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1. EWSB and the Higgs
To generate particle masses in an SU(2) ×U(1) gauge invariant way:

introduce a doublet of scalar fields Φ=(Φ
+

Φ0 ) with 〈0|Φ0|0〉 6= 0

LS =DµΦ
†DµΦ−µ2Φ†Φ−λ(Φ†Φ)2

v = (−µ2/λ)1/2 = 246 GeV
⇒ three d.o.f. for MW± and MZ

For fermion masses, use same Φ:
LYuk=−fe(ē, ν̄)LΦeR + ...

Residual dof corresponds to spin–0 H particle.

• The scalar Higgs boson: JPC = 0++ quantum numbers.
• Masses and self–couplings from V : M2

H =2λv2,gH3 = 3
M2

H

v
, ...

• Higgs couplings ∝ particle masses: gHff = mf

v
,gHVV = 2

M2

V

v

The Higgs unitarizes the theory:
without Higgs: |A0(vv→vv)|∝E2/v2

including H with couplings as predicted:
|A0|∝M2

H/v2⇒ the theory is unitary but needs MH
<∼700 GeV...

V

V

V

V H

Once MH known, all properties of the Higgs are fixed (modulo QCD).
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1. EWSB and the Higgs
A major problem in the SM: the hierarchy/naturalness proble m

Radiative corrections to M2
H in SM with a cut–off Λ=MNP∼MPl

fH H∆M2
H ≡ ∝ Λ2 ≈ (1018 GeV)2

MH 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 ( tanβ,MA)
– upper bound on light Higgs Mh

<∼130 GeV and MH,H± ≈MA
<∼TeV

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..
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1. EWSB and the Higgs
and along the avenues, many possible streets, paths, corner s...

Which scenario chosen by Nature? The LHC supposed to tell!
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2. The standard Higgs at the LHC: decays
Since v is known, the only free parameter in the SM is MH (or λ).

Once MH known, all properties of the Higgs are fixed (modulo QCD).

First: Higgs decays in the SM
• As gHPP ∝ mP, H will decay into
heaviest particle phase-space allowed:

• MH
<∼ 130 GeV, H → bb̄

– H → cc, τ+τ−,gg = O(few %)
– H → γγ,Zγ = O(0.1%)
• MH

>∼ 130 GeV, H → WW,ZZ
– below threshold decays possible
– above threshold: B(WW)= 2

3
, B(ZZ)= 1

3

– decays into tt̄ for heavy Higgs
• Total Higgs decay width:
– very small for a light Higgs
– comparable to mass for heavy Higgs

HDECAY⇒
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2. The standard Higgs at the LHC: production

Main Higgs production channels

q�q V � � HV
Higgs{strahlung �qq V �V � Hq

qVe
tor boson fusion

�gg HQgluon{gluon fusion �gg H Q�Q
in asso
iated with Q �Q

Large production cross sections

with gg → H by far dominant process

1 fb−1⇒O(104) events@lHC

⇒O(103) events @Tevatron

but eg BR(H →γγ,ZZ→4ℓ)≈10−3

... a small # of events at the end...

ppp→ t̄tH

qq̄→Z H

qq̄→WH

qq→qqH

gg→H

mt = 173.1 GeV
MSTW2008

√
s = 7 TeV

σ(ppp → H + X) [pb]

MH [GeV]
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2. The standard Higgs at the LHC: challenges

⇒ an extremely challenging task!

• Huge cross sections for QCD processes
• Small cross sections for EW Higgs signal

S/B >∼ 1010 ⇒ a needle in a haystack!
• Need some strong selection criteria:
– trigger: get rid of uninteresting events...
– select clean channels: H→γγ,VV→ℓ
– use specific kinematic features of Higgs
• Combine # decay/production channels
(and eventually several experiments...)
• Have a precise knowledge of S and B rates
(higher orders can be factor of 2! see later)
• Gigantic experimental + theoretical efforts
(more than 30 years of very hard work!)
For a flavor of how it is complicated from the
theory side: a look at the gg → H case
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2. The Higgs at the LHC: gg fusion
LOa: already at one loop

QCD: exact NLO b : K ≈2 (1.7)
EFT NLOc: good approx.
EFT NNLOd: K ≈3 (2)
EFT NNLLe: ≈ +10% (5%)
EFT other HO f: a few %.

