Physics at future linear colliders
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Introduction: ILC and CLIC

International Linear Collider (ILC):

» Based on superconducting RF cavities
 Gradient: 32 MV/m

* Energy: 250 - 500 GeV

(upgradable to 1 TeV)

* P(e”) = £80%, P(e*) = +30%

 Length: 20 km (250 GeV),

31 km (500 GeV)

Compact Linear Collider (CLIC):

» Based on 2-beam acceleration

scheme

» Operated at room temperature

» Gradient: 100 MV/m

* Energy: 380 GeV - 3 TeV

* P(e7) = £80%

 Length: 11 km (380 GeV), 50 km (3 TeV)

Linear colliders have the potential to profit from novel accelerator techniques
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ILC staged implementation

* The ILC is now proposed with a staged
design: first stage at 250 GeV with
a luminosity goal of 2 ab™”

* Luminosity upgrade requires machine
upgrades (double number of
bunches per pulse)

* 1 year = 1.6 x 10" seconds
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= - ILC, Scenario H20-staged: ; ;
> [ —— ECM =250 GeV '
‘o 3000 - — EcM =350 GeV
_g [ — ECM =500 GeV
E_ | |
7 2000 I CD -------------------------------------
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[ L | fraction with sign(P(e™), P(et)) =
Ecy (GeV) (b1 | (=+) (=) (==)  (++4)
ILC250 250 2000 45% 45% 5% 5%
ILC350 350 200 | 67.5% 22.5% 5% 5%
ILC500 500 4000 40% 40% 10% 10%
arXiv:1903.01629
arXiv:1908.11299
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CLIC staged implementation

CLIC would be implemented

FH T I T T T T I T T T T I T T T T I T T T T I L
in several energy stages e - | Integrated luminosity -
S /F|— Total -
. . L | — 1% peak i
Current baseline scenario: = o
— — 8 L 0.38 TeV 1.5 TeV
Ple”)=—-80% P(e )=480% C 4L
Stage Vs [TeV] Lo lab 1| L lab '] o [ab '] é I
1 0.38 (and 0.35) 1.0 0.5 0.5 S
2 1.5 2.5 2.0 0.5 -
3 3.0 5.0 4.0 1.0 o i
() 2
]
© i
>
- The strategy can be adapted to o | _:Fp,j::‘
possible discoveries at the (HL-)LHC £ 0 Tl | |

or the initial CLIC stage(s) 0 5 10 15

* 1year=1.2 x 10" seconds

drivebeam — | A A A A

(based on CERN experience) B detector main beam o i
mm BDS = T=2.2km"
mm  accelerator 100 MV/m /
Bl accelerator 72 MV/m Al s s s aWlaWaWaWaWaWaWa

I I o — — |

CERN-2018-005-M \/

unused arcs
arXiv:1812.01644
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ILC detector concepts

Designed for Particle Flow Calorimetry:
» High granularity calorimeters (ECAL and HCAL) inside solenoid

 Low mass trackers — reduce interactions / conversions

ILD (International Large Detector): _ . _
« TPC+silicon envelope, radius: 1.8 m .SIS[_)I_(SIIIf[:onkI_Detectgr).. -

. B-field- 35 T Bl;_ccl)g_ ga_lc_: ing, radius: 1.2 m
(small option: 1.46 m / 4 T under study) -field.
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CLIC detector concept

l

Conl 4T

Steel - HCAL

ECAL endcap

ECAL plug

LumiCal

BeamCal

Basic characteristics:

*B-field: 4 T

 Vertex detector with 3 double layers

» Silicon tracking system (1.5 m radius)
* ECAL with 40 layers (22 X))

« HCAL with 60 layers (7.5 A)

6.4m

Precise timing for

background suppression

(bunch crossings 0.5 ns apart):

» = 10 ns hit time-stamping in tracking
* 1 ns accuracy for calorimeter hits

CLICdp-Note-2017-001
arXiv:1812.07337
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Comparison to other e*e” collider options
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Linear colliders:

« Can reach the highest energies
* Luminosity rises with energy

* Beam polarisation at all energies

Circular colliders:
 Large luminosity at
lower energies

* Luminosity decreases
with energy

NB: Peak luminosity at
LEP2 (209 GeV) was = 10* cm™s™

NB: “CLIC-up” is a recent suggestion to double repetition frequency at 380 GeV

Daniel Schulte, Granada Symposium
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Single Higgs production

o f | JE
< Z il
f 102 b | Higgsstrahlung: e'e” — ZH
© g 1 e+ 0~ 1/s, dominant up to = 500 GeV
+® : :
MRS 4 WW fusion: e'e” — Hv v
- 1«0 ~log(s), dominant above 500 GeV
1 B | < Large statistics at high energy
il | ttH production: e'e” — ttH
y ZHH 1 * Accessible = 500 GeV, maximum = 800 GeV
- ” 1 * Direct extraction of the top-Yukawa coupling
10‘2 | WV ! | [ S R SR R
0 1000 2000 3000
\s [GeV]
e’ 4 Ve e’ et et t
\W Z
-——- H -—-—- H N H
Z \ W 7
e H Ve e~ e~ e t
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A closer look at Vs < 500 GeV

unpolarized beams

% \_» §25 I 1
£ f = SM all ffH
: 5200
(3]
3 o)
N 150
E (7))
] N
I l20JOOI I30\00 9 100 __
\s [GeV] O :
50 F
i ZZ fusion
0 B/ e
200 300 400 500
Vs = 250 GeV (ILC): (s [GeV]
Maximum of the Higgsstrahlung '
Ccross section
et Z el v,

Vs = 350/380 GeV (ILC & CLIC): il
Also allows to access the 2N >
WW fusion process \ |

— Additional information for combined analysis
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Recoil method: Z — e*e” and p*y-

ZH events can be identified from the e’
Z recoil mass
— Model-independent measurement
of o(ZH) and m,
4 \
Y 2 AN
mrecoil_@@) _ \
e H
Known at
lepton collider
Best precision using = ' e ToyMCData |
Z N e+e—, “+|~|_ at 250 GeV: Lﬁ 400:_ — SignaI+Background_:
« Cross section at maximum . I N : e
» Tracking resolution ’ S00F o
- Impact of beam energy o 200 |- e e ]
spectrum & ISR smaller i A 3
100 [
ILC, Vs = 250 GeV, L =2 ab™ 91_6 TTI20 130 140 150
Ao(HZ) / o(HZ) = 1.0% Recoil Mass (GeV/c?)

Am, =14 MeV
Phys. Rev. D 94, 113002 (2016)
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Recoil method: Z—qq

Vs = 250 GeV:

Vs =250 GeV; HZ (Z— qq)

70 80 90

Vs = 250 GeV; Background

100 110
mqq/GeV

Vs = 350 GeV:

Vs = 350 GeV; HZ (Z— qq)

Vs = 420 GeV:

Vs = 420 GeV; HZ (Z— qq)

Hadronic Z decays provide the
best sensitivity at 350 GeV

Optimisation study for
the first CLIC stage
(together with top physics):

70 80 90 100 110 70 80 90

mqq/GeV

100 110
mqq/GeV

» At 250 GeV the background
is more signal-like

Vs = 350 GeV; Background Vs = 420 GeV; Background

€ a0 « At 420 GeV the cross section
150 is lower and the jet energy
resolution is worse
70 80 90 1n(?](:q/Ge1\1/O 70 80 90 :zq/GeT/O 70 80 90 :,)l:q/G;\}O e+
Vs [GeV]: L _[fb"]: o(ZH)[fb] Aoc(ZH) ‘h
250 1000 136 +2.58%
350 1000 93 +1.27% o
420 1000 68 +1.86% Eur. Phys. J. C 76, 72 (2016)
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CP state of tau lepton pairs from H — 1%t~

b
0T~
a . = H
—ig,,y(cosyep+isiny gy )
Y., = 0: Standard Model a—b o =
Y., = m/2: Purely CP-odd coupling ro o o

: +A- . + -
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Phys. Rev. D98, 013007 (2018)
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Higgs coupling sensitivity

precision reach on effective couplings from full EFT global fit

—" = it
1 ,—. HL-LHC S2 + LEP/SLD B ILC 250GeV e 4@rEIe\YA Il CLIC 380GeV g4@EerRY, 'Eht shade: CEPC/FCC-ee without Z—pole |
© 'l CEPC Z/WW/240GeV M ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV Y serfeatBw - SRS
r . FCC-ee Z/WW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV Ieptorr? colliders are combined with HL-LHC & LEP/SLDE
| Il FCC-ee Z/WW/240GeV/365GeV P(e™,e")=(0.8,+£0.3) P(e”,e*)=(¥0.8, 0) imposed U(2) in 1&2 gen quarks
B 401
107 —
g
=R 2
S e R
O 1072 : O
% F w
(o)
I
1073
107 SaZZ  SaVW  5q"Y Zy 5q%9 Sqtt 5ace SqbP 5ait Sq-H
. 9H IH IH 69y IH Oy 9H IH 9H IH
10—
| Ratios, real EW / perfect EW |
2 |-
1.5
1 - Y74 W\;\-/ Yy : Z = [e]¢] tt s cc = E;)t;. s a3 HH _-1
697 69 el e 695 69, 695 e 69y 694 691,z OKy Az

