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Overview én

* Getting to where we are today has been a big effort
from many people — thank you!
* We are approaching the home straight
* introductory sections are complete
» majority of analysis sections exist in
some form i/ Yy =
= Now at the point where collaboration W|de mput is needed
= first “pre-draft” (rev180) released to collaboration for
initial comments
= current draft available from nightly build:
http://proloff.web.cern.ch/proloff/clichiggspaper/

* Lots of progress, but not there yet...
= Summarized in next for pages
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Where are we? én

* The released draft — is not yet complete
* At this stage requesting comments on specific

aspects:

= the overall structure of the paper;

= detailed comments on sections 1 - 3 (which are essentially
complete);

= general comments on sections 4 -10;

= places where there is too much/too little detail;

= have we selected the correct figures?
[Note: plots format/consistency not yet addressed]
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Structure @

1) Introduction [complete]
2) Overview of Higgs Production at CLIC [complete]
3) MC, Detector Simulation and Event Samples [complete]

4) Higgs production at 350 GeV
5) WW Fusion at > 1 TeV

6) ZZ Fusion ‘essentially complete]
7) Top Yukawa Coupling ‘essentially complete]
8) Higgs Self-Coupling [essentially complete’
9) Higgs Mass [missing]
10) Combined Fit [needs final numbers]
11) Summary and Conclusions [not yet final]

Comments on overall structure ? ‘
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Comments on Section 1?
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Abstract CLIC is an attractive option for a future ¢ e ~ col- =
lider operating at centre-of-mass energies up tp 3 TeV, pro-=

opment at CERN. It is based ona novel two-beam accelera-
tion ique p dients of 100 MV/m.
Recent i i stlldxes for CLIC have converged to-

viding sensitivity to a wide range of new physics ph 34
and precision physics measurements at the energy frontier. =
This paper presents the Higgs physics reach of CLIC op-=
erating in three energy stages, /5 = 350GeV, 1.4 TeV and =
3.0 TeV. The initial stage of operation would allow study of =
Higgs ion from the Hi and WW -fusion =
process, resulting in a measurement precision of 1.6 % on .«
the o(e e~ — HZ), a measurement of the Higgs total decay .

wards a staged approach offering a unique physics program
spanning several decades. In this scheme, CLIC would pro-
vide high-luminosity e *e ™ collisions from a few hundred
GeV to 3TeV. The nominal centre-of mass energy of the
first energy stage is chosen to be /s = 350 GeV. For this
centre-of-mass energy, the Higgsstrahlung and WW-fusion
processes have significant cross sections, giving access to

width Iy with a precision of £xMeV, and model-indep
of the Higgs ings to fermions and bosonse
to between 1% —4%. Operation at /s > 1TeV provides «

precise of absolute values of Higgs couplings
to both fermions and bosons. Another advantage of operat-
ing the first stage of CLIC at /5 ~ 350 GeV is that it enables

high-statistics samples of Higgs bosons produced through «
the WW fusion process and gives access to rarer processes «
suchase*e™ — ttH ande *e ™ — HHyv,¥,. Studies of these «
rare p would provide f the top Yukawa
couplmg to +£4.5% and the Higgs boson self-coupling to «
+y%. In addition, the high-statistics samples of e'e ™ — =
Hv,V, would provide tight constraints on the Higgs boson =
couplings, for example, many of the model-dependent k pa- =
rameters, adopted by the LHC, would be determined with a =
precision of between 0.1% — 1%. The CLIC programme of =
precision Higgs measurements would provide a window to =
physics Beyond the Standard Model (BSM), where for ex- =

ample, Sup ic (SUSY) or p Higgs mod- =
els can produce significant deviations from the expected SM =
Higgs branching fractions. M

