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Higgs-Hunting  2012, 
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 ILC  and  HL-LHC   potentials  

 (focus on the Higgs sector !) 
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Outline
 “Higgs” discovery ➜ deep impact on Physics Case  
for future accelerator planning !

 why a 126-GeV resonance  is particularly  interesting 
 new set up for studies on future-collider potential 

 High-Luminosity LHC (HL-LHC) project and potential 
 Linear Collider (LC)  projects and potential: ILC (+CLIC)

   Other options of interest for H physics not considered here :
 ring-based e+e- collider (see next talk): LEP3, superTristan, DLEP
➜ partial overlap with following LC discussion

 LHeC [add a linac (or e-ring) to LHC ➜ e-p coll.s], HE-LHC (pp,33 TeV)

 γγ colliders,  µµ colliders
2
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- A. De Roeck, et al,”From the LHC to Future Colliders”, Eur. Phys. J. C  66, 525 (2010)
- Gianotti, Mangano, Virdee et al.,”Physics potential and experimental challenges of the   
LHC luminosity upgrade”,  Eur. Phys. J. C 39, 293–333 (2005)
- ATLAS Collaboration, TDR, arXiv:0901.0512
- CMS Collaboration, Physics TDR, CERN/LHCC/2006-021, June 2006

+ reports prepared by Linear Collider Community (>20 years work):
- TESLA Technical Design Report, TESLA Report 2001-23
- ILC Reference Design Report “Physics at the ILC”, arXiv:0709.1893
- ILD Letter of Intent, arXiv:1006.3396
- SiD Letter of Intent, arXiv:0911.0006
- CLIC Conceptual Design Report “Physics and Detectors at CLIC”, arXiv:1202.5940
- Input from LC community to European Strategy Process, in preparation

          (many hundreds of people involved from many dozens of Institutions worldwide !)
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A  few  references

my  apologies  to all  whose results  I am showing  
without  explicitly quoting  their contribution !
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we are standing at a “turning-point” in the assessment of 
future (post-LHC) collider projects (under scrutiny from late 80’s!) :

    ➜ narrow resonance at m~126 GeV (compatible with SM Higgs)  

       just discovered at LHC !
➜  a collider planned today should better cover 
    (also)  its  physics  as  thoroughly  as  possible !

 LHC will make a lot of progress in this direction in a few years...

   Should we look further  ?

4

Physics Case for future colliders

- is it really a Higgs boson ?
- is  it  fundamental (➜ Susy ?)  or  composite ?
- how  many  doublets ?  singlets?  charged  H’s ?
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 test H couplings to vector bosons (EWSB),  fermions and  selfcouplings

is the LHC signal really a SM Higgs ?
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HIGGS PHYSICS

threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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H ➜ WW* 23%*
H ➜ γγ     2.3‰*

H ➜ γZ   1.6 ‰*

H ➜ bb  56%*
H ➜ cc  2.8%H ➜ ZZ*  2.9%*

H ➜ gg    8.5%*

H ➜ τ τ  6.2%*

H ➜ μ μ  0.21‰

ΓH = 4.2 MeVmH ~ 126 GeV

new  set  
of  reference 
SM   parameters

λ = (mH /v)2/2 =0.131

many couplings  

accessible at LHC (*) !

~Y2Htt*
∼ λv
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Direct  gHXX determination : 
what we know today !

starting point of new exciting chapter of experimental measurements 
(regardless of possible further new-state discoveries at the LHC !) 

note: one-loop decays (H➜γγ) and production (gg➜H) are very sensitive to 
new heavy degrees of freedom that do not decouple !

new generation of  Precision Tests  opens up  today  with excellent 
sensitivity to BSM effects   (➜  cf. EWPT’s at LEP)

ability to reach accuracies on  gHXX’s as large as  possible  crucial !
6

agrees with SM Higgs within 95% CL
(best fit at  CV~1 , CF~ 0.5)

CF = gHff / gSM    
CV = gHVV / gSM 

universal  modifiers  of 
fermion  and vector 

H couplings
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High Luminosity (HL)  LHC  upgrade
after 2021, increase lumi by factor ~5 (1034 ➜ 5.1035 cm-2s-1)
then run for ~ 10 years collecting ~3000 fb-1/exp

anything benefitting from statistics improves (e.g. coupl.s accuracy)!

rare processes

larger phase space for heavy states by (20-40)% 

Higgs sector more accurately

increased precision in gHXX, Higgs pairs (gHHH ???)

H ➜ γZ ➜γℓℓ  (~10 σ in SM),   H ➜ μμ   (~7 σ in SM) 

final (updated) detector performance not yet well known !!! 
➜ hard to estimate now final reach ;  in particular,
major detector upgrade needed for Higgs physics (pile-up,b-tagging...);
studies in Atlas/CMS in view of European Strategy Update in 
progress...

7
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event rates depend on  3 quantities !

only ratios of rates ( ➜ ratios of  Brx’s  or  Γx’s ) are model 
independent !

at HL LHC :  
a common rescaling of all couplings can be accommodated by  
an  extra invisible (=non-detected)  contribution  to  Γtotal

can get tighter constraints by simplified assumptions : 
e.g. assume universal rescaling factor for all gHXX   (could reflect 
mixing in a Higgs portal or strongly int. nature of a composite Higgs)

gHXX  analysis model dependent at pp colliders !
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Main production mechanisms of the Higgs at hadron colliders:

A. Djouadi, 0503172

Among them gluon fusion is the dominant mechanism!

Main Higgs Production channels at Hadron Colliders

Bσ(pp̄ → h → XSM ≡ σ(pp̄ → h)
Γ(h → XSM)

Γtotal

The event rate depends on three quantities

 In this talk, we shall concentrate on diphoton rate enhancement induced by a modified width of the Higgs decaying to diphotons. 

