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Fig. 2. The local p-value as a function of mH in the γ γ decay mode for the com-
bined 7 and 8 TeV data sets. The additional lines show the values for the two data
sets taken individually. The dashed line shows the expected local p-value for the
combined data sets, should a SM Higgs boson exist with mass mH.

presence of a significant excess at mH = 125 GeV in both the 7 and
8 TeV data. The features of the observed limit are confirmed by the
independent sideband-background-model and cross-check analy-
ses. The local p-value is shown as a function of mH in Fig. 2 for
the 7 and 8 TeV data, and for their combination. The expected (ob-
served) local p-value for a SM Higgs boson of mass 125 GeV corre-
sponds to 2.8(4.1)σ . In the sideband-background-model and cross-
check analyses, the observed local p-values for mH = 125 GeV cor-
respond to 4.6 and 3.7σ , respectively. The best-fit signal strength
for a SM Higgs boson mass hypothesis of 125 GeV is σ /σSM =
1.6 ± 0.4.

In order to illustrate, in the mγ γ distribution, the significance
given by the statistical methods, it is necessary to take into ac-
count the large differences in the expected signal-to-background
ratios of the event categories shown in Table 2. The events are
weighted according to the category in which they fall. A weight
proportional to S/(S + B) is used, as suggested in Ref. [121], where
S and B are the number of signal and background events, respec-
tively, calculated from the simultaneous signal-plus-background fit
to all categories (with varying overall signal strength) and inte-
grating over a 2σeff wide window, in each category, centred on
125 GeV. Fig. 3 shows the data, the signal model, and the back-
ground model, all weighted. The weights are normalised such that
the integral of the weighted signal model matches the number of
signal events given by the best fit. The unweighted distribution,
using the same binning but in a more restricted mass range, is
shown as an inset. The excess at 125 GeV is evident in both the
weighted and unweighted distributions.

5.2. H → ZZ

In the H → ZZ → 4ℓ decay mode a search is made for a narrow
four-lepton mass peak in the presence of a small continuum back-
ground. Early detailed studies outlined the promise of this mode
over a wide range of Higgs boson masses [122]. Only the search
in the range 110–160 GeV is reported here. Since there are dif-
ferences in the reducible background rates and mass resolutions
between the subchannels 4e, 4µ, and 2e2µ, they are analysed sep-
arately. The background sources include an irreducible four-lepton
contribution from direct ZZ production via qq and gluon–gluon
processes. Reducible contributions arise from Z+bb and tt̄ produc-
tion where the final states contain two isolated leptons and two
b-quark jets producing secondary leptons. Additional background

Fig. 3. The diphoton invariant mass distribution with each event weighted by the
S/(S + B) value of its category. The lines represent the fitted background and signal,
and the coloured bands represent the ±1 and ±2 standard deviation uncertainties
in the background estimate. The inset shows the central part of the unweighted
invariant mass distribution. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this Letter.)

arises from Z + jets and WZ + jets events where jets are misidenti-
fied as leptons. Compared to the analysis reported in Ref. [25], the
present analysis employs improved muon reconstruction, improved
lepton identification and isolation, and a kinematic discriminant
exploiting the decay kinematics expected for the signal events. An
algorithm to recover final-state radiation (FSR) photons has also
been deployed.

Electrons are required to have pT > 7 GeV and |η| < 2.5.
The corresponding requirements for muons are pT > 5 GeV and
|η| < 2.4. Electrons are selected using a multivariate identifier
trained using a sample of W + jets events, and the working point
is optimized using Z + jets events. Both muons and electrons are
required to be isolated. The combined reconstruction and selection
efficiency is measured using electrons and muons in Z boson de-
cays. Muon reconstruction and identification efficiency for muons
with pT < 15 GeV is measured using J/ψ decays.

The electron or muon pairs from Z boson decays are required to
originate from the same primary vertex. This is ensured by requir-
ing that the significance of the impact parameter with respect to
the event vertex satisfy |S IP| < 4 for each lepton, where S IP = I/σI ,
I is the three-dimensional lepton impact parameter at the point of
closest approach to the vertex, and σI its uncertainty.

Final-state radiation from the leptons is recovered and included
in the computation of the lepton-pair invariant mass. The FSR re-
covery is tuned using simulated samples of ZZ → 4ℓ and tested
on data samples of Z boson decays to electrons and muons. Pho-
tons reconstructed within |η| < 2.4 are considered as possibly due
to FSR. The photons must satisfy the following requirements. They
must be within &R < 0.07 of a muon and have pγ

T > 2 GeV (most
photon showers within this distance of an electron having already
been automatically clustered with the electron shower); or if their
distance from a lepton is in the range 0.07 < &R < 0.5, they must
satisfy pγ

T > 4 GeV, and be isolated within &R = 0.3. Such photon
candidates are combined with the lepton if the resulting three-
body invariant mass is less than 100 GeV and closer to the Z boson
mass than the mass before the addition of the photon.

