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CLIC

Compact Linear Collider

CLIC will start with an energy of 350/380 GeV. Upgradeable to 1.5 and 3 TeV.
e Deviations from the Standard Model (SM) will be evidence of new physics.
® Expected O(1%) precision in fermion, and vector boson couplings with Higgs.
® Accurate measurement of trilinear and quartic Higgs couplings.
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Figure: Main processes containing a top-quark Yukawa coupling g:z, trilinear self-coupling
8HHH, and gwwHH.
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Figure: A general linear collider schematics (left) and the expected main Higgs processes (right).
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Motivation

While the Standard Model (SM) predicts several phenomena with an exceptional level of
accuracy, for instance:

® The anomalous magnetic moment of the electron, muon.

® Several low energy processes with an incredible level of accuracy. E.g. results from
the LEP experiment.

It, nevertheless, fails to account for:
® Gravity.
e Dark Matter. Several observational evidence: Galaxy rotation curves, Gravitational
lensing, Cosmic microwave background, etc.

® More CP-violation. CP-violation from weak interactions is not enough to fulfil
Sakharov's conditions.

The models under scrutiny are:

® CxSM - The Standard Model with an additional complex singlet.
(C)2HDM - The (Complex) two Higgs doublet model.
N2HDM - The next-to-minimal two Higgs doublet model.

® NMSSM - Next-to-minimal Super Symmetric model.
All models have at least three neutral scalars, one to be identified with the discovered
Higgs.
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CxSM

Complex Singlet Extension of the SM

Let S = S(x) + iA(x) be a complex SU(2), singlet. We consider the following extension

of the SM given by

2 A 5 b d b
V= %HTH + J(HTH) + gHTHySF + 52]8]2 + fyS\“ + <4182 +aS+ c.c.) (1)

with a softly-broken U(1) symmetry. If we assume that the new field has a vacuum

expectation value (VeV),

G+
i(v + h+iGP)

V2

then we have three physical states which are a mixture of the original CP-even
eigenstates. The rotation matrix can be parametrised as follows:

H= and S:\z[vs+s+i(vA+a)],

(aXey) 51C 2
R=1 —(ass3+sc) ccc—sisns3 sz |,
—C15¢3 + 5153 —(C153 + 515263) CC3

Where s; = sin«; and ¢; = cos «;. Without loss of generality we have:

7T< <7T
I o —
2_1 27

()

(3)
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e We consider a particular case of the 2-Higgs-Doublet model (2HDM) and its complex
version (C2HDM), which softly-breaks a discrete Z, symmetry: &1 — &7 and ®, — —d,

C)2HDM )\
- V = 33|01+ miy| @27 — miy (9]0 + hc) + T (9]01)* +

A
+ A3(P1 1) (DLD2) + Aa(D1do) (I dy) + [75(<DI¢2)2 + h.c)

X

dldy)?
5 (92%2) -

® 2HDM - The model is CP-conserving if the parameters and VEVs are real.

B ® C2HDM - The model is CP-violating if the VEVs are real but m%, and \s are
complex with different phases.

To avoid flavour changing neutral currents (FCNC) we extend this symmetry to the
Yukawa interactions.

The following needs to be fulfilled to keep the vector boson’s mass invariant:

\/ V2 + V3 ~ 246GeV (6)



Extensions of
the scalar
sector at CLIC

Duarte
Azevedo

C)2HDM
N2HDM

NMSSM

Non-SM-like Higgs

N2HDM

Next-to-minimal Two Higgs Doublet Model

This model consists of an additional SU(2), doublet and real singlet. In order to avoid
FCNC, we generalize the Z; softly-broken symmetry of the 2HDM as follows

P 5D, Py Py, s — b (7)
We further impose a second discrete symmetry given by

P> P, Dy Dy, ds— —Og (8)
The most general potential with these symmetries can be written as

A A
V = miy|[@1] 4 md, | 0] — miy(9] 02 + hc) + T (@]01) + T2 (0]2)?
A
+ A3(D1 D7) (DLD2) + Aa(DIdo) (1) + 75[(¢}¢2)2 + h.c] (9)
1 )\6 /\7 )\8