EW: EFT NLO: g: ≈ ± very small
exact NLO h: ≈ ± a few %
QCD+EWi: a few %

Distributions : two programs j

aGeorgi+Glashow+Machacek+Nanopoulos
bSpira+Graudenz+Zerwas+AD (exact)
cSpira+Zerwas+AD; Dawson (EFT)
dHarlander+Kilgore, Anastasiou+Melnikov
Ravindran+Smith+van Neerven

eCatani+de Florian+Grazzini+Nason
fMoch+Vogt; Ahrens et al.
gGambino+AD; Degrassi et al.
hActis+Passarino+Sturm+Uccirati
iAnastasiou+Boughezal+Pietriello
jAnastasiou et al.; Grazzini

The σtheory
gg→H long story (70s–now) ...
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2. The Higgs at the LHC: uncertainties
Despite of that, the gg→H cross section still affected by uncertainties
• Higher-order or scale uncertainties:
K-factors large ⇒ HO could be important
HO estimated by varying scales of process

µ0/κ ≤ µR, µF ≤ κµ0

at lHC: µ0 = 1
2
MH, κ=2 ⇒ ∆scale≈10%

• gluon PDF+associated αs uncertainties:
gluon PDF at high–x less constrained by data
αs uncertainty (WA, DIS?) affects σ ∝ α2

s⇒ large discrepancy between NNLO PDFs
PDF4LHC recommend: ∆pdf ≈10%@lHC
• Uncertainty from EFT approach at NNLO
mloop ≫ MH good for top if MH

<∼2mt

but not above and not b ( ≈10%), W/Z loops
Estimate from (exact) NLO: ∆EFT≈5%
• Include ∆BR(H→X) of at most few %

total ∆σNNLO
gg→H→X ≈ 15–20%@lHC

LHC-HxsWG; Baglio+AD ⇒
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2. The Higgs at the LHC: other channels
• Higgs–strahlung: qq̄→VH
– Drell–Yan with V∗ → VH decays
– RC known at NNLO, rather moderate
– ℓνbb̄ main mode@Tevatron for light H
– resurrected at LHC with boosted jets

Brein, AD, Harlander ⇒
• vector boson fusion: qq→Hqq
– large cross section at high

√
s

– phigh
T forward jets, central jeto veto, ..

– TH clean (small RC) but ggH contam.
– many H decay channels observable.

Zeppenfeld et al. ⇒
• Associated ttH production pp→tt̄H
– complicated process but probes gHtt

– small cross section but small RC too
– too large bkg for H →bb; boosted jets?

Beenakker et al. ⇒
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2. The Higgs at the LHC: expectations

Expectations for 2012 and beyond:
lHC:

√
s=7–8TeV and L≈ few fb−1

5σ discovery for MH≈130–200 GeV
95%CL sensitivity for MH

<∼600 GeV
gg→H→γγ (MH

<∼ 130 GeV)
gg→H→WW→ℓνℓν + 0,1 jets
gg→H→ZZ→4ℓ,2ℓ2ν,2ℓ2b
gg→H→ττ + 0,1 jets
qq̄ → VH → Vbb̄ with V=Z → ℓℓ
– at lHC with jet substructure
– also at Tevatron in Wh → ℓνbb̄

Full LHC: same as lHC plus some others
– VBF: qqH → ττ, γγ,ZZ∗,WW∗

– VH→Vbb with jet substructure tech.
– ttH: H→γγ bonus, H →bb̄ hopeless?
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3. MSSM Higgs at the LHC

