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WHYHIGGH-ACTORIES?

Higgs discovery ended era of reductionism and symmetries in particle piji$ics

||[[||m

Never seen before fundamental scalar is discovered, unique (with exception of gravity) in its @“@®@@>@>

. Jyk .
self-coupling @®%&@@
Higgs discovery opened several important questions of nature of relativistic vacuum: Lol

- How can we accommodate it in energy density of the Universe?
-Why the Higgs is not enormously massive (e¥&anckian?
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No New Physics discovery at LHC

-)43h8

With the LHC resolution to probe Higgs compositeness, the Higgs could be as elementary as pion.

So, howpointlike is it?
| can be significantly enhanced in B¥&lriogenesisnodels.
HL-LHC will probe with 50% uncertainty2]
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Dece Vs=7,8,13TeV
Model e T, Jets E,'I’,‘"‘ JLanm™) Mass limit Ys=7,8TeV | {i=13TeV Reference
0 2-6jets  Yes 361 |@ 1.57 TeV m(¥1)<200GeV, m(1* gen. q)=m(2* gen.3) 1712.02332
@ mono-jet  1-3jets Yes  36.1 i 710 GeV m(g)-mE})<5 GeV 1711.03301
2 0 26jets Yes 361 & 20027eV! m(})<200GeV 1712.02332
S 0 26jets  Yes 361 |& ZOTTEV] m(i)<200 GeV, m(F*)=0.5(m(i)em(z) 1712.02332
& ee,up 2jels  Yes 147 & 1.7 Tev m()<300Gev, 1611.05791
@ 22, 8-aq(eelT] Bepu 4 jets 361 |& 18TV m(i))=0Gev 1706.03731
g 1, 30aWZE} o 7Mijets Yes 361 |& TOTEV]  mit)) <e00Gev 1708.02704
S GMSB(¢NLSP) 1274014 O2jets  Yes 32 | 2.0TeV 1607.05978
E GGM (bino NLSP) 2y = Yes 36.1 f 3 245 TeV cr(NLSP)<0.1 mm ATLAS-CONF-2017-080
" GGM (higgsino-bino NLSP) Y 2jets  Yes 361 |@ 205T&V] mi£?)=1700 GeV, cr(NLSP)<0.1mm, >0 ATLAS-CONF-2017-080
Gravitino LSP 0 mono-jet  Yes 203 | P scale 865 GeV m(G)>1.8 x 10~ eV, m(z)=m(g)=1.5 TeV 150201518
8§38 0 3b  Yes 361 |& ATV m(¥?)<600Gev 1711.01901
Y = Hlen 3b  Yes 361 | 87TV m(¥)<200Gev 1711.01901
0 26 Yes 361 | 950 GeV m{f)<420 GeV 1708.00266
% § 26,u(SS) 1b Yes 361 |B 275700 GeV m{)<200 GeV, m{f})= m(¥})+100 GeV 1706.03731
S8 02eu  12b  Yes 47133 |i (117470Gev 200-720 GeV. miEE) = 2m(E), miF})=55 GeV 1208.2102, ATLAS-CONF-2016.077
ﬁ’g 02e,pu 0-2jets/1-2b Yes 20.3/36.1 |#  90-198 GeV, 0.195-1,0 TeV. miEh)=1GeV 1506.08616, 1709.04183, 1711.11520
€ a 0 mono-jet  Yes 36.1 n 90-430 GeV' m(f,)-m{)=5 GeV 1711.03301
%g 2eu(Z) 16  Yes 203 |& 150-600 GeV miE)>150 GeV 1408 5222
s 3eud 1b Yes 361 |& 290-790 GeV' miP)=0Gev 1706.03986
12ep 4b Yes 361 |@ 320-880 GeV m{P)=0GeV 1706.03986
2ep 0 Yes 361 | 90-500 GeV. ATLAS-CONF-2017-039
2ep 0 Yes 361 & 750 GeV ATLAS-CONF-2017-039
2r = Yes 361 & 760 GeV 1708.07875
5 3epu 0 Yes 361 |EE 113 Tev ATLAS-CONF-2017-039
ze 23eu  O2jets Yes 361 |HE 580 GeV. ATLAS CONF-2017-039
S WY, h—sbb(WW/Tt/yy emy 026  Yes 203 |XLAS 270 GeV. 1501.07110
B, lat dep 0 Yes 203 |#, 635 GeV E)mES), miE2).0, m(Z, Ph=0.S(MENmEl)) 14055086
GGM (wino NLSP) weak prod., ¥]—yG 1eu+y Yes 203 |w 115-370 GeV cr<tmm 1507.05493
GGM (bino NLSP) weak prod., #{—»yG 27 Yes 361 | 1.06 TeV. cr<tmm ATLAS-CONF-2017-080
Direct £1%7 prod., long-lived ¥7 Disapp. trk  1jet  Yes 361 [ 460 GeV. med)-miEd)~160 MeV, 1k 171202118
Direct.X}¥; prod., long-lived ¥; JE/dx trk 5 Yes 184 ¥ 495 GeV mEt)-m(e])~160 MeV, (k] 1506.05332
Ba Stable, stopped g R-hadron 0 1-5jets  Yes 279 |& 850 GeV' m(E)=100 GeV, 10 us<r(@ 1310.6584
£ 8 stavegRhadron trk - - 32 @ 1.58 TeV 1606.05129
'SE  Metastable & R-hadron dE/dx trk . 32 |@ 157 TeV m{i4)=100 GeV, >10 ns 1604.04520
s 8 Metastable z R-hadron, Z-qg¥! displ. vix - Yes 328 |& R3TTV! (2)=0.17 ns, m(E)) = 100GeV 1710.04901
= GMSB, stable 7, ¥} -7z, fi)+(e, 4) 12p 2 19.1 537 GeV 10<tang<50 14116795
GMSB, ¥} —7G, long-lived ¥ 2y - Yes 203 440 GeV 1<r(f)<3 ns, SPS8 model 1409.5542
38, Vi —seev/epy/upy displ. eefep/uu - - 203 1.0TeV 7 <cr()< 740 mm, m(g)=1.3TeV. 150405162
LFV pp—¥; + X, Vr—ep/fet/ut eperur - . 32 AOTEV  4,,=0.11, Aixjinpn=0.07 1607.08079
r RPV CMSSM 26,u(88) 035 Yes 203 1.45 TeV. M(g)=m(E), cresp<t mm 1404.2500
¥ dep 3 Yes 133 114TeV mU)>400GeY, izes0 (k = 1,2) ATLAS-CONF-2016.075
~ Bep+rt Yes 203 450 GeV ME)>0.2xmE}), 413320 14055086
& 0 4-5large-Rjets - 36.1 187576V  m(¥))=1075 GaV SUSY-2016-22
Teu 8-10jetsi0-4b 36.1 ZATEV] m(¥)= 1 TeV, 411240 1704.08493
1eu 810jets/0-4b 36.1 1.65 TeV m(F)= 1ToV, 2y2y#0 1704.08493
0 2jets+2b 367 100470/ GeV' (1480610 GeV 1710.07171
iy, bt 2ep 25 36.1 0.4-1.45 TeV BR( —sbe/)>20% 1710.05544
Other Scalar charm, é—c¥} 0 2¢ Yes 203 |z 510 GeV m(@)<200GeV 1501.01325
1
107! 1 Mass scale [TeV]
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WHAT BRINGS US TO THESGSFACTORIES