@
1 Introduction

&

The Compact Linear Collider (CLIC) is a TeV scale high-

luminosity lineare *e ™~ collider that is currently under devel-
e

Editors: clicdp-higgs-paper-edi h

ap of precision top-quark physics, including a
scan of the tf cross section close to the production threshold.
In practice, the centre-of-mass energy of the second stage of
CLIC operation would be motivated by both the machine
design and the results from the LHC. Here it is assumed that
the second CLIC energy stage has /s = 1.4 TeV and that the
ultimate CLIC centre-of-mass energy is 3 TeV. In addition
to direct and indirect searches for BSM phenomena, these
higher energy stages of operation provide a rich potential for
Higgs physics beyond that accessible at lower energies, such
as the direct measurement of the top-Yukawa coupling and a
direct probe of the Higgs potential through the measurement
of the Higgs self-coupling A. Furthermore, rare Higgs boson
decays become accessible due to the higher integrated lumi-
nosities at higher energies and the increasing cross section
for Higgs production in WW-fusion.

1.1 Experimental Conditions at CLIC

The CLIC accelerator design is based on a two-beam accel-
eration scheme. It uses a high-intensity drive beam to ef-
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ficiently generate radio frequency (RF) power at 12GHz =
The RF power is used to accelerate the main particle beam s
that runs in parallel to the drive beam. CLIC uses normal- =
conducting accelerator structures, operated at room temper- s
ature. These structures permit high acceleration gradients,

while the short pulse duration discussed below limits ohmic
losses to lolerable levels. The initial drive beams and the

main el i beams are in the central *
complex and are then injected at the end of the two linac
arms. The f of the CLIC has been demonse

strated through prototyping, simulations and large-scale tests=
as described in the conceplual desxgn report [1]. In particu-
lar, the two-be at
has been demonstrated in the CLIC test facility, CTF3. High &
luminosities are achieved by very small beam emittances, =
which are generated in the injector complex and maintained e
during transport to the interaction point. =

CLIC is operated with bunch trains with a repetition rate of =
50 Hz. Each bunch train consists of 312 individual bunches, ¥
with 0.5 ns between bunch crossings at the interaction point. ©
The average number of high-q2 interactions in a single bunch o
train is much less than one. However, for CLIC operation »
at /s > 1TeV, the highly-focussed intense beams lead to
significant beamstrahlung (radiation of photons from elec- »
trons/positrons in the electric field of the other beam). Beam— n
strahlung results in high rates of incoh lect: P

The only exception being the inner tracking detectors and
the vertex detector, where the lower backgrounds at /s =
350 GeV enable detectors to be deployed with a smaller in-
ner radius.

The key performance parameters of the CLIC detector con-

cepts with respect to the Higgs program are:

— excellent track momentum resolution, required for a pre-
cise reconstruction of leptonic Z decays in HZ events;

— precise impact parameter resolution to provide precise ver-
tex reconstruction, enabling flavour tagging with clean b-,
c- and light-quark jet separation;

100 MV4m — jet energy resolution 0 /E < 3.5% for jet energies in the

range 100 GeV to 1 TeV, required for the reconstruction of
hadronic Z decays in HZ events and separation of W —
qq.Z — qq and H — qq based on the reconstructed di-jet
invariant mass;

— detector coverage for electrons extending to far forward
angles to maximize background rejection for WW-fusion
events.

The main design driver for the CLIC (and ILC) detector con-

cepts is the required jet energy resolution. As a result, the

CLIC detector concepts, CLIC_SID and CLIC_ILD, are

based on fine-grained el ic and hadronic cals

ters (ECAL and HCAL), optimised for particle-flow analysis

pairs and low-{ @? t-channel multi-peripheral yy — hadron »
events. In addition, the energy loss through beamstrahlung -
generates a long lower energy tail to the luminosity spectrum
that extends well below the nominal centre-of-mass energy; =
although this has limited impact on the Higgs physics pro- »
gramme at CLIC. Both lhe CLIC detector dcsig'n and the &

event are tos
mitigate the influence of these backgmunds‘ whnch are most e
severe at the higher CLIC energies. =

The baseline machine design allows for up to 80 % electron *

i but no positron polari Most studies pre- =
senled in this paper are performed for zero beam polansa-"
tion and are subsequently scaled to account for the increased *
cross sections with left-handed polarisation for the electron
beam.