The event selection requires two pairs of same-flavour, oppo-
sitely charged leptons. The pair with invariant mass closest to the
Z boson mass is required to have a mass in the range 40–120 GeV

8 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .

The statistical interpretation of the excess of events near mγ γ =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H → W W (∗) → eνµν channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W , tt̄ , and W t production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell–Yan events (pp → Z/γ (∗) → ℓℓ) with Emiss

T
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and W γ events in which the photon undergoes a con-
version. Boson pair production (W γ ∗/W Z (∗) and Z Z (∗)) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < mH < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell–Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the eµ final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H → W W (∗) → eνµν search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H → W W (∗) → eνµν search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H → Z Z (∗) → 4ℓ analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the ℓνℓν final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |η| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %φmin, where %φmin is min(%φ, π

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %φ is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number
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Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .
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Figure 6.27 PFA: Overview of imaging calorimeters which are under development for future lepton
colliders, with different absorber materials, readout technologies and active sensors.

6.5.1.1 Silicon-Tungsten-based ECAL (SiW ECAL)

The proposed ECAL design is based on the ILD detector, with modifications which
are necessary to allow active cooling similar to that proposed for the High Granularity
CALorimeter (HGCAL) [78] of the CMS end-cap Phase II upgrade. With granularity as
high as 1 ⇥ 1 cm2 pixels, clusters formed by hadronic jets can be well separated. Further
optimisations of the ECAL dimensions, number of layers, granularity and possibly other
parameters will be carried out in future.

Figure 6.28 View of the SiW ECAL geometry. The barrel is segmented in 8 staves of 5 modules. Each
barrel module incorporates 3 towers of 11 alveoli in which detector "slabs" are lodged. The end-caps are
segmented in quadrants of 2 modules (with 2 and 3 towers).

The Silicon-Tungsten-based ECAL 
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approximately the 1% level and are consistent with zero non-
linearity. Data and simulation agree within one standard
deviation.

The relative energy resolution, sðEmeasÞ=Emeas, as shown in
Fig. 18, can be parametrised by a quadrature sum of stochastic and
constant terms

sðEmeasÞ
Emeas

¼
16:5370:14ðstatÞ70:4ðsystÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p $ 1:0770:07ðstatÞ70:1ðsystÞð Þ

 !

%

ð11Þ

where the intrinsic momentum spread of the beam was
subtracted from the ECAL data [6]. The contribution of a
possible 1=E term in the energy resolution is negligible. As in
the case of the offset, the dominant systematic uncertainty is due
to the cut on Tmax (0.3% in the case of the stochastic term). A
systematic shift in the beam energy scale of 150 MeV would lead
to an additional variation of 0.13% in the stochastic term. The
expected resolution from simulation agrees with the measured
resolution of the prototype to within %2% of its value at all
energies, except at 20 GeV where the discrepancy is %3%. The
Monte Carlo resolution can be parametrised by

sðEmeasÞ
Emeas

" #MC

¼
17:0670:13ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p $ ð0:8270:09Þ

 !
%: ð12Þ

Examples of the systematic studies of the linearity and
resolution parameters are shown in Tables 4–6. The dependence
of the parameters on the minimal accepted distance between the
shower barycentre and the nearest inter-wafer gap is shown in
Table 4. In this study, the energy threshold for considering the hits
is 0.6 MIPs. In addition, the effect of varying this threshold is
presented in Table 5. In order to investigate the potential effects
linked to the beam position, the energy response is also compared

for showers with barycentres located in the right-hand side
(negative x coordinates) and in the upper half of the detector
(upper row of wafers), as summarised in Table 6. The results of all
checks are consistent. Since data were taken in both August and
October 2006, it was also possible to check the response stability
in time and no significant differences between the two data
samples are observed.

7. Conclusion

The response to normally incident electrons of the CALICE Si-W
electromagnetic calorimeter was measured for energies between
6 and 45 GeV, using the data recorded in 2006 at CERN.

The calorimeter response is linear to within approximately 1%.
The energy resolution has a stochastic term of ð16:5370:14
ðstatÞ70:4ðsystÞÞ%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
, whereas the constant term is

ð1:0770:07ðstatÞ70:1ðsystÞÞ%.
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Fig. 18. Relative energy resolution (sðEmeasÞ=Emeas) as a function of 1=
ffiffiffiffiffiffiffiffiffiffiffiffi
Ebeam

p
(solid

squares), and its usual parametrisation as s=
ffiffiffi
E
p
$ c. For clarity, the 35 runs

available were combined into eight different beam energy points for the plot. For
the parametrisation of the energy resolution each run was however treated
individually. The values expected from simulation are shown (open squares). The
dashed line gives the fitted resolution for data (Eq. (11)), and the dotted lines
correspond to its variation when the beam energy scale is shifted by 7300 MeV.

