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Outline

Introduction

Precise EW limits (very brief - see Bob Clare’s talk)

LEP Higgs Search — the (recent) past

Tevatron Higgs Potential — the ‘present’

LHC Higgs Prospects — the (near) future

e"e” Linear Collider Higgs Prospects — the (far) future

Summary/Conclusions

~ almost no theory — see Sally Dawson’s talk




Electroweak Symmetry Breaking — The Higgs Mechanism

The observed Weak force is ~ 1 fm, so the physical W* and Z° bosons
must be massive.

M,, = 80.450 = 0.034 GeV , M, = 91.1875 + 0.0021 GeV.

3 W /7 cannot be Yana Mille aauoe bosons: EW =svm
s Lk .|... ' 1 ..l.:.lu .||.,4;J._'..:_|.......r.,; = B .._.-r'l.

UDSErved Y/ 4o

In the Standard Model, we invoke the spontaneous symmetry breaking
of the unified EW force:

Massless gauge ( b )

bnatindeas
e
rOKCh

|
=y

bosons in R
s 0~ @" @
symmetry limit

Complex spin O ( by ) -
1005 _II: = '-E'_

3 of Higgs degrees of freedom go to provide the missing longitudinal
polarization state needed by massive vector bosons.

( W- ! w+) _ Physical
s bosons

(Thanks: Paul Grannis!)

Before symmetry breaking: 4x2 gauge boson d.o.f. and 4 Higgs d.o.f.
After, 3x3 for Wt/Z, 2 for y and 1 Higgs d.o.f. left over



The Higgs Boson

In the Standard Model, the 4th Higgs field results in the

HIGGS BOSON.  All the parameters of the EW interaction
are fixed by experiment, except for the Higgs boson mass.

generates the
top quark mass

In the context of the SM, the many precision measurements of
the properties of Z, W, top quark indicate:
114 < M, < ~200 GeV

Of course, INature may choose some other way than SM to
break Electroweak symmetryl (see Sally Dawson’s talk)



The Waldergrave' Challenge

... to UK particle physicists: “Explain the Higgs boson to the general public”

A severe case of symmetry breaking

9 William Waldergrave, UK Science Minister, late 1980’s



Higgs enters the broader culture .

Higgs field generates all masses ...

M = resistance to movement

V = density of the crowd (“Vev™)

ms = gufr . V




..with a prize winning explanation!

generates 1ts own mass ...

2 AV?

MH2 —

Higgs

(but 1ts value 1s unknown)

(1<0)

D2 + A (|D%)*




... and the cultural connection broadens!

... Into

contemporary
Music ‘ ‘

Higgs Boson -

28 year old British
Jazz Fusion
Piano/Keyboard
artist

HIGGS BOSON www.higgsboson.fsnet.co.uk



A brief history of Higgs searches

Many reported ‘sightings’, but none confirmed ... !

1981-2001 ...Two decades of increasingly tighter limits, spurious
signals, moments of great excitement, but many disappointments ...



L.Okun’s Summary Talk: LP’81

Lepton Photon Symposium, Bonn, 1981

.... described scalar particles as the #1 problem in particle physics!

“Scalars are at the epicentre of particle physics. The theoretical seaquake,
the eruption and tumbling of numerous theoretical models, heralds the
birth of a new physical continent.”

“Painstaking search for light scalars should be considered as the highest
priority for the existing machines such as CESR, PETRA, PEP and the
CERN SPS Collider, and even more for the next generation of
accelerators, such as LEP, Tevatron, UNK, and HERA. Especially
promising is the project of a very high energy electron-positron linear
collider. The future of theoretical physics depends on the energy and
luminosity of these machines.”

n.b. LHC/SSC not even on the horizon!



Technipion search at PETRA (1981)

First (?) search for new scalar particles ... Reported at LP’81 (Bonn)

Dynamical symmetry breaking by bound states
of new types of quarks and leptons with super-
strong interactions called technicolour 100 JADE

°f ete- +[F"F'_

— TV+

Quartet of scalar colour singlet Goldstone
bosons (technipions) predicted in a minimally
extended technicolour scheme

=> technipion masses ~ 10-20 GeV ?

hadrons

excluded

&
|

Search for e+ e- = P+ P- > t+ v + hadrons 90°% C.L.

=> 2 acoplanar jets, one consistent with T decay

Branching ratio P*—tv

n.b. this search also sensitive to charged Higgs
bosons in SUSY models; they have similar
properties to the charged technipions 0 5 10 15




Crystal Ball’s Zeta(8.3)

ete- — Y(1S) >y +X  DORIS(DESY)
Ll AR T RAER) aios idah PWIE o pun ik LAY RERAN RELLS LN/
|983 DATA i1 1984 DATA (b)
Crystal Ball Crystal Ball

80 B7+2l events | 2934293
| Ey=IQ?21 B MeV IS0 Mean fixed 1o be —
oM +1.0% of old value 9
" ) LP’85
o
o)
o 100 -
o
¢ ) W
=
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&
/ “EII ‘j[ S S

4.1 o signal
D ].ln_l_ll;l,{lllllllllllllliill O IJ.-.J__J—I_I_.LL_I-J-—J—'—J—J—J—I—'—LU—-L‘-‘U—L
BR~0.5%, 0.75 00 1.25 150 175 0.75 100 - 1.25 150 175
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Fig. 15. Crystal Ball evidence for (a) and against (b) the (8.3 GeV/c?) state.

Wilczek mechanism (Heavy Quarkonium radiative decay): Q@ —>7+H
BR(J/ y—>y+H)~6x10° BR(Y—>y+H)~25x10*

n.b. CESR(CUSB) previously set 90% CL limit of ~3 x 10 (LP’83)
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PhysiciSts Discover Mystery Particle

By WALTER SULLIVAN .

