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The Compact Linear Collider CLIC @
@ ©

> Future ete™ collider at the TeV scale

» Novel accelerator technique based on a two-beam
acceleration scheme

» Demonstrated high gradient of 100 MV /m
> Staged operatlon at 380 GeV 1.5TeV, and 3 TeV

Compm Llnnr Collder (cuc)
w350 Gev- 11.4km (cuc380)

= e > CDR published in 2012

[0 3.0TeV - 50.1 km (CLIC3000)

\
» Optimised detector concept
» Full simulation studies of performance and physics
» Input to the European Strategy Update 2019
https://clic.cern/european-strategy

» Accelerator and Detector: [arXiv:1812.07987]

» Physics Potential: [arXiv:1812.07986]
] / v » First beams in 2035
CLIC@EPS A. Robson (New Phys:cs Potentla/) 12 7.; F. Zarnecki (Top physics) 12.7.; E. Leogrande (Detector) Poster
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Higgs pairs at CLIC @
EA

Double

T T

Three energy stages of CLIC —

;g V/ ) ) Higgsstrahlung:
T " Expected numbers of Higgs pair events: o' z
s o— ] 380GeV 1.4TeV 3 TeV >W )
w 2 int. luminosity lab™' 25ab™' 5ab7! ¢ e

'F » E P(e”)=-0.8/+0.8 * 11 4:1 4:1 W-boson fusion:
' N ZHH ~20 170 140 : ’
0 1000 2000 pren H HVEVe ~2 550 4400 A

Vs [GeV]

Eur. Phys. J. C77, 475 (2017)

*Luminosity share between P(e ™, e™) = (-0.8,0)/(+0.8,0)
» No HH production channel accessible below 500 GeV in eTe™

» Sizable ZHH production starts at /s = 500 GeV

Current CLIC baseline has the

_ . . second energy stage at 1.5 TeV
> HHVeVe prOdUCtlon grows with energy instead of 1.4 TeV which is still

. . used for the full-simulation samples
» Influence of beam polarisation: P

studied here

P(e”) = —80% (+80%): HHv.v. rate modified by factor 1.8 (0.2)
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dﬂ Higgs self-coupling in the Standard Model I@

In the SM
> Higgs potential in SM: V = —mj|¢|* + A|¢|*

=> Self-coupling A\ determines shape of the potential

» Relation of mass my and self-coupling A:
2 2
my = 2)\V

= Relation of mass and self-coupling indicates if the
H(125) boson originates from the Higgs field
responsible for electroweak symmetry breaking

» Interaction Lagrangian: trilinear self-coupling
8HHH = BAV
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dﬂ Higgs self-coupling in the Standard Model I@

In the SM = measure gyyy as effective coupling to
> Higgs potential in SM: V = _ma |¢|2 + )\|¢|4 check for deviations of A from the SM:
e’ Z
=> Self-coupling A\ determines shape of the potential W\/\Z/\Mf;r
H g
» Relation of mass my and self-coupling A: ¢
2 2
my = 2)\V

= Relation of mass and self-coupling indicates if the
H(125) boson originates from the Higgs field
responsible for electroweak symmetry breaking

modification of the vertex @

» Interaction Lagrangian: trilinear self-coupling defined as 1 . Banm
HHH ‘= —sa

8HHH = BAv 8hHH
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d[b Higgs self-coupling beyond the Standard Model @
EA

Deviations from SM value expected e.g. in models ...
» ... with additional scalar particles (e.g. extended Higgs sectors, SUSY, additional singlets)
» ... where the Higgs is composite
» ... with first-order electroweak phase transition

Expected deviations in certain models

Deviations in gyyn, in the model's parameter In case
space where no signal appears at the LHC, but > no signal of new EWSB states observed at
8BHHH is non-SM the LHC
Model Aginin /8t > and. o deviati  the Hi
B . 2 no significant deviations of the Riggs to
I(\:/I|xed—|thS|E|g_let . -18 ?‘V SM particles couplings measured at LHC
omposite Higgs ens of % i i .
Minimal Supersymmetry 2% to -15 % the Higgs self-coupling could be the first
NMSSM 259% evidence that the Higgs sector is non-standard

Gupta, Rzehak, Wells [1305.6397]
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Analysis strategy

Higgs self-coupling at CLIC

» Measure W-boson fusion di-Higgs production HHv.v, at 3 TeV
» Extract gy from cross section and kinematics