But, other aspects are
also important:

In the European PP Strategy Update 2020, Higgs factories are the highest priority future initigivesextensibility of the

Several projects on the market (L& Higgs bosons)
All electronpositron colliders
- Initial state well-defined
- High (Te\) centerof-mass energiesLCs
- Clean environment
Y High-precisionmeasurements (dominated by statistical uncertainty)
Linear (ILC, CLIC) vs. circular (CEHRC eg

. 36 2a-1
Z(91.2GeV) : 4.6x 107 cm™s ®  FCC-ee (Baseline, 2 IPs)

LEP3 (Baseline, 4 IPs)
ILC (Baseline)

—
o
™o

) 2 CLIC (Baseline)
W'W (161 GeV): 5.6 x 10*° cm2g™

CEPC (Baseline, 2 IPs)

HZ (240 GeV) : 1.7 x 10* cm2s™

It is clear that iwill bea run for statisticaprecision

—_
o

Luminosity [10%* cm2s1]

tt (350 GeV) : 3.8 x 10* cm2s™
(365 GeV) : 3.1 x 10* cm2s™

HZ (250 GeV) : 1.5 x 10% cmr2s? W
100 x LEF%

physics span
flexibility to
accommodate

other options pp,
hh,ep, gamma
gammah DIl AO

Flexibility to
accommodate
changes in
scenario

(i.e. unexpected
HL-LHC discovery)

Technological
feasibility and cost

Politics

i EO6O0 A C
supremacy ,
unfortunately)

102 10° s [GeV] I. Bozovic, CORFU 2021 _




LINEAR COLLIDERS

o F T T T
- Comes as mature technological options developed for decadeGPAAAU OI 7 10 =
-  Staged, upgradable machines o |
o]

-Various Higgs production mechanisms accessible over the energy scale span = "0

- Less precise determination aih observablet high energy leads to theame i
precisionon coupling as at lownergy 'F