Table 4
Impact of the distance of the shower to the inter-wafer gaps on the ECAL linearity
and resolution.

Shower distance to the gaps (in standard deviations)

3.5 4 4.5 5

w2=ndf
(linearity)

16.8/32 17.6/32 18.9/32 24.2/32

a (MIPs) 93:9711:1 96:3711:2 97:8711:5 99:1711:6
b (MIPs/
GeV)

266:370:5 266:670:5 266:870:5 266:870:5

Stochastic
term of
energy
resolution
(%)

16:770:1 16:670:1 16:470:2 16:370:2

Constant
term of
energy
resolution
(%)

1:070:1 1:070:1 1:170:1 1:270:1

The distance is given in terms of standard deviations to the gap centre, with the
standard deviation defined by the Gaussian parametrisation of the gaps.

Table 5
Impact of the threshold imposed for the hit energy on the ECAL linearity and
resolution.

Ehit threshold (MIPs)

0.5 0.7 0.9

w2=ndf (linearity) 18.0/32 17.8/32 18.0/32

a (MIPs) 93:0711:2 98:9711:1 105:6711:1
b (MIPs/GeV) 266:870:5 266:370:5 265:870:5
Stochastic term of energy resolution (%) 16:670:1 16:570:1 16:670:1
Constant term of energy resolution (%) 1:070:1 1:170:1 1:170:1

Table 6
Response to electrons crossing the right-hand side and the upper part of the ECAL.

Right-hand side Upper part

a (MIPs) 96:1710:9 97:7711
b (MIPs/GeV) 266:670:5 266:870:5
Stochastic term of energy resolution (%) 16:870:1 16:870:2
Constant term of energy resolution (%) 1:170:1 1:170:1

C. Adloff et al. / Nuclear Instruments and Methods in Physics Research A 608 (2009) 372–383382

NIM A 608 (2009) 372
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to fermions is proportional to the fermion mass, the pro-
cess e+e− →H is highly suppressed. The dominant Higgs
production in electron positron annihilation is the so-
called Higgsstrahlung, an s-channel process in which a
Higgs is produced in association with a Z boson, as shown
in Fig. 1.

The other two typical t-channel processes, the vector
boson fusions, as shown in Fig. 2, are sizable contribu-
tions to the Higgs production that will increase with the
center of mass energy.

Fig. 2. Feynman diagrams of vector boson fusions.

The cross section of the Higgsstrahlung process can
be written as

σ(e+e− →ZH)=
G2

Fm4
Z

96πs
(v2

e +a2
e)λ

1

2

λ+12m2
Z/s

(1−m2
Z/s)2

. (1)

The cross section for vector fusion production can be
written in a similar compact form as [13]

σ(e+e−→VV→ l̄lH)=
G3

Fm4
V

4
√

2π3

! 1

xH

dx

! 1

x

dyF (x,y)

[1+(y−x)/x2
V]2

,

(2)

F (x,y) =

"

2x

y3
−

3x+1

y2
+

x+2

y
−1

#$

z

z+1
− log(z+1)

%

+
xz2(1−y)

y3(z+1)
,

where V stands for the vector bosons Z or W, and the
dimensionless variables are defined as

xH = m2
H/s, xV = m2

V/s z = y(x−xH)/(xxV).

For moderate Higgs masses and energies, the cross
sections of vector boson fusion are suppressed compared
with Higgsstrahlung due to the additional electroweak
couplings. With increasing energy, the cross sections
of VBF processes rise logarithmically as the typical t-
channel process [14]

σ(e+e− →VV→ l̄lH)≈
G3

Fm4
V

4
√

2π3
log

s

m2
H

. (3)

Meanwhile, the cross section of Higgsstrahlung decreases
asymptotically according to the scaling law ∼ g4

F/s.
Therefore, vector boson fusion will become the dominant

contribution to the Higgs production far beyond the ZH
threshold.

The Higgsstrahlung, WW and ZZ fusions are shown
in Fig. 3. Above the ZH threshold, the cross section
of Higgsstrahlung rises rapidly and reaches its maximum
around 250 GeV. The dashed curves represent the cross
sections without the ISR effect, which will be discussed
in the following section.

Fig. 3. (color online) The cross sections of vari-
ous Higgs productions, in which the solid lines
are with ISR correction and the dashed ones are
without.