A new subatomic particle whose
properties apparently do not fit into
any current theory has been discovered
by an international team of 78 physi-
cists at DESY, a research center near
Hamburg, West Germany. The group

Dr. Elliott Bloom of the Stanford Lin-
ear Accelerator in Palo Alto, Calif., co-
leader of the group reporting the zeta
discovery, said in a telephone inter-
view yesterday that the theorists “are
puzzled,” and added, “W'ci really don’t

As described yesterday to a confer-
ence at Stanford, the zeta particle has
some, but not all, of the properties pos-
tulated for an important particle,
called the Higgs particle, whose exist-
ence has yet to be confirmed. Confir-
mation of that particle’s existence L
would be a major landmark in physics
and would explain certain asymme-
tries in the basic properties of matter

Indeed, one Higgs particle may,have
been detected in a different experiment
at DESY, although that result remains
ambiguous.

Changes in Theory Necessary

The existence of the Higgs particle
was proposed some years ago by Peter
Higgs of the University of Edinburgh,
in part to explain why the particles
transmitting some basic forces that op-
erate on an atomic level are very mas-
-sive while carriers of the electromag-
petic force — light waves and other
photons — are without mass.

Those with mass, it was proposed,
acquire it from a field generated by

ther two or three quarks. Quarks are
subatomic particles that always exist
in pairs or triplets. They fall into six
categories, the last and most massive,
called the top quark, having been dis-
covered last June at CERN, the Euro-
pean Laboratory for Particle Physics
near Geneva,
Stanford Developed Detector

The zeta finding reported in Califor-
nia yesterday was made with a “‘crys-
tal ball” detector developed at Stan-
ford and flown to Germany in an Air
Force transport for installation at
DESY, which in German stands for
German Electron-Synchrotron.

Electrons, which carry a negative
electric charge, and positrons, their
positively charged twins, are acceler-
ated by the DESY synchrotron. They
are then injected into DORIS, a small
storage ring, to circle in opposite direc-
tions, or into the larger PETRA ring,
which encircles the entire center.

Both facilities are used to observe
the many exotic particles created when
very high energy electrons and posi-
trons collide head on. Late last year,
the collision energy in PETRA was in-
creased from 43.2 to 45 billion electron
volts.

The energy released by such colli-
sions can materialize into particularly
massive particles, although the parti-
cles are so short-lived that they can
usually be detected only in terms of
their decay products.,

Only one of the four detectors in
PETRA, known as CELLO, detected
the single occurrence of a particle,
which some believe could be a Higgs.

Its observation was described in a jour-
nal CERN Courier article entitled
“CELLO Solo.”

The crystal ball detector that was
used is a sphere, 7 feet in diameter,
formed of 672 sodium iodide crystals.
When struck by high-energy particles,
it gives off flashes of light indicating
the energy of the impacting particle.

The sphere monitored the decay
products of electron-positron collisions
tuned to produce upsilon particles with
masses of about 10 electron volts. The
lightest of the three upsilons, with a
mass of 9.46 electron volts (expressed,
as customary, in terms of equivalent
energy), appeared to give birth to a
particle with a mass of 8.32 electron
volts, which itself then disintegrated.

This might have been regarded, Dr.
Bloom said, as production of the long-
sought Higgs particle but for the fact
that & more massive form of the Upsi-
lon did not produce such daughters.

Gulf Oil Slick 25 Miles Long

LAKE CHARLES, La., Aug. 1 (AP)
— Workers pumped crude oil from a
grounded British tanker into barges to-
day and strung floating booms as far as
25 miles from the ship to contain an il
slick in the Guif of Mexico. The oil was
leaking from a 115-foot crack in the hull
of the Alvenus, which ran aground
Monday. Crews used huge water vacu-
ums to suck the oil into a barge. The oil
posed no threat to nearby wildlife ref-
uges, a Coast Guard spokesman said.

GIVE TO THE FRESH AIR FUND

Higgs particles, The zeta could be “‘a
funny Higgs, a nonstandard Higgs,”
said Dr. Bloom, but in that case basic
changes in the theory are necessary.
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12 Year Higgs Search at LEP
August 1989 — November 2000

Run 16249 Event 1825.98 2 Nov 2000 07 .52:18

Aun 443 Eut 22734 TwlZ(EB): 34.0G¢7, inch ga: $1OGY Clusten (D) [9Muen Thor: 0 Taller » H M_grsiu

11 GeU (EB) TOTOR

TUllAMY
7O
2 5 Gel (FD) IBTOTLO
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U

| 13/08/1989 23:16:46

Centre-of-Mass Energy 205 GeV



LEP SM Higgs Search Published (final paper!)

LUVIWVIL LAY VT ANIZALIWIN PWIL INUNVLIUATL Tl il

CERN-EP /2003-011
April 25, 2003

Search for the Standard Model Higgs Boson 4t/ LER

ALEPH, DELPHI, L3 and OPAL Collaborations
The LEP Working Group for Higgs Boson Searches?

Abstract

The four LEP collaborations, ALEPH, DELPHI, L3 and OPAL, have collected a total of
2461 pb* of ete™ collision data at centre-of-mass energies between 180 and 209 GeV, The
data are used to search for the Standard Madel Higgs boson. The search results of the four
collaborations are combined and examined in a likelihood test for their consistency with two
hypotheses: the background hypothesis and the signal plus background hypothesis, The corre-
sponding confidences have been computed as functions of the hypothetical Higgs boson mass.
A lower bound of 114.4 GeV /c? is established, at the 95% confidence level, on the mass of the
Standard Model Higgs boson. The LEP data are also used to set upper bounds on the HZZ
coupling for various assumptions concerning the decay of the Higgs boson.

Submitted to Physics Letters B

!The authars are listed in Refs. [9-13].