- Beam polarization [
- Chiralnature of charge currents results in significasgnsitivityof W\W-fusion
crosssectionon polarizationscheme £2Q ) '

102 U

- Provides new observables sensitive to New Physics 0 1000 2000 3000

107

. . . : Vs [GeV]
- Helps characterization of newly discovered particles e
- Afew technical benefits R [T Te— pr—
-Triggerless & 3.5 | W uliuc see an250 50V plaosd e
- Powerpulsing S 3| i | 2
8 .. ®@e'e 1.5 ab" 350 GeV unpolarised | x 1/10
c 25F -
At low energy (/s=my) [4] 2
e+\ Imagine measuring do ~10% => 00g,,~ 107 >
e—/ 0976 e_Eff Vs=m; s
3000)° g @ St
A g+ [9 1 2] ~1000 g 05 - -1 —
' ...equivalent to do ~10% => 00y, ~ 10~ “ 0
e—/égZe_ Osm Z Wb t g ¢ T, T, v Zyn t &

At high energy (/s=3TeV)

. . . )
—> strongly benefit from high energies J
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e'e” centre-of-mass energy

first stage: 250 GeV
tunable
upgrades: 500 GeV, 1 TeV

further options:
running at Z pole & WW threshold

luminosity at 250 GeV:
1.35x 10 /cm’ /s
upgrade 2.7 X 1084 /cm2 /s (cheap)
upgrade 5.4 x 1034 /cm2 /s (expensive)

beam polarisation

P(e’) = +80%

Pe') = +30%,

at 500 GeV upgradable to 60%
total length (250 GeV): 20.5 km

]

A 4000 I N N B |l ,,,,, LI B I LI R B I LI I '1' !

= ILC, Scenarlio H20-staged§
— ECM = 250 GeV
= ECM =350 GeV -----------
— ECM=500GeV |

3000

2000 || o

1000~

Integrated Luminosity [fb

“Luminosity Upgrade’

o
&)
—h
o

o
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- Energy Upgrade

o
<
)
Q
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e+ bunch
Damping Rings IR & detectors compressor

e- source

e- bunch e+ source
compressor positron 2 km
main linac
11 km

central region
5km

electron
main linac
11 km

2 km
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Tlm?“ré)e':[ O1 A zTESLOINED JLC - Largest ever accelerator prototype (operating now aXEEL)

f wooi q ), # AAOAA i1 -ORuNinduygtyalizaion of Ri caviyy prodigetiory j j ¢y
- (2013) Technical Design Repf#}

- (2020) International Development Team (IC
- (?) Preparatory lab in Japan
- (2035) First collisiond]

B Proton collider
Possible scenarios of future colliders M Electron collider

[Z] Electron-Proton collider

wssss Construction/Transformation

i ol i ERLIH |LC: 250 GeV 500 GeV 1Tev Preparation
® 20km tunnel 2 ab1 4 ab1 =4-5.4 ab?
o m tunnel 40 km tunnel
8 ;
.E { l.oo“_vlears m:‘g :;c:mo ey SppC aim similar to FCC-hh
‘= m tunne
O 11 years

m == T FCC hh: 150 TeV =20-30 abt
8 years 10 years 90/160/250 GV 1.7 ab2

8 years

HL-LHC: 13 TeV 3-4 abt HE-LHC: 27 TeV 10 ab-

CERN
A

2years 6years |LHeC:1.2TeV
E=ee— | 0‘25.1 ab":

5 years AL CLIC: 380 GeV Ll e 3TeV
11 km tunnel 1ab! 5 ab?
- 29 km tunnel m tunnel
SR TEEEEETEE SEEEEEEEE ST SO EEEETEE SEEEEEEEE SaEeTEEEEE e H
|. Bozovic, CORFU 2021
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ILC comes with the collider program and rich auxiliary experiments Potential ILC site iitakami

- At the LHC, experiments search for dark particles
produced bypp collisions are placed in existing tunnels
and caverns aCERN (FASER @ATLASIilliQan @CMS)

- Dark sector (ILCBDX), fixed-target and beam dump experiments
(ILCX)

Tohoku
Bullet Train

Maxnm Perelstein |

bean‘?’ Layout of the de ..,n,, around 10-15
dump ol o e i de EEE 0w —)(— 10 m —u LGV

e~ Dirt
> X

dump Beam Dump Detector

107! 1

101070 T 101
m, [GeV]
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SiD Detector
- 5T field

- More compact
- Al Si

Hermecity: ©,,;,, = 5 mrad

Track momentum resolution: 01/p < 5.107° GeV ! CMS/40 | -

Impact parameter resolution: o4 < 5um & 10pum

Jet energy resolution: og/E =3 — 4% (for highest jet energies)