2 N2 4
Zmio o9 s Zs
+2ms st 5+2 >

5 (®]01)05 +

(©302)05
After electroweak symmetry breaking (EWSB) we can parametrise the fields as follows

o7 ¢3
¢, = . oy = . b =
1 ( \%(V1+/71+I771) ’ 2 %(VZ+P2+I?72) ) S Vs +ps
(10)



Extensions of
the scalar
sector at CLIC

Duarte

Yukawa interactions

Azevedo FCNC can be prevented in the (C)2HDM and N2HDM if we extend the aforementioned
Z, symmetry to the Yukawa interactions, this leads to four types

u-type d-type leptons

Type | b, 0 ;
e Type Il O O3] Of
varom Lepton-specific OB (o2 O3]
o Flipped (DQ ¢1 d>2
samas Table: The four Yukawa types of the Z;-symmetric 2HDM defined by the Higgs doublet that

couples to each kind of fermions.
The Yukawa Lagrangian is defined by

Discovered Higgs 3
Non-SM-like Higgs mf 7 .
Ly =— Z wa [Ce(H,'ff) -+ ICO(H,'ff)’y5] YrH;
i=1
u-type d-type leptons
Ro _ :Ri Ry | :R: R; ‘R,
Type | 32— ';?375 s TIEs SRR
Type I % — s % — itgRizvs % — itgRiz7s
Lepton-specific ':;3 — i%’;% "jg + i%”j% ’:—g — itgRi3"s
. R .R: R: . R -R:
Flipped 32 —i%3ys  TF —itgRisvs 52+ 13775

Table: Components of the Yukawa couplings of the Higgs bosons H; in the C2ZHDM.

(11)
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NMSSM

Next-to-minimal Supersymmetric Model

Any super symmetric model requires the introduction of two doublets. If an additional
singlet is present, the u problem is solved dynamically.
After EWSB, in the CP-conserving NMSSM we have

® Three CP-even and two CP-odd scalars.
® A pair of charged Higgs.
The NMSSM superpotential reads in terms of the hatted superfields

W = )\gf:/\ul/‘/\d + g §3 + ht©\3l‘:/\u?[€> — hba3/:l\d/b\,c? - hT/L\3/:I\d?,C? (12)

where only the third generation of fermions is present, for simplicity. We expand the
fields analogously around their VEVs

o (vg+ hg +iag)/V2 B ht Vs + hs +ias
Hd‘( ’ dh; ‘ >’H“_<(vu+hu+iau)/ﬁ>’5_ V2
(13)
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ScannerS
ScannerS

Program that scans the parameter space of a general (up to dimension 4) scalar

potential.
Authors: R. Costa, R. Guedes, M. Miihlleitner, M. O. P. Sampaio, R. Santos, J.

Wittbrodt.
Provides interfaces with the following codes:

¢ HiggsBounds/Signals. Uses the experimental cross section limits at LEP, Tevatron
and LHC to exclude parameter points at 95% C.L.

e Superiso. Calculation of flavour physics observables.

e SusHi. Computes the gluon-gluon fusion and b-quark fusion Higgs production
cross-section.

e Hdecay. Computes the total width for the possible Higgses and their branching
ratios.

® MicrOmegas. Annihilation cross section into dark matter and relic density.

— Enables easy model implementation by using a Mathematica package.

— User analysis can be set in C++ code.
Available at: https://scanners.hepforge.org/
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General remarks

— One of the physical Higgs is to be identified with the discovered one. Fixing its mass

to
Mp,,. = 125.09 GeV (14)

— Other two can have a mass in the range of |30,1000[ GeV, except on Mps =5 GeV
window. This is to avoid interfering signals.
Theoretical constraints:

® Boundedness from below.
® Pertubative unitarity.
® Vacuum is global minimum.
Experimental constraints:
® Maximum 20 deviation for the S, T and U electroweak precision observables.
® Production and decay rates under the 95% C.L. limits from LEP, Tevatron and LHC.

® For the NMSSM we also impose upper bounds on the relic density and direct
detection rates for dark matter.
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Parameters Range 1/3

CxSM
The VEVs v4 and vs are varied in the range

1GeV <wvp,vg <15 TeV.