» Many Higgs couplings can be measured significantly better at ILC and CLIC compared
to HL-LHC
 H — cc very challenging at hadron colliders

 Impact of EWPO on the Higgs coupling extraction small arXiv:1907.04311

13
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Double Higgs production

o [ | =
< | ey ] e‘e” — ZHH:
p 1% E E * Cross section maximum = 600 GeV
' - §
+® i ] . _
T ol | e'e” — HHv v :
* Benefits from high-energy operation
HH—bbbb is the “golden channel” at
i ] lepton colliders, combination
10 | . with HH—bbWW?™* leads
- ] to marginal improvement
1072
3000
\'s [GeV] Model Agnrn/ g,
" % Mixed-in Singlet —18%
Composite Higgs tens of %
- Minimal Supersymmetry —2%* —15%?
">~ H NMSSM —25%
e Ve Phys. Rev. D 88, 055024 (2013)
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Higgs self-coupling measurements

i — ZHH @ 500 GeV ° |LC, \/_ =500 GeV, L =4 ab™: l’p
3 \@ T VHH @ 1 Tev - AN = 27% from ZHH cross section YL

o/ ogy,

DESY-THESIS-2016-027

« Complementarity of the two
production processes:
A > A,,: 0(ZHH) at 500 GeV enhanced

0 05 1 1.5 2 25 3 — .
M Ay A < Ag,: 0(HHv v ) at high energy enhanced
CLICdp CLICdp _
e b Ty g Pl « HHv v_at high energy
o | o HHw3Tev | o 0-3F | o ZHH1.4Tev O e e o
I 0.25" o provides the best sensitivity
0.9k ; - ] .
0.8k | | 0.2} ; assuming the SM value of A,
o7t | | ] 015t § second solution can be
0.6;_____‘;%_._ _____ ﬁi;__; Ny / | ] excluded using ZHH
0-5 et 0 05 ] and/or differential distributions
oq4t—— L e 3 VUL
o 1 2 (2

HHH ZHHH
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Higgs self-coupling at CLIC

1.4 TeV 3 TeV
o(HHv_ve) >30 > 50 OBSERVATION
Aco/o = 28% Acol/o = 7.3%
o(ZHH) > 50
OBSERVATION
Oennd Doy 1.4 TeV: 1.4 & 3 TeV.
-34% +36% 7% +11%
rate only differential analysis

Template fit at 3 TeV
uses two variables: M(HH) and BDT score

NB: ZHH not full simulation yet arXiv:1901.05897

HHH ~“HHH
" CLI?de || : 3 'I;eV : L:?OOO/fb I4:1|po|.lschleme = o5 qqHv
€ 1000 » — -
% 0.05<BDT <0.09 [0.09<BDT<0.13 [0.13<BDT<0.25 ] .
zZ 800 r [ ] €y — vqqqq
600 €e —qqqq
400 ee — qqqglv
200 ee — qqqqvv
0 H
‘JQ beQ 6\Q ,\(OQ QQ VJQ beQ 6\6 ,\(:)Q QQ ‘30 D?DQ 6\Q ,\930 00 ee — qqHvv
N b'bbqbf-’g.‘s\g;\ﬁc o .’?J‘::’Q.pr.‘s\g;f-’Q o "bo"g‘b?’w@.;\ A‘DQ‘ — HH v ¥
(HH)[GeV] ee — vV
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Top-quark pair production

E | | | | _
= e'e” — tt:
§ , « Production threshold at s = 2m,
F10°F 3 ~380 & 500 GeV is near the maximum
= B — large event samples (for rare decays etc.)
T gL _ ) _
'O 10 ttZ ] e'e —ttH:
D i ] * Maximum near 800 GeV
© 4L _ o
1 1 e’e” —ttv v_(Vector Boson Fusion):
i - Benefits from highest energies
10—1 PR Y |7 ST T T S T RN TR S SR
0 1000 2000 3000
\s [GeV]
z° f
'}’*/ ZO* Y*/ ZO* t
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Threshold scan