PRETE

ATLAS/3

LD Detector
3.5T field
Optimized for CM energies 9BeV- 1TeV
Si/gaseous tracking

1 GeV

CMS/4

Particle flowcalorimetry

p sin

Mature design and available technologies

ATLAS/2

|. Bozovic, CORFU 2021




VW7, T A N AR WA 147/'7' F
Compact Linear Collider (CLIC) % a)

B 380 GeV - 11.4 km (CLIC380)
0 1.5 TeV - 29.0 km (CLIC1500)
- [ 3.0TeV-50.1km (CLIC3000)

o

=

Geneva

|. Bozovic, CORFU 2021
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CLIC Nominal,
unloaded

The only LC to go abovelgV

-
N
(=]

o
o

CLIC Nominal,
loaded

- CLIC TesFEacility, CTF3, &EERN nowihe
QCERN LineaElectron AcceleratoEl O 2 A O/

)]
o

Accelerating gradient (MV/m)
@
=)

40
facility, CLEAR 20 |
% 20 40 60 80 100 2 2-beam acceleration module in C'l'F3
[8] Power in accelerating structure (MW) First 2-beam tests stand reached 145 MV/m

- Normal conductive higkcurrent drive beam
- 380GeVand 1.5TeVz one drivebeam

- 3TeViwo drive-beam complexes \ A A £ e
- 100 MV/m gradient in the maibeam cavities orvE BEAw "‘,»)))» -

¢ Two-beam acceleration scheme Bt it

and transfer £

COMPLEX

Drive B“m ACW.’IIO’
1.91 GeV, 1.0 GHz

Zm(or each 8

e R T B (R o
Vo) - [ Integrated luminosity . Decelerators 4 s 5
Time Delay Line s

S 6f|— Toa y C»g n »?gg o e G !«ﬁ«

> o — 1% peak . BRI »»»»»)»»»»)»»»»>»>»»>>>»»>>> IH—e2S 1 | BOS

— L " Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km ©*Main Linac, 190 GeV, 12 GHz, 72 MVj

n P TA

(@) 0.38 TeV 1.5TeV 3TeV - 300 m 11.4 km 300 m

C 4 - - Spin Rotator B°°"" L'"'i)

é i J \\\\\\\\\ CAPTION

-

o Pre-injector Primary e Linac $: Su biner ring

'8 L . MAIN BEAM :»Llnfc for o' produ:llon L. ::Jd,.t’p

T °[ . i-——a ,

B) '8 T Gun BDS écan “d:; ivery system
(1 / IP : Interaction poin

o (R “w—=3 i e

. — B 7 Spin Rotator Injector Linac Pre-injector  DC Gun

= 0 Al Y RN B £ AP PR I [8] 2,86 GeV S

0 5 10 15 20 25
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CLICdet

4T field

Ultra lowrmass VTX

All Si tracking

Particle flowcalorimetry

Time-stamped readout (10 ns) due to pronounced
Beamstrahlundoackground at higher energies

Summary Report Physics Potential Project Detector
Implementation  Technologies

|. Bozovic, Lomonosov2021




SIMILAR PERFORMANCE OF LC DETECTORS

c/b-tagging, Higgs branching ratios

Higgs recoil mass, smuon endpoint,

Higgs coupling to muons

p1 resolution for muons:

Separation of W/Z/H di-jets

3%—4% jet energy resolution gives ~ 2.6 — 2.30 W/Z separation

b-tagging @ CLIC = e — : ,
_ 1 CLICdp _> 0: [ VLC7 Jets
%  Di-jet events, ECM=5|]00 GeV, 20¢ < B < 90° () | =7' Qlji_r 10F —=50 GeV —
- e 3 O : ILD 6=/ | = - =50 GeV, 380 GeV BG
c [ Charm contamination 7 pe L =20 oo
je) No background / 10-1 | "6 . L | =100 GeV
© [\ —— vy hadrons i = g * g =30 o 8} =100 GeV, 380 GeV BG -
£ 107 s S S F . R " g=85 c” T} —=190 GeV
= # - 102 S | ..=190 GeV, 380 GeV BG
: L 4 ; : = ef ;
S il G 103 L Uk
E/ ! EEu]._ 4 =
C ; - -
LF contamination 10_4 3 \_é |
No background = w B
107 | — yy— hadrons - 105: | ' | = 2t I L1 I L.
0. . . P S ST R N S N | T i — . E— E— . m
il 05 07 05 s | 1 10 102 0 0.2 0.4 0.6 0.8 1
[B]] Beauty eff. Momentum/GeV [B1] |cos6)|
OAOOEAIT A &I 1T x EO OEA OE&®&0%)Xne@rAl &iairors (10%)) ale feiDt@

calorimeters.