1.2 Detectors at CLIC

B
The detector concepts used for the CLIC physics studies, =
described here and elsewhere, are based on the SiD [2, 3] =
and ILD [3, 4] detector concepts for the International Lin- =
ear Collider (ILC). They were initially adapted for the CLIC &
3 TeV operation, which i the most ing en- s

i for the d For most sub-detector systems, s
the 3TeV detector design is suitable at all energy stages. =

(PFA) techni In the particle-flow approach, the aim is to
the individual final-state visible particles within
a jet by combining the information from precise tracking
with highly granular calorimetry [5, 6]. In addition, parti-
cle flow event reconstruction provides a powerful tool for
the rejection of beam-induced backgrounds [7]. The CLIC
detector concepts employ strong central solenoid magnets,
located outside the HCAL, providing an axial magnetic field
of 5Tin CLIC_SID and 4 Tin CLIC_ILD. The CLIC_SID
concept employs central silicon strip tracking detectors, whereas
CLIC_ILD assumes a large central gaseous Time Projec-
tion Chamber. In both concepts, the central tracking system
is augmented with silicon-pixel and silicon-strip based in-
ner tracking detectors. The two detector concepts are shown
schematically in Figure 1 and are described in detail in [7].

1.3 Assumed Staged Running Scenario

The studies presented in this paper are based on a concrete
staging scenario for CLIC, which assumes a three-stage im-
plementation. The first stage provides a centre-of-mass en-
ergy above 350 GeV to reach the top-pair production thresh-
old. The second stage extends up to /s = 1.4 TeV. This was
chosen because it is the energy that can be reached with a
single CLIC drive-beam complex. The third stage reaches
/s =3TeV, the ultimate energy of CLIC. At each stage,
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omments on Section 2 @b

Fig. 1: Longitudinal cross section (to scale) of the top right quadrant of the CLIC_ILD (left) and CLIC_SID (right) detector

concepts for CLIC.

four to five years of running with a fully commissioned ma- =

production cross sections can be increased with polarised

chine are foreseen, Providing integrated luminosities of 500 ! electron (and positron) beams.

1.5ab~" and 2ab™" at 350 GeV, 1.4 TeV and 3 TeV, respec-
tively.

2 Overview of Higgs Production at CLIC

A highenergy e*e™ collider, such as CLIC (or the ILC),
provides a clean experimental environment to study the prop-
erties of the Higgs boson with high precision. The Feynman
diagrams for the three highest cross section Higgs produc-
tion processes at CLIC are shown in Figure 2. In the initial
stage of CLIC operation at /5~ 350GeV, the Higgsstrahlung
process (e “e ™ — ZH) has the largest cross section, but the
WW-fusion process (¢ "¢~ — Hv,¥, ) is also significant. The
combined study of these two processes probes the Higgs
boson properties (width and branching ratios) in a model-
independent manner. In the higher energy stages of CLIC
operation (1.4 TeV and 3.0 TeV), Higgs production is domi-
nated by the WW-fusion process, with the ZZ-fusion process
(eJ'e’ — Hc+e’) also becoming significant. Here the rel-
atively large WW-fusion cross section, combined with the =
high luminosity of CLIC, results in large data samples, al-=
lowing precise &(1%) measurements of the couplings of =
the Higgs boson to both fermions and the gauge bosons. In
addition to the main Higgs production processes, rarer pro- =
cesses suchas e ‘e~ — ttH ande "¢~ — HHv,V;., shown in =
Figure 3, provide access to the top quark Yukawa coupling »
and the Higgs trilinear self-coupling as determined by the =
parameter A in the Higgs potential. In all cases, the Higgs =

e e

Fig. 2: The three highest cross section Higgs production pro-
cesses at CLIC.

The evolution of the leading-order e *e ™~ Higgs production
cross sections with centre-of-mass energy are shown in Fig-
ure 4. Table 1 compares the expected numbers of ZH, Hv. V.
and He *e~ events for the three main CLIC centre-of-mass
energy stages. These numbers account the effect of beam-
strahlung and initial state radiation (ISR), which result in a
tail in the distribution of the effective centre-of-mass energy
V/5'. The impact of beamstrahlung on the expected numbers
of events is relatively small. For example, it results in an ap-

Fig. 3: The main processes at CLIC involving the top-
quark Yukawa coupling gy, the Higgs boson trilinear self-
coupling A and the quartic coupling gupww -
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Fig. 4: The centre-of-mass dependencies of the cross sec-
tions for the main Higgs production processes at an e e~
collider. The values shown correspond to unpolarised beams
and do not include the effects of initial-state radiation or
beamstrahlung.

proximately 10 % reduction in the numbers of Hv,v, events
at /s > 1TeV (compared to the beam spectrum with ISR
alone).

