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PRECISION HIGGS PHYSICS
AT FUTURE e+e- COLLIDERS

m
(D]
={
EE
L= =
| S

5o o
ol 2| @
TMH.AHU
-

un.m
ol s
ol —

5
Ol =

o
—i
o
Y
N~
Q
0
<
©
<
—
=



https://indico.cern.ch/event/773621/

ALOT OF FLOWERS IN THE GAR

7 \

NP 2 e~ \:"‘:'\
| - s / . "*‘:‘: 0 WA
(S) 9 A N2 /)
\ \ 5\ . »
v o :

W WeEe= -
s ." . ——
oy



https://indico.cern.ch/event/773621/

0

WHICH ONE TO CHOSE?

- To what extent are the linear and circular e+e- colliders
complementary?

- To what extent are they synergistic with the HL- LHC?

- How might the results from the HL-LHC affect the
opportunities with these other future machines?

Is there a need for more than one future collider?

- N
/AN 22 (7 A vt
The above will be discussed from the perspective of Higgs physics
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WHY HIGGS?

The only new physics at LHC
- The only fundamental scalar
- The only self-coupled particle

- No analogy in nature (solid state)
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N. Arkani Hamed, CEPC WS 2019,

https://indico.ihep.ac.cn/event/7389/session/0/contribution/18/material/slides/0.pdf Opportunities at Future High Energy Colliders
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WHY HIGGS?

The only new physics at LHC
The only fundamental scalar
The only self-coupled particle

No analogy in nature (solid state)
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- What is the origin of EWSB?
- Light scalar naturalness?
- Higgs as a portal to BSM (DM,

CPV, compositeness, etc.)

N. Arkani Hamed, CEPC WS 2019,

https://indico.ihep.ac.cn/event/7389/session/0/contribution/18/material/slides/0.pdf Opportunities at Future High Energy Colliders
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WHY HIGGS?

It’s no wonder that all future e+e- colliders are 1 |
foreseen to be Higgs factories LR

Higgs

ILC 250 05/ 10°
CLIC 380/1.4/3 0.18/0.71/2.31 10°
CEPC 250 1 1069
FCCee 240/365 1.02/0.22 \ 10°

Opportunities at Future High Enerqgy Colliders
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OVERVIEW

Higgs production mechanisms
Higgs width

Higgs couplings

Self-coupling

Higgs as a portal to BSM

@)
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5 4000 T T TR 1D Detector
I L C Pul - ILC, Scenario H20-staged - .
>, [ — ECM =250 Gev 1 - 3.5T field
% 3000 | — EcM=350Gev e ..
] Q [ — EcM=500GeV | - Optlmlzed
- g'¢e” centre-of-mass energy E : | for CM
- first stage: 250 GeV 3 2000 o % """"""""""""" -1 ias 90
* tunable % : - : energies
- upgrades: 500 GeV, 1 TeV ;5; 1000 - ‘}g """"""""""""""""" g G_eV -1 TeV
- further options: = / 5 2 - Sl/gaseous
running at Z pole & WW threshold - ' tracking
- luminosity at 250 GeV: - Particle flow
- 1.35%x10 Jom /s calorimetry
*upgrade 2.7 X 1084 /om2 /s (cheap) B Ma’_[ure
- upgrade 5.4 x 1084 /om2 /s (expensive) des!gn and
- available
- beam polarisation _
. Ple) > +80% technologies

- Pe") = +30%,
at 500 GeV upgradable to 60%
- total length (250 GeV): 20.5 km

Opportunities at Future High Enerqgy Colliders
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CLIC '}E | [megraeaumnostyy 4 CLIC det
L 6FH— Total — -
> L Ly 1% peak il = 4 T fleld
= ) )
¢ Three energy stages: 380GeV, e, 7 Lere Ultra low
1.5TeV (one drive-beam complex) = : Mass _VTX
and 3TeV (two drive-beam % L - All Si
complexes) @ °[ tracking
o | :
D ﬁ - Particle flow
TR , : = ==’ 1 :
¢ Possibilities for future higher £ o-eFl L calorimetry
energy beams from novel :
: Year - Time-
accelerator techniques
stamped
¢ Electron polarisation: readout
—enhances Higgs production at high-energy stages - Ready for
—provides additionél observablc?s ser.lsitive to le’ construction
—helps to characterise new particles in case of discovery (det&acc)
2026