)

Paris
18/11/11 gigi.rolandi@cern.ch  HCP2011 /33

Higgs production pp@2TeV vs pp@7Tev

4
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SFitter assessment for HL LHC potential
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In the future

2012, 2014, . . . (assuming mH = 125 GeV)

Scenarios: 2012low: (7.5 fb−1, 8 TeV)⊗ (5 fb−1, 7 TeV)
2012high: (17.5 fb−1, 8 TeV)⊗ (5 fb−1, 7 TeV)
2014: (30 fb−1, 14 TeV)

Standard Model hypothesis
Extrapolation 7→8 TeV done blindly (only statistical improvements)
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gg and gγ accessible
independently

⇒ exciting prospects

M. Rauch – Higgs coupling measurements Workshop “The Next Stretch of the Higgs Magnificent Mile”, May 2012 11/25

LHC’s final numbers

LHC high-luminosity run: 14 TeV, 3000 fb−1

Standard Model hypothesis
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LHC’s final numbers

LHC high-luminosity run: 14 TeV, 3000 fb−1
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map data onto weak-scale effective 
theory  with  general  gHXX :

}± 20%

Measuring Higgs Couplings from LHC Data

Markus Klute,1 Rémi Lafaye,2 Tilman Plehn,3 Michael Rauch,4 and Dirk Zerwas5

1Massachusetts Institute of Technology, Cambridge, US
2LAPP, Université Savoie, IN2P3/CNRS, Annecy, France

3Institut für Theoretische Physik, Universität Heidelberg, Germany
4Institut für Theoretische Physik, Karlsruhe Institute of Technology (KIT), Germany

5LAL, IN2P3/CNRS, Orsay, France

Following recent ATLAS and CMS publications we interpret the results of their Higgs searches
in terms of Standard Model operators. For a Higgs mass of 125 GeV we determine several Higgs
couplings from 2011 data and extrapolate the results towards different scenarios of LHC running.
Even though our analysis is limited by low statistics we already derive meaningful constraints on
modified Higgs sectors.

If a scalar Higgs boson [1] exists, it should soon be
discovered by ATLAS [2] and CMS [3]. This would finally
complete the Standard Model of elementary particles at
the electroweak scale. Going well beyond an observation
of spontaneous symmetry breaking it would establish the
fundamental concept of field theories in general and non-
abelian gauge theories in particular.

A minimal Higgs sector with only one physical state
predicts all properties of the Higgs boson, except for its
mass: all couplings to other particles are proportional
to their masses [4–6]. Modifications of any kind typi-
cally alter this structure and modify the relative coupling
strengths to different fermions and gauge bosons.

One particularly appealing aspect of Higgs physics at
the LHC is that it is sensitive to new physics orthog-
onally to direct searches [7]. First, the dimension-five
operators (D5) coupling the Higgs boson to gluons and
to photons determine the main Higgs production channel
and one of the most promising decay channels [4–6]. New
particles coupling to the Higgs boson will contribute to
these operators [8]. As an example, chiral fermions do
not even decouple, so their contributions to Higgs pro-
duction strongly constrain the model parameters.

Second, new physics can couple to the Standard Model
through a renormalizable dimension-four operator: a
Higgs portal [9]. Typical LHC effects of such a portal
include universally reduced Higgs couplings and Higgs
decays to invisible particles. Similarly, strongly interact-
ing models in general alter the Higgs couplings reflecting
the structure of the underlying theory. Both of these pe-
culiarities of the Higgs sector illustrate the high priority
of a general Higgs coupling analysis [10–15].

SFitter Higgs analyses — the setup for our analysis
follows Refs. [10] and [16]. Any Higgs coupling to SM
particles is parameterized as

gxxH ≡ gx = (1 +∆x) gSMx . (1)

Independent variations of ∆γ and ∆g can be included.
Using ratios modified by (1 + ∆x/y) can eventually be
useful to cancel theoretical or systematic uncertainties.

The operator form of all couplings is given by the Stan-
dard Model, i.e. we assume the Higgs to be a parity-
even scalar. An observation in the γγ channel suggests
that we do not have to consider spin-one interpreta-
tions [17]. Alternative gauge-invariant forms for example
of the WWH coupling (WµνWµνH) will eventually be
testable in weak boson fusion (WBF) [18].
In the absence of a measurement of the Higgs width,

which enters any rate prediction, we assume [19]

Γtot =
∑

obs

Γx(gx) + 2nd generation < 2GeV , (2)

the upper limit, corresponding to ∆b
<∼ 28, given by

the experimental resolution where width effects would
be visible. The LHC will have no sensitivity to the
ccH coupling, which contributes to the total width at
the level of several per-cent [4]; therefore, our addi-
tional model assumption is linking the second-generation
Yukawa couplings to their third-generation counter parts,
e.g. gc = mc/mt×gSMt (1+∆t) with an appropriate scale
choice in the running masses.

Beyond the available 2011 results [2, 3] we assume four
scenarios:

2011: (5 fb−1; 7 TeV)
2012low: (7.5 fb−1, 8 TeV)⊗ (5 fb−1, 7 TeV)
2012high: (17.5 fb−1, 8 TeV)⊗ (5 fb−1, 7 TeV)
2014: (30 fb−1, 14 TeV)
HL-LHC: (3000 fb−1, 14 TeV)

We rely on fully correlated experimental and theoret-
ical uncertainties [20–22]. This includes a Poisson shape
for counting rates and the centrally flat Rfit scheme for
theory uncertainties [23]. For the 7 TeV (and 8 TeV)
run we use background rates, efficiencies and experimen-
tal uncertainties as published by ATLAS and CMS [2, 3].
For 14 TeV our input is described in Ref. [10, 11].
Our analysis starts with a fully exclusive log-likelihood

map of the parameter space. Lower-dimensional distri-
butions we project using a profile likelihood. The best-
fitting parameter points we identify using Minuit. Fi-
nally, the quoted 68% confidence levels we obtain from
5000 toy measurements.
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ΔmH     and   Δ ΓH ,  Spin and CP   (LHC,  300 fb-1)

10

ΔmH/mH ~ 1‰ ΓH  not accessible at 126 GeV !

measure Spin and CP properties through final state distributions 
[ CMS,Atlas already exploiting Higgs Spin for bckgr rejection (MELA) ]
mixing of different CP states could be difficult  !
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e+e- Linear Collider (LC) Projects
ILC  (International Linear Collider)

superconducting RF Cavities ➜  accelerat. gradient 31.5 MV/m (proven)
aimed at Ecm = 500 GeV ➜ 31 Km; possible extension to 1 TeV
RDR in 2007; TDR and Detailed Baseline Designs released in 2013; 
led by Global Design Effort since 2005

CLIC (Compact Linear Collider)
normal conducting accelerating structure : 
two-beam scheme (Drive Beam supplies RF power)
 ➜ gradient 100 MV/m  (in development)
from Higgs/top threshold up to 3 TeV (upgradable in steps)
Staged Construction ;   
Ecm = 0.5 TeV ➜ 14 Km, 1.4 TeV ➜ 25 Km, 3 TeV  ➜ 48 Km
strong accelerator R&D program at CERN (CTF3)
currently at CDR stage (Physics and Detectors, http://arxiv.org/abs/1202.5940)

11

Ecm tunable, beam 
polarization...
a lot of flexibility !