The polar angle distributions for single Higgs production

at various centre-of-mass energy stages is shown in Fig- o
ure 5. Most Higgs bosons produced at 350GeV can be re-
constructed in the central parts of the d while good «

350GeV  L4TeV 3TV
Lo s00/'  1500m'  2000M7"
olete” —+ZH) 134fb 9fb 2fb
ole'e” = Hv.%,) 34 2781 479M
olefe s He'e) 7 28b 49fb
#ZH events 68000 20,000 11,000
# Hy, 7, events 17000 370,000 830,000
#He'e  events 3700 37,000 84,000

Table 1: The leading-order Higgs unpolarised cross sec-
tions for the Higgsstrahlung, WW -fusion, and ZZ-fusion
processes for my = 125GeV at the three centre-of-mass en-
ergies discussed in this document. The quoted cross sections
include the effects of ISR but do not include the effects
of beamstrahlung. Also listed are the numbers of expected
events including the effects of the CLIC beamstrahlung
spectrum and ISR. The cross sections and expected numbers
do not account for the possible enhancements from polarised
beams.

H)

T T
CLIC single Higgs production

50.03- —e'e 5 HZ, 5=350 GeV 7]
ke —e'e s Hv,
8 1 — e o g,
——e'e¢ — Hy,
Lo.02 I e
0.01
.
’L‘mwww'“’“f
0 1 | 1
0 50 100 150

6(H) [deg]

Fig. 5: Polar angle for distributions for single Higgs pro-
duction at various centre-of-mass energy stages. All dis-
tributions include the effects of the CLIC beamstrahlung

and ISR. All distributions are ised to unity.

A SM Higgs boson with mass of my; = 125GeV has a wide
range of decay modes, as listed in Table 2, providing the

capabilties of the detectors in the forward direction are cru- »
cial at 1.4 and 3TeV. "

P to test the SM predictions for the couplings of the
Higgs to both gauge bosons and to fermions. All the modes
listed in Table 2 are accessible at CLIC.

Mark Thomson
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cont.

Decay mode  Branching ratio =
H—bb 51.7% =
H—WW* 21.5% “©
H-gg 8.6% -
Hott 63% -
H-—cT 29%
H— 72" 26% “
H-yy 023% “
H—Zy 0.15% -
Houp'n™ 0.022% -
I 4.1MeV o
“
Table 2: The largest SM Higgs decay modes and branching «

ratios for my = 125GeV.

2.1 Motivation for /5 = 350 GeV CLIC operation

The choice of the CLIC energy stages is motivated by the

the W boson and, by infé provides a

of Ij;. For the above reasons, the preferred option for the
first stage of CLIC operation is /5 &~ 350GeV and opera-
tion at /5 ~250 GeV is not foreseen. Furthermore, at /5 a2
350GeV, detailed studies of the top-pair production process
can be performed in the initial stage of CLIC operation. Fi-
nally, it is worth noting that the Higgs mass can be measured
with a similar precision either from the recoil mass distribu-
tion in HZ — Hp*p’ at /s = 250GeV or from the direct
reconstruction of the Higgs decay products in H — qq de-
cays at /s =350 GeV, and again there is no strong argument
for operation a the lower energy.