LargerElectzon=Posiizon Collider
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The global EWWG fit

¢ Summer 2003

[

t 2
3 Ir" NI e mL Measurement Fit IOmea_s—oﬁtla’cs”"‘eas
"\..T.-"r i m‘% i 2 3
[ - iy
m, [GeV] 91.1875+0.0021 91.1875
I,[GeV]  2.4952+0.0023  2.4960
Opy [Nb]  41.540+£0.037  41.478
: . R, 20.767+0.025  20.742
In heavy flavors, atomic PV close to SM A(P.) 0.1465+0.0032  0.1477
R, 0.21638 + 0.00066 0.21579
(new M, DO Run I and CDF Run II R DL S G
) A%® 0.0997 +0.0016  0.1036
Ag? 0.0706 + 0.0035  0.0740
A, 0.925 +0.020 0.935
OVERALL, SM fares well A
A(SLD) 0.1513+0.0021  0.1477
except for NuTeV sin“0g (Qq) 0.2324+0.0012  0.2314
my [GeV]  80.426 £0.034  80.385
y[GeVl  2.139+0.069 2.093
m, [GeV] 174.3 £5.1 174.3
sin’0,,(VWN)  0.2277 +0.0016  0.2229
(more details in Bob Clare’s talk) |




The global EWWG fit

6
| (5] _
. A =
‘L‘ — 0.02761+0.00036
| ".l ----- 0.02747+0.00012
4 - § = Without NuTeV —
2 _ |
I“l .g.' '
AN i :
0 Excluded / Preliminary
20 100

m,, [GeV]

400

M,;=96 GeV, M;;<219 GeV at 95%CL
v 2/dof=25.4/15 4.5% prob

without NuTeV

M;;=91 GeV, M;;<202 GeV at 95%CL
v 2/dof=16.8/14 26.5% prob
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Higgs Production at LEP

| =206.6-91.2=115.4
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Branching Ratio
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Higgs Search Channels

H —> bb(~75-85%),7'7 (~8%) < —99(70%),7(20%),
e‘e +uu(6.6%),77t(3.3%)
- Energy-momentum conservation

* The 2 most probable b-tagged
jets recoil against a di-jet
compatible with a Z-boson

« The recoil mass of the
2 b-tagged jets is compatible
with a Z boson

Branching Ratio

—_—
-

+ 2 high energetic leptons
with a mass compatible with
a Z boson recoil against
2 jets. 10

6l 10 il L oo 110 | 200
M, (GeVic)

« Clean channel



4 Jet ALEPH Higgs Candidate (double b-tag)




Events/ 3 GeV/c?
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0= A (t’fﬂfﬂ‘s + b) _L(s+b) g lrorttor) g 4 b

P

poisson

(datalp) — L) — &P T B,

. 5
Each cbserved event is counted with a weight In| 1+J]

\ b

~2InQ =25, =23 " N, 1:1[ 1 +;— ]

i/

s+b like 0 n b-ike -2INQ

The likelihood ratio, -2InQ)(m,,) ranks the experimental events
configuration between two hypotheses: "s+b"-like and "b"-like,

LE Physics School 2003 Ambleside/ Eilam Gross, Weizmann A6
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- Expected for signal piu‘a badlgronnd

——  Observed B

v
[ I

Expected for background 1

[ | | 3 | gL | :
106 108 110 112 114:115 118 120

i, (GeV/c*)

Maximum

Likelihood for

my~115
Very poor

sensitivity To test
mass due to the
kinematical walll

LE Physics School 2003 Ambleside/ Eilam Gross, Weizmann
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Higgs Discovery ?

1 — CL, = prob. to obtain more ‘s+b like’ event config. than observed

é

1-CL,,

10 o

,,,,,,,,,,,,,,, ——= 2

- : : ; : -
10 - : served.

—— 30

-3 : 3 z z % %
I ‘ I | ‘ I | ‘ I ‘ I ‘ I ‘ | L]
10 80 8 90 9 100 105 110 115 120

mH(GeV/cz)

compatible with

SM Higgs boson

and with background
hypothesis

statistical
fluctuation!

S~0.1 SM rate



LEP Higgs Mass Lower Bound

w1l
-
O
10
CL,=CL,,,/CL,
10
When CL (M) <5% a Higgs
boson with a mass M, is excluded
at >95% CL 10
LEP excludes a 114.4 GeV Higgs boson
10
(Expected 115.3 GeV at the 95% CL)
10
10

L O O B O B B B O B O
=1 LEP

20 N
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- background 7
Al N
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MSSM Higgs

“M, —max’’ benchmark (mSUGRA)

corresponds to most conservative range of excluded tanf} for fixed M, and Mgy

LEP 88-209 GeV Preliminar

160 mmEP88-209 GeV Preliminar -
S 5 M
% 140 B m,.-max ..... ______ -
2 120 B Theoretically /4 10
E< Inaccessible

3

Theoretically
Inaccessible

0 20 40 60 8 100 120 140 0O 20 40 60 80 100 120 140
m,. (GeV/c) m,. (GeV/c)
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m,. (GeV/c)
S L =
(o)) (0] o N 8 (o))
o o o o o

S

20

MSSM Higgs

“no mixing” benchmark (mSUGRA)

no mixing between scalar partnres of L and R top quark

LEP 88-209 GeV Preliminar

Theoretically

Inaccessible /

O 20 40 60 80 100 120 2140
m,. (GeV/c")

LEP 88-209 GeV Preliminar

tanf3

10

M =1TeV

SUsY™

M,=200 GeV
u=-200 GeV
My no—800 GeV

No stop mixing: X,=0

0 100 200 300 400 500
m,. (GeV/c")



MSSM Charged Higgs

H*"—c¢s and H" — tv

Br(H—1v)

0.8

0.6

0.4

0.2

/

LEP 189-209 GeV

N\

60

80 & % %
charged Higgs mass (GeV/c?)

observed

expected



Invisible Higgs

Higgs decay to neutralinos or majorons

o
w

Cross section, pb

o
N

0.15

01

0.05

no significant excess of events observed
- limit set assuming 100% invisible BR

M,, > 114.4 GeV (95% CL)

025 —

95

100

105

110

115 120
M., GeV/c®



Events/2 GeV

Fermiophobic Higgs

SM BR(H—yy) too small for observation at LEP

in some 2 Higgs doublet models, Higgs coupling to fermions 1s very small and

7T — UL DL B 1‘”‘1“““ AR A
Photonic Higgs Sear ch 2 T,
LEP Combined 5] LEP Combined ™ 4
263 obs/ 289.6 expected ® data < "9%
[ ] SM Background S /%
B m=110GeV signal 0 %6 E
+ {S) -1 /O@
10 £ o 10 P
f % : Excluded Region . & ]
o
=
a1]
c
© -2
1k 2 10 ]
E
-
o]
o
Q.
-
-1 -3
10 AR T S I ST S SN IS i L 10 sl b b by b by b by a0
2 40 60 80 100 120 20 30 40 5 60 70 8 9 100 110 120

Higgs decays preferentially to bosons
(Akeroyd 1996, Brucher/Santos 2000)
My > 108.2 GeV (95% CL)

M., (Gev) M, 0 (GeV)



Claus Grupen (2000)
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Higgs Production Cross-Sections

Gluon fusion dominates but WH/ZH production more accessible ...

g
5 n o(pp—> H + X) [pb]
g
Gluon fusion
v w*
L Htt g
HO I
g I L T
Associated production | | | ‘
WH or ZH 0 g0 100 120 140 160 180 200

My (GeV /c?)