3 Initial state radiation and beam-
strahlung

Initial state radiation (ISR) is an important issue
in high energy processes, especially for lepton colliders.
ISR affects cross section significantly, for example, reduc-
ing the ZH cross section by more than 10% within the
Whizard framework as shown in Fig. [3]. Though the
cancellation for soft and collinear photons has been vali-
dated to all orders in perturbation theory [15], and hard
photon emission can in principle also be calculated per-
turbatively order by order in QED [16,17], the maximal
order for the hard photon is set to be 3 in the calculation.

Table 1. Comparison of cross sections with beam-
strahlung turned on and off.

ISR/fb ISR & Beamstrahlung/fb

σ(e+e− →ZH) 212 211

σ(e+e− →νν̄H) 6.72 6.72

σ(e+e− → e+e−H) 0.63 0.63

σ(e+e− → qq̄) 50216 50416

σ(e+e− →W+W−) 15484 15440

σ(e+e− →ZZ) 1033 1030

Besides ISR, another macro effect at high luminos-
ity electron-positron colliders, beamstrahlung, also af-
fects the cross section. In the storage ring the beam-
strahlung effect makes the beam energy spread larger
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to fermions is proportional to the fermion mass, the pro-
cess e+e− →H is highly suppressed. The dominant Higgs
production in electron positron annihilation is the so-
called Higgsstrahlung, an s-channel process in which a
Higgs is produced in association with a Z boson, as shown
in Fig. 1.

The other two typical t-channel processes, the vector
boson fusions, as shown in Fig. 2, are sizable contribu-
tions to the Higgs production that will increase with the
center of mass energy.

Fig. 2. Feynman diagrams of vector boson fusions.

The cross section of the Higgsstrahlung process can
be written as
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The cross section for vector fusion production can be
written in a similar compact form as [13]
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where V stands for the vector bosons Z or W, and the
dimensionless variables are defined as

xH = m2
H/s, xV = m2

V/s z = y(x−xH)/(xxV).

For moderate Higgs masses and energies, the cross
sections of vector boson fusion are suppressed compared
with Higgsstrahlung due to the additional electroweak
couplings. With increasing energy, the cross sections
of VBF processes rise logarithmically as the typical t-
channel process [14]

σ(e+e− →VV→ l̄lH)≈
G3

Fm4
V

4
√

2π3
log

s

m2
H

. (3)

Meanwhile, the cross section of Higgsstrahlung decreases
asymptotically according to the scaling law ∼ g4

F/s.
Therefore, vector boson fusion will become the dominant

contribution to the Higgs production far beyond the ZH
threshold.

The Higgsstrahlung, WW and ZZ fusions are shown
in Fig. 3. Above the ZH threshold, the cross section
of Higgsstrahlung rises rapidly and reaches its maximum
around 250 GeV. The dashed curves represent the cross
sections without the ISR effect, which will be discussed
in the following section.

Fig. 3. (color online) The cross sections of vari-
ous Higgs productions, in which the solid lines
are with ISR correction and the dashed ones are
without.

3 Initial state radiation and beam-
strahlung

Initial state radiation (ISR) is an important issue
in high energy processes, especially for lepton colliders.
ISR affects cross section significantly, for example, reduc-
ing the ZH cross section by more than 10% within the
Whizard framework as shown in Fig. [3]. Though the
cancellation for soft and collinear photons has been vali-
dated to all orders in perturbation theory [15], and hard
photon emission can in principle also be calculated per-
turbatively order by order in QED [16,17], the maximal
order for the hard photon is set to be 3 in the calculation.

Table 1. Comparison of cross sections with beam-
strahlung turned on and off.

ISR/fb ISR & Beamstrahlung/fb

σ(e+e− →ZH) 212 211

σ(e+e− →νν̄H) 6.72 6.72

σ(e+e− → e+e−H) 0.63 0.63

σ(e+e− → qq̄) 50216 50416

σ(e+e− →W+W−) 15484 15440

σ(e+e− →ZZ) 1033 1030

Besides ISR, another macro effect at high luminos-
ity electron-positron colliders, beamstrahlung, also af-
fects the cross section. In the storage ring the beam-
strahlung effect makes the beam energy spread larger
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1 Introduction

The discovery of the Higgs boson [1,2] is a great mile-
stone for modern particle physics. No matter whether it
is the Standard Model (SM) Higgs or an indication of
new physics, the discovery makes the Higgs mechanism
more credible. Furthermore, precision measurements of
the properties of the new Higgs boson are critical for
Higgs physics; any deviation away from the SM expecta-
tion will improve our knowledge of the elementary par-
ticles and their interactions. With this consideration, an
e+e− collider with high luminosity and energy is best
suited for Higgs research.

