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All particles are massless:
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After EWSB, it will give rise to W and Z masses

Moreover, the following term is also allowed by symmetries:
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After EWSB, it will give rise to W and Z masses
My = gv/2 = ev/2sin by

Moreover, the following term is also allowed by symmetries: v = (Gev2)~V/2 = 246 GeV
Lyukawa—e = —Ce [(Led)Re + Re(¢7Le)] Giving fermion masses Mz = Mw [ cos
m, = Cv/V2
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Summing up: The Higgs mechanism is the simplest way of making the SU (3)c ® SU (2),_ ®U (1),
Symmetry compatible with the nonvanishing masses of the most of its constituents.
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Tests of SM
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Figure 5: The cross-section for e*e~ — hadrons as a function of centre-of-mass energy
and result of the three parameter fit.
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Figure 1.13: Measurements of the hadron production crosssection around the 7 resonance.
The curves indicate the predicted cross-section for two, three and four neutnino species with
SM couplings and negligible mass.



Tests of SM
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line 1=
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e¥e™ accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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Tests of SM

Smallness of FCNC processes
Test of Cabibbo picture (CKM)
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Tests of SM

Measurement Fit [0™ Q"™
0 1 2 3
m, [GeV] 91.1875+0.0021 91.1874
I,[GeV] 24952100023 24957
Gpaq [MD] 41.540 £ 0.037 41.477
R, 2076710025  20.744
Ay 0.01714 £ 0.00095 0.01640
AP 0.146540.0032 0.1479
R, 0.21629 4 0.00066 0.21585
R, 0.172140.0030 0.1722
e 0.0992+0.0016  0.1037
AL 0.0707 4 0.0035  0.0741
A, 0.923  0.020 0.935
A 0.670 + 0.027 0.668
A(SLD) 0.151340.0021  0.1479
sin“ePQ,) 0.2324+0.0012 0.231
m,, [GeV] 80.392+0.029  80.371
r,, [GeV 2.147 + 0.080 2.091
m, [GeV] 171.4 £ 2.1 i
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Tests of SM

6 March 2000 My = 1'63 GeV
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The Higgs-boson masses favored by the global fits
of the LEP Electroweak Working Group, My =
00138 GeV [33], Gfitter, 83735 GeV [10%], or Particle
Data Group, 70735 GeV [3(], lie in the region excluded
by direct searches at LEP.
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Tests of SM
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FIG. 8: Ewvolution of the weak mixing parameter sin? fw in
the MS scheme [127] (dotted curve). The minimum occurs at
() = Mw . where the F-function for the weak mixing param-
eter changes sign as the influence of weak-boson loops drops
out. The selected data are from atomic parity violation [120]
(APV), Moller scattering [127] (Qw (e)), and deeply inelastic
vN scallering [125, 129]. Also indicated (open circle) is the
uncertainty projected for the Queax experiment [1350].
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FIG. 9: Yukawa couplings (i = mi/(v/v/2) inferred from the
masses of the quarks and charged leptons [1Y]
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Two-body collisions

For s> M%, M2, M2,

(a0) — A V’E

" '{ 5'_ W ?(}_

—GpM?2

YAYA HH
ey G HZy
V2 V2

1 1/V8 1/v8 0
1/V8 3/4 1/4 0
1/vV8 1/4 3/4 0

0 0 0 1/2

1/2
8mv/2 ,
‘ao‘ <l= My < ( ) =~ 1 TeV
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. . I ZoZ HH
Two-body collisions W, W, - ; Vol H Zy
V2 Vv

For s> Mp, M3 M2,

1 1/4/8 1/vy8 0

—GeMp | 1/V/8 3/4 1/4 0

Am/2 1/v/8 1/4 3/4 0
0 0 0 1/2

(ag) —

—\ 1/2

8y 2 _

| <1=> My < [ — ~1 TeV
0 3G

Does this mean that M, <1 TeV?
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Two-body collisions Wy Wy