P(e”)=—-80% P(e”)=+80%

Stage Vs [TeV] £ [ab™ 1] £ [ab™ 1] £ [ab™ 1]
1 0.38 (and 0.35) 1.0 0.5 0.5
2 1.5 2.5 2.0 0.5

3 3.0 5.0 4.0 1.0 : Opportunities at Future High Energy Colliders _
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CEPC Higgs factory Vs =240 GeV 7 yrs > 1M H, 1B Z
100M W

Z factory Vs = 91.2 GeV - 10*! - 102 Z bosons
WW threshold scans ~ Vs = 161 GeV =2 107W

100 km tunel infrastructure
91.2 GeV, 161 GeV, Higgs
production threshold

Integrated luminosity 5.6 ab™ at
240 GeV Yoke/Muon
Also Z and W boson factory (as Fe
FCCee) = o
As FCC, foreseen to be used for |
100 TeV pp collisions .

| Yoke/Muon | HCal . QDO LumiCal P Vertex
6983mm 4143mm 2350mm

Opportunities at Future High Ener

CEPC Detector

- 3T field

- |LD based

- Si/gaseous
tracking

- Particle flow
calorimetry

- New at the
market,
ongoing
optimization
and R&D

Colliders
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CLD
FCCee - 2T field

~100 km tunnel infrastructure CLICdet
e+e- collider (FCC-ee),Vs=90-365 GeV, L~1035 - 4x1036, L,=1-48 ab-1/yr based

for H, Z as potential first step _ Gj tracking
HE-LHC with FCC-hh technology - Particle flow
p-e (FCC-he) option, Vs=3.5 TeV, L~1034

calorimetry
- New at the

working point run 3 o | market,

time ‘ -

years] ongoing
Z first 2 years 100 26 ab?/year 150! 4 Opt| mization
Z later 200 48 abl/year an d R & D
w 25 6 ab!/year 10 ab! 1-2
H 7.0 1.7 ab*/year 5ab? 3
machine modification for RF installation & rearrangement: 1 year
top 1st year (350 GeV) 0.8 0.2 ab*/year 0.2ab! 1
top later (365 GeV) 1.4 0.34 ab!/year 1.5ab! 4 A

Opportunities at Future High Enerqgy Colliders



https://indico.cern.ch/event/773621/

FIRST CONCLUSIONS

- -
Z (91.2 GeV) : 4.6 x< 10 cmr?s™ -

Who has more (statistics)?

It’'s a luminosity run

It is clear that it Is a run for statistical precision

FCC-ee (Baseline, 2 IPs)

LEP3 (Baseline, 4 IPs)

ILC (Baseline)
10% .
WW (161 GeV): 5.6 x 10% cm2s™! CLIC (Baseline)
CEPC (Baseline, 2 IPs)

HZ (240 GeV) : 1.7 x 10°° cmr2s™

-
o

TNA T T T T T
]
E
®

Luminosity [10% cms1]

tt (350 GeV) : 3.8 x 10** em2s!
(365 GeV) : 3.1 x 10> cm-

; 26+
OO X LEP HZ (250 GeV) : 1.5 < 10™ cm?s' ™
1 =

10° 10° s [GoV] « One should not forget about systematics, including theoretical
uncertainties (the advanced level of these details is lacking in
most experiments)

Is there any benefit of having (so) many future

options? _
: : « BUT, other aspects are also important:
Competweness gives added « Extensibility of the physics span - flexibility to accommodate other
value options (pp, hh, ep, gamma gamma, plasma....)
- Nobody is starting from tabula rasa — * Flexibility to accommodate changes in scenario (i.e. unexpected HL-
knowledge transfer (i.e. ILD (TESLA) is LHC discovery),
mother of all detectors)  Technological feasibility and cost,
« There is large community circulating between » Politics (it’s a game of power, as well),
experiments (with every new project pushing .

forward the limits in R&D)

* Preserving the ‘future projects’ community over
a time span of a two decades

Opportunities at Future High Enerqgy Colliders
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HIGGS PRODUCTION
MECHANISMS

1025—

o(e’e” — HX) [fb]

- It facilitates g,,, measurement in a model- 10—
Independent way*

- Higgs invisible width can be determined from the 0 T e 0 3000
recoil mass ‘ 5 [GeV]
—‘Total

- Most of the Higgs couplings can be determined with 2 ST cerca
a better precision than at HL-LHC only from HZ 250 I s

Total

- Linear colliders foreseen as staged machines benefit 200}
from additional statistics from WW-fusion (clear
example is CLIC with ~ 3M Higgs bosons at all
stages)

e'e’ svwH(WW fusion) |

- Double Higgs production at higher energies

200 250 300 350 400
/s [GeV]