The Circular Electron-Positron Collider (CEPC) [3]
is a proposed circular collider. It is designed to run
around 240−250 GeV and will deliver 5 ab−1 of inte-
grated luminosity during 10 years of operation. About
106 Higgs events will be produced in a clean environ-
ment, which allows the measurement of the cross section
of Higgs production as well as its mass, decay width and
branching ratios with precision much better than those
of hadron colliders.

Besides Higgs events, there will be a large number
of electroweak processes generated at the CEPC, via the
vector bosons W and Z. High electroweak statistics is es-
sential for understanding the detectors precisely, for the
precision measurements of Higgs properties. Moreover,

these electroweak events can also be used to perform high
precision measurements of the SM parameters, such as
the forward-backward charge asymmetry (AFB).

The calculations in this paper are done with the
Whizard generator [4, 5], which is one of the most popu-
lar Monte-Carlo generators for Higgs studies and is used
by the International Linear Collider (ILC) [6–10] and
Compact Linear Collider (CLIC) [11, 12] groups.

In this paper, we will investigate the physics cross
sections and describe event generation at the CEPC. In
Sec. 2, Higgs production is studied and the cross sections
are given. The radiative correction to the cross sections
is discussed in Sec. 3. In Sec. 4, the backgrounds of var-
ious final states are presented. Finally, a brief summary
is provided in the Sec. 5.

2 Higgs production cross section

Due to the fact that the Higgs boson coupling

Fig. 1. Feynman diagram of the Higgsstrahlung process.
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Produced by the Higgsstrahlung process 
and the weak boson fusion reactions
The Higgsstrahlung process becomes the 
dominate one above the ZH threshold 
Reaches its maximum at the center-of-
mass energy 250 GeV
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Higgsstrahlung               , H ! �� Z ! ⌫⌫̄, l̄l, qq̄

Dominant

WW fusion              e+e� ! ⌫e⌫̄eH

ZZ fusion              e+e� ! e+e�H

The ISR background
e+e� ! Z�� ! f f̄��

Including
⌫⌫̄��, l̄l�� andqq̄��

Ignored for the limited signal events with 
more complicated ISR background 

Dominant



The high event reconstruction efficiency
The relatively simple event topology
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TABLE II. The results of H ! �� in ⌫⌫̄�� final state under the di↵erent Ecal performance assumptions. The corresponding
precisions expected for the cross section times the H ! �� branching fraction in the last line.

�E

E

10%p
E

� 1% 16%p
E

� 1% 20%p
E

� 1%

Signal yields (S) 334± 40 339± 46 342± 51

Background yields (B) 7059± 91 7053± 94 7047± 96

Significance 8.65� 7.11� 6.37�

�(Br ⇥ �)/(Br ⇥ �) 11.98% 13.56% 14.91%

Photon E resolution
0.1 0.12 0.14 0.16 0.18 0.2
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B

r
σ×

(B
r

δ

10

15

20

25

30

35

E/Eδ vs σ×)/Brσ×(Brδ
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γγ →H, Hq q→-e+e

-1
 Ldt= 5 ab∫combination result; 

FIG. 3. it is shown that the relative precision which conclude
the each channel and combination result versus Ecal energy
resolution scenario from �Ep

E

= 10%p
E

� 1% to �Ep
E

= 20%p
E

� 1%.

dimensional cuts on the polar angle are used, which are
(cos ✓�1 + 1)(cos ✓�2 � 1) < �0.07, (cos ✓�1 � 1)(cos ✓�2 +
1) < �0.07, �0.9 < (cos ✓�1 + cos ✓�2) and (cos ✓�1 +
cos ✓�2) < 0.9. The cuts on angle with recoil momen-
tum, cos(p�1 , precoil) > �0.95 and cos(p�2 , precoil) < 0.70,
are used to filter background events further based on the
paraxial feature of the ISR. Two dimensional cuts on the
E-M plane of the di-photon system, 0.74·M��+41 GeV <
E�� < 0.48·M��+83 GeV to single out the signal peak in
the invariant mass space. After applying all these selec-
tion criteria with maximizing the signal-to-background
ratio optimization, the e�ciency of signal Monte Carlo is
50.7%.