In the MSSM: two Higgs doublets: H1 =
(

H0
1

H−

1

)

and H2 =
(

H+
2

H0
2

)

,

After EWSB (which can be made radiative: more elegant than in SM):

Three dof to make W±
L ,ZL ⇒ 5 physical states left out: h,H,A,H±

Only two free parameters at tree–level: tanβ,MA but rad. cor. important:

Mh
<∼MZ|cos2β|+RC<∼130 GeV , MH≈MA≈MH± <∼MEWSB

– Couplings of h,H to VV are suppressed; no AVV couplings (CP).
– For tanβ ≫ 1: couplings to b (t) quarks enhanced (suppressed).

Φ gΦūu gΦd̄d gΦV V

h cos α
sinβ → 1 sin α

cos β→ 1 sin(β − α)→ 1
H sin α

sin β→ 1/ tan β cos α
cos β → tan β cos(β − α)→ 0

A 1/ tan β tanβ 0
In the decoupling limit: MSSM reduces to SM but with a light SM Higgs .

Haber
At tan β≫1, one SM–like and two CP–odd like Higgses with cplg to b, τ
MA≤Mmax

h ⇒h≡A,H≡HSM , MA≥Mmax
h ⇒H≡A,h ≡HSM
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3. MSSM Higgs at the LHC

Higgs decays in the MSSM:

General features:
• h: same as HSM in general

(esp. in decoupling limit) if not
h → bb̄, τ+τ− enhanced for tan β >1
• A: only bb̄, τ+τ− and tt̄ decays

(no VV decays, hZ suppressed).
• H: same as A in general; tan β ≫1

WW,ZZ,hh decays suppressed.
• H± : τν and tb decays
(depending if MH± < or > mt).
Possible new effects from SUSY!!

g tan� = 30g tan� = 3 WW
WW

�� ��

bb bb
Mh

BR(h)

13012011090
1

0.1
0.01

hhWW
ZZ

��
bb tt

MH
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Zh
��

�� bb

bb tt
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BR(A)

500300200100
1

0.1
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Wh

tb��
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BR(H+)
500300200100

1
0.1

0.01For tan β≫1, only decays into b/ τ :
BR: Φ→bb̄≈90%, Φ→ττ ≈10% .

For tan β≈1, other channels need to be considered too!
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3. MSSM Higgs at the LHC

SM production mechanisms What is different in MSSM

q�q V � � HV
Higgs{strahlung

�qq V �V � Hq
qVe
tor boson fusion

�gg HQgluon{gluon fusion �gg H Q�Q
in asso
iated with Q �Q

t�t�Z�W�qq�b�b�gg!�
pp! H+�tb

A
Hh

tan� = 30ps = 14 TeV�(pp! �+X) [pb℄
M� [GeV℄ 1000100

1000
100

10
1

0.1
0.01

• All work for CP–even h,H bosons.
– in ΦV, qqΦ h/H complementary
– additional mechanism: qq → A+h/H

• For gg → Φ andpp → QQΦ
– include the contr. of b–quarks
– dominant contr. at high tan β!

• For pseudoscalar A boson:
– CP: no ΦA and qqA processes
– gg → A and pp → bbA dominant.

• For charged Higgs boson:
– MH

<∼ mt: pp → tt̄ with t→H+b
– MH

>∼ mt: continuum pp → tb̄H−

At high tan β values :
– h as in SM with Mh =115−130GeV
– dominant channel: gg,bb̄→Φ→ττ
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3. MSSM Higgs at the LHC

Slightly outdated but still telling...
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4. Measurement of Higgs properties

Once the Higgs is found (even if nothing else): would HEP be “c losed”?
No! Need to check that H is indeed responsible of sEWSB (and SM -like?)