» Take into account the smaller contributions from ZHH and
HHv.v, at 1.4 TeV

cLicdp
Cross-section dependence on gyyy: — £, '
o [« HHwatev |
. 0.9
=> Measurements of cross sections s \ \
SM - I [
can be used to extract gy /8HHH 07 - | !
Lo — 0.6 e s
» Ambiguity in HHv,V, 08 M !
04 | L
‘0 1 2
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m Sensitive differential distributions @

Invariant mass of Higgs boson pair:
Differential distributions help to distinguish nvariant m ‘88 n palr

different values of kpuy [Contino et al: 1300.7038] & 0.2pbrrrrrrrrrrrrerrrrrree
8 0.18;_ g Kpnn = 0.8 Kypuw = 1.0 3
8HHH o 0.16F i = 105 Ky = 1.0 3
KHHH ‘= M g 0. * K = 125 Ky = 1.0 3
8HHH Fe) Kpn = 2:2; Ky = 1.0 3
I ]
T E
Shape differences in lower invariant mass My z 3 TeV 3
region for 3
> different values of Ky t :
: “
» in particular, dlsjclngw.sh Eupn < lifrom 2561663 1500 2000 55605000
Kuun > 1 even if similar cross section M, [GeV]

(— resolve ambiguity)

3TeV HHv.v, analysis makes use of differential information
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Event selection for 3 TeV HHv, v, A

» Signal and background samples produced with CLIC_ILD full detector simulation and
reconstruction

» Most abundant: HH — bbbb = four b-tagged jets in the forward region and missing Er

» Backgrounds from ZH and electroweak diboson production

> Event selection based on multivariate analysis (BDT), b-tagging of jets, invariant mass
reconstruction

cLicdp cLicdp
L=5000/fb 41 pol. scheme ] £ 2000F L =50001b "471 pol. scheme 3 bbbb Ivsi
1 pol. ] £ = 1 pol. 3 .
1200F 37ev E=e v $ 1800F 3 Tev B v analysis:

events

B v B v Signal region:

Do W e - g Signal = 766 events

T ee - qqqav A E=ee - quaav

B e - quanwy B e - quaw Background = 4527 events
- ee - qqHvv

[ T
——ee - HHVT ] Beam polarisation at higher-energy

E stages: 80 % (20 %) of the run using
3 P(e™) = —80%(+80%)

500 1000 1500 2000 — denoted as “4:1 pol. scheme”
hn(Ge

——ee -~ HHvV

0.15 0.2
BDT response
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d[b HH cross-section measurements at 1.4 and 3 TeV I@

» HHv,V, production at 1.4 and 3 TeV studied in full simulation
» ZHH production at 1.4 TeV: assumptions based on full-simulation ZH study
» Minimal programme of CLIC for HH cross-section measurements:

14TeV (L =25ab™ ") | 3TeV (£ =5ab™ ')
360 > 56 for £ >700fb "
o(HHV.V,) | 22 =28% 29 =73%
OBSERVATION
o(ZHH) 590 not studied yet
OBSERVATION (less sensitive to self-coupling)
>
>

> Next: extracting gypyy from these measurements

Current CLIC baseline has the second
energy stage at 1.5 TeV instead

of 1.4 TeV which is still used for the
full-simulation samples studied here
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Measure gy in di-Higgs events

i

From total rate of observed HH events cucds cucap
= ; ; = .
. B B KXY D S CIETTIVET R
Measure the cross section, e 0.25
extract the self-coupling: 08 - o.
SM 07 B 0.15 o
Ao ~ Aghnn/8hnH 0. A4 N
05 T T
-10%, + 11% 04 T R R S S R
gHHH/gHHH gHHH/gHHH
From differential information in HHv, v, events cuce oTev Losooom arpoiscrene P
T T T TT —r—T ey~ gghv
e . ey - vdqaq
» Use two observables sensitive to gyyy: BDT B..
score and My B .o
» Perform template fit for different gyyy [ [o—

o,v PPN PO PSo PP B o
N —
M(HH)[GEV] ee -~ HHv U

= -7 %, + 11 % precision on gy
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elb Higgs self-coupling and Higgs-gauge coupling HHWW A

Several diagrams contribute to HHv.v,, incl. HHWW
vertex — modification parametrized as

_ SM .
KHHWW =&HHWW /8HHWW

Modifications of invariant di-Higgs mass:
CLICdp

S 0.14F
(]

o Ky = 105 Ky = 12

Ky = 1.2 Ky = 1.0

i e
&™"500" 1000 1500 2000 2500 3000
My [GeV]

— distinguish gqun from gynww

2D limits

Simultaneous fit of gyyy and gyuww
based on Myy in bins of the BDT score
plus the o(ZHH) measurement at 1.4 TeV:

CLICdp 4:1 pol. scheme
£ 1 ]
EO§ [ (\ = 68% C.L.
L = 95% C.L.
\51.05,
: ¢ \\‘L
7 QQ N\
[ differential
0.95 \ ~

HHvv: 3 TeV; 5 ab
+ZHH: 1.4 TeV; 2.5 ab™

T

05 1 15
g /gSM

HHH ZHHH
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>

>

4l

Global fit

Model broad range of possible new physics
effects in Effective Field Theory (EFT)

HH production measurements can be
influenced by more BSM effects other than
modified Higgs self-coupling

Other BSM effects can be constrained in
other measurements

estimate total effect: global SM-EFT fit
at CLIC: global and individual constraints
on Higgs self-coupling very similar due to
the comprehensive, high-precision Higgs
programme at all three energy stages

&

Results from: The CLIC Potential for New Physics
[1812.02093, Sec. 2.2]

10 ——

I A

\

CLIC 1.4TeV, 6k, only

CLIC 1.4TeV, global fit

CLIC 1.4TeV+3TeV, 6k, only

CLIC 1.4TeV+3TeV, global fit

CLIC 3TeV BDT + 1.4TeV, 6k, only

-0.5

0.0 0.5 1.0

OKy,

77777 CLICdp full-simulation analysis with
differential information
Ax? = 1 corresponds to 68 % C.L.

Ulrike Schnoor
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ﬂb Comparison to other proposed projects I@

Higgs@FC WG I! di-H, excl. [l di-H, glob. [l single-H, excl. [l single-H, glob.|

All future colliders combined with HL-LHC

» CLIC is earliest project
where AKJHHH < 10%
can be reached

» Direct access and two
sizable production
modes at CLIC

» Global and exclusive
constraints very similar
(see previous slide)

from [1905.03764]
(K3 = Kpuu)

30 40 50
May 2019 68% CL bounds on k4 [%)]
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m Conclusions @

» Unique capability of CLIC: CLIC double Higgs and Higgs self-coupling programme:
measuring the Higgs 1.4 TeV 3TeV
self-coupling to -7%, + 11% 366 > 50 for £ > 700fb
uncertainty o(HHv.V,) | &2 =28% 80 =73%

» Direct accessibility of HH OBSERVATION
production at 1.4 and 3 TeV o(ZHH) 590

OBSERVATION

» Challenging measurements: 14TeV- 14 & 3TeV-
small cross section, forward N -34%. +36% 7% +11%
b-quarks rate only analysis | differential analysis

> Benefits from excellent heavy + Global EFT fit

flavor tagging, jet energy . . .
resolution of CLIC detector + BSM interpretation (e.g. Baryogenesis)

= Together with the high-precision in the couplings of the Higgs to SM particles at CLIC, this
measurement will test the nature of the electroweak symmetry breaking mechanism
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@b Additional Material I@
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elb Further reading @

» arXiv:1901.05897: Double Higgs boson production
and Higgs self-coupling extraction at CLIC

> arXiv:1812.02093 /CERN-2018-009-M: The
CLIC Potential for New Physics (Sec. 2.2)
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CLIC accelerator complex at 3 TeV

i

Klystrons Klystrons
588 units, 20 MW, 148 s 588 units, 20 MW, 148 s
DRIVE BEAM /
COMPLEX Delay Loop Delay Loop

3m

2.5km - 25m
Drive Beam Accelerator CR2 CR2 Drive Beam Accelerator
2.4GeV, 1.0 GHz @140 m @140 m 2.4GeV, 1.0 GHz

@95 m

Deceleratovs 25 sectors Decelerator, each 878 m

G Y ) )
>>a)1’ >>?>’ >> )@; . I §<< %

LI L LT

l)))))»))» DN )))))))))))))))))))))))))) 31k 31k
& Main Linac, 1.5 TeV, 12 GHz, 72/100 MV/m, 22 km e*Main Linac, 1.5 TeV, 12 GHz, 72/100 MV/m, 22 km
P A
300m 50.1 km 300m
Spin Rotator Baogen "'"“\‘_)
’))\ CAPTION
389 m Pre-lnjel:lor Primary e’ Linac CR : Combiner ring
. Llnac for e* producllon TA : Turnaround
MAI!C\IO?V‘EPIL\gI( PDR DR : Damping ring
((‘Q»— .—(«((‘.—a PDR : Predamping ring
Target BC : Bunch compressor
‘ BDS : Beam delivery system
{ y IP : Interaction point
. g \<<(((‘ = @ : Dump
Spin Rotator Injector Linac Pre-Injector  DC Gun
286 GeV/ e Linac
0.2 GeV