2.2 Impact of Beam Polarisation

The majority of CLIC Higgs physics studies have been per-
formed assuming unpolarised e and e~ beams. However,

Polarisation Enhancement factor =
Ple7):Ple’) e'e " 3ZH efe s HyY, ete sZete =

unpolarised 1.00 1.00 1.00 s
-80%: 0% L12 180 L12 =
—80% : +30% 1.40 234 117 =
—80%: —30% 083 126 107
+80%: 0% 0.8 020 0.8
+80% : +30% 0.69 026 092 w
+80% : —30% 1.08 0.14 084

Table 3: The dependence of the event rates for the s-channel
e'e™ — ZH process and the pure t-channel e 'e ~ — Hv, ¥,
ande'e” — Ze'e™ processes for three example beam po-
larisations. The scale factors assume sin” 6.7y = 0.23146.
The numbers are only approximate as they do not account
for interference between e ‘e~ — HZ — Hv,V, ande e " —
HveVe.

invariant mass is with myz. The fc

two most important measurements are o'(e “ e~ — Hv, ¥, ) x
BR(H — bb) and o(ee” — Hve¥:) x BR(H — WW"),
which alongside the other measurements of Higgs produc-
tion allow the total decay width of the Higgs boson I}; to be
determined with a precision of x %.

2.3.1 Extraction of Higgs Couplings

At the LHC, only relative measurements of the couplings
of the Higgs boson can be inferred from the data. At an
electron-positron linear collider absolute measurements of
the couplings can be determined using the total e tem =
ZH cross section from the recoil mass analyses. This allows
the coupling of the Higgs boson to the Z to be determined
with a precision of better than 1 % in an essentially model-
independent manner. Once the coupling to the Z is known,
the Higgs coupling to the W can be determined from, for
example, the ratios of Higgsstrahlung to WW fusion cross
sections,

with significantly higher precision than at /s = 350GeV. =
For example, CLIC operating at 3 TeV would yield a statis- =
tical precision of 1.5% on the ratio gucc/gubb. providing
a direct comparison of the Standard Model coupling pre-
dictions for up-type (charge +2/3) and down-type (charge -
—1/3) quarks. In the context of the model-independent mea-

of the Higgs branching ratios, the of |
0(Hv,¥,) x BR(H — WW") is particularly important. For
CLIC operation at /s 2 1.4 TeV, the large number of events
allows this cross section to be determined with a precision
of 1.4% (see section 5.3), which when combined with the
measurements at /5~ 350GeV places strong constraints on
I;;.

Although the WW fusion process has the largest cross sec-
tion for Higgs production above 1 TeV, other processes are
also important. For example, measurements of the ZZ fu-
sion process provides further constraints on the gy, cou-
pling. Furthermore, CLIC operation at /5 = 1.4 TeV and .
above enables a determination of the top Yukawa coupling -

“
@
.
)
Py

desire to pursue a programme of precision Higgs physics  for the baseline CLIC design, the electron beam can be po-

. . . of the system recoiling against the Z can be obtained from
and to operate the machine above 1TeV at the earliest possi- 1,2 up to £80% and there is the possibility of positron R 8 aga!

from the process e e — tTtH — bW bW "H with a pre-

=V5—Ez and prec = —pz. Ine'e” — ZH events, the - = 2 e ) ; P
< ble time; no slgmﬁmnl operation is foreseen blelow the top- polarisation at a lower level. For an electron polarisation of j ﬁ;ﬁafmas::fnmj?:;coi“np; syl;;mewm Peak:/le'l:l: L olete” — ZH) % BR(H — bbl o [ Buzz cision of 4.5 % (see section 7). Fln:f]ly, the self-c?uplmg ofs‘
< pairp From the perspective of Higes  p_and positron polarisation of P, the relative fractions of . lowing the ZH cvents to be selected based only on the obser-  0(¢ €~ VeVeH) x BR(H — bb) | guww the Higgs boson at the HHH vertex is measurable in 1.4 TeV
7 physics, P s panly by the  ilisions in the different helicity states are « vation of the leptons from the Z decay, providing a model- and 3.0TeV operation. In the SM, the Higgs boson origi-

nates from a doublet of complex scalar fields described by

direct and model- l"dlpé’"dfﬂl measurement of the coupling independent measurement of the Higgs coupling to the Z In order to determine absolute measurements of the other

B8 B 9 g B

— ol | 4 s

» ofth Higas boson (o the Z, which can be obtained romthe  egeir—3(1-+P)(1-+P,) . exel: 3(1+P-)(1-P,)  boson (soe scction 4.1.1). A slightly less cean. bat more Higgs couplings, the Higes total decay width needs to be the potential
i1y e« Sk 10=P00 42 el 1-P )17, - e, s b e by qain e . e om0 . For s b s of o eaer
L co « coil mass analysis for Z — qq decays (see section 4.1.3). = 125GeV, the total Higgs decay width in the SM (If) is V(o)=p0"0+2(079)".