 Measurement at different
centre-of-mass energies in the

tt production threshold region —_—

(data also useful for Higgs physics)
« Statistical uncertainty: = 20 MeV at ILC and CLIC

« Expected precision on 1S mass: = 50 MeV
(currently dominated by theory NNNLO scale uncertainty)

» Theoretical uncertainty in the order of
10 MeV when transforming the measured
1S mass to the MS mass scheme

Phys. Rev. Lett. 114, 142002 (2015)

Other methods (less precise):

ISR photons at higher energies
* Direct reconstruction

e AR

o

arXiv:1807.02441
arXiv:1903.01629

[ ISR + CLIC LS 90% Charge ]

0.1

[ | T T T T |
[ ttthreshold - QQbar_Threshold NNNLO

T — default-m{® 171.5 GeV, T, 1.37 GeV
- m, variations + 0.2 GeV

- — I'; variations + 0.15 GeV

I simulated data points
100 fb™ total

e'e” — tt
CLICdp -
| 1 Il Il I 1 1 1 | 1 B
340 345 350
Vs [GeV]
c L e
£
» 600
I=
o
>
o

400

200

/
i // |~ NNLL+0(a3), m(m) = 165 GeV
i /  — — NNLL+O(c), my(m) + 500 MeV)
0 ;—-é‘é/// |:| Slystematic uncertair;ty (scale)
340 360 380 400
|s' [GeV]
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Top-quark EW couplings
e+ | Lsvert = Lom + L :lﬂ m

o

y*/ ZO*
e t _
CLIC: tt production
— - . 102 10! TeV
ILC: bb and tt production oo CLICdp
_‘102 0.001 Clq,B semi-leptonic t#
& ! ! ! ! ! ! ! ! ' 0.0025 380GeV + 1.4TeV + 3 TeV
% . LEP/SLC + LHC Run 2 .+ HL-LHC s1 . + HL-LHC S2 .+ ILC250 .+ ILC500 0. 000%2 380 Ge\f + 1 4 Te\/’
10 am 00007 Clq’W LT — 0.0031 ] 3O GeV
— g w e
O—lN< | Sy 8888%2 Ci.B 0.00045 | |
e 1 =
N W o
: tB
107" |
F 0.011
0.016 Cyy
107§ 0.059
i 0.076 C;q
107 0.061
0.083 Clt
-2
Tev 104 1073 102 10~ Tev—2

High-energy operation dramatically improves the sensitivity for
certain (“four-fermion”) operators

arXiv:1807.02441
arXiv:1907.10619
arXiv:1908.11299
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Indirect sensitivity to new physics

Important indirect input at linear colliders:

» Precision electroweak measurements

» Higgs couplings )

* SM scattering processes (e*e” — ff, W*W-, ZH, ...): benefit from high energy

Standard Model Effective Field Theory: very useful to compare potential
of different collider parameters and options

d—6 . f Scaling all Higgs couplings
Lomiversal = CH m2 On i by a common factor
X
1 ‘ . . .
2 12 - .
+ 5 [C2W G* O + 25?05 B]\) 4 ferr’mo’n contact ints.,
gxms W’, Z’ resonances

+ W [Cw(’)w + CBOB] ~———| 2 fermion-2 boson contact interactions,
* S parameter

2 2
9 9x
T Cy _mg Oyt T Cy, m2 Oyb \ Modify top and bottom
* - Yukawa couplings

+ ... —> And much, much more...
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Example: contact interactions

95% CL scale limits on 4-fermion contact interactions

B 0w :B European glrateg?
Lo B * Projected limits from di-fermion final states
-L r .
LG o e (e*e” — ff, Drell-Yan with neutral and
ILC 500
ILG e charged currents)
CLIC 35 [ agn n . . g . —
CLIC « Sensitivity increases significantly with Vs
 otre —— at ILC and CLIC
FCC'ee 240 [——
FCC-ee ss
FCC-hh
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Scale / coupling [TeV]

95% CL scale limits on 2-fermion 2-boson contact interactions

B Ow OB European gtrateg?
HLLHC [ * New physics effects in the interaction between
"o gauge and Higgs sectors
. » O, dominated by e'e” — ZH at CLIC
CLIC 30 Ay . . .
CLC « Largest sensitivity in e*e™ collisions at
o lower Vs (and on O, in general) from
Foceem oblique parameter S
0 5 10 15 20 25 30 35

Scale / coupling [TeV]
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Y-Universal Z’