Higgs Decay Branching Ratios

100 ———

5 "™« For My <135 GeV

— H°—>pp dominates ... but
rate falling rapidly

— QCD background precludes
gg > bb

 For My > 135 GeV

— Gauge boson decays dominate
(H* > WW™)

ot e B P PN — exploit large gg cross-section
40 80 120 160 200 240

Higgs Boson Mass [GeV/c?]

107°

1073

Higgs Boson Branching Fractions



Tevatron: low mass Higgs searches

For My < 135 GeV: use the same basic strategy as LEP ...
... study associated production of ZH and WH

q z’ q W’
q H® q H°

To the standard leptonic HZ channels

add W — 1vwith H— bb ... ... the qqbb channel is very difficult as the
QCD backgrounds are severe

Low mass Higgs sensitivity depends on
* the integrated luminosity collected
* b-quark jet tagging performance
» mass resolution of reconstructed bb jets




SM Higgs searches in Run I

CDF SM low mass Higgs searches ...

o(pp — VHOB CDF 95% C.L.
o) ' CDF PRELIMINARY '
< VH® — gq bb
102 |- E
- —— combined (lv, qg) :

10 — .

fffff VH® — vv bb
—— combined VH° limits ]
VH® > 1"/ vv bb ]

LEP EXCLUDED

standard model ]

70 80 90 100 110 120 130 140
Higgs Mass (GeV/cz)

... sitmilar results from D@ for lvbb



MSSM Higgs searches in Run I

Large bb cross-section at the Tevatron can be used to exploit enhanced
Yukawa couplings e.g. Abb coupling oc tanf} = cross-section oc tan?[3
.. search for bb¢ production where ¢ =h, H, A

q b
b b
- _
CDF prelimi (91 pb™) b g
preliminary P CDF preliminary (91 pb™)
/-g « 100 N N =T |
~ tang=100 § Excluded }
o 90 K at 95% C.L.
e tanf=20
80 // (Od
//' bbA/bbH,/bbh
95% CL 70 '

“

e Obby BR(p —>bb) (pb)
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Tevatron: high mass Higgs searches [
Dileptons +\]§,T Trilepton final states Like sign dileptons + jets
~ large SM bgnds ~ low bgnds but small rate ~ many SM bgnds
(VV, tt, 11, tW) Golden Modes: like-sign, (VVV, Vtt, VVjj, tt, Vjjj)
fusi like-flavour leptons V A
gg fusion\ (/o — 9o Tev Vs = 2 TeV |Assoc. prod
103 AN IS IS I _
104 {104
2
10 Ej
— 103 0
e 10l 3
o @
© 10°
Ol
100 |
10l
Tt N VA I D T T 10-1 e

100 120 140 160 180 200
m, [GeV]

m, [GeV]

100 120 140 160 180 200



High mass Higgs

+
trileptons oM like sign dileptons + jets

- V very low SM rate

standard new physics
- sensitive to new physics!

search topology
- many backgrounds

= F
e, U
PP H X > WWOX
> 16 [
f [ Dilepton + Eo, M, = 170 GeV
e’“ Em -
s [ s =2TeV
. S,L 30 fb!
dileptons + ;
missing E Ty
o L
) ) I Ns = 32.4
use kinematic and | oL Ng = 72.3
angular info to suppress €, L L :
\\ 4 =
backgrounds % ;
o J S A" fVWW 0 I 0
50 100 250 300
Cluster Mass (GeV)




High mass Higgs discovery potential

... based on ‘old’ CDF/DO study in 1999/2000

generic detector simulation, old cross-section calculations, ...

combined CDF /DO thresholds

10%
A :
= 30 fb™
> -
S 10"k 110 fb!
= - ]
E ]
3
o l2 b~
g 95% CL limit
o 10° ¢ 30 discovery E
. S0 discovery

80 100 120 10 160 180 200
Higgs mass (GeV/c?)
For 10 inv fb: 95% exclusion for 140-185 GeV, but little discovery potential



Low mass Higgs revisited (2003)

o """"""""" """"""""" """""""""" """""""" S‘U‘SY‘/Hrggs Wortkshop-
SRR R s é ------------------- é ------------------------ (798 199) ----------

e H-rggs Sensrt|v1ty Study (03) ------ o

statistical’ power only
(no systematjcs) _____ .

........................................

.........................

.....................................................

50 Dlscovery
30 Ewdence

Int. Luminosity per Exp. (fb'l)
=
o
|

....................................................................................................................................................

100 105 110 115 120 125 130 135 140
Higgs Mass m, (GeV/cZ)




Higgs background processes at the Tevatron

Need to understand:- Low and high

Higgs masses

* W/Z boson production (+jets)
- VV
*V+2jets
- VVV
* VV+2 jets, V+3 jets
e top production
e tt pairs
e single top
e Vit
 Drell-Yan pairs (qq — v* — ee, UW,T7)
* QCD jets




What would we like from theory ?