~ v

OAI
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PHYSICSFPROGRAMMBEAT A LC

UPLINGS: mod@hdependent measurements
k-framework
EFT approach

- HIGGS PHYSICEp HIGGS SELIEOUPLING |
HIGGS AS A PROBE TO DARK SECTOR AND BSM IN GENERAHIgh E
IN THE HIGGS SECTOR

‘ top-quark mass

- t-PHYSICS electroweak couplings Low E 95% CL scale limits on 4-fermion contact interactions A\
“ rare decayS B o.w 0:B European Strateg’

top Yukawa couplin HL-LHC

p . p g HE-LHC

CP properties High E ILC 0

ILC 500

BSM constraints ILC 1000

CLIC 30

CLIC 1500

- BSM direct searches CLIC 300

models with weak CEPC

couplings or soft igg-eem

P High E -ee

signatures : FCC-hh

) } 0 10 20 30 40 50 60 70 80 90 100 110 120 130
indirect searches

h|gh Sensitivity Scale / coupling [TeV]

Due to staged realization of LCs, these are ideal machines to explore large
physics span, with indirect access to the ~ T8Uscale . Bozovic, CORFU 2021




HIGGS PRODUCTION MECHANISMS AT LC

(ZH) is a unigue feature of partiecle
antiparticle collisions (i.ee+e- colliders)

- It facilitatesg,,,, measurement in anodel-
Independent way * (ZH crosssection)

- Higgs invisible width can be determined from the
recoil mass

- Most of the Higgs couplings can be determined witl
a better precision than at HLHC only from ZH

- Linear colliders foreseen as staged machines
benefit from additional statistics frorV\W-fusion
(clear example is CLIC with ~ 3M Higgs bosons at
stages)

- Double Higgs productioat higher energies enables
self-coupling measurement

* Theory warning: level of accuracy <1% requires incorporation of
loop-corrections- loss of strict modeindependence

o(e*e” — HX) [fb]

102

—_
TTTT11T L

ttH

2000 3000
Vs [GeV]

1000

|. Bozovic, CORFU 2021




High-energy benefits, polarization, combination sy accesslo rare Higgs
| decays

- Clear advantage from rising crosgction for WWtusion with energy

- ttH production, suitable i.e. for CPV study in the Higgs sector Decay mode _Branching ratio
. . : . H — bb 56.1%
- Multiple-Higgs production self-coupling measurement H s W 310
- Lessprecise determination of thebservable at high energy leads tiee same E:m f;j
precision orcoupling as at low energy Ho et 5 8%
H — Z7* 2.9%
0.23%
S pE T T ~ [y 0.16%
(b} - 0 | ILD simulation 0.021%
Q) ILD simulation '2600- | I
— 20F c
o f |
@ 150 400} .
S | |
11 10E 200k ) Vs =250GeV  ggH VvvH | ILC250 | ILC250+500
B I L 3% 113% | ..
5 E - R 36% 111% | —F
] ' o_' e Vs=500GeV qgH VvVvH | ILC500 17%
. . | | | : ~50 0 50 100 L B% 3% | o
120 122 124 126 128 130 Ys R 48% 106%

9 i, (6o




HIGGS PHYSICS

Situation at LHC (FHHLHC, andopin general) e+e- colliders
- No absolute measurement of the - Absolute measurement of the ZH crosg&ction
production crosssection (like ZH at - Absolute measurement ahe Higgs BRs
e+e colliders)
_ Higas counlinas come in combination: - Nearly modelindependent determination of the
99 piing oo ' Higgs total width and couplings
, prodl decay
o(H) > BR(H = a+b) ~ ==~ - High energy benefits of LCk; CPV, BSM
- Only ratio of couplings can be directly extensions of the Higgs sector
determined(i.e.sf - /sijww )

|. Bozovic, CORFU 2021




HIGGS COUPLINGS

The models below are outside the HIHC reach
heavy SUSY 2 Higgs doublet

T T

How well do we need to know Higgs coupling®

n
o
T
n
o

- Inmany BSM models one expects ofislevel
deviationsfrom the SM couplings for BSM particlas
the TeVrange

10 == ——— —

<)
o T
I

- Higgs to EW bosons couplings are particularly sensitive
to BSM;| even more

- Example 2HDM-type modelin decoupling limi{B2] 4 = MR R 8 S AR .
CloV 4 composite Higgs Higgs-Radion mixing
2 200 c ~ 20 ——
IV 1 0.3% ( )
Ghsy V'V m A

A LCC 2 2
gntt _ Ghee L 1.7% ( 00 GeV)

Ghantt Gheniee ma : 4 a5: Racon cample ]
2 ' - S :
Ghbb _ Yhrr 1+40% (200 GGV) | _Zo-bblcclgglwwlnlzzlwluu- _20>bblcclgglww‘nlzzlwqu
Ghgnibb GhsnrT ma
Percent order accuracy on Higgs couplings offers access to various BSM scenﬁrios

—~10 |~ ILC 250 GeV, 2 ab™" + 500 GeV, 4 ab™": pMSSM example -1

L [[__] cprecisions from full EFT fit

model p!