For s> MZ, M3 M2,

1 1/4/8 1/vy8 0

—GeMp | 1/V/8 3/4 1/4 0

A2 1/vV8 1/4 3/4 0
0 0 0 1/2

(ag) —

Does this mean that M, <1 TeV? No, this means that if weak interactions
B are to be always weak, then M <1 TeV
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EWSB

YAV HH

Two-body collisions Wy Wy

b2l

For s> M%, M3, M2,

1 lx v‘@ lx w‘@ 0

0 0 0 1/2

Does this mean that M, <1 TeV? No, this means that if weak interactions
B are to be always weak, then M <1 TeV

The other way out is to have
a strongly interacting theory
at this energy scale (yPT-like)
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Two body collisions among EW gauge bosons and Higgs

Vigte) = p?(oTo) + Al (o7 p)?
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EWSB

if weak interactions are to be
always weak, then M <1 TeV

The other way out is to have
a strongly interacting theory
at this energy scale (yPT-like)

Stability of V: existence of lower bound for H >A>0

When considering Quantum corrections - Limits on M, as a

function of ANP
M|y _yrey = 50.8 GeV+0.64(m, —173.1 GeV)

ot

7 = 19, 7
Mu|y_pp,, 2134 GeV

Pablo Roig



EWSB

Two body collisions among EW gauge bosons and Higgs  if weak interactions are to be

V(¢'0) = u*(6'¢) + A (¢7¢)

Pedestrian Seminar

always weak, then M <1 TeV

The other way out is to have
a strongly interacting theory
at this energy scale (yPT-like)

Existence of lower bound for H > A>0

When considering Quantum corrections - Limits on M, as a
function of ANP

M|y oy = 50.8 GeV+0.64(m; —173.1 GeV)

Muly_pp. . 2134 GeV

(Meta)Stability of V against Quantum corrections:

ﬂff[|‘_ﬁk=“mnm_k :E 180 GeV
Mpy|s_ypoy S 700 GeV
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EWSB

180
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= StalAe
170 |27 v
vasnvd
el
110 120 130 140 150
My [GeV]

FIG. 10: Metastability region of the standard-model vac-
uum in the (Mpg,m.) plane [155]. The hatched region at
left indicates the LEP lower bound, My > 114.4 GeV. The

horizontal band shows the measured top-quark mass, m, =
(173.1 £ 1.3) GeV [106].
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EWSB

Two body collisions among EW gauge bosons and Higgs  if weak interactions are to be
always weak, then M <1 TeV

The other way out is to have
a strongly interacting theory
at this energy scale (yPT-like)

V(e'o) = p*(¢'¢) +|A| (¢7¢)* Lower bound for H > A>0 My, .y = 50.8 GeV+0.64(m; —173.1 GeV)
‘HLI“L"L:-'UI'-'];LLH-L{ :_: 134 GeV

(Meta)Stability of V .. My[,_,, <180 GeV
M|y ey <700 GeV

Does this mean that 134 GeV<M <180 GeV? Nq this means that if the SM is selfconsistent
(complete) up to M, > 134 GeV<M, <180 GeV

The other way out is to have some kind of
NP in between the EW and Pl scales
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EWSB

if weak interactions are to be
always weak, then M <1 TeV

Two body collisions among EW gauge bosons and Higgs

The other way out is to have
a strongly interacting theory
at this energy scale (yPT-like)

LEP lower bound, My > 114.4 GeV

Potential bounded and its (meta)stability If the SM is selfconsistent (complete) up to M,
- 134 GeV<M, <180 GeV

The other way out is to have some kind of
NP in between the EW and Pl scales

And again: The Higgs mechanism is the simplest way of making the SU(3). ® SU(2), ®U (1),
Symmetry compatible with the nonvanishing masses of the most of its constituents.

But don’t forget there are many others...
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EWSB

if weak interactions are to be
always weak, then M <1 TeV

Two body collisions among EW gauge bosons and Higgs

CDF & DO at Tevatron excludes: The other way out is to have
170GeV<M,<180GeV a strongly interacting theory
at this energy scale (yPT-like)

LEP lower bound, My > 114.4 GeV

Potential bounded and its (meta)stability If the SM is selfconsistent (complete) up to M,
- 134 GeV<M, <180 GeV

The other way out is to have some kind of
NP in between the EW and Pl scales

And again: The Higgs mechanism is the simplest way of making the SU(3). ® SU(2), ®U (1),
Symmetry compatible with the nonvanishing masses of the most of its constituents.

