*)

2.28.8tt

3.84.2Total Signal

2.32.5ZH Signal(115)

1.51.7WH Signal(115)

Mass WindowNo Mass Window

BS/
BS/

Rates determined from a combination of MC and data. 
Missed
Chg Lepton



Phenomenology: lecture 2 (p. 48)
Higgs searching

Hadron colliders
TevatronHiggssearch: prospects

Expressresultsof stud-
iesin termsof luminos-
ity neededin order to
seea Higgs signal, as
function of MH .

Dip at � 160 GeV:
H ! W + W � (eas-
ier to identify, smaller
backgrounds).

CurrentlyTevatronhas
& 1 fb� 1.

For full details,seejoint theoretical-experimental`Report of the Tevatron
Higgsworking group', hep-ph/0010338.(For luminosity progress,see:

http://www.fnal.gov/pub/no w/tevlum.html)
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Phenomenology: lecture 2 (p. 49)
Higgs searching

Hadron colliders
LHC Higgssearch: prospects

S
ig

na
l S

ig
ni

fic
an

ce

1

10

10
2

-1
 L dt=10 fbò

s5

 WW®VBF H
tt ®VBF H

 (inclusive + VBF)gg®H
 4l (with K-factors)® ZZ®H
 4l (no K-factors)® ZZ®H

 bb®ttH,H
n ln l® WW®H

 llbb® ZZ®H
 llqq® ZZ®VBF H

Combined

(GeV)HM
100 200 300 400 500

LesHouches'Physicsat Tev Colliders2003', hep-ph/0406152



Phenomenology: lecture 2 (p. 50)
Higgs searching

Hadron colliders
NB

Higgs is oneof the main high-priority searches. Involvesfar more work
than could possiblybe donejustice to in 1 lecture.

e.g. recentNNLO QCD calculationsof gg ! H

Aim was to explainprinciplesbehindsearches| theseare similar
regardlessof what you're looking for.

Identify how new particle or `phenomenon'(e.g. BH) can be produced.

Identify how it decays.
Chooseproduction and decay channelsso as to minimizebackgrounds.
Exploit experimentaldetector capabilitiesin choiceof channels.
Very di�erent strategiesmay be neededin e+ e� v. hadroniccolliders.

Don't forget that it isn't enoughto discoverit. Then you haveto prove
it really was what you were looking for in the �rst place. E.g. for Higgs

Yukawa couplingsto fermions.
Couplingsto other gaugebosons.
Self-couplings(reconstructpotential).
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Phenomenology: lecture 2 (p. 51)
Higgs searching

Hadron colliders
Thingsswept underthe carpet. . .

We talked about quark production and discussedit perturbatively, but
experimentsseejets of (non-perturbative) hadrons.What's the
relation? Are we justi�ed in makingthe connection?Is it well-de�ned?

We talk about hard interactionsbetweenpartons from the proton. But
proton is non-perturbative. To what extent are we allowed to do this?

When you calculatethem in detail many crosssectionsseem
divergent... . What's going on?

Subjectof the remainingtwo lectures
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