3 Tev
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2013 - 2019

Development Phase
Development of a project plan for a
staged CLIC implementation in line
with LHC results; technical
developments with industry,
performance studies for accelerator
parts and systems, detector
technology demonstrators

2020

Update of the European

CLIC timeline

2020 - 2025

Strategy for Particle Physics

2026

Ready for construction

@ compact Linear Collider

Higgs self-cou

g at CLIC - 11 July 2019

2026 - 2034

2035

First collisions

i
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CLIC schedule A

7 years 27 years

Y

380GeV 1.5TevV
o Construction o Construction

« Installation 2 « Installation 2 2
£ g e
£ 5 E 5 E
$ 380 GeV Physics £ §  1.5TeV Physics E§ 3TeV Physics

1ab™’ £ 2.5ab™" £ 5ab™"
H H
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
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CLIC Detector: CLICdet @
é =

Designed for Particle Flow Analysis
and optimized for CLIC environment

> 4 T B-field
> Vertex detector (3 double layers)
» Large Silicon tracker R=1.5m

» Highly granular calorimeters:
> Si-W-ECAL
40 layers (22 X,)
» Scint-Fe-HCAL
60 layers (7.5 X))

Precise timing for background
suppression
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elb Brief overview Higgs physics at CLIC @
EA

S 1 All Stages:
HEIE Model-independent global fit of
. . . couplings:
» Higgsstrahlung and W-boson fusion H production ping
. . 1.2 November 2018
» Model-independent measurement of HZZ coupling > cLicdp
> H N invisible § L model independent 4
~ s 1l §
£ B ' =
g V/ -t 5%,
Stage 2 11% e 3
3 — e tdid ol
Lo S0k E 1 7 8 G G 1
+ e’e — ttH: i 2 P I
top Yukawa couplin F E
P P g Ty c Tt bt WZ g v

107 ZHH | 0.9 —
' n Zy| H
Stage 3 J

o 350GeV,1ab’

L
0 1000 2000 3000 T

Vs [GeV] o +1.4TeV,25ab"
. . e +3TeV,5ab’
+ Double Higgs production Eur. Phys. J. C77, 475 08
(2017) 1812.01644
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Hadron collider
CHALLENGE:
» Small cross section

» Overwhelming background in high-BR
channels

Current limits from LHC:
HH — bbbb, HH — bb 77, HH—bb Yy
combined (ATLAS):
5.0 < KHHH <12.1 (95%CL)
ATLAS-CONF-2018-043
Prospects for HL-LHC:

» with systematics: 0.52 < kypyy <1.5
» without systematics: 0.57 < kypy <1.5

(68 % CL) https://cds.cern.ch/record/2650162/

Double Higgs production at other colliders

&

Electron-positron collider

CHALLENGE:
» ZHH accessibility opens around ~500 GeV
» Small cross section
» \W-boson fusion channel grows with
energy = high-energy e"e ™ collider
advantageous
Prospects for ILC at 500 GeV: £ = 4ab~ "

AK‘HHH = 27% (68%CL)
[1506.05992]

Indirect measurements of the Higgs
self-coupling in single Higgs production
possible at ILC-250 and FCC-ee, but no
direct di-Higgs production
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@b Processes with two Higgs bosons at CLIC l@

Double Higgsstrahlung ZHH W-boson fusion Hljh/eve

e Z
Processes producing two W
Higgs bosons: .

Hhe
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elb Indirect measurements of the Higgs self-coupling I@

o+ 7 » Measure Higgs self-coupling
contributing in loops

[t » Model-dependent
o~ ~h
‘ ] » Higgs self-coupling effect suppressed

_ w.r.t. direct effects in these diagrams
(e.g. gHZZ) — limiting sensitivity

» Global fit necessary

» Possible at CLIC-380, FCC-ee,

ILC-250
FCC-ee
ILC-250 global fit, full programme with
Strategy described in all stages

CERN-ACC-2018-0057

Ulrike Schnoor Higgs self-coupling at CLIC - 11 July 2019


https://arxiv.org/pdf/1710.07621.pdf
https://cds.cern.ch/record/2651299/files/CERN-ACC-2018-0057.pdf
https://clic.cern
https://home.cern

ZHH @)

+ -
e’ e - Zhh
40 - |
[ —— ILC 500 GeV, P(e",e")=(0.8,£0.3), 513 fb 1
ILC 1 TeV, P(e”,6")=(-0.8,0.2), 0.17 b
3 CLIC 1.4 TeV, unpolarized, 0.09 fb
3 CLIC 3 TeV, unpolarized, 0.03 fo
3
S2
s}