In the actual experiment, we obtain a similar distri-
bution after applying the cut chain and compare the
distribution to this simulation based on the Standard
Model. To obtain the signal event number, we apply
a fit to the combined distribution of the signal and back-
ground events, and the uncertainty of the signal events
comes from the uncertainty in the fitting process. As-
suming we will obtain an (signal) distribution close to
the Standard Model prediction, we can measure the un-
certainty by attempting to perform a fitting on Monte
Carlo generated distributions based on the given distri-
bution. The uncertainty stabilizes as 10000 Monte Carlo
generated distributions are fitted. The relative deviation

is 15.4%. However, the mean value of the measurement
uniformly deviates from the truth value by about the
2.7%, whose direct sum with the gaussian uncertainty
is 15.4% � 2.7% ⇡ 15.6. The uniform deviation might
be the result of employing simple fitting functions. The
uncertainty with a mean value of 15.9%, and an relative
uncertainty of ±0.06%. Since the value of �(ZH) and
BR(Z ! qq̄) is known precisely from electroweak preci-
sion measurement, the measured uncertainty of BR(H !
��) is simply that of �(ZH)·BR(H ! ��)·BR(Z ! qq̄).

We also study the dependence of our measurement’s
uncertainty on the photon conversion recovery algorithm
and variance in signal width due to calorimeter perfor-
mance. The photon recovery algorithm used in this paper
boosts the total reconstruction success rate from 81% to
92.5% (in addition to some rare cases where �

1

and �
2

are reversed, i.e. the energy comparison is reversed in the
full simulation due to calorimeter uncertainty, which are
deemed unsuccessful here). We explore the dependence
of �s/s (s = �(ZH) · BR(H ! ��) · BR(Z ! qq̄)) on
the e�ciency of the photon recovery algorithm by simply
compensating back or further deducting certain amount
of expected signal events in the Monte Carlo evaluation
of the uncertainty. Dependence on the Ecal performance
is also studied. The signal width (⇠ 2.9 GeV in previous
analysis) that principally originate from Ecal is related
to the direct sum of the uncertainty of the energy of the
resonate photons, each of which is described by r%p

Ei
·Ei,

where r is the scaled relative uncertainty of the Ecal, and
Ei the energy of the respective photons. The total uncer-
tainty is event-dependent, so we will simplify the picture
and present the dependence of measurement uncertainty
on the signal width. Fig. 4 shows the dependence of the
uncertainty on the total reconstruction e�ciency and the
width of the signal distribution. It can be seen that un-
certainty mildly decrease as the reconstruction e�ciency
grows. For signal width of about 2.9 GeV (as in previous
analysis), the uncertainty can reach below 15% with more
photons successfully reconstructed. The dependence on
the signal width is much larger, apparently. For the level
of reconstruction e�ciency in this analysis, the uncer-
tainty ranges from about 25% to below 10% as the signal
width varies from 5 GeV to 1 GeV.

>5σ
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20%
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TABLE II. The results of H ! �� in ⌫⌫̄�� final state under the di↵erent Ecal performance assumptions. The corresponding
precisions expected for the cross section times the H ! �� branching fraction in the last line.
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FIG. 3. it is shown that the relative precision which conclude
the each channel and combination result versus Ecal energy
resolution scenario from �Ep
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dimensional cuts on the polar angle are used, which are
(cos ✓�1 + 1)(cos ✓�2 � 1) < �0.07, (cos ✓�1 � 1)(cos ✓�2 +
1) < �0.07, �0.9 < (cos ✓�1 + cos ✓�2) and (cos ✓�1 +
cos ✓�2) < 0.9. The cuts on angle with recoil momen-
tum, cos(p�1 , precoil) > �0.95 and cos(p�2 , precoil) < 0.70,
are used to filter background events further based on the
paraxial feature of the ISR. Two dimensional cuts on the
E-M plane of the di-photon system, 0.74·M��+41 GeV <
E�� < 0.48·M��+83 GeV to single out the signal peak in
the invariant mass space. After applying all these selec-
tion criteria with maximizing the signal-to-background
ratio optimization, the e�ciency of signal Monte Carlo is
50.7%.

In the actual experiment, we obtain a similar distri-
bution after applying the cut chain and compare the
distribution to this simulation based on the Standard
Model. To obtain the signal event number, we apply
a fit to the combined distribution of the signal and back-
ground events, and the uncertainty of the signal events
comes from the uncertainty in the fitting process. As-
suming we will obtain an (signal) distribution close to
the Standard Model prediction, we can measure the un-
certainty by attempting to perform a fitting on Monte
Carlo generated distributions based on the given distri-
bution. The uncertainty stabilizes as 10000 Monte Carlo
generated distributions are fitted. The relative deviation

is 15.4%. However, the mean value of the measurement
uniformly deviates from the truth value by about the
2.7%, whose direct sum with the gaussian uncertainty
is 15.4% � 2.7% ⇡ 15.6. The uniform deviation might
be the result of employing simple fitting functions. The
uncertainty with a mean value of 15.9%, and an relative
uncertainty of ±0.06%. Since the value of �(ZH) and
BR(Z ! qq̄) is known precisely from electroweak preci-
sion measurement, the measured uncertainty of BR(H !
��) is simply that of �(ZH)·BR(H ! ��)·BR(Z ! qq̄).