* Theory warning: level of accuracy <1% requires incorporation of
loop-corrections — loss of strict model-independence Opportunities at Future High Energy Colliders
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High-energy benefits

Decay mode Branching ratio

H — bb 56.1%
H — WW* 23.1%
. . . . . H— gg 8.5%
- Clear advantage from rising cross-section for WW-fusion — access to rare Higgs decays. 1 - 6.2%
. - - - - H — cc 2.8%
- ttH production, suitable i.e. for CPV study in the Higgs sector e, o0
- Multiple-Higgs production — self-coupling measurement E% ;" S?Z
— LY 16%

- Precision Higgs physics as a portal to BSM H—ufu™  0.021%

Iy 4.2MeV

- Less precise determination of the observable at high energy leads to the same precision
on coupling as at low energy

At low energy (/s=m,)
do

e+\ 7 e+ . .
Imagine measuring

e_/I é)gZeL e-—

~104  => 00, ~ 107

Js=m;

Effect grows as s S
same precision!
3000

2
———| ~1000
* {91.2}
.,5{ ...equivalent to do ~10% => 00, ~ 107

e—/ 8070, Osm
) /s=3TeV

At high =3TeV
thigh energy (Js=3TeV) —> strongly benefit from high energies

e+

Opportunities at Future High Enerqgy Colliders



https://indico.cern.ch/event/773621/

Polarization benefits 4

'0\_01 Model Independent Fit LCC Physics WG
) 3 5 || B HL-LHC @e'e 5ab’250 GeV unpolarised |........................._.. —
o B HL-LHC ®e'e 2 ab™ 250 GeV polarised
. . . . = B .. %e'e 4ab'500 GeV polarised
- Chiral nature of charge currents results in significant % 3 wmigesrse 0 Bk ]
sensitivity of WW-fusion cross-section on polarization  ©
scheme (though L can be changed) § 2D [ I """"""""""""""""""""""""" T
. . . . L. o
- Better precision with smaller statistics D 2 g o —
- Enhanced precision at all energies D {5 | I ______ I ______________ - B-PR-R _
= 1.
B o % ----------------- Gl—
Polarisation Scaling factor 81 /0 L I g_h :N:. % %
— L. B = [ > = =
Pe™): Ple™) efee—=ZH efe — Hun efe — Hete™ g O5+HF-B FETRTRER { % - % ----- % ----- % —
o 1 T ® @ ®
Unpolarised 1.00 1.00 1.00 o 0 3| a @ 7
—80% : +30%  1.40 2.34 117 "
—80% : —30% 0.83 1.26 1.07
+80% : 0% 0.88 0.20 0.88
+80% : +30% 0.69 0.26 0.92
+80% : —30% 1.08 0.14 0.84

Opportunities at Future High Enerqgy Colliders
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HIGGS WIDTH

Being less than 5 MeV, Higgs decay width can not
be directly measured at any proposed e+e- collider

C_an be determined frOm indiViduaI decays_ (quaSi_ Collhider 6y (%) Extraction technique standalone result o'y (%)
direct measurement), i.e. H->WW decays in WW- from Ref. kappa-3 fit
fusion, H>ZZ in HZ ) ILCys 24  EFTfit[3] 2.4
_ Bz ILCspo 1.6 EFT fit [3.11] 1.1
o(ee = ZH) - BR(H — ZZ) oc = CLIC35 47  xtiamewod [B9] 26
] ] CLIC; 500 2.6 k-framework [85] 1.7
In a combination of measurements: CLIC3000 2.5 k-framework [85] 1.6
CEPC 3.1 6(ZH,vvH), BR(H — Z,bb,WW) [90] 1.8
o(ee—Z7ZH)-BR(H->WW).c(ee—ZH)-BR(H—bb) FCC-cepug 17 i Sk 1] 19
o(ee—vvH)-BR(H—bb) FCC-ce6s 1.3 x-framework [1] 1.2
ghiz SHw | Shiz ¥ gk arXiv:1905.03764 —
= I . ¥ . Siw Sk, L

The ultimate precision is reached in a global fit,
(model-independent or in the LHC-style, so called

K-framework): oM 2
0 Kn

- | — (BRin\r - BRunt)

Or in a global (model-dependent) EFT fit (assumes
the new physics scale A >> M,))