The mixing angles a2 3 vary within the limits

7T< <7T
—= S X192 — .
2 23 =9

(C)2HDM
The angles vary in the range

05<t3<35 ——§a1,2’3<ﬁ.

The value of Re(m?,) is in the range

0 GeV2 < Re(m?,) < 500000 GeV? .

(15)

(16)

(17)

(18)
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Parameters Range 2/3

(...) The charged Higgs mass is chosen in the range

80 GeV <mpy+ <1 TeV (Type I)
580 GeV <mpy+ <1 TeV (Type ll)

One of the H, is restricted to

30 GeV < my, < 1 TeV (Type I)
500 GeV < my, < 1 TeV (Type 1)

N2HDM

—g <aips < g 025 <tg <35

0 GeV? < Re(m3,) < 500000 GeV? 1 GeV <vs <15 TeV,
30 GeV < mH"#mhus’ ma < 1 TeV

80 GeV < my+ <1 TeV (type I) 580 GeV < my+ < 1 TeV (type Il)

(19)

(20)

(21)
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NMSSM

For the NMSSM we used NMSSMTools for computation of the particle spectrum and its

higher order corrections. It also enables a cross-check with:
® |ow energy observables.

® HiggsBounds.

® MicrOMEGAs.
Signal strengths are computed from the SM processes multiplied by the effective
couplings calculated with NMSSMTools.
Parameter range:

tg A K Mi M, Mz Ar Ay A, mg, M, Axn  Ax Ueff
in TeV
min | 1 0o 07|01 02 13 6 6 -3 06 06 -2 -2 -5
max | 50 0.7 0.7 | 1 2 7 6 6 3 4 4 2 2 5
Table: Input parameters for the NMSSM scan.
Perturbative unitarity is ensured by enforcing the rough constraint
2 4 k2 <0.72 (22)
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Constraints on the discovered Higgs

The literature presents predictions for the measurement precision of the Higgs couplings
to fermions and vector bosons at CLIC. Let us define

RHii =

BSM
rHii

SM
I—Hii

Parameter Relative precision

350 GeV +1.4TeV +3.0 TeV

500 fb~! +1.5ab"! +2.0ab7!
KHZZ 0.43% 0.31% 0.23%
RHWW 1.5% 0.15% 0.11%
K Hbb 1.7% 0.33% 0.21%
KHee 3.1% 1.1% 0.75%
KHet — 4.0% 4.0%
KHrr 3.4% 1.3% <1.3%
KHpup — 14% 5.5%
K Hgg 3.6% 0.76% 0.54%
K Hryy - 5.6% < 5.6%

(23)

Table: Results of the model-dependent global Higgs fit on the expected precisions of the ;.

— Benchmark scenarios: Scl (350 GeV), Sc2 (1.4 TeV) and Sc3 (3.0 TeV).
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Singlet Admixture

In the broken phase, the singlet admixture is given by
M = (Rn)? + (Ris) (24)

The maximum allowed singlet admixture is given by the lower bound on the global signal
strength p which at present is

S tie & 1= fimin ~ 11% . (25)
Let us consider the case where the discovered Higgs is very SM-like when measured at
CLIC

Within the most accurate measurements this would lead to
® CLIC Scl - Most accurate — kpzz
CxSM ~
Y max CLIC@350Gev ~ 0.85% (27)
® CLIC Sc3 - Most accurate — Kyww

z%ilvéuccgﬂev ~ 0.22% . (28)
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C2HDM

Because of CP-violation an additional effect constrains this model: The electric dipole
moment (EDM).

— They affect differently the model depending on which type of Yukawa interactions are
considered.

— Due to Barr-Zee diagrams interference, CP-violation can be present with small EDM.
— The constraints of EDMs on the C2HDM are available: D. Fontes et al., JHEP 02,
073 (2018), 1711.09419.

We want to see how CLIC complements the information.