 L~ a few 1034cm-2s-1

New (unified)  Linear Collider (LC) organization structure is currently being 
set up, encompassing both ILC and CLIC. Will cover both LC accelerator 

studies and  LC physics and detector studies, starting from 2013 !
( prepare the way for a single linear collider proposal...)

http://arxiv.org/abs/1202.5940
http://arxiv.org/abs/1202.5940
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ILC  site  proposal  by  Japan

13

“The future vision of Tohoku with the ILC as a core facility” 
report  presented at the Tohoku Advanced Science and Technology Study  
Group meeting on  10  July 2012  (Japan)

main campus of “ILC science city”
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LC potential complementary to LHC / HL LHC

clean experimental conditions !
precision Higgs physics (SM and BSM) : 
σ’s, absolute BR’s, gHXX (model independent !), gHHH (!),
mass, total width, quantum numbers
precision top physics (mass,width,asymmetries)
access to weakly interacting BSM states, 
like sleptons and ew-gauginos
could detect what is “invisible” at LHC
(untriggered operation ➜ could find unexpected signals that do 
not pass LHC trigger...)
experimental sensitivities well understood;
2 detector concepts: ILD and SiD (➜ CLIC-variants for higher E and bkgds)

full simulation/reconstruction done extensively (pile-up of bkgds)
14
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Cross Sections  (mH=120 GeV)
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV
σ(e+e− → ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1 fb
σ(e+e− → Hνeνe) 8 fb 30 fb 75 fb 210 fb 309 fb 484 fb
Int. L 250 fb−1 350 fb−1 500 fb−1 1000 fb−1 1500 fb−1 2000 fb−1

# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# Hνeνe events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs cross sections for the Higgs-strahlung and WW-fusion processes at various
centre-of-mass energies for mH = 125 GeV. Also listed the expected number of events accounting for the
anticipated luminosities obtained from approximately 5 years running at these energies.

√
s 250 GeV 350 GeV

Int. L 250 fb−1 350 fb−1

∆(σ)/σ 3 % 4 %
∆(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
√

s = 250 GeVand
√

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [10] and follow-up studies.

with a peak cross section at approximately 30 GeV above the ZH production threshold. At higher centre-129

of-mass energies, the WW fusion process e+e− → Hνeνe becomes increasingly important. For a low mass130

Higgs boson the fusion process dominates above
√

s ∼ 500 GeV. The WW fusion cross section increases131

approximately logarithmically with
√

s, allowing large samples of Higgs bosons to be studied at a TeV-132

scale LC. The ZZ fusion process e+e− → He+e− has a cross section which is approximately an order of133

magnitude smaller than the WW fusion process. Table 1 compares the expected number of ZH and Hνeνe at134

the main centre-of-mass energies considered in the ILC and CLIC studies. Even at the lowest LC energies135

considered, large samples of Higgs bosons can be accumulated. In addition to the main Higgs production136

processes, rarer processes such as e+e− → ttH, e+e− → ZHH and e+e− → HHνeνe provide access to the top137

quark Yukawa coupling and the Higgs trilinear self-coupling.138

2.2 Higgs Coupling Measurements at
√

s < 500 GeV139

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-140

independent manner. This is unique to a LC. The clean experimental environment and the relatively low SM141

cross sections for background processes, allow e+e− → ZH events to be selected based on the identification142

of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the143

Higgs decay, is not considered in the event selection. For example, Figure 1 shows the simulated invariant144

mass distribution of the system recoiling against identified Z → µ+µ− decays at a LC for
√

s = 250 GeV.145

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of146

the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-147

strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs148

boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can149

be made. The precisions achievable on the Higgs-strahlung cross section and the coupling gHZZ are shown150

in Table 2 for mH = 120 GeV .151

The recoil mass study provides an absolute measurement of the total ZH production cross section and152

therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 −153

4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection154

are expected to be significantly smaller. Subsequently, by identifying the individual final states for different155

Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made. Due156
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boson decays mostly into gauge bosons, accuracies of the same order can also be reached.
The reconstructed Higgs mass peaks are shown in Fig. 2.2.3 at a c.m. energy of

√
s = 350

GeV in the channels HZ → bb̄qq̄ and HZ → WW ∗qq̄.
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FIGURE 2.10. The Higgs mass peaks reconstructed in different channels with constrained fits for two
values of MH , a luminosity of 500 fb−1 and

√
s = 350 GeV : HZ → bb̄qq̄ at MH = 120 GeV (left) and

HZ → WW ∗qq̄ at MH = 150 GeV (right); from Ref. [7].

The Higgs spin and parity

The determination of the JP = 0+ quantum number of the SM Higgs boson can also be
performed in the Higgs–strahlung process. The measurement of the rise of the cross section
near threshold, σ(e+e− → HZ) ∝ λ1/2, rules out JP = 0−, 1−, 2− and higher spin 3±, · · ·,
which rise with higher powers of the velocity λ1/2; the possibilities 1+, 2+ can be ruled out
by studying angular correlations [84]. A threshold scan with a luminosity of 20 fb−1 at three
c.m. energies is sufficient to distinguish the various behaviors; Fig. 2.11 (left). The angular
distribution of the Z/H bosons in Higgs–strahlung is also sensitive to the spin–zero of the
Higgs particle: at high–energies, the Z is longitudinally polarized and the distribution follows
the ∼ sin2 θ law which unambiguously characterizes the production of a JP = 0+ particle.
Assuming that the Higgs particle is a mixed CP–even and CP–odd state with η parameterizing
the mixture, the angular distribution can be checked experimentally; Fig. 2.11 (right). The
Higgs JPC quantum numbers can also be checked by looking at correlations in the production
e+e− → HZ → 4f or in the decay H → WW ∗, ZZ∗ → 4f processes [85].

The CP nature of the Higgs boson would be best tested in the couplings to fermions,
where the scalar and pseudoscalar components might have comparable size. Such tests can
be performed in the decay channel H → τ+τ− for MH <∼ 140 GeV by studying the spin
correlations between the final decay products of the two τ leptons [88]. The acoplanarity
angle between the decay planes of the two ρ mesons produced from τ+ and τ−, which can
be reconstructed in the Higgs rest frame using the τ lifetime information, is a very sensitive
probe, allowing a discrimination between a CP–even and CP–odd state at the 95% CL;
additional information from the τ impact parameter is also useful. The CP quantum numbers

II-22 ILC-Reference Design Report

HIGGS PHYSICS

boson decays mostly into gauge bosons, accuracies of the same order can also be reached.
The reconstructed Higgs mass peaks are shown in Fig. 2.2.3 at a c.m. energy of

√
s = 350

GeV in the channels HZ → bb̄qq̄ and HZ → WW ∗qq̄.