'y

Opportunities at Future High Enerqgy Colliders
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~ - Vs = 250 GeV vz —
HIGGS TO INVISIBLE S T I P TR, :
H_i £ 12008 ] =P B G Hay
—INV. q;.) - [ H—invisible BF 10%
Portal to Dark Matter sk E
400 E
. ) .. 200 -
- Looking at the recoil mass under the condition that L D —._. =
nothing observable is recoiling against the Z boson foo™ #0120 130 140 190 10
(only one Z per event) Recoll Mass [GeV]
- Access to DM particles in the Higgs portal models 3 0000 e
(3 25000} DZH Hinv SM]
o - Ozz
@ 20000(- Eww
q>J15000
8(c, XBR(H—inv.)) ILC250 CLIC FCCee CEPC S _
10000} =
/CL 0.9%/90% | 0.97%/95% | 0.3%/95% | 0.3%/95% s000|- : :
- ‘\~ -

B0 90 100 110 120 130 140 150 160
Missing Mass [GeV]

Opportunities at Future High Enerqgy Colliders
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COMPARISONS BETWEEN
FUTURE EXPERIMENTS

Devil is in details

How objective can we compare?

* One (experiment) needs not only to have, but
also to RECONSTRUCT and IDENTIFY
events of interest (sometimes with a rather
small effective cross-sections),

e ...1InaFULL detector SIMULATION,

* ... against ALL BACKGROUNDS (usually
calls for machine learning methods)

e Thereisa SYSTEMATICS, too,
e + uncertainties from THEORY

« + theoretical assumptions for various model-
dependent methods

Simulation Studies @'

ILC analyses based on

. Whizard (ME) + Pythia 6 (PS & hadronisation)
MC

» including beam energy spectrum & ISR
- full, Geant4-based simulation of the detectors

* gauged against test beam performance of
prototypes

- inclusion of machine and full SM background

+ in some cases full sim analyses are
extrapolated to other center-of-mass energies

Comparison between different approaches is possibly only if the
set of theoretical assumptions is known (i.e. in the k-framework:
signal corresponds to only one state, no overlapping resonances,
zero width approximation, no change in tensor structure of the
couplings, only overall strength, implies assumption that the
observed state is a CP-even scalar, ...)

Opportunities at Future High Enerqgy Colliders
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HIGGS COUPLINGS

Situation at LHC (HL-LHC, and pp in general) e+e- colliders
- No absolute measurement of the - Absolute measurement of the ZH cross-
production cross-section (like ZH at section

e+e- colliders) - Absolute measurement of the Higgs BRS

- Higgs couplings come in combination: - Nearly model-independent determination

of the Higgs total width and couplings

r])]'udr(leczu'
[tot

- Only ratio of couplings can be directly
determined (i.e. 93./9iww )

o(H) x BR(H — a +b) ~

Opportunities at Future High Enerqgy Colliders
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Statistical uncertainties are shown for 5 ab-1@240 GeV and 1.5

H IGGS COU PL I NGS ab- @365 GeV (from FCC-ee CDR)

Model independent approach*, precision better than 1% for most couplings FCC-ee +FCC-ee +HL-
240 GeV 365 GeV
1.2 November 2018
CLICdp 6QHZZ 0.25 0.22 0.21
mOde:\Lngses?J?:s;Q:\s on additional Higgs 6gwa 1.3 0.47 0.44
L decays — unique to lepton colliders i 6gbe 1.4 0.68 0.58
s% {1 1] 6gHCC 1.8 1.23 1.20
100 ] ! OGHgg 1.7 1.03 0.83
1 SIS WS WS W R X ey
O ) OGHr: 1.4 0.8 0.71
r, ct bt WZ g y OGHpp 9.6 8.6 3.4
o 350GeV, 1ab’ |
| o +1.4TeV,25ab" OgHit 3.3
* +3TeV.5ab" oW 28 156 1.3

0.8

Based on Eur. Phys. J. C 77 475 (2017)
updated to new luminosity scenario arXiv:1812.01644

Opportunities at Future High Energy Colliders
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COMBINATION WITH HL-LHC

To what extent future e+e- experiments are synergistic with the HL- LHC?