L
)
T
g
|

lllllllllllllll

Coupling deviations from SM [%]
Coupling deviations from SM [%]

I
n
o

o 20 T T T T T T T

ILC 250 GeV, 2 ab™" + 500 GeV, 4 ab™': Composite example

10 [] ncprecisions from full EFT fit ]

———— model predictions

2

Coupling deviations from SM [%]
o
i
Coupling deviations from SM [%]
o
:
i

2




HIGGS COUPLINGS

Model independent approach*,

.. 0 .
precision better than 1% for most couplings Sguzz 025 022  0.21
OgHWW 1.3 0.47 0.44
12 T 2385 - 5gwob 1.4  0.68  0.58
CLICdp § Mc:iel Ilrliiezpsindent EFT Fit . . .
del ind d
G Sosanmptions on additional Higgs 5 3 f-m-kcaeecun ——— - dgHee 1.8 123 1.20
decays — unique to lepton colliders T;_
1.1 S 55 dgHgg 1.7  1.08  0.83
) o ’
----------------- o T s 5 OQH.. 1.4 0.8 0.71
N m e m 3
A S O S | D
N z Oghyy 4.7 3.8 1.3
09 " zy| H 5 OgHtt 3.3
o 350 GeV, 1ab” g
5 +1.4TeV,25ab’ o s In - oK 2.8 1.56 1.3
e +3TeV,5ab" o
08 Based on Eur. Phys. J. C 77 475 (2017) ) 1 0 Z Wb 1t g c I, T, v YLt Statistical uncertainties are shown for 5 ab-'@240 GeV and 1.5
updated to new luminosity scenario arXiv:1812.01644 [ O] 2 2 2 10 ab-1@365 GeV (from FCC-ee CDR)

|. Bozovic, CORFU 2021




COMBINATION WITH HL-LHC

To what extentfuture e+e experiments aresynergistic with the HLLHC?

1% - The same holds for CLIC (aR€@CeeCEPC)

-
-
by 1!2(L

Evident =
vident synergy Benchmark | [HL-LHC HL-LHC + CLIC HL-LHC + FCC-ee
380 (4ab~')  380(lab™) 240 365
: - : 1500 (2.5ab ™"
- An example: ILC250 with 250%b - . i ool
_ 81i721%] | SMEFTy;, 3.6 0.3 0.2 0.5 0.3
- Alreadythe single measurement of thelZ g™ (%] | SMEFT, 3.2 0.3 0.2 0.5 0.3
_ : //"_}w ND
cross sectiorat ILC250 yieldsa verylarge 8iipl®| | SMEFTyp ([ 3.6 1.3 1.3 1.3 1.2
improvement of the HELHC accuracies Sizr\%| | SMEFTyp || 11 i . 83
4 8iee|%) | SMEFTyp 2.3 0.9 1.0 1.0 0.8
—_— eff
§ Model Independent Fit LCC Physics WG gL{{',, [00/”] SMEFTxp 3.5 3.1 22 3.1 3.1
wn 3 5 .| B HL-LHC ®e'e 5ab" 250 GeV unpolarised |......ccooororemereerceeceeee.. ] g”l([/bJ SMEFFNI) 21 18 1.4 12
2 = BH HL-LHC @e'e 2 ab" 250 GeV polarised g?}',,,,[%] SMEFTy\p - 0.6 04 0.7 0.6
= H .. @e'e 4ab’ 500 GeV polarised eff o .
S G| | omesmemevoled g R _ g!‘,in[/c}. SMEFTyp 3.4 1.0 0.9 0.7 0.6
9 8iiuu%] | SMEFTyp 5.5 43 4.1 4. 3.8
§ 2.5 _I TR 88.2|x10°] | SMEFTy, || 0.66 0.027 0.013 0.085  0.036
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Higgs@FC WG \- di-H, excl. [l di-H, glob. single-H, excl. [l single-H, glob.\