Measure its fundamental properties in the most precise way:
• its mass and total decay width,
• its spin–parity quantum numbers and check JPC = 0++,
• its couplings to fermions and gauge bosons and check that the y are
indeed proportional to the particle masses (fundamental pr ediction!),
• its self–couplings to reconstruct the potential VH that makes EWSB.
Possible for MH≈ 120–130 GeV as all production/decay channels useful!
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4. Higgs properties: mass and width
Higgs boson mass from:

– H → γγ for MH
<∼ 130 GeV

– H → ZZ → 4ℓ± beyond

Final ∆MH/MH ∼ 0.1% to 1%.

Higgs boson total width:

– Too small for MH
<∼ 2MZ

– H → ZZ → 4ℓ± beyond

Final ∆ΓH/ΓH ∼ a few %

Mass precisely measured but total width out of reach (invisi ble decays?)
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4. Higgs properties: JPC numbers
• Higgs spin:
H→γγ: rules out J=1 and fixes C=+.
– not generalizable to H↔gg(g≈q)
– other possibility left, ex: J=2 (radion).

• Higgs parity:
– H→ZZ→4ℓ± rules out CP–odd.
– spin–correlations in gg→H→WW∗.
But need to check that H is pure CP–even
– challenging precision measurement,
– roughly doable in H →VV→ 4ℓ± correlations.
– also in dΓ(H→ZZ∗)/dM∗

Drawback: If H is mostly CP–even,
rates for A → VV are too small...
More convincing: look at Hff couplings
Possible but challenging channels:
gg→H→ττ or pp→tt̄H→ttbb
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4. Higgs properties: Higgs couplings

• Look at various H production/decay
channels and measure Nev = σ × BR
LHC with L=300fb−1 (more statistics?)
• Large errors mainly due to:
– experimental: stats, system., lumi...
– theory: PDFs, HO/scale, model dep...
total error about 20–30% in gg → H
contaminates also VBF/HZ (30%)...
⇒ ratios of σ×BR: many errors drop out!
• One obtains width ratios: ΓX/ΓY

• Theory assumptions (no invisible, SU(2)
invariance, some couplings are known,..)
⇒ translate into ΓX ∝ g2

HXX with

precision: ∆gHXX = 1
2

(∆expΓ+∆thΓ)
Γ

⇒ reasonable precision of order 10%
not bad... but is it really enough?
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4. Higgs properties: Higgs self-couplings

Important couplings to be measured: gH3,gH4 ⇒ access to VH.
• gH3 from pp → HH + X ⇒
• gH4 from pp →3H+X, hopeless.

Relevant processes for HH prod:

only gg → HHX relevant...

� � H
HHg

g Q
� ��qq V � VHH

� �qq qqV �V � HH
1

90 100 120 140 160 180 190
0.1

1

10

100

MH[GeV]

SM: pp → HH +X
LHC: σ [fb]

WHH+ZHH

WW+ZZ → HH

gg → HH

WHH:ZHH ≈ 1.6
WW:ZZ ≈ 2.3

• H → γγ decay too rare,
• H → bb̄ decay not clean
• H → WW at low MH?
– parton level analysis...
– look for 2ℓ±, 3ℓ±+ν+jets+
– needs very large luminosity.
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4. Higgs properties at the LC
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Very precise measurements
mostly at

√
s<∼ 500 GeV

and mainly in e+e− → ZH
(with σ ∝ 1/s) and ZHH, ttH

gHWW ±0.012
gHZZ ±0.012
gHbb ±0.022
gHcc ±0.037
gHττ ±0.033
gHtt ±0.030
λHHH ±0.22
MH ±0.0004
ΓH ±0.061
CP ±0.038

⇒ difficult to be beaten by anything else for ≈ 125 GeV Higgs
⇒ Miyamoto
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5. Conclusion
So there is still a long way and a lot of work to do before we can c laim

that we have finally “understood the Higgs boson”...

and an e+e− Collider will be an essential instrument/step to get there. ..
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