We also study the dependence of our measurement’s
uncertainty on the photon conversion recovery algorithm
and variance in signal width due to calorimeter perfor-
mance. The photon recovery algorithm used in this paper
boosts the total reconstruction success rate from 81% to
92.5% (in addition to some rare cases where �

1

and �
2

are reversed, i.e. the energy comparison is reversed in the
full simulation due to calorimeter uncertainty, which are
deemed unsuccessful here). We explore the dependence
of �s/s (s = �(ZH) · BR(H ! ��) · BR(Z ! qq̄)) on
the e�ciency of the photon recovery algorithm by simply
compensating back or further deducting certain amount
of expected signal events in the Monte Carlo evaluation
of the uncertainty. Dependence on the Ecal performance
is also studied. The signal width (⇠ 2.9 GeV in previous
analysis) that principally originate from Ecal is related
to the direct sum of the uncertainty of the energy of the
resonate photons, each of which is described by r%p

Ei
·Ei,

where r is the scaled relative uncertainty of the Ecal, and
Ei the energy of the respective photons. The total uncer-
tainty is event-dependent, so we will simplify the picture
and present the dependence of measurement uncertainty
on the signal width. Fig. 4 shows the dependence of the
uncertainty on the total reconstruction e�ciency and the
width of the signal distribution. It can be seen that un-
certainty mildly decrease as the reconstruction e�ciency
grows. For signal width of about 2.9 GeV (as in previous
analysis), the uncertainty can reach below 15% with more
photons successfully reconstructed. The dependence on
the signal width is much larger, apparently. For the level
of reconstruction e�ciency in this analysis, the uncer-
tainty ranges from about 25% to below 10% as the signal
width varies from 5 GeV to 1 GeV.
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  The relative uncertainty shows not 
much dependence on the Ecal energy 
resolution between 
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TABLE III. Expected event yields for signal and backgrounds in H ! �� channel, normalized to 5 ab�1.

Channel �(E)
E

= 10%p
(E)

� 1% �(E)
E

= 16%p
(E)

� 1% �(E)
E

= 20%p
(E)

� 1%

Z ! µ+µ� Signal/e�ciency 62± 18/42.2% 62± 19 59± 19

background 832± 33 831± 34 826± 33

�(Br ⇥ �)/(Br ⇥ �) 29.03% 30.64% 32.20%

Z ! ⌧+⌧� Signal/e�ciency 58± 18/41.9% 56± 18 54± 19

background 760± 32 757± 32 762± 32

�(Br ⇥ �)/(Br ⇥ �) 31.03% 32.14% 35.18%

Z ! ⌫⌫ signal 334± 40/57.5% 339± 46 342± 51

background 7059± 91 7053± 94 7047± 96

�(Br ⇥ �)/(Br ⇥ �) 11.98% 13.56% 14.91%

Z ! qq signal 594± 67/34.3% 582± 83 575± 94

background 13053± 130 12831± 138 12566± 144

�(Br ⇥ �)/(Br ⇥ �) 11.28% 14.26% 16.35%

Total �(Br ⇥ �)/(Br ⇥ �) 7.7% 9.0% 10.0%

(10 ⇠ 20)%/
p
E� 1%

  The combined relative precision is 
7.7%, 9.0%, 10.0%, for 

    separately.
(10, 16, 20)%/

p
E� 1%

     The Ecal energy 
resolution should 
be at least
20%/

p
E� 1%

Feng Wang
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Full simulation
A necessary tool for the real situation
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Di-tau decay has been studied at the 
LEP, Tevatron, and LHC colliders 
The most promising channel for 
probing the coupling of Higgs 

 Large event rate: BR(H->ττ) ~6.3%
 Relatively small backgrounds

The Higgs Di-tau decay 25
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Figure 19: Combined observed and predicted mtt distributions. The leftpane includes the VBF
category of the µth, eth and eµ channels, and the rightpane includes all other channels that
make use of mtt instead of mvis for the signal strength fit. The binning reflects the one used in
the 2D distributions, and does not allow merging of the two figures. The normalization of the
predicted background distributions corresponds to the result of the global fit, while the signal
is normalized to its best fit signal strength. The mass distributions for a constant range of the
second dimension of the signal distributions are weighted according to S/(S + B), where S
and B are computed, respectively, as the signal or background contribution in the mass distri-
bution excluding the first and last bins. The “Others” background contribution includes events
from diboson, tt, and single top quark production, as well as Higgs boson decay to a pair of
W bosons and Z bosons decaying to a pair of light leptons. The background uncertainty band
accounts for all sources of background uncertainty, systematic as well as statistical, after the
global fit. The inset shows the corresponding difference between the observed data and ex-
pected background distributions, together with the signal expectation. The signal yield is not
affected by the reweighting.
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Figure 10. The best-fit value for the signal strength µ in the individual channels and their
combination for the full ATLAS datasets at

p
s = 7 TeV and

p
s = 8 TeV. The total ±1� uncer-

tainty is indicated by the shaded green band, with the individual contributions from the statistical
uncertainty (top, black), the experimental systematic uncertainty (middle, blue), and the theory
uncertainty (bottom, red) on the signal cross section (from QCD scale, PDF, and branching ratios)
shown by the error bars and printed in the central column.