0.0 0.02 0.04 0.06 0.08 0.10
: ' ' ' ' +«— HL-LHC
Evident synergy W | == HL-LHC + ILC 250
wl = | «— HL-LHC
+ An example: ILC250 with 250 fbL = == HL-LHC + ILC 250
) I +— HL-LHC
‘! : 1 &
. 2 { 3= HL-LHC
— 4 , _ — — +—= HL-LHC + ILC 250
E‘ Model Independent Fit LCC Physics WG [l
R el . y A —— | «— HL-LHC
.?_l 3 | = .. ®€'e 4ab" 500 GeV polarised | _ = | R S— # HL — LHC (Tt“t' free)
§ dark/light: $1/82 , 0 - HL — LHC & ILC 250 (U%:};ﬂ)
£ 2.5 [ — Ky s ]| HL - LHC @ ILC 250
S I —— <4 HL - LHC @ ILC 500
o D [ g ol — 0 @ HL — LHC & ILC 1000
(@) Jay
e B I I """"""" P HT j_ " — ' “Q HL-LHC
e ol < IEER HuEEII L | : 1 | O ) , \ ‘\ -
.51/0 l—l- .4 Ei- g %, % 0.90 0.925 0.95 0.975 1.00 1.025 105 1075 1.10 HL-LHC + ILC 250
2o0s5H1 111 I EER
£ 1 s |8 3 3
O () (%] 0 (%)
Z W b t g ¢ I, T, v Zyu t A
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COMBINATION WITH HL-LHC

. Precision of Higgs coupling measurement (10-parameter Fit)
1
CEPC 240 GeV at 5.6 ab™
= combined with HL-LHC

) S 107"
(i.e. CLIC E
and FCCee) w.r.t. the Higgs width and ©
couplings measurements T

& 1072

1073

* The other way around is doesn’t hold

Opportunities at Future High Enerqgy Colliders
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TH EORY EXPECTAT|ONS The models below are outside the HL-LHC reach

heavy SUSY 2 Higgs doublet

T T T T T

n
o
T

Coupling deviations from SM [%]
o
I
Coupling deviations from SM [%]
o 3
T
1

How well do we need to know Higgs couplings?

T T T T T T T

-
o
| B
|

T
|
|

Some conclusions

* In many BSM models one expects only % moE ww.thz'z o H ggR W(Vjv. SE T
level deviations from the SM couplings for i it SR

I
—_
o
L I e T

—~10 [~ ILC 250 GeV, 2 ab™" + 500 GeV, 4 ab™": pMSSM example —

i [ tLcprecisions from tull EFT it

model p!

|
N
o

20_ T T T T T T T

20_ T T T T T T T

BSM particles in the TeV range

| ILC 250 GeV, 2 ab” + 500 GeV, 4 ab': Composite example

10 [ [__] rCoprecisions from full EFT fit N

———— model predictions

10 == 1

« Example, 2HDM-type model in decoupling

limit

l 200 GeV\ "

_gnvv 1 —0.3% ( ¢ )
GJhepVV

2

Coupling deviations from SM [%)]
o
.
i

Coupling deviations from SM [%]

Ghitt . hee

I
H
|
=
N |
X
VRN

ghS]\,«[tt ghgl\;[ cc

l VTT 200 Gev 2
Grvo _ Ghrr L+ 40% ( ) |
Yhsnibb Ghsarr

2

Opportunities at Future High Enerqgy Colliders
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HIGGS SELF-COUPLING

Double Higgs and self-coupling:

1.4TeV 3TeV

o(HHv.Y,) | >30 >50 OBSERVATION
—~=28% =2=7.3%

o(ZHH) >50 OBSERVATION

G/ Gom, 14TeV: 1.4 + 3TeV:

- Intermediate energy (1.4(5) TeV) at CLIC —34%, +36% | | |
provides complementarity to 3 TeV option rate-only analysis differential analysis
with ZHH production arXiv:1901.05897

- Different behavior of ZHH and double-Higgs complementary e+ v
production in WW-fusion, for non-SM values e+ at1.57ev
of triple Higgs couplings 7 g dominates H

H athigher Vs
H w o H
CLICdp CLICdp e H ot GHHH
g4 T B T GHHH Y
—_ [« HHvw3Tev | e [« ZHH 14 Tev R
e 1t =] T r .0. 1
AP 3 ] T0.25- ‘ ]
T 0.9: E N r o ]
L 0.8E | i > 0.2F =
= U0 I i B E o ]
~0.7F i 3 0.15F ot E
1Y ;| S S S : -
; X 1 0.1 .
0.5: R : /
E L | R .00y
0% 1 N 0 1 2 3

HHH

Opportunities at Future High Ener

Colliders



https://indico.cern.ch/event/773621/

FCC-ee, from EFT global fit

HIGGS SELF-COUPLING = PSRy
i .---- 350 GeV alone 1

0.01f _

- Global model-independent fit gives stand- S - ]
alone precision for FCCee of +40% : ]