Bruce Knuteson’s wish-list from the

Run 2 Monte Carlo workshop

Single boson Diboson Triboson Heavy flavor
W+ <55 WW+ <55 WWW4+ <35 t+ <3j
W + bb+ <3j WW +bb+ <35 WWZ+ <3j tt+ v+ <2j
W + ec+ <35 WW + ce+ <35 Wryy+ <3j 4+ W+ <24
Z+ <bj Z7Z+ <bj Zyy+ <3j H+ 7+ <2
Z + bb+ <3j ZZ+bb+ <35 WZZ+ <3j tt+ H+ <2j
7 + ce+ <37 ZZ+ce+ <37 ZZZ+ <3j th+ <2j
v+ <5j yy+ <55 bb+ <3j
v+ bb+ <3j ¥y + bb+ <33
v + cc+ <3j ¥y + ce+ <3j

WZ+ <b5j

WZ + bb+ <3j

WZ + ce+ <3j

W+ <35

W+ <35

Zy+ <33

Zy+ <33

...all at NLO



Wjets production

2

b«

» Reconstructed di-jet mass and AR(= vV Ad? + An? ) between jets
— MC reproduces jet distributions well

— First step towards study of W(—leptons)H(— bb) decay process

W(ev)tjets — AR between di-jets W(ev)+jets
[ &4 pivcea b 1|:|':'-_ —|
— X
#: Data : % # : Data
gl
: MC N : MC

S

-

QCD BKG

e

_~ QCD BKG

1 50 100 150 200 250 ] 1 i 3 4 5 & 7 B ]

M. (GeV) AR

10~




2N
jet -
(=]

- -
o o

Events with N

-
o

w Z+jets production

« Number of jets in Z + jets final states

o Reconstructed di-jet mass and AR(= / Ad? + An? ) between jets
— MC describes jet distributions well

— First step towards Z(—leptons)H(— bb) study

#jets in Ztjets

w s
m T 1771

)
TTTT T T 1177

D@ Run Il Preliminary

» Data
MC

Di-jet Mass
E D@ Run Il Preliminary
Q 20
N I e Data
2 | MC
c i
2 15 ‘
L I ‘ _i—
100 _‘
5j ml_ |
| | THE
| | ‘ ! | :
0 100 200 300
Mii (GeV)

Events / 0.25

—
o
T T T T T

AR between di-jets

-t
12

DA Run Il Preliminary

 Data
MC

0

Combined Z(ee)+jets and Z(uu)+jets



Dibosons: WW—=llvv

Important background for Higgs Search

» Event selection

CDF Run Il Preliminary - Ap vs E Niets=0

¢ Two 1solated high pre or p

with opposite charge 3'5; —
FakeS 3;_ @ Data ee
¢ E.>25 GeV ﬁz_sf_ _ ©) :E: ui
* AQ(E,1/7)>20° g |
or E/T>50 GeV i t,o™ | CDF Run II Preliminary
L DrellYan,Z—1t 251.
¢ 7 veto < ®
¢ Jet veto
. Ktt . q w*
V2 | I4i01 I!3[0I | I8|0I | I1l|:!0I | I1|20I | I140
B (GeV)
7 w 7 w [2 Candidates in ~ 72 pb'l]




w Single Top: W — tb, g*W — tb

SM process not yet observed experimentally!

Important background to W/Z H

d u d
@ W< \Wﬁ/b

6 J t
(a) s-channel annihilation (b) t-channel W-gluon fusion
10%— g ® D@ Dat
K Rei ata
10 «r cject — Background Run 1
—ee

== Igb
------ tb

No. of Events

5 47 89 131 173 215
Er(et3) + S X Er(jetd) [GeV]



Tevatron Higgs Sensitivity Study (2003)

-------

The Stage is Set...

» The DoE requested a new estimate for Higgs
search sensitivity in Run II

— Job to be shared by CDF & D&

» Split the task between collaborations
- CDF — WH—lvbb, D@ — ZH—vvbb

» Very short timescale: ~5 months

— No time to do a full analysis

— Must work very hard, very fast

Wade Fisher, Princeton University 6 ADM. 18 July 2003



What else changed since 1998?

Things that fhielp:

» Full simulation of Run IT
detectors (GEANT)

» Real measurements of trigger
rates and efficiencies

» Greater understanding of
physics processes

» Lots of data to make
comparisons with

» More sophisticated analysis
techniques

Things that don’t help:

» Changes in expected cross sections
» Tevatron bunch crossing

time will not be 132ns

»larger rate of multiple interactions

Select Cross Sections (pb)
New SHWG Ratio
ZH(W)m=120Gv (0,013 0.016 0.79

Wbb 3.40 253 1.34
WZ 3.20 2.81 1.14
ZZ 1.70 124 1.38

Wade Fisher, Princeton University

ADM, 18 July 2003



Events/10 GeV
v A o o B 8RB BB
OOOOSOOOO

0 0O 20 40 60 80 100 120 140 160 180 200

3

Signal and background: WH—1vbb (CDF)

Mu =115 GeV
(10 inv fb, single expt.)

- WH Channels (NN)

10fb*

WHm, =115GeV -

wz

Whbb

top
Pseudoexperiment

m,, (GeV)

Number of Events/4 GeV

30

20

10

— Signal(115)
—WZ/ZZ
—Whbb/Zbb

tt
—1b
gtb




Signal and background: ZH—vvbb (DO0)

Mu=115 GeV
(10 inv fb, single expt.)
%250E“‘\‘“\“‘\“‘\“‘\“‘\“‘“‘\“‘\“‘ > B
O 25|  ZH(wbb,lIbb) @ higgsm,-115Gev 1 & - — Signal(115)
%’u * 10fb o wz,z2z < 30 —W2Z/2Z
£ 200 + I Whbb,Zbb E 5 - ——Whbb/zbb
Lﬁ 175 r iT [ | QCD+t0p . ] E B tt
i * Pseudoexperiment (8] " ——tb/qtb
150 | . o I QCD
E 1 Y 20_
125 | o -
100 | 2
75| S [
50 i
25 | :
0 : § e P e B T s e =y B S
0O 20 40 60 80 100 120 140 160 180 200 0=5 100 150 500
m,, (GeV) m, (GeV)

ZH—1lbb contribution added by scaling ZH—vvbb by 1.33



CDF/D0 combination results

* Many believed the SHW study (1999) was over optimistic!
» Complete studies of realistic detector performance place results on firmer ground
* b-tagging, trigger, di-jet mass resolution, QCD background
« HSS exceed the expectations of SHW!
 Should get better (new ideas, optimisation, lots of time, smart people)
 But, Run IIB silicon upgrade cancellation is big setback (double b-tag eff. reduced)

Tevatron Higgs Sensitivity Group June 2003 Update

Assumes 10% dijet mass resolution

H,; o .................. .................. ................... ............... S’U‘S'Y‘/Hl'g gs Workshop-

. — e Breeeees R PR [T ; ........................ (98 99) ..........