Y —Universal Z , 20

* New neutral gauge boson Z'
with mass M and charges to

SM particles equal to hypercharge \/gs@ &
A\ C\*\
> \{\\66\6\“
CoB _ dz =
A’ g M ;

 Direct reach inferior to the indirect

: / \
one for h i g h gz! European Strateg)

'&QZ>1.5—>Width -8-0. A 100

exceeds 0.3 M M [TeV]
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Composite Higgs

mf: masle?, scale cs g2 cw 1 w1
g.. coupling A2 2 A2 R A2 gfmz
Composite Higgs, 20 Composite Higgs, 20
10F z T 10F v — T r -
e x
8} st % = z
I\ S| |8
A& | ™
<
e e 2
2 B European S‘trateg» - 2 L
0 10 20 30 20 0o 10 20 30 20
m, [TeV] m, [TeV]
ILC at 250 GeV and CLIC at 380 GeV FCC-all and 3 TeV CLIC similar
already significantly better than HL-LHC
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Direct new physics searches

* Direct observation of new
particles coupling to y*/Z/W

— precision measurement of

new particle masses and couplings

10° L f H +X J

Cross-section [fb]
3,
y

* The sensitivity often extends up to :
the kinematic limit 10

p
l

(e.g. M < s / 2 for pair production) 2 E | \

05 " "To00 2000 3000
* Very rare processes accessible Vs [GeV]
due to low backgrounds (no QCD) |
— Linear colliders especially suitable Moo
for electroweak states —nie

—— charginos

 Polarised electron beam and threshold
scans might be useful to — SMHt
constrain the underlying theory — Vo Vi Ve

— neutralinos
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Example: Higgs plus heavy singlet

T T — | T T T T T T T

LHC 8 TeV Higgs couphngs
LHC 300 fb~! ___o=="""" |

f'-’-

Heavy singlet mixing
with Higgs boson: 0.100
h =h, cosy + S siny

-

¢ = S cosy - h, siny 0.050 “THC 3 ab~! HL-LHC Higasfouplings |
Direct production: o
ete” —» VV(I), (I)—>hh = 0.010}

0.005 CLIC 1.5 TeV, 1.5 ab~1 ™~ i
Indirect sensitivity from ~~_ T |/ e CLIC 0____if_l__§i§_I?Y.H.%%.EQPQE?&%__’
Higgs couplings \\Sy =} 3 )

-1
0.001 | \ CLIC 3 TeV, 3 ab |
I B S BT S R

— Both approaches are 500 1000 1500 2000 2500
complementary mg [GeV]

CERN-2018-009-M
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Dark Matter searches...

... using stub tracks:

95% Exclusion Reach

>1 stub

2 stub

>1 stub+y(50)
>1 stub+y(100)
>1 stub+y(200)
2 stub+y(50)

2 stub+y(100)
2 stub+y(200)

|

|

|

m 1.5TeV

B 380 GeV |

1 3.0TeV |

0O 200 400 600 800 1000 1200
m, [GeV]

e*e” — " (+y)
Small mass difference: y* — y°x*
Long-lifetime: y* leaves a short,

disappearing (“stub”) track in the detector

» CLIC might discover the thermal
Higgsino at 1.1 TeV

... in loops:

|||||||||||||||||||||||||||||||||

(1,7, €)pF | |
(1,7,€)cs | |
(1,5,0)mF | |
(1,5,€)pF |

(1,5, €)cs jm:]
(1,3,0)mr j:ﬂ] ]
(1,3,9pr [ 11
(1,3,€)cs

Il
(1,2,1/20r [ [I

...............................

| [ ] CLICVs =15TeV
| ] CLIC Vs =3 TeV

Electroweak n-plet states
with hypercharge Y: (1,n,Y)

i

-—

£

CERN-2018-009-M
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Summary and conclusions

« Substantial improvement with respect to HL-LHC possible for all discussed
physics topics

* The ILC at 250 GeV provides precise measurements of many Higgs couplings
and the Higgs mass using the Higgsstrahlung process, CLIC at 380 GeV also
gives access to the WW fusion process and top-quark pair production

* An energy of at least 500 GeV gives access to double Higgs production
(profits from the highest possible energies)

« Large amount of complementarity between direct and indirect searches for new
particles and interactions

Much more information can be found at:
https://clic.cern/european-strategy
https://ilchome.web.cern.ch/content/ilc-european-strategy-document
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https://clic.cern/european-strategy
https://ilchome.web.cern.ch/content/ilc-european-strategy-document