== measurements play a central role in the determination of the By selecting different beam polarisations it is possible to en-
= Higgs couplings at a linear collider. Thus, it might seem " hance/suppress different physical processes. The chiral na-

«w The recoil mass studies provides absolute measurement of . less than 5MeV and cannot be measured directly. However,

i i i 2 iven that the absolute couplings of the Higgs boson to the
= the total ZH production cross section and provides a model g pling: 28 After spontancous symmetry breaking, this form of the po- =

B s s 3
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at /s =250 GeV, which is close to the maximum of the
Higgsstrahlung cross section (see section 4). There are three

w surprising that no significant CLIC running is considered , tyre of the weak coupling to fermions results in significant

possible enhancements in WW -fusion Higgs production, as
mdlcnted in Table 3. The po(enual gains for the s-channel

B, +

reasons why 250 GeV operation is not idered a priority.
Firstly, the reduction in cross section |s, in part, compen-
sated by the i d

Hi pmccss, e'e” — ZH, are less significant,
and the e*e™ — He*e™ cross-section dependence on the

at a higher centre-of-mass energy; the instantaneous Iumi-:
nosity scales approximately linearly with the centre-of-mass
energy, £ =< y,, where ¥, is the Lorentz factor for the beam
electrons/positrons. For this reason the precision on the cou-
pling g7z at 350GeV is comparable to that achievable at
250GeV for the same period of operation. Secondly, the ad-
ditional boost of the Z and H at /s = 350GeV provides
greater separation between the final-state jets from Z and H*

p iseven smaller. In practice, the balance between
operation with different beam polarisations will depend on
the CLIC physics program taken as a whole, including the
searches for and potential measurements of BSM particle
production.

2.3 Overview of Higgs Measurements at /5 = 350 GeV

decays. Consequently, the measurements of 0(HZ) x BR(H — X))

can be more precise at /s =350GeV. Thirdly, and most im- &
portantly, of the Hi,
alone are not sufficient to provide truly model-independent e«
measurements of the Higgs boson couplings; knowledge of &
the total decay width I} is also required. This can be in- e
ferred from the measurements of the cross sections for the =
WW fusion processes. Initial operation of CLIC at /5~ n
350GeV, where the e 'e = — Hv,¥, fusion cross section is
significant, provides constraints on the Higgs coupling to

cross section s

The Higgsstrahlung process provides the opportunity to study
the couplings of the Higgs boson in a model-independent
manner. This is umque to an electron-positron collider. The
clean i and the ively low SM
cross sections for background processes, allow e te~ - ZH
events to be selected based solely on the measurement of the
four-momentum of the Z through its decay products. The
clearest topologies occur forZ —e ‘e~ and Z — p*p~ de-
cays, which can be identified by requiring that the di-lepton

independent measurement of the coupling of the Higgs to
the Z boson, gy77. The combination of the leptonic and
hadronic decay channels allows gy;7 to be determined with

a precision of 0.8 %. In addition, the recoil mass from Z —
qq decays provides a direct search for possible Higgs de-
cays to invisible final states, and can be used to constrain
the invisible decay width of the Higgs, Iipy.