- Combination with HL-LHC reduces the 001} 5
uncertainty to +35% . Oqi

-4 -2 0 2 4

A word from theory (1)

= 5: T I
3 :
2 45l — ee » vWHH 1400 GeV  _,
5 : .--@@ % VWHH 3000 Gev
4™, ee » ZHH 500 GeV
4 S” . ee » ZHH 1400 GeV
o
2.5}
2
1.5}
1
0.5
OZ | -
1 0.5 0 0.5 1 1.5 2

IS
/\:‘:'/ /\‘\l
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HIGGS SELF-COUPLING

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

All future colliders combined with HL-LHC

50%
HL-LHC
1 0-2(_)?_-:

HE-LHC -~

- Low energy e+e- colliders (single Higgs FCC-eefeh/hh . [ ————

production) uncertainty in combination with YOI F— S S I S L
HL-LHC: FCC-eey45 . ' ' | ' :
- 1LC250 and FCCee365, +35% ILC,y ..

- Double-Higgs production: ILCas0

- HL-LHC: ~ +50% ILCoo0
- ILC500 ~ £ 27% CEPC ;.
- CLIC3000 ~ + 9% CLiCs . s R —
- FCC-hh ~+5% CLIC 50

CLIC, . B

3000 3
0 10 20 30 40 50
May 2019 68% CL bounds on x5 [%]

Opportunities at Future High Enerqgy Colliders
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A word from theory (2)

Theoretical Uncertainties: production

Production at hadron colliders Requires e.g.
> For HL-LHC uncertainties expected to be - Improved PDFs
. . . improved by factor 2 w.r.t. current T . .
- Precision measurement of couplings at . HELHC: another factor of 2  llgher precision cajeulations
. .. ) o Improved non-perturbative aspects
hadron colliders are limited by the systematic > FCC-hh: well below 1%
(theoretical) uncertainties
- This is also a reason for the fact that the Note: this is
Higgs coupling projections for HE-LHC related to the fact
show only relatively small improvements that FCC-hh is
over HL-LHC assumed to be
- FCC-hh projections, in particular when taken realised only far in
the future!

separately, depend on a wild guesses of
drastic reduction of theory uncertainties

Opportunities at Future High Energy Colliders
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HIGGS AS A PORTAL TO BSM

- BSM physics can manifest
itself in the Higgs sector in
several ways:

- Higgs compositeness
- Multiple Higgses
- CPV in the Higgs sector

- BSM interpretation of Higgs

Universal EFT fit

102 Il HL-LHC (3/ab, S1) + LEP/SLD light shade: CLIC + LEP/SLD
- I HL-LHC (3/ab, S2) + LEP/SLD solid shade: combined with HL-LHC(S2)
r |Il CLIC Stage 1 HL-LHC preliminary blue line: individual reach
I CLIC Stage 1+2 yellow mark: additional result
10l CLIC Stage 1+2+3
“I'J— L | Smaller value corresponds
> 1 L| to higher scale A probed
O] E
E -
L i
< 107"k
&) -
1072E
107
CH ©Cww ©CBB Chw CHB Cgex0 Cy,  Caw Cwa Ct Cowx10?Copxi0?  Cg
L J 1 | [ | L o
effects grow with energy +ff°m|_
arXiv:1812.02093 The CLIC potential for new physics, CERN-2018-009-M ee—

Opportunities at Future High Enerqgy Colliders
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HIGGS AS A PORTAL TO BSM nggs compositeness

5.6 discovery T T —————T1——— T
regions (CLIC) | .@é@o
. . : : 8F &
- BSM physics can manifest exc'us'oa[eﬂ%” [

itself in the Higgs sector in (ALLAC) N CLIC ]

several ways: > | ® hvv, hZ, WW, tth -

- Contribution from the higher order 4l ee->ft

operators (EFT approach) : ® HL-LHC
_ _ of y
- Multiple Higgses Lo Tste ]
- CPV in the Higgs sector 10 20 30 40 50

- BSM interpretation of Higgs m,[TeV]
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HIGGS AS A PORTAL TO BSM = oS o

—— ATLAS obs. limit
=== ATLAS exp. limit ||

- BSM physics can manifest ! —4— CMS excess
itself in the Higgs sector in
several ways:

- Contribution from the higher order
operators (EFT approach)

- Higgs compositeness

T/ OSM

- CPV in the Higgs sector

- BSM interpretation of Higgs 0 = =0 = 0 o5 10105 1o

My, [GeV] CMS-PAS-HIG 17-013,
ATLAS-CONF-2018-025



https://indico.cern.ch/event/773621/

HIGGS AS A PORTAL TO BSM

Real scalar singlet ¢ mixed with the SM-like Higgs via
mixing angle y

LHC 300 fb"!