0

500

1000

100 120 140

Mass from 5C fit [GeV]

E
v

en
ts

 /
 G

eV

Data
(a)

Fit result

m
H

 = 120 GeV

0

100

200

120 140 160 180 200

m
H

[GeV ]

E
v
en

ts
 /

 1
 G

eV

Data
(c)

Fit result

Signal

m
H

 = 150 GeV

FIGURE 2.10. The Higgs mass peaks reconstructed in different channels with constrained fits for two
values of MH , a luminosity of 500 fb−1 and

√
s = 350 GeV : HZ → bb̄qq̄ at MH = 120 GeV (left) and

HZ → WW ∗qq̄ at MH = 150 GeV (right); from Ref. [7].

The Higgs spin and parity

The determination of the JP = 0+ quantum number of the SM Higgs boson can also be
performed in the Higgs–strahlung process. The measurement of the rise of the cross section
near threshold, σ(e+e− → HZ) ∝ λ1/2, rules out JP = 0−, 1−, 2− and higher spin 3±, · · ·,
which rise with higher powers of the velocity λ1/2; the possibilities 1+, 2+ can be ruled out
by studying angular correlations [84]. A threshold scan with a luminosity of 20 fb−1 at three
c.m. energies is sufficient to distinguish the various behaviors; Fig. 2.11 (left). The angular
distribution of the Z/H bosons in Higgs–strahlung is also sensitive to the spin–zero of the
Higgs particle: at high–energies, the Z is longitudinally polarized and the distribution follows
the ∼ sin2 θ law which unambiguously characterizes the production of a JP = 0+ particle.
Assuming that the Higgs particle is a mixed CP–even and CP–odd state with η parameterizing
the mixture, the angular distribution can be checked experimentally; Fig. 2.11 (right). The
Higgs JPC quantum numbers can also be checked by looking at correlations in the production
e+e− → HZ → 4f or in the decay H → WW ∗, ZZ∗ → 4f processes [85].

The CP nature of the Higgs boson would be best tested in the couplings to fermions,
where the scalar and pseudoscalar components might have comparable size. Such tests can
be performed in the decay channel H → τ+τ− for MH <∼ 140 GeV by studying the spin
correlations between the final decay products of the two τ leptons [88]. The acoplanarity
angle between the decay planes of the two ρ mesons produced from τ+ and τ−, which can
be reconstructed in the Higgs rest frame using the τ lifetime information, is a very sensitive
probe, allowing a discrimination between a CP–even and CP–odd state at the 95% CL;
additional information from the τ impact parameter is also useful. The CP quantum numbers
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The Higgs spin and parity

The determination of the JP = 0+ quantum number of the SM Higgs boson can also be
performed in the Higgs–strahlung process. The measurement of the rise of the cross section
near threshold, σ(e+e− → HZ) ∝ λ1/2, rules out JP = 0−, 1−, 2− and higher spin 3±, · · ·,
which rise with higher powers of the velocity λ1/2; the possibilities 1+, 2+ can be ruled out
by studying angular correlations [84]. A threshold scan with a luminosity of 20 fb−1 at three
c.m. energies is sufficient to distinguish the various behaviors; Fig. 2.11 (left). The angular
distribution of the Z/H bosons in Higgs–strahlung is also sensitive to the spin–zero of the
Higgs particle: at high–energies, the Z is longitudinally polarized and the distribution follows
the ∼ sin2 θ law which unambiguously characterizes the production of a JP = 0+ particle.
Assuming that the Higgs particle is a mixed CP–even and CP–odd state with η parameterizing
the mixture, the angular distribution can be checked experimentally; Fig. 2.11 (right). The
Higgs JPC quantum numbers can also be checked by looking at correlations in the production
e+e− → HZ → 4f or in the decay H → WW ∗, ZZ∗ → 4f processes [85].

The CP nature of the Higgs boson would be best tested in the couplings to fermions,
where the scalar and pseudoscalar components might have comparable size. Such tests can
be performed in the decay channel H → τ+τ− for MH <∼ 140 GeV by studying the spin
correlations between the final decay products of the two τ leptons [88]. The acoplanarity
angle between the decay planes of the two ρ mesons produced from τ+ and τ−, which can
be reconstructed in the Higgs rest frame using the τ lifetime information, is a very sensitive
probe, allowing a discrimination between a CP–even and CP–odd state at the 95% CL;
additional information from the τ impact parameter is also useful. The CP quantum numbers
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The Higgs spin and parity

The determination of the JP = 0+ quantum number of the SM Higgs boson can also be
performed in the Higgs–strahlung process. The measurement of the rise of the cross section
near threshold, σ(e+e− → HZ) ∝ λ1/2, rules out JP = 0−, 1−, 2− and higher spin 3±, · · ·,
which rise with higher powers of the velocity λ1/2; the possibilities 1+, 2+ can be ruled out
by studying angular correlations [84]. A threshold scan with a luminosity of 20 fb−1 at three
c.m. energies is sufficient to distinguish the various behaviors; Fig. 2.11 (left). The angular
distribution of the Z/H bosons in Higgs–strahlung is also sensitive to the spin–zero of the
Higgs particle: at high–energies, the Z is longitudinally polarized and the distribution follows
the ∼ sin2 θ law which unambiguously characterizes the production of a JP = 0+ particle.
Assuming that the Higgs particle is a mixed CP–even and CP–odd state with η parameterizing
the mixture, the angular distribution can be checked experimentally; Fig. 2.11 (right). The
Higgs JPC quantum numbers can also be checked by looking at correlations in the production
e+e− → HZ → 4f or in the decay H → WW ∗, ZZ∗ → 4f processes [85].