But don’t forget there are many others...
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Search for the SM Higgs

o ] -.3_.!
_ Grpm; My 4m
MH— ff) ==L N (1-—L

Gp M3, . o
I'(H— WHW™) = ?;qul — 2)'/%(4 — 4z + 327 r = AM2,/M?

Gp M3 :
. 070y _ FFEVH 0 1204 4 ¢ -2
I'H— 722 }_—64m@[1 ')V (4 — 42’ + 32"

FIG. 12: Branching fractions for prominent decay modes of
the standard-model Higgs boson, from [170)]
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Search for the SM Higgs

o ] -.3_.!
_ GemsM 4m~
F{H_sff}:u.ﬁrf.(l f)

A7/2 - M2
Gp M}, o
MH—WW7) = ?;Tgni —z)'/*(4 — 4z + 32%) r = AME, /M}

FIG. 13: Total width of the standard-model Higgs boson vs.

FIG. 12: Branching fractions for prominent decay modes of mMmass, from [170].
the standard-model Higgs boson, from [170]
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No Higgs: Alternatives

*Technicolor-like: a la QCD. Technifermion condensates produce the

masses for W and Z.

eLittle Higgs: The Higgs is as a pseudo-Goldstone of a spontaneously
broken global sym.

eBoundary conditions on extra-dim yield EWSB. Consequence: KK
particles.

*EW theory itself in more than 4D.

*EWSB arises from strong interactions among the weak gauge bosons.
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Where to search for the Higgs

6 March 2000 My = 153 GeV
- H [5} _ .
5 -, Al |
. i —0.02758+0.00035
1 % 3 -+0.02749+0.00012 i
4 - % iees incl low Q° data —
. 5 | i |
<
2 — —
1 — —
0 Excluded N /: Preliminary
30 100 300
my, [GeV]

The Higgs-boson masses favored by the global fits
of the LEP Electroweak Working Group, My =
90738 GeV [53], Gfitter, 83733 GeV [105], or Particle
Data Group, 70735 GeV [20], lie in the region excluded
by direct searches at LEP.
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0. Buchmaller et al., arXiv:0707.3447
4

ka2
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

- cMSSM
05
Includes:
0 0 - WMAP
-b— sy
my, = 110 (+8) (-10) ¢ 3 (theo) GeV/c? a,

....watch the low mass region !
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Leptonic collider Hadronic collider
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Leptonic collider Hadronic collider
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Leptonic vs hadronic colliders

10 TeV i
—— [Hadron Colliders
— e Cplliders ]
LHE
1 TeV | CERN) _|
= TEVATRON EILE
ﬂE {Fermilabl
=] O LErdl
“ PPy
i “FRI
= o et BEG . LEP
o 100 GeV |- SLAC]  [CERN) —
L TRISTAN
- (KEE)
3 PETRA __ PED
= (DESY] — SLAC)
= SR CESR (Cornell)
T 10GeV |- {CERD) VEPP IV (Novosibirsk) —
=
SPEAR — DORIS — VEPEIN
% (SLAC] DESY)  (Movosibirsk)
ADONE
(ifalyl
L CeY IS PRIN-STAM VEPE I ACD =
(Stanford) —  MNowvosibitskl — (Francel
| | | |
LBG0 1970 1580 1 &G0 2000 2010
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Towards Physics:
some aspects of reconstruction of physics objects

* As discussed before, key signatures at Hadron Colliders are

Leptons: e (tracking + very good electromagnetic calorimetry)
Il (dedicated muon systems, combination of inner tracking and
muon spectrometers)
Tt hadronic decays: T > +nmnl +v (1 prong)
— ot +nn®+v (3 prong)

Photons: vy (tracking + very good electromagnetic calorimetry)