Thank you!
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Collider parameters

Collider | Type NG P [%]  N(Det.) Linst A Time
[e /e™] [10**]ecm~2s~! | [ab™'] [years]
HL-LHC | pp  14Tev - 2 5 6.0 12
HELHC | pp  27TeV - 2 16 150 20 | pp colliders
FCC-hh 100 TeV - 2 30 30.0 25
FCC-ee ee My 0/0 2 100/200 150 4
2My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3
2myop 0/0 2 0.8/1.4 1.5 5
(+1)
ILC ee 250 GeV  £80/+30 1 1.35/2.7 2.0 11.5
350 GeV  £80/4+30 1 1.6 0.2 1 +A— .
500 GeV  +80/+30 1 1.8/3.6 4.0 8.5 €e COI I Iders
(+1)
CEPC ee My 0/0 2 17/32 16 2
2Myy 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7
CLIC ee 380 GeV +80/0 1 1.5 1.0 8
1.5 TeV +80/0 1 3.7 2.5 7
3.0TeV +80/0 1 6.0 5.0 8
(+4)
LHeC ep 1.3TeV - 1 0.8 1.0 15
HE-LHeC ep 2.6 TeV - 1 1.5 2.0 20
FCC-eh ep 3.5TeV - 1 1.5 2.0 25
(o] ol | ] | [ [ e | [ | s [ ] | fe] | [ [ =] ||
CEPC 240 GeV z w
ILC 250 GeV 500 GeV & 350 GeV/ + LE-FCC: pp, 15 ab™ at Vs = 37.5 TeV
FCC-ee z W 240GeV 350-365 GeV
cLic 380 GeV 1.5 TeV 3Tev
FCC-eh/hh 20/ab per exp. in 25 years
- 10/ab per exp. in 20 years
e = e arXiv:1905.03764
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Cost and power

Int. Lumi. Oper. Time Power
[a] [yl [MW]
ILC ee 0.25 2 11 129 (upgr. 4.8-5.3GILCU +
150-200) upgrade
0.5 4 10 163 (204) 7.8 GILCU
1.0 300 ?
CLIC ee 0.38 1 8 168 5.9 GCHF
1.5 2.5 7 (370) +5.1 GCHF
3 5 8 (590) +7.3 GCHF
CEPC ee 0.091+0.16 16+2.6 149 5GS
0.24 5.6 7 266
FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF
0.24 5 3 282
0.365(+0.35) 1.5(+0.2) 4(+1) 340 +1.1 GCHF
LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF

Daniel Schulte, Granada Symposium

09/09/2018

Philipp Roloff
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CLIC timeline

| 7 years | 27 years >
1
380GeV 1.5TeV 3TeV
- Construction - Construction ) - Construction
- Installation D - Installation ) - Installation o
- - E
'E '’ e
£ 2 E 2 E
S N £ 8
380 GeV Physics 2 1.5 TeV Physics 2 3 TeV Physics
& &
) 2 4 6 ' 8 10 12 14 16 18 20 22 24 26 28 30 32 34

 Technology-driven schedule from start of construction

 After go-ahead, at least 5 years are needed before construction can start
— first beams could be available by 2035

CERN-2018-005-M
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CLIC cost and power

8000

6000 5890 m Main-Beam Production

Drive-Beam Production 380 GeV: 5890+1470 MCHF

Main Linac Modules -1270
Main Linac RF
4000 Beam Delivery, Post Collision Lines

Civil Engineering Upgrade to 1.5 TeV: add =5100 MCHF
nirastructure and Services Upgrade to 3 TeV: add another =7300 MCHF

Machine Control, Protection
2000 and Safety systems

380 GeV Drive-beam

MCHF

380 GeV: large improvement

Compared to CDR (201 2) Collision energy [GeV] Running [MW] Standby [MW] Off [MW]
380 168 25 9
1.5 and 3 TeV: power not yet optimised 1500 364 38 13
3000 589 46 17

— will be done next

CERN-2018-005-M
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Hadron and e"e™ colliders

Hadron colliders: e'e” colliders:

et

c
* Proton is compound object « e'e” are pointlike
— Initial state unknown — Initial state well-defined (¥s, polarisation)
— Limits achievable precision — High-precision measurements
* High-energy circular colliders possible * High energies (\'s > 350 GeV) require

linear colliders
* High rates of QCD backgrounds
— Complex triggers * Clean experimental environment