Uses Run IIB Silicon (Beware!) S |Higgs Sens,tw,ty Study ( 03)
L': statisticals power only : 5

Width of HSS bands determined by o 10 = T?:?:?f::ﬁ:?@?&lgﬁ““f?ﬁﬁﬁﬁﬁﬁﬁﬁ_.:::::f::ffff*:*“*"”i ....... "'"'535* ............

method uncertainty A e i i

O I R BN o

C ....................................................................................

Width of SHW bands given by 30% £ N S == <A N D
uncertainty - 50 D|scovery:

E 1 R S 30 EVIdence E s

SHW included H - WW (contributes _flfffflf — .:::.:::i::é:f::.::::.:f:;:.:::.::.:::ﬁ::;::.:::.:. e R St fl:ffflfff

at high Mx) 100 105 110 115 120 125 130 135 140

Higgs Mass m,, (GeV/cz)



Tevatron: SUSY Higgs potential?

G ~ 1 pb for tanf3 = 30
and m, = 130 GeV

95%06 exclusion 5¢ discovery
95% CL Exclusion, Maximal Mixing Scenario 5c Discovery, Maximal Mixing Scenario
0 st M 10t 3 15! 3 20t I 30t
MuwuuyuMHWHHMHA I o B o e
= | i =
] E
5 fb1 3 - 4 15fb1 20 fb1 -
E 8SE / B
3 7 E
5P E E
Bollonnnllonsol s oooooooo T o T feepeeperpeey =
100 150 200 250 300 350 400 100 150 200 250 300 350 400

M, (GeV) M, (GeV)

Luminosity per experiment, CDF + D@ combined

i A B

0.1 fbo™ 1fb™

2, [
- [ -1
o [ 5fb
-

tan B =|35

95% CL
Exclusion curves

a L | L . . | L L L | L L
100 200 300

\k\IA (GeV/CZ)

170 GeV

bb(h/A) — 4b

Exclusion and discovery

for maximal stop mixing,

sparticle masses = 1 TeV
old estimates

- need updating!



Events/l GeWV

Events'l GeW

Doubly-Charged Higgs Bosons

* data
I WWWZEET
Bu

B 2=t
B Z—up

Evenital GeV

S0 <4000
Mus={GeV)

Eventa'l GeW¥

LS B S R O
ki [zolation Cot (T2

D-Zero Run II (preliminary)

LR symmetric & Triplet Models
decays into like-sign di-leptons

only muons considered

mass limit of 116 GeV is betier
than OPAL limit of 100.5 GeV

Wmes {GeV)

results
presented at summer conferences



Future Machines

LHC

. . On the ‘road map’
Linear Collider

Muon Collider (o = 4x10* o-¢ !111)
VILHC Speculative
77




The experiments: The LHC at CERN

The Large Hadron Collider (LHC) at

CERN will collide protons with I ——re -

protons at 14 TeV. This will provide
collisions of the constituent quarks
and gluons to about 5 TeV.

General purpose experiments
ATLAS and CMS.

First collisions are expected in
2007: first physics run in 2008 and §
first results in 200927 -

Luminesity should reach 1x10%4 cm-2 s

The LHC will reach the energy scale where current experiments tell us
that new physics should surely exist

E 17 August 2003 M. Oreglia / Ambleside School 12



he ete- Linear Collider (

The first phase of the LC should collide e* and e~
at energies up to 500 GeV. Luminosity up to a few
x 103* em2 s, Electrons polarized to above 807%.

First operation in 2015 222
Upgrades and options:
» energy increase to about 1 TeV

» Polarized vy collisions (backscattered laser
light); also e~y and e-e~collisions)

» Polarized positrons

Two fechnology proposals exist - the TESLA proposal

(Germany) using superconducting rf cavities, and the s

room temperature rf proposals of Japan (JLC) and US
(HLC).

Expensive (~$5B)

a =200 Mg

o procsy

2 e 1)

13 Bderd |LY UC:"I-""D

ILHF)

~d5 km

4 fmlnec -EXOm | tu&"lﬁ\l’
B G 55 "t
& (N]

—

i > Corgis
| | s dav o5

R&D continues on B TeV linear collider (CLIC at CERIN].

17 August 2003 M. Oreglia ! Ambleside School

13




The synergy of the 3 machines

Tevatron: operating now with seasoned detector collaborations.
Energy is limited however and will access only a part of the terra
incognite where new physics can lurk. We need to complete this
program and discover what we can.

LHC: being built and fully funded, has the largest energy reach so
should span the TeV scale new physics regime. The colliding quarks and
gluons within the protons have a range of energies, and the initial state
quantum numbers are not fixed. The collision rates are very high (Giga
Hz) and the backgrounds from SM and new physics processes are large:
experiments are challenging.

LC: 500 GeV energy is large enough to explore the EW symmetry
breaking (Higgs) physics and some part of the new physics (SUSY etc.),
but not all. However, the initial state has a fixed ¢cm energy and well-
defined quantum state. The processes are simple, and rates and
backgrounds are low. The LC will provide the detailed and precise
information to sort out the new physics.

17 August 2003 M. Oreglia / Ambleside School 14



Higgs boson and EW symmetry breaking

® H -7y + WH uHiH — 57}

= M R

i H — &2 — 41 |

H — Wiy -3 Wwiw i
3

0k H = IF — Ik 100 A
W = H = wWw = kjj
—— Turinl sigmiimnese

LHC will be able to discover SM-like
Higgs boson (> 5o) from the current
limit up to 1000 GeV. Low mass region
favored in SM is hardest; only H — yy
observed. Determine Higgs mass to
fraction of %. Can measure width if
M, > 200 GeV. Determine the ratio of 0
branching fractions of Higgs for some

Slznal slp nifirane:

1 yr run at full

il
decay channels to ~25%. | design luminosity
o 50 T
E | | ATLAS + CMS '
- | =5 IL'\-JI:-E' “:I:‘ F"l.:-".l
| : Mg = 175 GaV
o0 :II :*__ |'-i-:r'r 1'l1|'||'l.|'||"'l'|'l|'l_"?-|' -.
- |
T &
I:. ! |_'..
LA =
e 3 g e 1L L = 8 B pl
WY = R Tid ey
[ ik | -
(=1 [ : 5
: I - 4 Wplsu : I
11N UE [ SN P PR . 4 ﬁw&-‘dﬂliﬂ.‘l Amhbleside School 15
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— 4 charged leptons

HO

ATLAS

130 GeV Athena 6.6.0

M,




Higgs at CMS
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ttH Production

T 120 140 150 180

Direct determination of
Top quark Yukawa
Coupling ¢
in the mass range
[130-200] GeV/c?