The CP nature of the Higgs boson would be best tested in the couplings to fermions,
where the scalar and pseudoscalar components might have comparable size. Such tests can
be performed in the decay channel H → τ+τ− for MH <∼ 140 GeV by studying the spin
correlations between the final decay products of the two τ leptons [88]. The acoplanarity
angle between the decay planes of the two ρ mesons produced from τ+ and τ−, which can
be reconstructed in the Higgs rest frame using the τ lifetime information, is a very sensitive
probe, allowing a discrimination between a CP–even and CP–odd state at the 95% CL;
additional information from the τ impact parameter is also useful. The CP quantum numbers
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV
σ(e+e− → ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1 fb
σ(e+e− → Hνeνe) 8 fb 30 fb 75 fb 210 fb 309 fb 484 fb
Int. L 250 fb−1 350 fb−1 500 fb−1 1000 fb−1 1500 fb−1 2000 fb−1

# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# Hνeνe events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs cross sections for the Higgs-strahlung and WW-fusion processes at various
centre-of-mass energies for mH = 125 GeV. Also listed the expected number of events accounting for the
anticipated luminosities obtained from approximately 5 years running at these energies.

√
s 250 GeV 350 GeV

Int. L 250 fb−1 350 fb−1

∆(σ)/σ 3 % 4 %
∆(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
√

s = 250 GeVand
√

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [10] and follow-up studies.

with a peak cross section at approximately 30 GeV above the ZH production threshold. At higher centre-129

of-mass energies, the WW fusion process e+e− → Hνeνe becomes increasingly important. For a low mass130

Higgs boson the fusion process dominates above
√

s ∼ 500 GeV. The WW fusion cross section increases131

approximately logarithmically with
√

s, allowing large samples of Higgs bosons to be studied at a TeV-132

scale LC. The ZZ fusion process e+e− → He+e− has a cross section which is approximately an order of133

magnitude smaller than the WW fusion process. Table 1 compares the expected number of ZH and Hνeνe at134

the main centre-of-mass energies considered in the ILC and CLIC studies. Even at the lowest LC energies135

considered, large samples of Higgs bosons can be accumulated. In addition to the main Higgs production136

processes, rarer processes such as e+e− → ttH, e+e− → ZHH and e+e− → HHνeνe provide access to the top137

quark Yukawa coupling and the Higgs trilinear self-coupling.138

2.2 Higgs Coupling Measurements at
√

s < 500 GeV139

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-140

independent manner. This is unique to a LC. The clean experimental environment and the relatively low SM141

cross sections for background processes, allow e+e− → ZH events to be selected based on the identification142

of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the143

Higgs decay, is not considered in the event selection. For example, Figure 1 shows the simulated invariant144

mass distribution of the system recoiling against identified Z → µ+µ− decays at a LC for
√

s = 250 GeV.145

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of146

the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-147

strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs148

boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can149

be made. The precisions achievable on the Higgs-strahlung cross section and the coupling gHZZ are shown150

in Table 2 for mH = 120 GeV .151

The recoil mass study provides an absolute measurement of the total ZH production cross section and152

therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 −153

4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection154

are expected to be significantly smaller. Subsequently, by identifying the individual final states for different155

Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made. Due156
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associated calorimetric information resulting in an event efficiency of 95.4% for identifying
both in µ+µ−X events and 98.8% for both electrons in e+e−X events. Candidate Z de-
cays are identified from oppositely charged pairs of identified leptons within a mass window
around mZ. Background from Z → !+!− is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z → !+!− events with initial and final state radiation. The backgrounds from e+e− → ZZ and
e+e− → W+W− are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 3.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and σ(e+e− → ZH) are listed in Table 3.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

3.3.1.1 Influence of Bremsstrahlung

From figure 3.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e−X channel. One possible strategy
to mitigate this effect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [32] and
the four momenta of the e+e−X + nγ system is used in the event selection and recoil mass
calculation. Figure 3.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 3.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e−Xnγ) for
mH and σ(e+e− → ZH) are listed in Table 3.3-4. Including Bremsstrahlung photons improves
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FIGURE 3.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e− → HZ in
which a) Z → µ+µ− and b) Z → e+e−. The results are shown for a beam polarisation of P (e+, e−) =
(+30%,−80%).
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around mZ. Background from Z → !+!− is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z → !+!− events with initial and final state radiation. The backgrounds from e+e− → ZZ and
e+e− → W+W− are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 3.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and σ(e+e− → ZH) are listed in Table 3.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

3.3.1.1 Influence of Bremsstrahlung

From figure 3.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e−X channel. One possible strategy
to mitigate this effect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [32] and
the four momenta of the e+e−X + nγ system is used in the event selection and recoil mass
calculation. Figure 3.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 3.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e−Xnγ) for
mH and σ(e+e− → ZH) are listed in Table 3.3-4. Including Bremsstrahlung photons improves

115 120 125 130 135 1400

50

100

150

 /GeVrecoilm
115 120 125 130 135 140

Ev
en

ts

0

50

100

150

Signal+Background
Fitted signal+background
Signal
Fitted background

a) X-µ+µ→ZH

 /GeVHm
115 120 125 130 135 140

Ev
en

ts

0

20

40

60

80

115 120 125 130 135 1400

20

40

60

80

Signal+Background
Fitted signal+background
Signal
Fitted background

b)
X-e+ e→ZH

FIGURE 3.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e− → HZ in
which a) Z → µ+µ− and b) Z → e+e−. The results are shown for a beam polarisation of P (e+, e−) =
(+30%,−80%).

38 ILD - Letter of Intent

PHYSICS PERFORMANCE

associated calorimetric information resulting in an event efficiency of 95.4% for identifying
both in µ+µ−X events and 98.8% for both electrons in e+e−X events. Candidate Z de-
cays are identified from oppositely charged pairs of identified leptons within a mass window
around mZ. Background from Z → !+!− is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z → !+!− events with initial and final state radiation. The backgrounds from e+e− → ZZ and
e+e− → W+W− are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 3.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and σ(e+e− → ZH) are listed in Table 3.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

3.3.1.1 Influence of Bremsstrahlung

From figure 3.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e−X channel. One possible strategy
to mitigate this effect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [32] and
the four momenta of the e+e−X + nγ system is used in the event selection and recoil mass
calculation. Figure 3.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 3.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e−Xnγ) for
mH and σ(e+e− → ZH) are listed in Table 3.3-4. Including Bremsstrahlung photons improves

115 120 125 130 135 1400

50

100

150

 /GeVrecoilm
115 120 125 130 135 140

Ev
en

ts
0

50

100

150

Signal+Background
Fitted signal+background
Signal
Fitted background

a) X-µ+µ→ZH

 /GeVHm
115 120 125 130 135 140

Ev
en

ts

0

20

40

60

80

115 120 125 130 135 1400

20

40

60

80

Signal+Background
Fitted signal+background
Signal
Fitted background

b)
X-e+ e→ZH

FIGURE 3.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e− → HZ in
which a) Z → µ+µ− and b) Z → e+e−. The results are shown for a beam polarisation of P (e+, e−) =
(+30%,−80%).