HIGGS SELF-COUPLING e ——

HE-LHC |
FCC-eeleh/hh . [ s e o
. . . FCC-00,00 4.
- High energy (>Te\) e+e collider is superior in FOC-e055 .
determination of the Higgs seifoupling O
- High energy (doubleHiggsproduction is the most Oy
sensitive to deviations of the Higg=lf-coupling oL 5 ‘
- | is determined from the total rate of HH events (ILD) oo R
or template fit ofm,,,and BDT outputCLICdp S 0 20 80 A 50
May 2019 68% CL bounds on 4 [%]

- Polarization (i.e-80%) almost doubles thelHvvrate

Low energye+e- colliders (single Higgs production)
in combination with HL-LHC:

e' e — viHH IL

5, s e , - ILC250 and FCCee36535%
- s viHH1400GeV  _ '8?10 T _ . -

. i oy = SreTyTHI o Bl no Ble) - Double-Higgs production:

E " — ee » ZHH 1400 GeV ~ = _e’+e v VHH (full simulatio
325 140G ﬁ HEL(full simulatior) - HL-LHC: ~°50%
25 0 - ILC500 ~° 27%
2 : T - CLIC3000 = 9%

i R - FCCGhh ~° 5%
T e e e S St S S

03 0.5 0 0.5 1 15 2 1

' ' 500 1000 1500 2000 2500 3000 :
As/ASM [5] s [GeV] |. Bozovic, CORFU 2021




COMB |
Higgs self-coupling

TS: STAGI

complementary

H e+ at1.5TeV
Z

Z

LC BENEFI

e+

NG,

[7]

4 ab-! at ILC500 27%
+8 ab-" at ILC1000 10%

G)2.5"!"'|'

dominates
at higher Vs

H

T | Higgs selfcoupling projections
=== HL-LHC (single coupl. analysis)

9HHH

==%= cross-section-level extrapolation

SM

L

- Intermediate energy (1.4(9eV) at CLIC provides complementarity td8Voption with ZHH production

- Different behavior of ZHH and doubldiggs production in W\Wusion, for noaSM values of triple Higgs couplingssolves ambiguity
from interference

- Statistical uncertainty reduction in combination
- Clear gain from high centerof-massenergies

T T
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=== |LC 500 GeV ZHH (full coupl. analysis

== |LC 500 GeV + 1 TeV vvHH combined
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Universal EFT fit

10? =l HL-LHC (3/ab, S1) + LEP/SLD light shade: CLIC + LEP/SLD —
F | HL-LHC (3/ab, S2) + LEP/SLD solid shade: combined with HL-LHC(S2) 3

E i CLIC Stage 1 HL-LHC preliminary blue line: individual reach E
B CLIC Stage 142 ollow mark: additional result
10 W cCLIC Stage 1+42+3 3

“,'> Smaller value Correspon;ls
L| to higher scale A probe —
e VA £ h: E
C; < ]
Epre—EWSB e A_zz Oz’ * P 3
[12 60/0 =0.5%/0.1% e :
Ch Cww Ces  Cuw CHB Cegro Cy  Cow Cws  Cr Cowx0'Copac® Co
N BSM phySICS can manlfeSt Itself In the arXiv:1812.02093 The CLIC potential for new physics, CERN-2018-009-M 'eﬁects grow with energy e':E‘j;nHH
Higgs sector in several ways: ILC
- Contribution from the higher order Oww NGE: 5-sigma
operators (EFT approach) Oss b | digcovery
] ) 0 | BLUE: 95% c.l. reach
- Higgs compositeness W8
- Extended Higgs sector On
O
- DM portal :
OL{_’-){
- CPV ) —
o,
High energy Higgs production is the most sensitive to Ok
contributions from the 6D operators in the EFT approach and