— High levels of radiation — Less / no need for triggers
— Lower radiation levels
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pp and e“e” collisions

8 TeV 14 TeV 33 TeV 100 TeV
LHC LHC HE LHC VLHC
- - - - 10°

" A 8 orders of
Magnitude!

o [nb]

102
10° : :
10* sy :
1 0_5 . 1] 7 ) , MCFM + Higgs European Stratedy
10 \'s [TeV] 10
pp collisions: 107" [ HHZ
Interesting events need to be o2 bl 1 W 1
found in huge number of collisions 0 1000 2000 3000
/s [GeV]

e’e” collisions:
More “clean”, all events usable
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Higgs bosons in e*e™ collisions

Collider stage: No. H produced: - No triggers
ILC 250 GeV, 2 ab™ 500000 — all Higgs events usable
CLIC 380 GeV, 1 ab™! 160000
ILC 500 GeV, 4 ab™ 500000 * Typical overall selection
CLIC 1.5 TeV, 2.5 ab™! 1000000 efficiencies: 20 - 60%
CLIC 3TeV, 5 ab™® 3300000

The projections shown in the following
are based on realistic full detector simulations
and include the impact of beam-beam effects

ete” — HveVe;H — bb
| at CLIC (1.4 TeV)
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Kinematics and polarisation

Higgs polar angle: Impact of polarisation:
f e
?'go 03 clicde single Higgs production | Polarisation Scaling factor
s —e'e — ZH, s = 350 GeV |
b —e'e - Hvv, 1s =350 GeV | Ple”):Pe’) efe " —ZH e'te = Hv.V, e'e” —He'e
- —e'e’ > Hvpv,, \s=1.4TeV
e’e’ = Hveve, Vs =3 TeV 1 unpolarised 1.00 1.00 1.00
0.02 L | —80%: 0% 1.12 1.80 1.12
i il —80% : +30% 1.40 2.34 1.17
fd bt —80% : —30% 0.83 1.26 1.07
4 +80% 0% 0.88 0.20 0.88
t i +80% : +30% 0.69 0.26 0.92
0.01p I +80% : —30% 1.08 0.14 0.84
PR I T R T O NS Y SR NN R : .
0 o 700 750 Higgsstrahlung:
o(H) [deg] Polarisation dependence relatively small
At a few hundred GeV: .
WW fusion:

Higgs bosons produced mostl .
in ?r?e central drc)etector ! Large enhancement in the
-80% and -80%/+30% configurations

At high energy:
Good forward detector coverage
required
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Invisible Higgs decays

The recoil mass technique also

> - | L L
allows to identify invisible Higgs decays S
in a model-independent manner 2 Woackground |

I_%34000
CLIC, Vs =350 GeV,L=1ab™ ool
BR(H—inv.) < 0.69% at 90% CL :
ILC, \s = 250 GeV, L = 2 ab™' o

BR(H—inv.) < 0.32% at 95% CL

1000

0
80 100 120 140 160 180 200

Mo [GeV]

Example: Recoil mass from Z—qq
assuming all Higgs bosons decay
invisibly (L = 0.5 ab™)

(e A

o Eur. Phys. J. C 76, 72 (2016)
arXiv:1710.07621
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H — bbl/ccl/gg at Vs = 350 GeV

Simultaneous extraction of:
» Three decay modes: bb/cc/gg

Uncertainties on o x BR

Statistical uncertainty

— precise flavour tagging Decay  Higosstrahlung  WW-fusion
« Two production modes: 1500 ) )
ZH and WW fusion — bb 0.61 % 1.3 %
— Higgs p. spectrum = ce 10 % 18 %
T H—gg 4.3 % 7.2 %
CLIC, Vs =350 GeV,L =1 ab™
E :(‘:Lllctd;])\;=l35(YJG;V‘ ]
‘9 . —e'e >ZH > HvviH - bb b) fit template: bb CLICdp Vs =350 GeV c) fit template: cc d) fit template: gg
P 600 —€"€ = WWvv — Hvv; H — bb | ZH;Z - qG H - bb ZH;Z > g H >t ZH;Z > g6 H - g9
-g | --- SM background
400; E gw
200}~
: H—cc H—gg
Eur. Phys. J. C 77, 475 (2017)
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Top Yukawa coupling

Most important final states:
e*e” — ttH — qgblvbbb

e‘e” — ttH — qgbqgqgbbb

— Roughly similar sensitivity

ILC, Vs =500 GeV,L=4 ab™":
AgttH/ Gin = 6.3%

(would be =3% for \'s = 550 GeV)