38 ILD - Letter of Intent

Physics Performance

|θ|cos
0 0.2 0.4 0.6 0.8 1

E/
G

eV
 / 

 
90

rm
s

0

0.2

0.4

0.6

0.8

1

1.2

 uds→Z 
PandoraPFA v03-00

  45 GeV Jets
100 GeV Jets
180 GeV Jets
250 GeV Jets

  45 GeV Jets
100 GeV Jets
180 GeV Jets
250 GeV Jets

  45 GeV Jets
100 GeV Jets
180 GeV Jets
250 GeV Jets

FIGURE 3.2-12. The jet energy resolution, defined as the α in σE/E = α
√

E/GeV, plotted versus cos θqq
for four different jet energies.

3.3 PHYSICS PERFORMANCE

The ILD detector performance has been evaluated for a number of physics processes. The
analyses, described below, all use the full simulation of ILD and full event reconstruction.
Jet finding is performed using the Durham algorithm[28] with the hadronic system being
forced into the appropriate number of jets for the event topology. The benchmark physics
analyses[24] are studied at

√
s = 250GeV and

√
s = 500GeV. Unless otherwise stated, the

results for
√
s = 250GeV (

√
s = 500GeV) correspond to an integrated luminosity of 250 fb−1

(500 fb−1) and a beam polarisation of P (e+, e−) = (+30%,−80%).

3.3.1 Higgs Boson mass

The precise determination of the properties of the Higgs boson is one of the main goals
of the ILC. Of particular importance are its mass, mH, the total production cross section,
σ(e+e− → HZ), and the Higgs branching ratios. Fits to current electroweak data[29] and
direct limits from searches at LEP and at the Tevatron favour a relatively low value for mH.
Studies of these measurements with ILD are described below. A data sample of 250 fb−1 at√
s = 250GeV is assumed and mH is taken to be 120GeV. For these values, the dominant

Higgs production process is Higgs-strahlung, e+e− → ZH.
The Higgs boson mass can be determined precisely from the distribution of the recoil

mass, mrecoil, in ZH → e+e−X and ZH → µ+µ−X events, where X represents the Higgs
decay products. The recoil mass is calculated from the reconstructed four-momentum of the
system recoiling against the Z. The µ+µ−X-channel yields the most precise measurement as
the e+e−X-channel suffers from larger experimental uncertainties due to bremsstrahlung from
the electrons and the larger background from Bhabha scattering events. The study[30, 31]
is performed for two electron/positron beam polarisations: P (e+, e−) = (−30%,+80%) and
P (e+, e−) = (+30%,−80%). In the simulation, Gaussian beam energy spreads of 0.28% and
0.18% are assumed for the incoming electron and positron beams respectively.

The first stage in the event selection is the identification of leptonically decaying Z bosons.
Candidate lepton tracks are required to be well-measured, removing tracks with large un-
certainties on the reconstructed momentum. Lepton identification is performed using the

ILD - Letter of Intent 37

Physics Performance

|θ|cos
0 0.2 0.4 0.6 0.8 1

E/
G

eV
 / 

 
90

rm
s

0

0.2

0.4

0.6

0.8

1

1.2

 uds→Z 
PandoraPFA v03-00

  45 GeV Jets
100 GeV Jets
180 GeV Jets
250 GeV Jets

  45 GeV Jets
100 GeV Jets
180 GeV Jets
250 GeV Jets

  45 GeV Jets
100 GeV Jets
180 GeV Jets
250 GeV Jets

FIGURE 3.2-12. The jet energy resolution, defined as the α in σE/E = α
√

E/GeV, plotted versus cos θqq
for four different jet energies.

3.3 PHYSICS PERFORMANCE

The ILD detector performance has been evaluated for a number of physics processes. The
analyses, described below, all use the full simulation of ILD and full event reconstruction.
Jet finding is performed using the Durham algorithm[28] with the hadronic system being
forced into the appropriate number of jets for the event topology. The benchmark physics
analyses[24] are studied at

√
s = 250GeV and

√
s = 500GeV. Unless otherwise stated, the

results for
√
s = 250GeV (

√
s = 500GeV) correspond to an integrated luminosity of 250 fb−1

(500 fb−1) and a beam polarisation of P (e+, e−) = (+30%,−80%).

3.3.1 Higgs Boson mass

The precise determination of the properties of the Higgs boson is one of the main goals
of the ILC. Of particular importance are its mass, mH, the total production cross section,
σ(e+e− → HZ), and the Higgs branching ratios. Fits to current electroweak data[29] and
direct limits from searches at LEP and at the Tevatron favour a relatively low value for mH.
Studies of these measurements with ILD are described below. A data sample of 250 fb−1 at√
s = 250GeV is assumed and mH is taken to be 120GeV. For these values, the dominant

Higgs production process is Higgs-strahlung, e+e− → ZH.
The Higgs boson mass can be determined precisely from the distribution of the recoil

mass, mrecoil, in ZH → e+e−X and ZH → µ+µ−X events, where X represents the Higgs
decay products. The recoil mass is calculated from the reconstructed four-momentum of the
system recoiling against the Z. The µ+µ−X-channel yields the most precise measurement as
the e+e−X-channel suffers from larger experimental uncertainties due to bremsstrahlung from
the electrons and the larger background from Bhabha scattering events. The study[30, 31]
is performed for two electron/positron beam polarisations: P (e+, e−) = (−30%,+80%) and
P (e+, e−) = (+30%,−80%). In the simulation, Gaussian beam energy spreads of 0.28% and
0.18% are assumed for the incoming electron and positron beams respectively.

