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Observation of a new particle — July 4th, 2012

“we have a discovery”

2 independent observations:

ATLAS: combination of H → γγ

and H → ZZ ∗ → 4`

CMS: combination of several decay

channels

After the end of LHC run-I

ATLAS, H → γγ
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ATLAS

ATLAS, H → ZZ ∗ → 4`
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⇒ mass of the new particle ' 125 GeV
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Higgs candidates : H→ γγ and H→ ZZ∗→ 4`

H → γγ candidate at CMS H → ZZ ∗ → e+e−µ+µ− candidate at ATLAS
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Is it the Standard Model Higgs boson, indeed?

If it is the Standard Model Higgs boson, its properties are:

spin-parity : JCP = 0++

couplings to vector bosons : gV = 2
m2

V

υ

couplings to fermions : gf =
mf

υ

For a mass mH ' 125 GeV, several decay modes are kinematically accessible

⇒ a thorough study of its properties is possible

The “LHC run-1” ended in December 2012

Overall integrated luminosity :∫
L dt ∼ 5 fb−1 at

√
s = 7 TeV∫

L dt ∼ 20 fb−1 at
√
s = 8 TeV

ATLAS and CMS observed decays into γγ , ZZ ∗ , WW ∗ , τ+τ−

↑
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⇒ can probe several couplings and JCP states

Observation of H → γγ ⇒ C = +1 and J 6= 1 (Landau-Yang theorem)
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Anatomy of the new particle
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Measurements: general strategy

If it is the Higgs boson, its mass mH is the only free parameter of the model.

⇒ needs precise measurement.

Once mH is known, all the other properties are predicted by the Standard

Model

i o

H

i o

gi
SM go

SM

ii → H → oo

couplings to gauge bosons : gSM
V = 2

m2
V

υ

couplings to fermions : gSM
f =

mf

υ
production cross-sections σSMii→H

branching ratios BRSM
H→oo

total decay width ΓH

differential cross-sections
dσSM

dpT
,
dσSM

dY
, . . .

⇒ we can test the Standard Model predictions on observed data
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Statistical models used in measurements

Extended likelihood function: L(~α;~ν):

− lnL(~α;~ν) = (ns + nb)−
∑
e

 signal pdf︷ ︸︸ ︷
ns · fs (~xe|~α, ~νs) +

background pdf︷ ︸︸ ︷
nb · fb (~xe|~νb)


−

ancillary pdfs︷ ︸︸ ︷∑
k

ln πk(νk)

ns , nb: signal / background yields
~x : observables
fs , fb: signal / background pdfs
~α: parameters of interest

(mass, cross-section, couplings, . . . )
~ν: “nuisance parameters”

(shape parameters, systematics, . . . )
πk : pdfs obtained from auxiliary

measurements

Test statistic: “Profiled Likelihood Ratio” (PLR)

q~α = −2 ln Λ(~α) = −2 ln
L(~α; ˆ̂ν(~α))

L(α̂; ν̂)
← L(~α; ˆ̂ν(~α)): likelihood for fixed ~α and “profiled” ~ν

← L(α̂; ν̂): maximum likelihood for free ~α, ~ν

Wilks’ theorem : if ~α = ~αtrue, then q~α
follows a χ2

D distribution, with D being

the number of parameters of interest ~α

⇒ compute confidence intervals for ~α

α
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Mass measurement

Use the H → γγ and H → ZZ ∗ → 4` decay channels

that allow a full kinematics reconstruction with good invariant mass resolution (O (1 GeV))

ATLAS
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l+4γγCombined 
γγ →H 

l 4→ ZZ* →H 
without systematics

m̂H = 125.36± 0.37(stat)± 0.18(syst) GeV

CMS
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 ZZ tagged→H 
Combined:
stat. + syst.
stat. only

CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

 ZZ→ + H γγ →H 
(ggH,ttH),

γγ
µ, 

ZZ
µ

(VBF,VH)
γγ

µ
 (syst)

- 0.15

+0.14 (stat)- 0.27
+0.26 = 125.02Hm

m̂H = 125.02± 0.27(stat)± 0.15(syst) GeV

(e, µ energy scales from J/ψ,Υ,Z → `` ; γ energy scale from Z → e+e− and e → γ extrapolation)
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Mass measurement: ATLAS+CMS combination
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CMS and ATLAS

 Run 1LHC
l+4γγ CMS+ATLAS

l 4CMS+ATLAS

γγ CMS+ATLAS

l4→ZZ→H CMS

l4→ZZ→H ATLAS

γγ→H CMS

γγ→H ATLAS

m̂H = 125.09± 0.21(stat)± 0.11(syst) GeV

BUT : in the following, each experiment uses its own best m̂H
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Measurements of the couplings
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Higgs boson production at LHC