30

? = Comparison with the indirect measurement
- gg — H (top quark loop)
g
) 4 allows to probe additional
_____ contribution from SUS",
! 4th family. ..
200 220 '.2-1:-':'
ny (GeVieT) g
o 4 ,
] z — tH 160 GeV/c?
gum__{___.-r 5 BN W
) s | mw ATLAS
e =
1 H _‘i.::\ g 30 fb!
p--=- Z
r " 2
w

200 230 300
Mg (GeV/e?)

Results : S/B > 1 @ my= 160 GeV/c?



MSSM Higgs Scenarios at the LHC

ey S0 N r
£ 1 ATLAS - 300 fb
E maximal mixing
S0
20 hlj Hi_b .-‘i._“ H:l'
o
10
9
o
)
; h' only
4
3 LEF excluded
2
W H




Peter Higgs
+ grandchild

(|l ) 1 , g I
“'II'ZII

1TeVrt Ay

h LW

¥
scalar - v < top
sector gauge' sector sector

.

|

new couplings (+ scale f)

icle Spectrum 2

Littlest Higgs model
sU(5) — SO(5)

Gauge sector — [SU,@U,;
Only 1 Higgs doublet

v o o M

* Arkani-Hamed et al.,
JHEP 207 (2002) 34

Phenomenology

* Han et al., Phys. Rev. D67
(2003) 95004

* Burdman, Perelstein, Pierce,
hep-ph/0212228

Beyond SM Little Higgs Searches with ATLAS Aachen — July 17



VBF mechanism
o~ (v')?
v’ should be small
b — Wwe
large SM bkg

Beyand SM Little Higgs Searches with ATLAS

Wb fusion
6~ (1) 5 ~ (cote)?
hy~ 1 but suppressed | !| Wide range in cott
by b-quark PDF. possible,
T— bW, tZ Zy— e'e
clear signal cleaF signal

|
i
|
|
1
1
|
i
|
|
1
I
qq annihilation t

Aachen — July 17



]

M(Zy) = 2 TeV L= 310° pb?

QQ == Z j=——cte
W p- not used due to invariant cot B = I.{]{ i

. B=20
mass resolution |

=
o
[

== s A 3 =
Selection cuts: = Drlivn 1,

_as J5=100
\ muﬁ—t}.z{;hﬂ

* 2 isolated electrons with

pr>206GeV and |n| <25
* minimum invariant mass
equal to 800 GeV

s %ﬂ? ﬂiﬂl H: H" J‘H!“ L\T‘g

Drell-Yan (qg — Z/y — e*¢’) o 7200
other bkg's are under evaluation Mie'e) (GeV)

M{e ¢ bkg subtracted
a
|

-

LN

Beyond SM Little Higgs Searches with ATLAS Aachen — July | 7%



Higgs boson and EW symmetry breaking

LC produces Higgs from eve” — ZH or Hwv.
Seeing Higgs recoil from Z gives 'bias free’ Higgs 3501 ) ———
labaratory in which one can measure Higgs

branching ratios (bb, cc, t*t~, gg, W*W-) 1o a few %.

........

[
B

Events'20{ GV
e
E B B B
1 m*“ 1
T
I.“I_r'_....
el
2

o B
Y
L5
;Ex:
i
i

1040 120 140 LA 180 200
Z0 Recoil Mass [GaV)

r_gfnfs, The LC will establish the spin-parity of

. the Higgs state and its width; measure
the ttH coupling: measure the Higgs
self-coupling g,y which is related to the
shape of the Higgs potential and to the
Higgs mass, thus is a crucial constraint

Ma» ta's on the model.
4+ Susy models

: 1 || |-.'|. i ify
""mu:mmmm ald 7o &a0 9e0 T




A Linear Collider’as a

L]

Measure the Higgs properties:

Production rate
Mass

Spin & Parity
Lifetime

Branching Fractions (Couplings fo)

Matter particles: gy ;-
Gauge bosons: g,
Establis the Higgs mechanism as the mechanism of electroweak Symmetry Breaking by

L]

measuring the Higgs coupling to itself : A

* Due to its intrinsic limitations (E.,, ee nature) some unique
properties can be better probed by a yy collider (Hyy coupling, Beyond
the SM Heavy Higgs Bosons ) and a Multi-TeV LC (CLIC) (Rare Higgs
Decays...)

LC Physics School 2003 Ambleside/ Eilam Gross, Weizmann v




Higgs Productioniat'a LC (The Go

*» Production cross section is »100 fb

- A Linear Collider is a GOLD mine for
for a 120 6eV Higgs boson

Higgs Bosons and there is not much
« Each 10 fb-1 will deliver »1000 (bg) around

120 GeV Higgs bosons llll

LC Physics School 2003 Ambleside/ Eilam Grozs. Weizmann 12



| Measuring the HiGge Boson Mass m <130 G2V

."'r

B Gamcia-Alia, W Lobsmarn P Gescma-Abiz. W Lobmann.