The first stage in the event selection is the identification of leptonically decaying Z bosons.
Candidate lepton tracks are required to be well-measured, removing tracks with large un-
certainties on the reconstructed momentum. Lepton identification is performed using the

ILD - Letter of Intent 37

mH = 120 GeV

ΔmH < 40 MeV

by identifying Higgs final states 
➜ absolute measurement of BR

independent 
from H decay

mH = 120 GeV



Barbara Mele     LAL,  19  July  2012

LC  precision  on  (~SM) BR’s  and  gHXX ’s
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250 GeV 350 GeV 3 TeV 250 GeV 350 GeV 3 TeV
σ × Br(H→ bb) 1.0 % 1.0 % 0.2 % gHbb 1.6 % 1.4 % 2 %
σ × Br(H→ cc) 8 % 6 % 3 % gHcc 4 % 3 % 2 %
σ × Br(H→ ττ) 6 %∗ 6 % ? gHττ 3 %∗ 3 % ?
σ × Br(H→WW) 8 % 6 % ? gHWW 4 % 3 % < 2 %
σ × Br(H→ µµ) − − 15 % gHµµ − − 7.5 %
σ × Br(H→ gg) 9 % 7 % ? gHWW/gHZZ ? ? < 1 %∗

Table 3: The precision on the Higgs branching ratios and couplings obtainable from studies of the Higgs-
strahlung process at a LC operating at either

√
s = 250 GeV or

√
s = 350 GeV for respective integrated

luminosities of 250 fb−1 and 350 fb−1. The uncertainties on the couplings include the uncertainties on gHZZ
obtained from the absolute measurement of the ZH cross section. Also shown are the precisions achievable
from the WW fusion process at a LC operating at 3 TeV. The numbers marked with asterisk are estimates,
all other numbers come from full simulation studies with mH = 120 GeV. The question marks indicate that
the results of ongoing studies are not yet available. In all cases the luminosities assumed are those given in
Table 1.
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In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential
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self-coupling at the LHC will be extremely challenging even with 3000 fb−1 of data. At an e+e− LC, the186
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ure ??. The precision achievable is currently being studied for the e+e− → ZHH process at
√

s = 500 GeV188

and for the e+e− → HHνeνe process at
√

s > 1 TeV. Given the complexity of the final state and the smallness189

of the cross sections, these studies are being performed with a full simulation of the LC detector concepts.190

The preliminary results indicate that a precision of <∼ 20 % on λ is achievable, with the greatest sensitivity191

coming from e+e− → HHνeνe.192

2.5 Total Higgs Width193

For Higgs boson masses below 140 GeV, the total Higgs decay width in the SM (ΓH) is less than 10 MeV
and cannot be measured directly. Nevertheless, at a LC ΓH can be determined from the relationship between
the total and partial decay widths, for example
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allows the Higgs width to be inferred. Alternatively, the model-independent measurement of the HZZ cou-196

pling, which is sensitive to invisible and undetectable decay modes, can be used exploiting SU(2) invariance197

(gHWW/gHZZ = cos θW) which can be established at a LC. With either approach a precision on the total198
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s = 500 GeV can be reached. This improves to better than199

4 % at 1 TeV.200

6

250 GeV 350 GeV 3 TeV 250 GeV 350 GeV 3 TeV
σ × Br(H→ bb) 1.0 % 1.0 % 0.2 % gHbb 1.6 % 1.4 % 2 %
σ × Br(H→ cc) 8 % 6 % 3 % gHcc 4 % 3 % 2 %
σ × Br(H→ ττ) 6 %∗ 6 % ? gHττ 3 %∗ 3 % ?
σ × Br(H→WW) 8 % 6 % ? gHWW 4 % 3 % < 2 %
σ × Br(H→ µµ) − − 15 % gHµµ − − 7.5 %
σ × Br(H→ gg) 9 % 7 % ? gHWW/gHZZ ? ? < 1 %∗

Table 3: The precision on the Higgs branching ratios and couplings obtainable from studies of the Higgs-
strahlung process at a LC operating at either

√
s = 250 GeV or

√
s = 350 GeV for respective integrated

luminosities of 250 fb−1 and 350 fb−1. The uncertainties on the couplings include the uncertainties on gHZZ
obtained from the absolute measurement of the ZH cross section. Also shown are the precisions achievable
from the WW fusion process at a LC operating at 3 TeV. The numbers marked with asterisk are estimates,
all other numbers come from full simulation studies with mH = 120 GeV. The question marks indicate that
the results of ongoing studies are not yet available. In all cases the luminosities assumed are those given in
Table 1.

2.4 Higgs Self-Coupling180

In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential

V(φ) = µ2φ†φ + λ(φ†φ)2 .

After spontaneous symmetry breaking, this form of the potential gives rise to a triple Higgs coupling of181

strength proportional to λv, where v is the vacuum expectation value of the Higgs potential. The mea-182

surement of the strength of the Higgs trilinear self-coupling therefore provides direct access to the quartic183

potential coupling λ assumed in the Higgs mechanism. This measurement is therefore crucial for experimen-184

tally establishing the Higgs mechanism. For a low-mass Higgs boson, the measurement of the Higgs boson185

self-coupling at the LHC will be extremely challenging even with 3000 fb−1 of data. At an e+e− LC, the186

Higgs self-coupling can be measured through the e+e− → ZHH and e+e− → HHνeνe processes [2]. of Fig-187

ure ??. The precision achievable is currently being studied for the e+e− → ZHH process at
√

s = 500 GeV188

and for the e+e− → HHνeνe process at
√

s > 1 TeV. Given the complexity of the final state and the smallness189

of the cross sections, these studies are being performed with a full simulation of the LC detector concepts.190

The preliminary results indicate that a precision of <∼ 20 % on λ is achievable, with the greatest sensitivity191

coming from e+e− → HHνeνe.192

2.5 Total Higgs Width193

For Higgs boson masses below 140 GeV, the total Higgs decay width in the SM (ΓH) is less than 10 MeV
and cannot be measured directly. Nevertheless, at a LC ΓH can be determined from the relationship between
the total and partial decay widths, for example

ΓH = Γ(H→WW∗)/Br(H→WW∗) .

Here Γ(H → WW∗) can be determined from the measurement of the HWW coupling obtained from the194

fusion process e+e− → Hνeνe. When combined with the direct measurement of Br(H → WW∗), this195

allows the Higgs width to be inferred. Alternatively, the model-independent measurement of the HZZ cou-196

pling, which is sensitive to invisible and undetectable decay modes, can be used exploiting SU(2) invariance197

(gHWW/gHZZ = cos θW) which can be established at a LC. With either approach a precision on the total198

decay width of the Higgs boson of about 6% at
√

s = 500 GeV can be reached. This improves to better than199

4 % at 1 TeV.200

6

mH = 120 GeV

ΔgHXX  includes ΔgHZZ from       

absolute σZH measurement 

full  simulation
( * estimates ; ?  ongoing studies)

from WW fusion

ΔgHXX < 5 %

including ZH 
results at low √S



Barbara Mele     LAL,  19  July  2012

total width determination
2 possible procedures, both using direct measur. of 

19

Br(H →WW ∗)

∆ΓH ∼ 6 % at
√

s = 500 GeV

∆ΓH ∼ 4 % at
√

s = 1 TeV

gHZZ , (
gHWW

gHZZ
= cos θW )

σ(e+e− → ννH)
gHWW ⇒ Γ(H →WW ∗)

ΓH =
Γ(H →WW ∗)
Br(H →WW ∗)

⇒
⇒

⇒
⇒

with either approach
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HIGGS PHYSICS

threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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test  (SM)  gHXX ’s  dependence on masses !