0O 5 10 15 20 25

[12]  AWe (TeV) -

thus can probe the highest New Physics sdale




HIGGS AS A PROBE TOBSMI EFT INTERPRETATIONS

Model bb cc g9 WW 1 ZZ vy up
1 MSSM [36] +48 08 -08 -02 404 -05 +0.1 +0.3 <u e e
2 Type I1 2HD [35] +10.1 -02 -02 0.0 498 00 +0.1 +98 . ILD ILC 250 GeV, 2 ab™ ||l 18 .C
3 Type X 2HD [35] 02 -02 -02 00 478 00 00 478 _ 16 &
4 TypeY 2HD [35] +101 -02 -02 00 -02 00 01 -02 2HDM- Higgs and cTGCs =
- . . . , EFT interpretation 14 ©
5 Composite Higgs [37] 64 64 64 -21 -64 -21 -21 -64 2HDM-X .=
6 Little Higgs w. T-parity [38] 0.0 0.0 -61 -25 00 -25 -15 0.0 2HDM.Y E
7 Little Higgs w. T-parity [30] -7.8 -46 -35 -15 -78 -1.5 -1.0 -7.8 Composite 109
8 Higgs-Radion [40] 1.5 -15 +10. -15 -15 -1.5 -10 -15 e 8 ©
9 Higgs Singlet [41] 35 -35 -35 -35 -35 -35 -35 -35 6 @
LHT-7 9
4 ©
20 Radion 4.7 E
SM - Singlet 42 44 2
HL-LHC + 18 C 0
PHSSH ILC 250 GeV 2 ab”' [Mll 15 < S PSSO 0N 3100 ST 1T R e
OHDM-II + 500 GeV 4 ab™ 14 g
. ©
Higgs and cTGCs . .. . )
e Effimerpretaﬂon 12 E Above 5 model discrimination already with 238evILC
2HDM-Y =
10 5
Jomposite 8
.S — . — .
it ° © |- Substantial improvement at higher energies (linezire- colliders):
adion * 2 | @ILC atactor 2 in Higgs couplings precision with G@¥polarized beams
Singiet E - Complementarity with HELHC
0
[10] St PMS IO 0N 10N S pogpy T “HT-5 Paction e . Bozovic, CORFU 2021




HIGGS AS A PROBE TO BSM

- BSM physics can manifest itself in

- Contribution from the higher
order operators (EFT
approach)

- Higgs compositeness
- Extended Higgs sector
- DM portal

- CPV

(17

Higgs compositeness

5-c discovery 10 Fiim
the Higgs sector In several ways: regions (CLIC)

exclusion region
(HL-LHC)

CLIC
® hvv, hZ, WW, tth |
ee-—ff

® HL-LHC

energy collider kinematic limit

The scale of compositeness can be probed significantly higher from the Tigh

|. Bozovic, CORFU 2021




HIGGS AS A PROBE TO BSM

sin’y

(17

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

Contribution from the higher order
operators (EFT approach)

Higgs compositeness
Extended Higgs sector

DM portal
CPV

avy singlet stdte

- In majority of BSM models, SM Higgs comes v

additionalHiggses(2HDM, SUSY in genere
compositeness,etc.)

Canbe a lighter scalar than SM Higg# is important to
be capable of probing such states at future collid

- If SM Higgs is the lightest, other states are nearly

degenerated
2000 fb' @ 250 GeV ILC
%30000_ o D R e LTTILD preliminary H
© I I
w L
= [
220000
H [

100 150 200

IVIrecoil (GeV/ 02)
[5] ete” 575 T+ inv
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HIGGS TO INVISIBLE

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

H- inv.

Contribution from the higher order operators (EFT
approach)

Higgs compositeness
Extended Higgs sector
DM portal

CPV RED -*initial” ILC running, 8 years
- “full” ILC running, 20 years

Projected precision of Higgs coupling and width (model-independent fit)

10%
SO O - I R
89 it e e W _
YOA) R R SR (S ]
60/0 I I Y [
N S B N
4OA) L e . .
3%l R <0.5% , 95% CL
20/0 _______________________________________________
N N
0%

- . . - . (CLOS%)
Ky Ky Ky Kg Ky K, K. K, Ky 1—‘tot rin\'is [12]

; 1600_—' T T T ‘ T T T T | T T T T T T T T | T T

S -] ILD Simulation —F"

™ _ Vs = 250 GeV  —

Ry E pol(e &) = (+0.8,-0.3) Bl e

k2 — 250 fb! & qqH

= n 3 qoH H—4v

> - [ H—=invisible BF 10%

80
600
400

200
—— T — ;
‘POO 110 120 130 140 150 160
[13 Recoil Mass [GeV]

- Lookingat the recoil mass under
the conditionthat nothing
observable is recoiling against tize
boson (only one Z per event)

- Access to DM connected to SM
particles through a specific set of
operators (portals)

1
iéyFﬁ;F”W €H|H‘2’(I)|2 €a

a
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CPV IN THE HIGGS SECTOR

ILD simulation: 250 GeV, e_ e3, 09ab™ Z—elp/g
- More difficult than just a spin/parity 5 140f @ oo
determination Higgs can be a mixture of & 120E
different CPeigenstates %.g 100k NS = 0108
Q OATyO 00D HI % gof
- Can be measured idff and HVV vertices, &0
both in Higgs production and decays 40¢
- Hff (HVV) sensitive to CPV contributions " F,__.J" . L ®
at the tree (loop) level [14]‘“ 63202 070 0A 03 D\f;t o

- Only lose bounds (at present) on a
guantum superposition od different CP
states whileexperimentallydisfavored
hypothesis on purely CP odd state

ILC25Qz benefit from polarization & combination ({H}

1TeVz optimal for ZZfusion
Lot