By identifying the individual final states for different Higgs
decay modes, precise measurements of the Higgs boson branch-

Z and W can be obtained as described above, the total de-
cay width of the Higgs boson can be determined from H —
WW?* or H — ZZ" decays. For example, the measurement
of the Higgs decay to WW" in the WW -fusion process de-
termines

G (HveV,) x BR(H —» WW*) = M,
H

:md thus the total width can be determined utilising the model-
of gyww . In practice, a fit (see

ing fractions can be made. Because of the high fl tagging
efficiencies [7] achievable at CLIC, the H — bb and H — ¢T
decays can be cleanly separated. Neglecting the Higgs de-“
cays into light quarks, the branching ratio of H — gg can

also be inferred and H — t' 1~ decays can be cleanly iden-

tified. -
Although the cross section is lower, the 7-channel WW fu-

sion process e "e ~ — Hv, ¥, is an important part of the CLIC «
Higgs physics programme at /5 = 350GeV. Because the fi- ¢
nal state consists of the Higgs boson decay products alone, «
the direct reconstruction of the invariant mass of the Higgs «
boson or, in the case of H — WW", its decay products, =
plays a central role in the event selection. At 350 GeV, the s

section 10) is performed to all of the experimental measure-
ments involving the Higgs boson couplings.

2.4 Overview of Higgs Measurements at /5 > 1 TeV

For CLIC operation above 1 TeV, the large samples of Higgs
decays produced in the WW -fusion process allow the rela-
tive couplings of the Higgs boson to the W and Z bosons
at the 6(1%) level. These measurements provide a strong
test of the SM prediction for gyww/8uzz = cos” By Fur-
thermore, the exclusive Higgs decay modes can be studied

8 8% ¥ B K 2 8 ¥ BN OBRR BN

tential gives rise to a trilinear Higgs self-coupling of stmnglh

proportional to Av, where v is the vacuum expeetation value *

of the Higgs potential. The measurement of the strength of ®
the Higgs self-coupling therefore provides direct access to”
the quartic potential coupling A assumed inthe Higgs mech-
anism. This measurement is an essenlinl pnn of experimen-
tally ishing the Higgs described by the
Standard Model. For my = 125GeV, the measurement of
the Higgs boson self-coupling a! the LHC will be exlremely
challenging even with 3000 fb™ ! of data (see forexample [8])."
At a linear collider, the trilinear Higgs coupling can be mea-

sured through the e *e ~ —ZHH and e e~ — HHv,¥, pro-

cesses. The achievable precision has been studied for the

e'e”™ — ZHH process at /5 = 500GeV in the context of *
the International Linear Collider (ILC), where the results

show that a very large integrated luminosity is required [9]. =
For this reason, the most favourable channel for the mea- =
surement of the Higgs self-coupling is the e ‘e = — HHv, ¥, »
process at /5 > 1TeV. Here the sensitivity increases with »
increasing centre-of-mass energy and the measurements of »
the Higgs boson self-coupling (see section 8) form a cen- =
tral part of the CLIC Higgs physics programme: ultimately e
a precision of approximately 10 % on A may be achievable. =

488 8

Mark Thomson

CLIC Workshop 2015, CERN




Section 3

3 Monte Carlo Samples, Detector Simulation and Event
Reconstruction

org.lcsim [20] software packages. Particle flow recon- «
struction was performed using PandoraPFA [21, 22]. Vertex
reconstruction and heavy-flavour tagging is performed us-
The results presented in the paper are based on detailed Monte ing the LCFlplus‘pm.gEmm [23]. The detailed training of the
Carlo (MC) simulation studies based on: a full set of SM neutral network wasp PEEEY forthe |
background processes; full GEANT4 [10, 11] based simula- centre-of-mass energy and the final state of interest.
tions of the CLIC detector concepts; and a full reconstruc-
tion of the simulated events.

o
Because of the 0.5ns bunch spacing in the CLIC beams, =
the pile-up of beam-induced backgrounds can impact the =
event reconstruction and needs to be accounted for. Realis- =
tic levels of pile-up from the most important beam-induced =
background (from the yy — hadrons process) was included =
in all the simulated event samples to ensure that the im-=

3.1 Monte Carlo Event Generation "

pact on the event reconstruction was correctly modelled. The =
vy — hadrons events were simulated separately and a ran- =
domly chosen subset ponding to 60 bunch ing:
was superimposed on the physics event before the digiti-
sation step [24]. The impact of the background is small at
/5=350GeV, and is most significant at /5 = 3 TeV, where *
approximately 1.2 TeV of energy is deposited in the calorime-
2 ters in a time window of 10ns. A dedicated reconstruction =
2 algorithm was developed to identify and remove approxi- =
= mately 90 % of this out-of-time background, using criteria *
based on the reconstructed pr of the particle and the mean =
2 calorimeter cluster time. A more detailed description can be =
found in [7]. “