-1
10 1 10

2
10

-3
10

-2
10

-1
10

1

µ

c

Z

W
H

t

τ
b

Mass/GeV

C
ou

pl
in

g
to

H
ig

gs

-1
10 1 10

2
10

0.8

0.9

1

1.1

1.2

µ

c τ b W

H
t

Z

Mass/GeV

C
ou

pl
in

g
re

la
tiv

e
to

SM

relative precision absolute precision

0 2 4 6 8

-20

0

20

c b tτΓH W Z H

sin(α − β)

cosα/ sin β

sinα/ cos β

+20 %

−20 %

SM

Figure 3: Typical deviations of the Higgs couplings to different particles from the SM predictions in a
Two-Higgs-Doublet model. The LC precisions for the various couplings are the same as in Figure 2.

2.7 Higgs Boson Mass, Spin and CP Properties224

A LC is the ideal place to measure the properties of the Higgs boson. For example, the mass of the Higgs225

boson can be determined at a LC with a precision of better than 50 MeV, either from the recoil mass distri-226

bution at
√

s = 250 GeV or from the direct reconstruction of its decay products. This would improve on the227

precise measurement obtained from the γγ decay mode at the LHC.228

Information about the spin of the Higgs boson can be obtained through the Higgs-strahlung process from229

the threshold dependence of the cross section as well as angular distributions of the Z and its decay products.230

For example, Figure 4 shows the precision obtained from a threshold scan with an integrated luminosity231

of just 20 fb−1 at each point which is sufficient to establish the spin of the Higgs boson. Although the232

measurement of the Higgs boson spin can also be performed at the LHC, a LC provides a unique window233

into the possibility of CP violation in the Higgs and top sector. Furthermore, the energy dependence of234

the Higgs-strahlung cross section in the SM contains a factor β, whereas for a CP-odd Higgs boson with235

JPC = 0+−, the corresponding factor would be β3. Again the threshold behaviour of the cross section can236

differentiate between the two spin-0 cases.237
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Figure 4: The e+e− → ZH cross section energy dependence near threshold for different spin states, assuming
mH = 120 GeV.

Angular correlations in e+e− → HZ → 4f as well as H → τ+τ− decays are also sensitive to the CP
nature of the Higgs state. Since a priori the observed Higgs state can be an admixture of CP even and CP
odd states, the determination of the CP properties is experimentally more challenging than the measurement

8

impact on coupling 
determination in 2HDM’s

(SM)
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σ scan at threshold gives a lot of information !

22

The Higgs boson in the Standard Model
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FIGURE 2.11. The e+e− → ZH cross section energy dependence near threshold for MH = 120 GeV for
spin 0+, 1− and 2+ bosons [86] (left); the determination of the CP mixture η with the bands showing the
1σ errors at

√
s = 350 GeV and 500 fb−1 [87] (right).

of the Higgs boson can be determined unambiguously in associated production with top quark
pairs either by looking at regions of phase space which single out the different mass effects
generated by scalar and pseudoscalar Higgs production or simply from the very different
threshold behavior of the cross section as well as the polarization of the final top quarks [89].

The Higgs couplings to gauge bosons

The fundamental prediction that the Higgs couplings to W/Z bosons are proportional to the
masses of these particles can be easily verified experimentally since these couplings can be
directly determined by measuring the production cross sections in the Higgs–strahlung and
fusion processes. σ(e+e− → HZ → H#+#−) can be measured by analyzing the recoil mass
against the Z boson and provides a determination of the couplings gHZZ independently of
the Higgs decay modes. Adding the two lepton channels, one obtains an accuracy of less than
3% at

√
s ∼ 350 GeV with L = 500 fb−1 [82]. The coupling gHWW for MH <∼2MW can be

determined, once the branching ratio of a visible channel is available, from the measurement
of σ(e+e− → Hνν̄) which, as mentioned previously, can be efficiently separated from the
e+e− → HZ → Hνν̄ channel and from the backgrounds; a precision of less than 3% can also
be achieved for MH = 120 GeV, but at a slightly higher energy

√
s ∼ 500 GeV, where the

production rate is larger [90]. The precision on the Higgs couplings is half of these errors,
since the cross sections scale as g2

HV V and, thus, a measurement of the HV V couplings can be
performed at the statistical level of 1 to 2% and would allow probing the quantum corrections.

The Higgs decay branching ratios

The measurement of the branching ratios of the Higgs boson [8, 91, 92, 93, 94, 95, 96] is of
utmost importance. For Higgs masses below MH <∼ 140 GeV, a large variety of branching
ratios can be measured at the ILC, since the bb̄, cc̄ and gg final states have significant rates
and can be very efficiently disentangled by means of micro–vertex detectors. The bb̄, cc̄ and
τ+τ− fractions allow to measure the relative couplings of the Higgs boson to these fermions
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hep-ph/0302113
mH = 120 GeV

sensitive to H spin, and also to scalar CP nature

(20 fb-1 at each scan point)

good sensitivity to both CP and CP-mixing 

in threshold behavior of σ(ee ➜ ttH)   [ gHtt dependent]

ee ➜ ZH
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Outlook
new Higgs-like resonance at 126 GeV  opens up 
the stage of particle-properties determination, and makes 
the Physics Case for future accelerators stronger than ever !

HL LHC can improve gHXX  measurements (accurate potential 
assessments need to better know detector performance 
in HL experimental environment)

a LC just above the ZH threshold can have a huge impact on gHXX  

precision, larger energies can do even better also thanks to LC flexibility

in this talk focus on (mainly SM) Higgs ➜ much greater LC potential that 
includes heavier Higgs’s, top, and BSM physics

stay tuned with  Eur Strategy Update 2012/13 ”Strategy of Europe in a global context”

one final remark !   In the long standing competition between pp and ee 
colliders, we are today a bit late in the decision making process ...
One glorious example :  
LEP project was approved in 1981, 2 years before W/Z discovery at 
CERN ppbar in 1983. In 1984, public discussion on LHC project starts ...
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