- =
-

-~ "LHC 3 ab"

CLIC 3TeV, 3 ab"

Direct HA production in
2HDM at ILC; A—tt can be
directly reconstructed as long
as my, Is not larger than
available cm energy. Else,
associated production i.e.
bbA, ttA

number ot events

_ 500
direct search

Opportunities at Future High Ener

500
m,[GeV]

LHC 8TeV Higgs coupllngs

- T
—_-_.—

arXiv:1807.04743 - Buttazzo, Redigolo, Sala, Tesi
arXiv:1812.02093 The CLIC Potential for New Physics
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CPV IN THE H IGGS SECTOR iz = COS Wy N .v"ﬁ h is a spin 0 state:

+ sin l‘IJCF’ A CPodd .” f
. [ff>=[1i>+e|i1>
f fh,. :ff [= 0O CPeven,
P . - /2 CP odd
More difficult than just a T2 CPodd]
Sp_In/parlty determlnatlon: ILD simulation: 250 GeV, e} e, 0.9 ab™ Z—qq ILD simulation: 250 GeV, e e;,, 0.9 ab™'  Z—elu/q
H_|ggs can be a mixture of 145 ¥2nDOF=29.3/19 #*InDOF= 15.5/18 B 2'5; e
different CP eigenstates 1ok - 5 2
= = -
Can be addressed in HVV 10F 3 1sf ;L
processes (i.e. H—>ZZ—4l) SF s L
6 & ,"/’E 5
Also in Higgs couplings to o N I TS N —
fermions 2= s E S 2
o T inputmpcpra
Only lose bounds (at present) °33 R I D I I
on a quantum superposition od nPUt Y p [ra
different CP states

Experimentally disfavored
hypothesis on purely CP odd
state
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BSM INTERPRETATION OF HIGGS

zZZ

DO

O 00~ O U = W

Model bb

MSSM [36] +4.8
Type 11 2HD [35] +10.1
Type X 2HD [35] -0.2
Type Y 2HD [35] +10.1
Composite Higgs [37] -6.4

Little Higgs w. T-parity [38] 0.0
Little Higgs w. T-parity [39] -7.8

Higgs-Radion [40] -1.5
Higgs Singlet [41] -3.5

Impact of various BSM models on Higgs
couplings to SM particles (arxiv:1708.08912)
Unlikely to be tested at LHC or HL-LHC

-0.5
0.0
0.0
0.0

-2.1

-2.5

-1.5

-1.5

-3.5

2HDM-II

2HDM-X

2HDM-Y

Composite

LHT-6
LHT-7
Radion

Singlet

SM

pPMSSM
2HDM-II
2HDM-X

2HDM-Y

Jomposite

LHT-6
LHT-7
Radion

Singlet

HL-LHC +
ILC 250 GeV 2 ab™

Higgs and cTGCs
EFT interpretation

Sty PMssEHDY,2HONZHON SOmpHT-6 LT > Redio, ngle

HL-LHC +

ILC 250 GeV 2 ab™
+500 GeV 4 ab”

Higgs and cTGCs

EFT interpretation

2 2 2 C L L .Sy
105 O OM. y"”’ooéﬂ 6 A1 acion, Moley

ortunities at Future High Ener

Colliders

[an N \ 0] LN (e)]
model discrimination in o
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ANATTEMPT TO ANSWER THE QUESTIONS*

- To what extent are the linear and circular e+e- colliders
complementary?

- To what extent are they synergistic with the HL- LHC?

- How might the results from the HL-LHC affect the
opportunities with these other future machines?

Is there a need for more than one future collider?