Because of the presence of beamstrahlung photons in the
colliding electron and positron beams, it is necessary to gen-
erate Monte Carlo (MC) event samples for ete, c*'y, ye
and yy interactions. The main physics backgrounds, with up
to six particles in the final state, were generated using the
‘WHIZARD 1.95 [12] program. In all cases the expected en-
ergy spectra for the CLIC beams, including the effects from
beamstrahlung and the intrinsic machine energy spread, were
used for the initial-state ek posi and bx

photons. In addition, low-Q? processes with quasi-real pho-
tons were described using the Weizsicker-Williams approx-
imation as implemented in WHIZARD. The process of frag-

B

and h i was lated using PYTHIA = -
6.4 [13] with a parameter set that was tuned to OPAL e e~ = let finding was performed using the FASTJET [25] package.
data recorded at LEP (see [7] for details). The decays of © = Because of the presence of pile-up from yy — hadrons, it
leptons were simulated using TAUOLA [14]. The mass of 2 was found that the ee_kt (Durham) algorithm employed at
the Higgs boson was taken to be 126 GeV and the decays = LEP was not optimal for CLIC. Instead the hadmn«:olliderﬂ
of the Higgs boson were simulated using PYTHIA with the = inspired k, algorithm, with the distance parameter R based -
branching fractions listed in [15]. The events from the dif- a1 onA1) and A¢, was found to give better performance since it "
ferent Higgs production channels were simulated separately. = increases distances in the forward region, thus reducing the
To avoid double counting, the Higgs boson mass was set to = clustering of the (p i ly low )
12TeV in the generation of the background samples. Monte »  background particles with those from: the hard e "e ™ inter- ”
Carlo samples for the measurement of the top Yukawa cou- = action. The particles clustered into the beam jets are likely |
pling measurement (see section 7) with eight final-state fermions = to have originated from beam-beam backgrounds, and are |
were obtained using the PHYSSIM [16] package; again PYTHIA = removed from the event. As a result of using the R-based
was used for fragmentation, hadronisation and the Higgs bo- =k, algorithm the impact of the pile-up from yy — hadrons

son decays. A slightly lower value of 125 GeV was assumed = is largely mitigated, even before the timing cuts, described

for the mass of the Higgs boson in e e ~ — tTH events. « above. Again, details are given in [7]. The choice of R was
«  optimised separately for different analyses. In many of the

« following studies events are forced into a particular N-jet

3.2 Simulation and Reconstruction « topology. For example, if an event is forced into a two-jet
« topology, v,y is the k, value at which the event would be re-*
. PR A~

The GEANT4 [10, 11] detector simulation toolkits MOKKA [17] - constructed as three jets. These ®-cut” variables are widely

used in a number of event selections, allowing events to be *
-

and SLIC [18] were used to simulate the detector response categorised into different topological final states.

to the generated events in the CLIC_ILD and CLIC_SID
concepts, respectively. The QGSP_BERT physics list was
used to model the hadronic interactions of particles in the
d The digitisation, namely the lation of the raw
simulated energy deposits into detector signals, and the event
reconstruction were performed using the MARLIN [19] and

B 2 88 8 @
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Figures

@

* Figures are not the final print-ready versions

* But we believe what is shown is OK

= Where possible chose physics quantities (e.g. masses,
angular distributions) over abstract BDT distributions

Frr T[T r [T T[T r 1T [T T171] m [ — T ]
'_g 5000 | —— H-sinvis. (100% BR) ] g 8000 i Ns=3TeV B

= -1 ] -
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o 06000 HE-
(O] = |
> 5] | |
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= Would welcome suggestions on alternative plots
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Event displays
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What next?

* Immediate future:
" |ncorporate comments
* tie up loose ends with analyses
= finalize fits (and conclusions)
= finalize figures

* As soon as possible:
= first full draft released to CLICdp
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