Type |

Typel Typel

0.08

0.06

0.04

01
B0 80 w0 <0 20 o 20 a0 60 8 100 0975 098 0985 099 0995 1 1005 101 1015 102

oy (°) Cg
Figure: Mixing angles o vs. a1 (left) and cf vs. cf (right) for the C2HDM Type I. The blue
points are for Scl but without the constraints from kng, and k- ; the green points are for Scl
including KHgg and the red points are for Sc3 including KHgg and Kpqy- .
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Figure: Mixing angles o vs. oy (left) and ¢ vs. cf (right) for the C2HDM Type II. The blue
points are for Scl but without the constraints from kyg, and kp.+; the green points are for Scl
including kg and the red points are for 5c3 including kHgg and Ky .

The wrong-sign limit will be excluded at the end of CLIC with a SM-like Higgs.
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2HDM and N2HDM

Prediction for both models are very similar. Since there's an additional singlet, the
discovered Higgs couplings to bosons and fermions is scaled from the 2HDM by

N2HDM __ _: 2HDM
Ehvv = sinaz ghyv (29)

— Translates to an additional degree of freedom.

Type |
b)) L b ©,
Type | Tz (%) Type | Tz (%)
35 7 v 35 —
08 o
30 30
07 0.18
25 06 25 0.1
0.44
o 20 05 - 042
c c
8 04 ® 04
15 15
03 0.08
o o 0.06
02
0.04
s 5
s o1 - 0.02
e mamen P IS
0 0
08 06 04 02 0 02 08 06 04 02 0 02
sgN(g, ) sinex, - 7/2) sgn(g,,,) sin(a - ©/2)

Figure: tan 8 as a function of sin(a; — §) for Type | in Scl (left) and Sc3 (right). The factor

—7% is due to a different definition of the rotation angles relative to the 2HDM. Also shown in the
colour code is the amount of singlet admixture present in hyos.

In the N2HDM the admixture is given by Y105 = (R;3)?
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2HDM and N2HDM

Type ll 15 (%) Type Il
35 35
0.8 02
30 3
0.7 0.18
25 { 06 2 016
| 0.4
H 0.5
-2 i o = 2 0.12
c ! c
8 | 04 B 04
15 i 15
/ 03 008
o / 10 008
02 .
- 0.04
5 - 5 -
e o T 002
o — 0
0.8 06 04 02 0 02 07 06 05 04 03 02 01 0
SgN(Gy,) sin(a, - m/2) sgn(g,,,) sin(ar, - /2)

Figure: Same for type Il.

Here we also have the wrong-sign limit excluded at the end of CLIC with a
SM-like Higgs.
We have the following relation in the extended models studied

Kzzww TV +E <1 (30)

where Voppym = (R,-3)2. Since the unitarity relation holds in all our models it is
independent of both model and Yukawa type, the bounds are then

e Scl: ¥,V < 0.85% from kpzz
® S5c2: ¥,V < 0.30% from kpww
® Sc3: Z,\U < 0.22% from KHWW
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SM-like Higgs signal strengths

Vs = 1400 GeV

0.9 10 11

/o2l as a function of py = ol /oih, = (g S,Q”/gv\/h)2, where V = W, Z.
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Let us compare the main production processes for the other neutral Higgses. We denote
by H| the lighter and by H; the heavier of the two neutral non-hio5 Higgs bosons.

e e Signal rates are obtained by multiplying the production cross section with the
corresponding branching ratio obtained from sHDECAY, C2HDM_HDECAY, N2HDECAY

Wit and NMSSMCALC.

\2HOM ® Particles with different CP-number are treated on equal footing.

® Main production modes: Higgs Strahlung (eTe™ — ZH) and WW-fusion
(ete™ — viH)

Discovered Higgs
Non-SM-like Higgs

Figure: Main Higgs production modes at a linear collider.
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_ Vs =350 GeV _ Vs =350 GeV
a 1ot T 10!
= N2HDM T1 = N2HDM T1
N C2HDM T1 N C2HDM T1
cLic = CxsM S 100 CxsM
1 SM-like ‘[ --- SM-like
T T
b T 107!
= 2
Motivation g r 10-2
(C)2HDM ‘Jg: ‘32: e
N2HDM ‘T \T 5
NMSSM Il ] 10
+ +
) o | .
® B 10741
50 100 150 200 250 300 350 50 100 150 200 250 300 350
ScannerS my, [GeV] my, [GeV]
General remarks
Parameters range Figure: Total rate for eTe™ — visH; — viiyy as a function of the Higgs boson mass for
/s = 350 GeV.
Discovred Higes — Comparison between models of different types.
Non-SM-like Higgs
Vs =350 GeV Vs =350 GeV
N2HDM T2 10° - N2HDM T2
1024777l . C2HDM T2 | [~~~ . C2HDM T2
I NMSSM 102 NMSSM