the low BDT-score region is dominated by Z ! ⌧⌧ events.
The measurement of the overall signal strength discussed above does not give direct

information on the relative contributions of the different production mechanisms. Therefore,
the signal strengths of different production processes contributing to the H ! ⌧⌧ decay
mode are determined, exploiting the sensitivity offered by the use of the event categories
in the analyses of the three channels. The data are fitted separating the vector-boson-
mediated VBF and V H processes from gluon-mediated ggF processes. Two signal strength
parameters, µ⌧⌧

ggF and µ⌧⌧
VBF+VH, which scale the SM-predicted rates to those observed, are

introduced. The two-dimensional 68% and 95% confidence level (CL) contours in the plane
of µ⌧⌧

ggF and µ⌧⌧
VBF+VH [84] are shown in figure 13 for mH = 125.36 GeV. The best-fit values
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Performance relies on 
particle separation 

 Objectives for detector 
optimization 
 Testbed for PFA 

CERN-PH-EP-2014-262arXiv:1501.04943

CERN-PH-EP-2014-262arXiv:1708.00373



Signal and Backgrounds

12

Lepton channel: clean, lepton 
veto then event analysis directly 
(2 simply defined cone) 
Signal: μμH/vvH
Irreducible background: 

  ZZ->μμττ/vvττ & WW->vτvτ 

Tau Events - 2 cataloges

Tau Events - 2 cataloges
Hadronic channel: complex, 
jets cannot be vetoed, cone level 
analysis first (multi cones as 
candidate) 
Signal: qqH 
Irreducible background: 

    ZZ->qqττ 



Analysis strategy for µµH

13

with SM bkg

The di-lepton system information
Recoil mass
Efficiency ~ 99% (LICH - Eur. Phys. J. C (2017) 77: 591 )

Track/photon multiplicity counting
Mostly well reconstructed 
Bad cases: detector acceptance

Nearly back-to-back

High efficiency: 93.15%
Background reduced by 5 orders of magnitudes
BR(H->ττ) ~ 6.40±0.18% 
Accuracy: 2.68% 

Dan YU
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Analysis strategy for ννH

14

Missing mass 
All visible particles are decayed from tau 
Nearly back-to-back 

Signal efficiency: ~ 57.02%
Dominated by the irreducible background 
of WW/ZZ->ττνν
BR(H->ττ) ~ 6.19±0.29% 
Accuracy: 4.29% 
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SM bkg

Dan YU
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Analysis strategy for qqH

15

Complex: 
Jets: much more tracks than leptons 
Tau: less tracks and photons, isolated 

Corn-based τ finding algorithm has been 
designed and optimized

Tau Recognition (qqH)

Signal efficiency: ~ 50.81%
Background reduced to a similar statistic 
as the signal
BR(H->ττ) ~ 6.25±0.04% 
Accuracy: 1.71% 

Dan YU
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 New particle id (LICH) applied
99% lepton identification efficiency 

 Impact parameter is a good way to fit the tau events 
 Combined BR: ~6.28%
Combined accuracy: 1.30%  
HL-LHC: ~5-8% (CMS NOTE-13-002 , ATL-PHYS-PUB-2014-016 (2014)) 

The combined results for Di-tau decay

See Nicola’s report



The di-photon decay
Fast simulation

The relative combined precision is 9.0% for
Dependence on ECAL energy resolutions is parametrized

Full simulation
Photon recovery algorithm and the geometry correction
A relative uncertainty of BR(H->γγ) 15.6% at qqH channel is 
consistent with fast simulation (14.3%).

The di-tau decay
Dedicated event selections are designed 
Combined BR(H->ττ) ~ 6.28±0.07% 
Combined accuracy: 1.30%

PFA Oriented Detector well suits the measurements for 
Photons (Single Particle) and tau (Composed Object) 

Summary

17
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Thanks!



Backup
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Tau recognition for µµH

Less reconstructed particles: 
detector acceptance 
photon reconstruction efficiency: ~90% 
particle separation: distance>16mm (Hang ZHAO’s talk @ CHEF 2017) 