* Exclusive final (h) * Dua () PR
| il N
states - i R L Tk
-
analyses allow & ood
hfgh g =
o =
accuracies on g 3
7]
- < . = WO -
Higgs mass 5 B s -
measurements | £
= L]
0

e i
. l:__n{ : - (b T
>Mm5wf - 100 120 140
. 5 T, Mass from 5C fit GsY

» ee—HZ —qqll signature: 2 isolated || * ee—HZ —bbgq signature: 2 b-tagged
leptons recoiling against 2 jets, use jets recoiling against 2 jets, use
4C fit (energy momentum 9C fit (energy momentum
conservation) Mass is obtained viaa conservation+m; constraint on 2 jets)
fit of Signal on top of BG Mass is obtained via a fit of Signal on
my, llgg qgbb Combined i o
120 6ev | 70 mev | 45 mev [ 40 mev 00 B 50)

LC Physics School 2003 Amblesides Eilam Sross. Weizmann 19



., 1 .
V=AvH*+ vl +E,-{H4

Cross section for double Higgs production
is very low: c(ee—HHZ)~0.15-0.2 fb for
120 GeV Higgs @ E,=800-500 GeV

Signature: 4 b-tagged jets+Z boson
Large 4 and 6 fermion BG

INeed fo extract coupling from total cross
sectionl

Need very high luminasity to be sensitive
(1000 fb! @ E,,,=500 GeV)

LC Physics School 2003 Ambleside/ Eilam Sroszs. Weizmann

[ .EI_\_F':
S
=] ! oy
He -
03

5M Dwuble Higps-stmblung: e’ & — ZHH
o [

C. Castmmier, P, Gay. P. Luzz, 1. Orloff

I:|11.I| 120 140 16l 180
M, |GeV]
{1000/ FfbE500 &eV)
my, (GeV) [ 120 130 140
Soic 18% 14% 11%

Avo=l14 % leads to Al fmme=24 % (“dilution effect”)
(for 1 ab @ 500 GeV)

35




* Use the HDECAY program to build a Higgs fitter

K. Desch M. Bartaglia

(500, FHEE00 GeV)

(1000/ fo@B00 SeV)

Measurement | Relative Sensitivity
Error to

BR(H —bb) 2.4% Qe

BR(H —cc) 8.3% Obice

BR(H —TT 9% =Bl

BR(H —gq) 5.5% 01499, Thnt

BR(H ->WW) |5.1% i

BR(H »Y) | 26% Grsre

o(ee —»HZ) 2.5% Onzz

o(ee -»Hwv) 2.8% Gt Tww

o(ee —»11H) 11% Gpast :

LC Physics School 2003 Ambleside/ Eilam Grozs. Weizmann

Coupling All Mo Fusion
S BR12% N4 59,
. 1.2%
k. 2.2%
. T T
IHee 3.1%
B 3.2%
50
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L = - A

| Telling SM from MSSM Higgs - The Power of LC

tgp=5 J"*'.-n i 'a. Deslch. !'Ir]. Eﬁm@a . | e

,&'";125 Gel e E Gmos, L Tidkavic ﬁ , / ' i
- a00 : i el ey il
2" [ my=120Gev A LHC1o
00 |- = = ’ r f;_'

- r
E 3 ko ;.-""’ _..-"j |
o 3 > |
T |
E.: a00 - ] / .|
- - LC95% CL|
400 - o “LC1s
- i || MsSM prediction: _
i :ﬂl'.lﬂﬁl'-.rhl-: 1800 G J
o= B + 00D GaV < m, - 300 GV _I
200 - |
I i i | L L } L > 100 Ca¥ - M, « 200 GaV 1
100 -50 0O S50 100 150 200 250 300 350 400 450 500 0 (I S T S N — [ l |
-F] Ll aF bkl 1 105 1.8 13
Am, (GeV) AmHGeV) ﬂ..,.,fsm{ﬂhl}

t TESLA has the power to reveal the Supersymmetric nature of a light SM-like Higgs
boson.

8 For both machines (LHC and TESLA) it is a challenge, but TESLA seems to have
better prospects in measuring Higgs boson cnupllngs and complement LHC in that sense
LC P;hy5|c5 ScHnnf ED‘DE Ambleside/ Eilam Gross, Weizmann A




* Tevatron/LHC sees a Higgs at 120 6eV and some evidence for SUSY:
A LC with E,,~350-500 GeV will measure the Higgs properties:

JP¢ Width, and improve the mass measurements and the BRs. Higgs Scenarlos

With high lumonosity (1000 b it can also probe the Higgs self

coupling). . . .
Ln particular it can indirectly probe the Higgs SUSY sector and 1nsp1red by P.Grannis
predict the pseudo scalar mass to high accuracy. at LCWS 2000

» No evidence for SUSY but a Higgs is found with m ~160-180 GeV.
A LC can still measure the above mentioned Higgs parameters and
probe non SM deviations. However, the Higgs decay to bb is supressed

which make life harder. Perhaps a return to a Giga-Z machine will do
better..

* There is a Higgs above 180 GeV and no evidence for SUSY ..
Well, what about triviality and vacuum stability????

Maybe after measuring J°¢ its time to operate the machine as a yy
collider?
Or perhaps think seriously of a up collider running at the Higgs pole...

» A nightmare: No Higgs , No SUSY, No nothing... LC can close some
loopholes (invisibly decaying Higgs)... and go back to Giga-Z... we need
to make some living..

» A festival: Higgs, SUSY, New Physics.... Well, who said we do not need
alcC?



Summary and Conclusions

The Higgs mechanism is still the favoured EWSB scheme (SM, MSSM, ...)
But after > 20 years of searching, the Higgs boson remains elusive!

Tantalising hints of a discovery from LEP in 2000 (M, > 114.4 GeV at 95% CL)
Precise EW data favour a light Higgs (My; <202 GeV at 95% CL)

The Tevatron has the field to itself until 2007/8 but luminosity is big problem
and b-tagging capability will not be optimal ...

The LHC 1s very likley to find Higgs bosons (if they exist!) in most scenarios but
may not (a) find all of them and (b) will not measure detailed properties

The 500" GeV LC is the precision tool for making detailed studies of the Higgs
boson(s) and exploring the properties

In a decade from now we might observe the following ...




Conclusion: .

SUMMARY TABLES OF PARTICLE PROPERTIES

GAUGE AND HIGGS BOSONS
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Extracted from the Particle listings of the
Review of Particle Physics
Publizhed in Eur. Jour. Phys C3, 1 (2014)
Available at http://www eilamgross.com

Or alternatively and much more interesting:
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