Production mechanisms at LHC
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Production via gg-fusion and via weak boson(s)

Introduce cross-section modifiers: µ =
σ · BR

σSM · BRSM
(aka “signal strengths”)

⇒ split by QCD production (ggF+tt̄H) and EW production (VBF+VH):

⇒ µVBF+VH probes HWW, HZZ vertices (EWSB)

⇒ µggF+ttH probes ttH vertex (Yukawa coupling)

ggF+ttH
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CMS
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(CAVEAT: need to account for contaminations across “tagged” categories)
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Couplings

Reminder: in SM Higgs couplings are gSM
f =

mf

υ
and gSM

V = 2
m2

V

υ

i o

H

i o

κ  gi i
SM κ  go o

SM

Couplings are accessible through production (ii → H) and decay (H → oo)

Define “couplings modifiers” κx =
gx
gSM
x

⇒ σii→H→oo = σSMii→H→oo ×
κ2
i κ

2
o

κ2
H

(κ2
H =

ΓH

ΓSM
H

=
∑
o

κ2
oBR

SM
H→oo)

⇒ Several couplings: κW , κZ , κt, κb, κτ . . .

Assume weak gauge boson universality: κW = κZ = κV and fermion universality: κt = κb = κτ = κf

Loop-mediated interactions described as in SM:

gg → H (mainly) through top quark virtual loop

⇒ κg = κt = κf
H → γγ through top and W virtual loops

⇒ κ2
γ = (1.26κW − 0.26κt)

2 = (1.26κV − 0.26κf )2
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(Universal) couplings to fermions and weak bosons

⇒ measure κV , κf for each decay channel H → γγ, H → WW ∗, H → ZZ ∗, H → τ+τ−, H → bb̄

⇒ then combine decay channels
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⇒ all measurements compatible with SM prediction (κV = 1, κf = 1)
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Relaxing some assumptions on couplings . . .

Test the weak gauge boson universality:

λWZ =
κW
κZ
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Test the isospin universality for

fermions: λdu =
κd
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(“u”/“d” refers to fermions isospin +/− 1
2)

and lepton/quark universality:
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κq
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Tests on ggH and Hγγ interactions

ggH and Hγγ interactions in SM are mediated by loops

⇒ particularly sensitive to new particles in the loops

⇒ consider κg , κγ as free and profile others
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Summary of the couplings and signal strengths

So far, none of the measurements shows discrepancies wrt Standard Model predictions

Particle mass (GeV)
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BUT : uncertainties are sizable! (stat, experimental syst, and theory)
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Spin hypothesis test

and parity measurements
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Spin/parity measurement

H → γγ: flat | cos θ∗| for spin-0, sensitive to spin-2
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.02

0.04

0.06

0.08

0.1

0.12

kq = kg

kq = 0

kq = 2 kg

H → WW ∗ → `ν`ν: W +/W− spin correlation

spin 0

H
m

1

m
2

H
m

1

m
2

W
+

W
+

W
−

W
−

l
−

l
+

l
−

l
+

ν

ν
−

ν
−

ν

(ll)φ∆

0 1 2 3

A
rb

it
ra

ry
 N

o
rm

a
lis

a
ti
o
n

0

0.1

0.2

0.3
 PreliminaryATLAS

 = 8 TeVsSimulation, 

e + 0 jetsµ/µ e→
(*)

 WW→H

 [125]
+

H 0

 [125]
+

H 2

 [GeV]llm

20 40 60 80

A
rb

it
ra

ry
 N

o
rm

a
lis

a
ti
o
n

0

0.1

0.2

 PreliminaryATLAS

 = 8 TeVsSimulation, 

e + 0 jetsµ/µ e→
(*)

 WW→H

 [125]
+

H 0

 [125]
+

H 2

sensitive to spin and parity

H → ZZ ∗ → 4`:

several angular observables + m12, m34

sensitive to spin and parity
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Spin-2 tests
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CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb ZZ + WW→X 

Observed Expected
σ 1± +0 σ 1± PJ
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- 2

qq gg production  productionqq

⇒ data favour spin-0
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Parity and CP-mixing

LV
0 = X0 ·

{
cosα κSM

[
1

2
gHZZZµZ

µ + gHWWW+
µ W−µ

]
− 1

4Λ

[
cosα κHZZZµνZ

µν + sinα κAZZZµνZ̃
µν
]

− 1

2Λ

[
cosα κHWWW+

µνW
−µν + sinα κAWWW+

µνW̃
−µν
]}

Standard Model : α = 0 , κHVV = 0 , κAVV = 0

Beyond SM : κHVV ⇒ CP-even , κAVV ⇒ CP-odd

CP-mixing for α 6= 0 and α 6= π
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⇒ κ̃HVV , κ̃AVV compatible with 0
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Width measurement
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Width measurement

In Standard Model, the Higgs decay width is expected to be ΓH ' 4 MeV

⇒ cannot measure it from the observed resonance width (experimental uncertainty O (GeV))

Use H → ZZ (∗) → 4` decays.