CLIC,Vs=1.4TeV,L=2.5ab™
AgttH/ Gin = 2.9%

— o(ttH) is directly
g sensitive to the top
Yukawa coupling g

ttH

ttH — bbbbggrv.
at CLIC (1.4 TeV)

~~~~~~

* Sensitivity to CP mixing
in the ttH coupling from

o(ttH)

« Differential distributions
under investigation

i @

A sin?

I CLICdp prellmlnary - Semi-leptonic |

| Vs=1.4TeV -a- Fully-hadronic |
0.3

—e— Combined

0.2 _igttH(COS¢+iSil‘l¢y5) j

,.A.A.-.g....ﬁ,.-.A,...A....,Q....ﬂ...-ﬁ,---g-..;
e e R 2 LT T =T c S =p

arXiv:1506.05992
arXiv:1807.02441
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Exotic Higgs decays

95% C.L. upper limit on selected Higgs Exotic Decay BR

1
( m HL-LHC
101 m CEPC
- m ILC(H20)
(7]
_% 10-2 m FCC-ee |
0
é 1073
% I
N I 1 I-1 I I-1 I I I I 1 1-
107°

M, (bb)*MET W+, (r DME, bb*MET Mg, Mg, (bb)(bb) Cc)cey Wiy Ob)ry (ry Uy, (VV)(;/,,)

* An e*e™ Higgs factory would provide large improvements compared to the HL-LHC
* The ILC projections are for 2 ab™" at 250 GeV

 Potential of WW fusion at higher energies to be explored

(more than 1 million Higgs decays at 3 TeV CLIC)

arXiv:1612.09284
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Experimental challenges

HH—bbbb is the “golden channel” in e*e” collisions, combination with HH—bbWW*
leads to small improvement

Main experimental challenges:
* b-tagging B
» Forward detector coverage in case of e'e” — HHv v_

» Jet reconstruction

. —
b-tagging CLIC 3 TeV, HH—bbbb
i —— >0-15""l""I""I""I"" \'—0'35'--|---|---|---|---|---
_§ p— 6-jet 1000 GeV 8 — long. inv. k (R=1.3) | U long. inv. kt
3} [ —— 6-jet 500 GeV 0 — vic@==,R=13) 1 S I e ]
g 107 £ — 2-jet 91 Gev S b= )] .% - VLC,B=vy=1
5 F = 0.1 S 30‘ 7]
2 102 £ O [
103 ©0.05 25_- -
1()_élolmc'i.‘.;''0.4'"0.6"'0.{:{"1 ol ool
Tagging efficiency 04 06 08 1 12 14 16
radius parameter R
Nucl. Inst. Meth. A808, 109 (2016) Eur. Phys. J C78, 144 (2018)
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Simplified models: axial vector

FCC-hh (Dijet) | |

HL-LHC (Dijet) | Dijet  go=1/4

FCC-hh |

LE-FCC |
HE—-LHC | Monojet

HL-LHC | gom=1,gq=1/4 |

CLIC3000 | gom*ge=1/4

CLIC3g0 |

ILC | Monophoton

FCC-ee |

[ \

I European Strategy;

CEPC Axial-Vector |

0.1 05 1 B 10
MMediator [TeV]

—Z,(gom XV X + 95 2o S )

» Mediator is spin-1 particle (Z') coupled to an axial-vector current

(reach of direct DM searches limited — interesting for colliders)

* pp colliders assume couplings to quarks only, e*e™ colliders assume couplings to leptons only
— projections not directly comparable
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Simplified models: scalar

‘ ‘ q q
HE-LHC gom=1,9q=1 |
| ] "
HL-LHC | tt+MET ) dq dq
FCC-hh | ]
gom=1,9q=1 | q
LE-FCC | ]
HE-LHC ,
| Monojet
HL-LHC |
CLIC3000 l gom*ge=1 |
CLIC3g0 | ]
ILC
| Monophoton
FCC-ee | _
| \ |
CEPC I EuropeanS(rateg) Scalar -
0.1 0.5 1 5 10

M Mediator [TCV]

O(gon XX — 95 2oy S f/V?2)

« Mediator is spin-0 particle (¢) Y- Yukawa couplings

(reach of direct DM searches limited — interesting for colliders)
* pp colliders assume couplings to quarks only, e*e™ colliders assume couplings to leptons only
— projections not directly comparable
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