Jets: electromagnetic and hadronic calorimeters
b-jets identification of b-jets (b-tagging) important for many physics
studies

Missing transverse energy: inferred from the measurement of the total energy
in the calorimeters; needs understanding of all
components... response of the calorimeter to low
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Higgs Boson Production at Hadron Colliders

(i) Gluon fusion (i) Vector boson fusion

g g fusion

(iii) Associated production (W/Z, tt)

W, Z bremsstrahlung +Tfusion
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ATLAS + CMS dlscovery potentlal

i £
i q"ch COVETY

—
=

Luminosity meeded ( Hh "y

r———— RS RS [ P—

100 200 300 400 500 800 oo S00 000 000
m,, (GeVic Ej
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CMS (~ATLAS) discovery potential
2006

CMS, 30 fb”

—
(-

N

Significance

K factors included

—e— H—=yv culs

—== H-—=yy opt
i \ H—=ZZ—=4]

— H—=WW—=2|2v

i qqH, H=WW—hij|
—— qqH, H—=1t—=Hjet
== qqH, H—=yy

I |
100 200 300 400 500600
M, (GeV/c®)
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ATLAS (~YCMS) discovery potential

g '

Sl ATLAS — Conened

E — -1 TY

> ., L =101 L

= WW0 — evpv
§ 12 | -— WWZ — ev v
g

100 120 140 160 120 200 220
m,, (GeV)
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The Higgs Sector in the MSSM

Two Higgs doublets: 95 Higgs particles H,h A

H+, H
Determined by two parameters: m,, tanp
Fixed mass relations at tree level: il %(mﬁ il T Rl 23)

(Higgs self coupling in MSSM fixed
by gauge couplings)

2 2 2 2

Important radiative corrections Il (tree level relations are significantly modified)
— Upper mass bound depends on top mass and mixing in the stop sector

mt < i + 200 [0 (4) 2 (1-5)
where: M2 = 3 (M9+M?] and ze= (A — peot @) / Mg

—m,<115GeV  for no mixing
—m, <135GeV  for maximal mixing

Ty, (GeV)

M, = 17545 GeV
Hm -, - 1 TeV 1
b = =200 GeV Bl

l.e., no mixing scenario: in LEP reach &
| | |

max. mixing: easier to address at the LHC T T
Pedestrian Seminar
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LHC discovery potential for SUSY Higgs bosons

‘EL"“ ] | B N s AR :
=] 5 L S NN

| _.

ATLAS

I Ldt ,EDD 1b
lu'lu‘mmal mlxu:lg .

4 Higgs observable
3 Higgs observable
2 Higgs observable

1 Higgs
observable

1 B & E
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A, H, H+ cross-sections ~ tan2p

- best sensitivity from A/H — 11, H+x — v
(not easy the first year ....)

- A/H = un experimentally easier
(esp. at the beginning)

Here only SM-like h
observable if SUSY
particles neglected.
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CONCLUSIONS
 We only know the pattern of EWSB, not the

agent behind. SU(2), ®U @), ->U @),

e Theory suggests that the SM cannot be
complete up to arbitrarily large energies.

e There is lower bound (LEP) and a exclusion
band (CDF+D0) on M,,.

e LHC’s motivation is to find the/a Higgs.

 Every time Higgs Physics seems to need more
T Physics.
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CONCLUSIONS
 We only know the pattern of EWSB, not the

agent behind. SU(2), ®U (1), »Ud),,
e Theory suggests that the SM cannot be
complete up to arbitrarily large energies.

e There is lower bound (LEP) and a exclusion
band (CDF+D0) on M,,.

e LHC’s motivation is to find the/a Higgs.

 Every time Higgs Physics seems to need more
T Physics.