L ILC 500GeV (£16

JHEP 1802 (2018) 178
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Double Higgs boson events from W-boson fusion

HHv,V, events identified by decay products of the two Higgs bosons
» Most abundant: HH — bbbb

> Apply b-tagging to jets
» Reconstruct invariant masses

HHv,v, — bbbb vV, events in the detector at CLIC

\ » Four b-jets in the forward region
After . \ » Signals and backgrounds contain
removing ‘\

beam-induced \

background: ‘

missing energy

» Background events in particular from
> 7H

» diboson
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&[b Cross-section measurement of HHv,v, at 3 TeV I@

» First step for self-coupling extraction: cross-section measurement
» HHv,V, cross section scales with 1.8 (0.2) for P(e™) = —80 %(+80 %)
» Cross-section accuracy depends on the luminosity and polarisation scheme:

Data Percentage with
L™ Ple)=-80% P(e)=+80% Ac/o

3000 0% 0% 11.6%

3000 100 % 0% 8.7%

5000 0% 0% 9.0%

5000 80 % 20% 7.4% —— 4:1 polarisation scheme
5000 100 % 0% 6.7% = current baseline

[1812.01644]

Ulrike Schnoor Higgs self-coupling at CLIC - 11 July 2019


https://arxiv.org/abs/1812.01644
https://clic.cern
https://home.cern

d[b Analysis overview and results @

3GCLICdp i i 41 ?ol. sche‘me 3chcdp i i 41?0\ sche‘me
< | HHvv: 3 Tev; 5 ab? < ‘\
b rate only il
200 20 i H 1
15 k}& I}Jﬁj\i 15 %% }ﬁy W
H 0,
Constraints for iy for 68 % C.L. 1 1\% YW Y - ,ﬂ R
5 { B e \{ '+ ZHH: 1.4 TeV; 2.5 ab™
WA Wl
B.S 1 15 2 25 B.S 1 15 2 25
B0 BTt
[0.90,1.12] U [2.40,2.61] [0.90,1.11]
. e e SM cLiCdp 4:1 pol. scheme
Final sensitivity of CLIC on gy /&hHH ‘“:‘7’2 FASAEARRSRRESARARY o BGCUZC::V‘-379Vv‘5abjl?0“me‘m
based on differential / <70 14 Tev: 2.5 ab” ;
60 / [0) 1
. Lo i . _ S0t [ differential L
> differential information in HHv, v, pal ! 507

! A | )%
30t \
at 3TeV o }‘“\2 IJM{/}A ;2;2 %H oy
S

» cross-section measurement of ZHH 10 o 10 wﬁl
at 1.4 TeV LR S . /Zg';r’,,, T V- —
CCwe
0, 0,
= 7%, +11% [0.93’1.12] 0.03.1.11
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ﬂb Higgs self-coupling and Baryogenesis I@

» Non-standard Higgs self-coupling plays a role in various BSM models

» Example: Electroweak Baryogenesis = one explanation for the matter-antimatter
asymmetry in the universe

00 ©
. . Sphal
Ingredients to Electroweak Baryogenesis: “*" pfoci:::% Baryon asymmetry
» C and CP-violating processes o

. . Diffusion of baryons
» Baryon number violation g

» Thermal inequilibrium m=0 (EWSB unbroken)

can be realised through first-order phase

transition in EW symmetry breaking: expanding
. . “ , bubble wall

potential barrier between vacuum “bubbles

where EW symmetry is broken and the

unbroken vacuum
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elb Interpretation: Baryogenesis I@

» Shape of the Higgs potential connected to the phase transition of the early universe from
the unbroken to the broken electroweak symmetry
» Baryogenesis with a Higgs + singlet model: CLIC sensitive to the interesting regions

--- CLIC 1.5TeV €0y = 90%

R S iy e G e 6 --- constraint from Axpyyy = 20% at 95% C.L.

- 500Gev.sno - 008 --- CLIC 3 TeV di-Higgs searches ¢,_,, = 90 %

. — CLIC 3 TeV di-Higgs searches €,_.,, = 70 %
: o regions compatible with unitarity, perturbativity, and

o o absolute stability of the EW vacuum
E 0

+ B Gray areas: indirect reach from other measurements at

B] Stage 1 (dark), Stage 2 (middle), Stage 3 (light)

i * based on di-Higgs production at CLIC

b3 /v, a,: parameters of effective [No, Spannowski: 1807_04284]

potential (using CLICdet Delphes card)
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