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To generate particle masses in an SU(2) X U(1) gauge invariant way:
introduce a doublet of scalar fields ~ ® = (2,) with (0|®°|0) # 0 T

Ls=D,® D — 12 ® P - \(PTd)?
v = (—p2/\)Y? = 246 GeV

=> three d.o.f. for M=+ and My

For fermion masses, use same  P:

£Yuk:_fe(éy D)LCIJeR -+ ...
Residual dof corresponds to spin—0 H particle.

e The scalar Higgs boson:  J¥¢ = 01 quantum numbers.

2
e Masses and self-couplings from V : 1\/I2 —2)\V  CH3 = BMW
e Higgs couplings o< particle masses: gug = —, = opvy = 2—Y

The Higgs unitarizes the theory:
without Higgs: |Ag(vv —vv)|oxE?/v? m j;@ “Epj:
iIncluding H with couplings as predicted:

|Ag| o< M% /v = the theory is unitary but needs 1700 Gev...

Once Mg known, all properties of the Higgs are fixed (modulo QCD).
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A major problem in the SM: the hierarchy/naturalness proble m
Radiative corrections to M%I in SM with a cut—off A =Mnp ~ Mp; T

AM%—I — --I._I___®___I__I__ X A2 ~ (1018 Gev)z

M prefers to be close to the high scale than to the EWSB scale...

Three main avenues for solving the hierarchy problem:
Supersymmetry: a set of new/light SUSY particles cancel the divergence.
— MSSM = two Higgs doublet model = 5 physical states h, H, A, H*
— very predictive: only two free parameters at tree—level ( tan(, M)
— upper bound on light Higgs M} 5130 GeV and My i+ ~Mj STeV
Extra dimensions: there is a cut—off at TeV scale where gravity sets in.
— In most cases: SM-like Higgs sector but properties possibl y affected
— but in some cases, there might be no Higgs at all (Higgsless m odels)....
Strong interactions/compositness  : the Higgs is not an elementary scalar.
— H is a bound state of fermions like for the pions in QCD...
— H emerges as a Nambu—Goldstone of a strongly interacting se ctor J
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1. Beforethe 4th of July

and along the avenues, many possible streets, paths, corner S...

Which Higgs?

-
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L Which scenario chosen by Nature? The LHC supposed to tell! J
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inggs observed by ATLAS and CMS!

A triumph for high-energy physics.
Indirect constraints from EW data 2
H contributes to RC to W/Z masses:

- —

” ~

i \

H (8] log My _|_ ..
W/Z W/Z

Fit the EW precision measurements,
one obtains My = 92+ ¢ GeV, or

Mz <161 GeV at 95% CL

compared with “observed” Myz=125 GeV
A very non-trivial check of SM consistency!

In 1995: top discovery with m;~175 GeV
while best-fit in the SM is for same value:

It was considered as a great achievement....

SM Higgs hypothesis
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Still some problems with Agg (LEP), A g (TeV) and g — 2 but not severe..
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~ Fitofall the LHC data
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e Many scenarios are ruled out (Higgsless, gauge/fermio phob

looks like the Higgs is SM-like ....
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e Many others are in great trouble: TC Higgs, composite Higgs
e Other scenarios OK, but leads to heavy new particle spectrum
example of Supersymmetry and the MSSM....

o
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2. Theday after ....

Limits for My = 125 + 2 GeV

Also backed up by direct searches
My, My, < 1 TeV. However:

— stops might be still light
— no strong bound yet on EW SP.
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What should one do? Well, there is no choice....

fn Hope someting will show up in full 2012 data...

-

e If not, at upgraded LHC with 14 TeV energy and 300/fb data?

e If not, a high luminosity LHC (3000/fb) will increase sensit
e And in case of nothing still, go for the highest possible ener

vity!
y!

We must make full use of the LHC capabillities!

One hope: excess in H — 7y stays!
e light stau's and large utan(

e light Xf In non-univ MSSM

e possibility of light t:

= max-mixing: o(gg — h) suppressed. |7

—> N0 Mixing: yes, but stops too heavy.
e BMSSM?

Common features: some light
sparticles are around the corner!
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Now that Higgs is found (and nothing else yet): is HEP “closed "7 T

No! Need to check that H is indeed responsible of SEWSB (and SM -like?)
Measure its fundamental properties in the most precise way:

e its mass and total decay width,

® its spin—parity quantum numbers and check JPC =0,

e its couplings to fermions and gauge bosons and check that the y are
Indeed proportional to the particle masses (fundamental pr ediction!),
e its self—couplings to reconstruct the potential Vg that makes EWSB.
Possible for Mg ~ 125 GeV as all production/decay channels useful!
o(pp — H + X) [pb] ' Mbb A
gg— Vs =14 TeV P 77,
0.1 T t 1
Hqq
WH.. 0.01 | BR(H)
0.1 . W ‘ 0.0001 L2 N ‘
100 120 145 180 230 300 400 500 100 120 145 200 250 300 400 500
My [GeV] My [GeV]
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Higgs boson mass from: Higgs boson total width:

-H — vy for My S 130 GeV — Too small for Mgy < 2Myg
~-H — ZZ — 4/* beyond ~-H — ZZ — 4/(* beyond
Final AMy /My ~ 0.1% to 1%. Final AT'y/T'y ~ afew %
. Experimental precision on the SM Higgs mass L Experimental precision on the SM Higgs width
® ] ATLAS +CMS > ATLAS+CMS
| 300 fb™' /experiment < 300 fb'1/experiment

s, 7"

< ' E ®H —> 77 —> 4]
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u/lass precisely measured but total width out of reach (invisi ble decays?u
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f e Higgs spin:

H — ~7: rules out J=1 and fixes C=+.
—not generalizableto H<«— gg(g~q)
— other possibility left, ex: J=2 (radion).
e Higgs parity:
- H — ZZ — 4/(* rules out CP—odd.