--- SM-like --- SM-like

[
o ©o v
1 i o o

,_.
2

1073

olete~—=ZH ,)Br(H , -bb) [fb]
o(et e~ -vvH , )Br(H , »bb) [fb]

._.
2
1

,_.
2
1

150 200 250 300 i 50 100 150 200 250 300 350
my, [GeV] my, [GeV]

100

Figure: Total rate for ete™ — ZH, — Zbb (left) and for et e~ — visH| — viibb (right) as a
function of my, for \/s = 350 GeV.
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Azevedo — WW-fusion becomes dominant with higher energies.
_ Vs = 1400 GeV _ Vs = 1400 GeV
g N2HDM T1 g 2 N2HDM T2
”\] C2HDM T1 ”\] 10 C2HDM T2
e ¥ spell Y o - e
$ T w
a 2
Motivation > - 1071
(C)2HDM E \:'g: .
N2HDM T T 10
NMSSM ‘ru ‘m 1073
+ +
K T 107
°© 600 5 10 400 600 800
e my, [GeV] my, [GeV]
General remarks
Parameters range Figure: Total rate for ete™ — vi’H; — v ZZ as a function of the lighter Higgs boson mass for
Vs =14TeV.
Discovered s — Effect of Scl on the signal rates.
Non-SM-like Higgs
Vs = 1400 GeV Vs =1400 GeV
L 0 e L CoomTs
10! ’;' Voo T Y
10° ,': N2HDM‘T~1\
H C2HDM T1
101 / CxsM

SM-like

olet e~ -vuH , )Br(H , »ZZ) [fb]
o(e* e~ -VbH , )Br(H , »ZZ) [fb]

L 1 .. Een IB ol -
400 600 1000 200 400 600 800 1000
my, [GeV] my, [GeV]

Figure: Same as figure above after imposing the final results for the 350 GeV run.
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Another mode is the associated production of Higgs with top-quarks.

CcLIc

_ Vs = 1400 GeV _ Vs = 1400 GeV

g 1014 -+ N2HDM T1 é 10' 4 -+ N2HDM T1
Motivatic =) C2HDM T1 = C2HDM T1
e ) © Ovom 2 . Cxsm
(©)2HDM T 10 . SMuike T 10%; —-— SM-like
N2HDM - -
NMSSM I a I

T 1071 @ < 10-14

a a
ScannerS |§ 1072 I§ 1072
General arks T . T
Parameters range | 10-3 ko 103

o A o

+ RIS +

o B2y o
e ® 10+ 22 . . . B 10-4 1 & ., . .
N b SM e ; 400 600 800 1000 200 400 600 800 1000

ot s mu, [GeV] mu, [GeV]

Figure: Total rates for ete™ — tfH; — ttbb for the type 1 N2HDM and C2HDM and CxSM.
No 350 GeV CLIC constraints (left) and with constraints (right).

® The CxSM is the most constrained due to the fewer degrees of freedom.

® Associated production rivals the other production modes when considering the 350
GeV CLIC constraints.
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Conclusions

We have studies several BSM scalar extensions, CxSM, (C)2HDM, N2HDM (Type | and
[I) and the NMSSM at the future Compact Linear Collider, using the expected
benchmarks for energies of 350, 1400, 3000 GeV.
® These benchmarks were used to constrain the 125 GeV Higgs to be very SM-like,
and see the possible deviations from CP-even and doublet-like structure still
available.
® We show that CLIC results constrain further the singlet admixture and CP-odd
component.
On the second part we studied the possibility of finding and studying additional Higgs
bosons at CLIC through Higgstrahlung, WW-fusion and associated production.
e Checking if the models can be disentangled with the discovery of a new particle in
the first stage.
® Verified the remaining parameter space, in case of no new physics in the first run.
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