N\ A\ /\ “==\'p, W7 =\ 1 :
’” AN\ _Z82'd {7z Al
*from the perspective of Higgs physics

e

—
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ANATTEMPT TO ANSWER THE QUESTIONS*

To what extent are the linear and circular e+e- colliders

complementary? /\
Collider o6I'y (%) Extraction technique standalone result Iy (%)
from Ref. appa-3 fit
Well, not really. They cover more or less the same ILC>sp 24 EFTfit[3] 2.4
parameter space with similar precision (Higgs ILCs00 1.6 EFTfit[3,11] 1.1
! ' CLIC 500 2.6 k-framework [85] 1.7
The real breakthrough comes with a high-energy (i.e. CLIC5000 25  x-framework [85] 1.6
>1TeV) e+e- collider (Higgs self-coupling, CEPC 3.1 o(ZH,vvH), BR(H — Z,bb,WW) [90] 1.8
; SE ; FCC-eeqyg o k-framework [1] 1.9
compositeness, BSM sensitivity of the Higgs sector). e - - fxrork [1} o
And also with a beam polarization (i.e. CPV, BSM). arXiv-1905.03764 \/
SM . .
Gunn/9hnn 1.4TeV: 1.4 + 3TeV:
-34%, +36%
CLIC rate-only analysis differential analysis

arXiv:1901.05897

ortunities at Future High Energy Colliders



https://indico.cern.ch/event/773621/

AN ATTEMPT TO ANSWER THE QUESTIONS*
- To what extent are they synergistic with the HL- LHC? zoux
* Absolutely, they are. Z:EM:

« All future e+e- projects bring significant added value to LHT6

the projected HL-LHC sensitivities in the Higgs sector ... LHT7

* ... enabling discrimination of BSM models inaccessible paden

at HL-LHC singlet

Model Dependent EFT / k Fit (rBSM=O & no anom. hZZ/hWW coupl.)
[~ LCC Physics WG B HL-LHC arXiv:1902.00134

mmem e S1: ATLAS, S2: ATLAS&CMS
B HL-LHC @ ILC250

l HL-LHC ®ILC250 @ ILC500
I dark/light: S1/S2

nNnN W ~ O OO N

1%

Precision of Higgs boson couplings [%]

HL-LHC +
ILC 250 GeV 2 ab™
+ 500 GeV 4 ab™

Higgs and cTGCs
EFT interpretation

Sty PMss ooy, j’(HoM_C;O'npo{g?}Z -6 AT Bact Singre,

- N
o O

model discrimination in o

16
14
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AN ATTEMPT TO ANSWER THE QUESTIONS* S5 SM Singles st from the tair

sector; h—-S mixing is of order v/f

o 3000 "2 ——— T ——
- How might the results from the HL-LHC affect the ‘| Higes couplings LHC13 :
0O c c —-¢—->SM LHC13
opportunities with these other future machines? 2500 | Bt ]
| - pp—¢ (Shg)(g&n;r; '
| — et e - uture

fGeV]

« According to what we (theorists) can think of, future projects seem to
be very well equipped to address even very exotic physics options.

 Yet, one can always get surprised by Nature. 005 |

Model bb cc g9 WW 1 ZZ vy ppu 77500 1000 1500 2000 2500 3000
1 MSSM [36] +48 08 -08 -02 +04 05 +0.1 +0.3 m,. [GeV)
2 Type Il 2HD [35] +10.1 -02 -02 0.0 +98 00 +0.1 +938 arkiv: 1807.04743
3 Type X 2HD [35] -0.2 0.2 -0.2 00 +78 00 00 478
4 TypeY 2HD [35] +10.1 -0.2 -0.2 0.0 0.2 00 0.1 -0.2
5 Composite Higgs [37] -6.4 -64 -64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity [38] 0.0 00 61 -25 00 -25 -15 0.0
7 Little Higgs w. T-parity [39] -78 46 -35 -15 -78 -15 -1.0 -7.8
8 Higgs-Radion [40] -1.5 -15 +10. -15 -15 -1.5 -1.0 ~-1.5
9 Higgs Singlet [41] 35 -35 -35 -35 -35 -35 -35 -35

ortunities at Future High Energy Colliders
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AN ATTEMPT TO ANSWER THE QUESTIONS*

Is there a need for more than one future collider?

* Ifwe (the world) could afford it, a ‘dream-combination’ might be a
TeV or a multi-TeV e+e- (linear) collider

+ a 100 TeV hadron-collider, that comes at the moment with so many
open Issues:

Accelerator & detector technologies vise
Huge pile-up
Systematics control and theoretical uncertainties

NB: Added value of this, or any other combination, has to be justified

with the adequate level of details, above the simple statistical scaling
of precision.

@)
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SUMMARY

- Future e+e- colliders will enable
measurements in the Higgs sector (mass,
width, couplings) far beyond HL-LHC
precision

- Higher center of mass energy
significantly extends sensitivity to the
Higgs self-coupling, compositeness scale
and BSM scenarios

Opportunities at Future High Enerqgy Colliders
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