— spin—correlationsin  gg—H — WW~,

But need to check that H is pure CP—even
— challenging precision measurement,

—roughly doableinH —VV— A0* correlations.

—alsoin dT'(H— ZZ*)/dM,
Drawback: If H is mostly CP—even,
rates for A — V'V are too small...
More convincing: look at Hff couplings
Possible but challenging channels:

L gg—H — 77 or pp— ttH—ttbb

dI'(H— ZZ*)/dM*@thresm

30 -

S
H-Z2Z- ()

M, =150GeV

_
H - ZZ — (1)) |
M,, =280 GeV |

- L ““, ,":
T ; L
S — A Y\ ; X -

D T S R
0 w2 s 312 2n

dT'(H — ZZ)/d¢ azimuth
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® L ook at various H production/decay AL 0 ey |
channels and measure N., = 0 X BR ’
LHC with £=2300fb ~! (more statistics?)

10 1% 0854 ]

e Large errors mainly due to: S i s

— experimental: stats, system., lumi... RN

— theory: PDFs, HO/scale, model dep... oo e e
total error about 20-30% in gg — H Sob D1 il ]
contaminates also VBF/HZ (30%)... S

= ratios of o X BR: many errors drop out! 33 2

e One obtains width ratios: I'x /T’y =y I |

e Theory assumptions (no invisible, SU(2) Qhoonstititid -l ]
Invariance, some couplings are known,..) (G0 ma (Ge)

= translate into I'x g%IXX with SEBE orea RS

1 (ASXPT'+ AR nf

. 251
] 2, 2 2F
1 Cu/Cy.
2 r P 1 7
04l i il &
Qi sM
- R s b

—> reasonable precision of order 10% T

not bad... but is it really enough? S e
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Important couplings to be measured:
e g3 from pp — HH 4+ X =

® 214 from pp —3H+X, hopeless.
Relevant processes for HH prod:

only gg — HHX relevant...

Vs = 14 TeV
95% CL limits

31— pp L 4 —
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g3, g4 = accessto Vy.
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e H — ~y decay too rare,

e H — bb decay not clean
oH — WW atlow Mg?
— parton level analysis...
—look for 20%, 30F 4 v+jets+
— needs very large luminosity.
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2000 3000

Very precise measurementsT
mostly at /s < 500 GeV
mainly in ete™ — ZH

(with o o< 1/s)

grzz | £0.012
gaw | £0.022
JHcc +0.037
g | £0.033
JHtt +0.030
My +=0.0004
'y +0.061
CP +0.038

—> difficult to beat
.. fora 125 GeV Higgs... J
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4. Higgs properties. LEP3?

Some people advocate a (quick/cheap) 250 GeV LC, akind of LEP  3...
f not a very good idea to my (humble) opinion.... T
— you can indeed precisely measure Higgs couplings to VV and f f,
— but no access to the HHH and Htt couplings: need at least 500 G eV!
And you cannot do top physics ! Why is it so important???

A=MZ, /2v? increases with energy Q

Small A: top,W,Z contributions dominant H IV
2M%, + M2 —4m? ©T -

//\\((322)) ~sl + 3= g log%z \:1‘1:/+ \:3":’“3'<1:/ +

tops lead to  A\(0) <A(V): unstable vacuum  ~ ° 7 T

SM valid only if v =EW-min, ie \(Q?)>0
Ac~Mp = MH> 129 GeV!

for my = 173 GeV; but what is mTEV’??
Unambiguous my only from o (tt)

— value at TEV/LHC not precise...

—need ILC Am; = 0.2 GeV! ST Meen T

Only way to check stability/NP: /s = 350 GeV!
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H/Ieasurements which need the
high cross section of ete™ — Huw:
® BRH— pp™) o< 1074
Higgs couplings to 2d generation
® BRH— ~Z) 1073
complementary/same(?) to H ~y~y
— Anomalous Higgs couplings
some (eg. CPV) need high +/s
e Trilinear Higgs couplings
ete” — W*W* — HHvv
— stats better than HZ@500 GeV
— additional info/separation (  6*)
with a high lumi needed, a few ab
Not much gain compared to ee500 in SM
Lbut what about NP scenarios?

—1
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|75 Higgs states: h, H, A, H*

500

e For h, same as SM Higgs
H, A, H*: additional channels:

LA/H-
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AtCLIC: Mg~ 1.5 TeV (beyond LHC). |  ote —vmm]| | ;’@*ﬁlﬁoﬁé‘ﬁi W
e Cascade decays of SUSY particles | B v _
— charginos/neutralinos to Higgs E T N
(probes H couplings to sparticles) S ﬁ
— stop2 to stop1 and a Higgs Dnceiil BN IS

\_(good measurement of trilinear  At) || e AT J
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Personal opinion: T
An eTe™ machine with =2 500 GeV energy will do the best job!

OAs/A 5 [%0] Higgs self coupling sensitivity
1 60 - : : . : :
- Int(L)=1 ab *
_ 100% efficiency i
e+e_ ———>hhvy --eeeeeee
40 e'e ——>Zhh -
210
s combined A
8 L 1 TeV SOOGeV_
E / 1.5TeV
©
@
310'2
10-3 | | | | I | | | | I | | | | I | | | | I | | | | I | | | i 100 150 200
100 110 120 130 140 150 160
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The turn of Japan/Asia to take the lead for a 400-500 GeV LC?
LThey seem to be rather interested. Il faut leur d  érouler le tapis rouge! J
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