Compare Higgs on-shell (gg → H → ZZ ∗) and off-shell (gg → H∗ → ZZ ) production cross-sections:

σgg→H→ZZ∗ ∝
g

(
√
ŝ=mH)

Hgg · gHZZ
ΓHmH

; σgg→H∗→ZZ ∝
g

(
√
ŝ=2mZ )

Hgg · gHZZ
(2mZ )2

⇒ under specific assumptions on gHgg , gHZZ , their ratio gives a measurement of ΓH

(e.g. need to assume that gHgg be completely described by SM loops and scale accordingly with partonic
√
ŝ)
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Differential cross-sections
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Extraction of signal yield per category . . .
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divide events in categories (e.g. number of jets, bins of pγγT , bins of Yγγ,

etc . . . )

from the invariant mass spectrum, extract the signal yield in each

category / bin

then unfold the experimental effects (efficiencies, migrations, . . . )

⇒ get the cross-section per category / bin
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Differential cross-sections
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Summary
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The state of the art

ATLAS and CMS have analysed all LHC run-1 data.

Strong evidence for H → γγ , H → ZZ ∗ → 4` , H → WW ∗ → `ν`ν , H → τ+τ−

The new particle is compatible with a state JCP = 0++ — several alternative states disfavoured to > 99% CL.

All couplings’ measurements do not show any significant deviation from the Standard Model predictions

— but measurements of individual κ’s are precise to ≈ 10% − 30%

— affected by statistics, experimental effects, and theory uncertainties

“New results indicate that particle discovered at CERN is a Higgs boson” — CERN press release

Geneva, 14 March 2013. At the Moriond Conference today, the ATLAS and CMS collaborations at CERN’s Large Hadron Collider (LHC)

presented preliminary new results that further elucidate the particle discovered last year. [. . . ] The new particle is looking more and more

like a Higgs boson [. . . ] It remains an open question, however, whether this is the Higgs boson of the Standard Model of particle

physics, or possibly the lightest of several bosons predicted in some theories that go beyond the Standard Model. [. . . ] To characterize

all of the decay modes will require much more data from the LHC.
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Perspectives at LHC run-II

LHC recently delivered 1st p-p collisions at 13 TeV— we

are back into the game!

Run-II program (2015–2018)

p-p collisions at
√
s = 13 (14?) TeV

⇒ σH increases by a factor 2.3 (2.6 at 14 TeV)

Foreseen integrated lumi 100 fb−1 per experiment

(10 fb−1 in 2015 ?)

⇒ with 100 fb−1, ≈ 10 × more Higgs events than in

run-I

(and similar increase in backgrounds. . . )  [TeV]s
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 ttH (NLO QCD)
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 = 125 GeVHM

MSTW2008

Presently, theory prediction are dominated by PDF and αS uncertainties, and QCD scales (≈ 7%⊕ 7% overall)

Hard work ongoing from theorists on PDFs: more NNLO computations, more LHC processes introduced in the fits,

better methodology. Also, Higgs partonic cross-section evaluated at N3LO.

⇒ expect theory uncertainties to reduce sizably (down to ∼ 3% ?)

Some “educated guesses”
— With 100 fb−1at 13–14 TeV:

Precise measurements of H → τ+τ−, observation of H → bb̄, evidence of tt̄H production

— With 300 fb−1at 14 TeV(2020–2022):

Evidence of H → µ+µ−, precision measurements of all individual κ’s to . 10% accuracy
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More material
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Summary of the signal strengths
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So far, none of the measurements shows discrepancies wrt Standard Model predictions
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Expectations for 300 and 3000 fb−1
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Expectations for 300 and 3000 fb−1
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Expectations for 300 and 3000 fb−1

Expected uncertainties on κ ≡ g

gSM

at 300 fb−1 and 3000 fb−1.
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Higgs production at LHC
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Higgs decay modes
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Cross-sections at LHC
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