And | will stop here, because you know what my preferences are...
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(P. Higgs, Univ. Edinburgh)
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SKIPPED SLIDES



Some figures on FCNC: Theory vs experiment

(KLO —> U ) (6 84 +0. 11) 10~° ~ SM

(K* = 77v7)=[L.7312)-10™ <> SM =(0.85+0.07)-10"
B(D® - 1 )<5.3-107 <> SM ~4.10°¥

(B, —» ' )<5.8-10° <> SM =(3.6+0.3)-10°°

(Bd N )<1,8.1()‘ < SM =(1.1i0.l)-10_10
B(t »¢g)<5.7-10° <> SM =10
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experimental errors: LEP2/Tevatron (today)
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Higgs production

100 F——— . :
ST alpp — H+ X)) [pb]
- V5= 14TeV
MRST/NLO
my = 178 GeV
0 |
F0 — Hif e
g7 = WH .,
@ ZH .
Lk s — HH
[].I_ | 1 |

My [GeV]

FIG. 14: Higgs-boson production cross sections in pp colli-
sions at /s = 14 TeV, computed at next-to-leading order

using the MRST parton distributions [171]; from [170)]
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Main low mass search channels

I

{+ EMss 4+ bb: WH — fvbb
Largest VH production cross section
More backgrounds than ZH — ##bb

+bb: ZH — tbb
Less backgrounds
Fully constrained
Smallest Higgs signal

E,™ss + bb: ZH — vvbb
3x more signal than ZH — # bb
(+WH — &v bb when lepton missing)

Large backgrounds which are
difficult to handle

o
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H — I'F vv |>

. . . g -y
Exclusion limits per experiment: ¥
[L:sni:-"
2 L .DilepiohMET ... .. ... .= ObseriedLiml ..._.. . -=m- OSAll Jeis Expected
= A DO Preliminary, 1.=3.04.2 fo! | =eeeer Expecled Limit U == 08 All Jets Observed
: M : ; T Epecied 710 i [ OS Al Jets + 15
 Expecled 220 [ ]OSAlJetst2g
g D L | EE
.
Q 10
L] RN
b
=2}
i . i . i 1 Etandnrd Ilm:hl - -
[ I — l. ey l. 1= II o e I Rl I e e o e o .|I o] + o T o
11{;. ]3{) ]40 15,:] 159 ]%{] 13(] 190 200 110 120 130 140 150 160 170 180 180 200
My, (GeV/cY) Higgs Mass (GeVic))

=165 GeV my=165 GeV
Exp(Obs): 1.7(1.3) X Osm Exp(Obs): 1.4(1.5) X osm

With additional luminosity expect single experiment exclusion around
mH = 165 GeV
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CDF & DO at Tevatron excludes: 170GeV<M,<180GeV

Combined Tevatron limits

Tevatron Run |l Prellmlnary, L=0.9-4.2 fb™

10 (green)
20 (yellow)
stat.+syst.
uncertainty on

expected limit

% """ LEP Exclusion o ' Tevatron
= i 0 Exclusion | ...
; S mmmms xpec f
= ||| e Observed i EX ected |
- 10 A i_1-:55 f‘:’:tv:ected ; / ' P
-l [ | #+2c Expected LA : ||m|t
U ------------ SEEEEEEEIEEEEEEEEEEEEEEEEE
% .
i Observed
1 e limit (data
T om : (data)
. March5, 2009

100 110 120 130 140 150 160 17’0 180 190 200

mH(GeWc )

A fluctuation in the data allows the Tevatron to set a 95% CL exclusion of a SM Higgs
boson in the mass region around 160-170 GeV (first direct exclusion since LEP)

At my=115 GeV Expected limit: 2.4 X osm

Observed limit: 2.5 x oSM
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No Higgs: QCD chiral symmetry breaks
also EWS

g2 0 0 0 |
2| 0g2 0 0 | /f2
M” = ( 0 0 gE gg'r 4

0 0 gg' g”

M%,”'Mﬁ' — fﬂj —Hﬂjf.";’z — 1..*’"1352 thw

Mn%] MeV



INCOMPLETENESS OF THE EW THEORY

 Problem of identity
 The hierarchy problem
e The “LEP paradox”
e The vacuum energy problem
 Dark matter
e Baryon asymmetry of the Universe
 Quantization of electric charge
 Absence of Gravity
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