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® Copyright CERN 2014
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Huanghe Company particit

1) Qinhuangdao, Hebei Province (Completed in 2014)

2) Huangling, Shanxi Province (Completed in 2017)

3) Shenshan, Guangdong Province(Completed in 2016)

4) Baoding (Xiong an), Hebei Province (Started in August 2017)
5) Huzhou, Zhejiang Province (Started in March 2018)
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Fundamental Physics LHC
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Open Ruestlons

< origin of electroweak symmetry breaking “**nature of Dark Matter
“hierarchy problem “matter-antimatter asymmetry
“*nature of the Higgs boson < dark energy

< fermion mass and flavor puzzle < inflation

“*origin of neutrino masses “*how to incorporate gravity

Decipherment of fundamental laws of nature:
judicious combination of
theoretical methods/interpretation
and experimental input/scrutiny

M.M. Mithllettner, KIT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 5



iscovered Higgs Boson
ehaves very SM-like ‘

™ X
\ CBL

onsistency Test |
of the SM
at the quantum level 1

o direct discovery of |

New Physics so far |

M.M. Mithllettner, KIT
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earch for New Physte

Interaction Strength

Complementary
in the search
for new physics
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ILC Japan
250 GeV, 11y -> 2 ab!
500 GeV, 8.5y 4 ab-!
1000 GeV, 8.5y 8 ab-!

FCC-ee, CERN

mz, 4y -> 150 ab-!
2 mw,1-2y 10 ab!
240 GeV, 3y 5 ab'
2 Mtop, DY 1.5 ab-!

R A IéCC ¢ :
7100 km circumference’ "

Cool Copper Collider
250 GeV -> 1.3x1034/cm2s
550 GeV

R FVEN J TR 72 5 ) ¥
k¢ Compact Linear Collider (CLIC) - 4
¥ B 380 GeV - 11.4 km (CLIC380) f
© N 1.5 TeV - 29.0 km (CLIC1500) &
~ [ 3.0TeV-50.1km (CLIC3000) = 4

///*; A

2.4x1034/cma3s

CLIC, CERN
380 GeV,8y -> lab!
1500 GeV,7y 2.5ab!

3000 GeV, 8.5y 5 ab-!

Off-axis injection

Off-axis injection

' Positron Ring

Booster

On-axis injection On-axis injection

CEPC, China
mz, 2y -> 16 ab-! oD e
2mw,1ly 2.6 ab Cet

240 GeV, 7y 5.6 ab!
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_ Role of the Higgs Boson

+ We have the SM-like Higgs boson
What can we learn from Higgs physics?

+ Corner new physics with the Higgs:

- anomalous Higgs
gauge couplings
- CP violation

= New Physics & DM
= Compositeness
= Baryogenesis

O

— | !

- coupling relations

Y - Higgs mass

- Higgs self-interaction
- vacuum structure

- CP violation

- portal to hidden sector

= Establish Higgs
mechanism/Unique?

= Compositeness i
= Self-consistency SM

= Ultimate test
Higgs mechanism
= Vacuum stability
= New Physics
= Dark Matter
= Matter asymmetry
= Evolution of Universe
= Baryogenesis

- anomalous Higgs
fermion couplings
- CP violation

= Flavor/Matter puzzle
= Unique?

= New Physics

= Compositeness

= Baryogenesis

I

M. @ Mihllettner, KIT

2rd ECFA Workshop, Paris, 9-11 Oct 2024
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_ Role of the Higgs Boson

+ We have the SM-like Higgs boson
What can we learn from Higgs physics?

+ Corner new physics with the Higgs:

- anomalous Higgs

— | _ i

- anomalous Higgs

- coupling r'ela’rlons

gauge couplings o - Higgs mass fermion couplings
- CP violation SPEU - Higgs self-interaction - CP violation
o Establish Hi - vacuum structure
= New Physics & DM STabiish 199s - CP violation = Flavor/Matter puzzle
= Compositeness r;\echam:m/ Unique? - portal to hidden sector = Unique? -
: = Cn ) i
=4 BGPYOQCHCSIS "T\POSI eness = Self—cons’ *ncy SM = New Physics EVO'UT'O"
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Physics @ '\'/'Lg‘f’ Dark = Baryegenesis Cosmos
, : Matter
EST(.IbIISh Matter- = g , Flavor
Higgs Antimatter = 29" |
Mechanism As + = Matte _yn. 1y Matter
YMMETrY = Evolution of Universe Puzzle
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< Higgs mechanism: Higgs couplings to SM particles ~ to masses of the particles

< Experimental fest: various production and decay channels ~> extract couplings

~ I'ww x BR(H->tt) ~ I'ww x I'(H->tt)/I't0t

at LHC: not all final states are accessible
small SM ['to+ non measurable

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 20



< e*e” Collider: Absolute coupling measurement

ml?ecoil = 5+ mgﬁ - 2\/§(Eg+ T Eg‘)

Fit to recoil mass distribution:
- 6(ZH) measurement independent of Higgs decay

= absolute determination of grzz

8 x10° [CERN-ACC-2018-0056]
| -l LI} l LI I LI I LI I LI I LI} |I LILELIL I UL I UL I LB B |-
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< e*e” Collider: Absolute coupling measurement

ml?ecoil = 5+ mgﬁ - 2\/§(Eg+ T Eg‘)

Fit to recoil mass distribution:
- 6(ZH) measurement independent of Higgs decay

= absolute determination of grzz

oy XT(H = ZZ)ITy ~ (8hz.)* Ty

= extraction of I'H

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 22



A

< e*e” Collider: Absolute coupling measurement

m12‘600i1 = 5+ m%ﬁ - 2\/§(Eg+ T Ee_)

Fit to recoil mass distribution:
- 6(ZH) measurement independent of Higgs decay

= absolute determination of gHzz

N\

Exclusive decays into XX = bb, cc, gg, tt, un, WW, vy, Zy, invisible,
" — other new BSM states = absolute coupling extraction grxx

/

oy XT(H = ZZ)ITy ~ (8hz.)* Ty

= extraction of I'H

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 23



08326]

1072

1073

sOOle

1074

107°

precision reach on effective couplings from SMEFT global fit [2206.
M HL-LHC S2 + LEP/SLD Il CEPC Z,00/WW;5/240GeV2g M ILC 250GeV, Il CLIC 380GeV; B MuC 3TeV | IwIFCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV, M ILC +350GeV, ,+500GeV, | M CLIC +1.5TeV,5 B MuC 10TeV 4
Free H Width HILC +1TeVyg VwiGiga-Z | Il CLIC +3TGV5 B MuC 12568V0‘02+10T3V10
o 1 no H exotic decay M FCC-ee +365GeV; s subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold
= I g =

£
S 101k ]
(&) - .
n — _
D 10-2 ]
o 107
I E = = E

10— —

1074~ 7z WW vy Zy -

olepr H H H 691z oKy Az

107" = .
[72] - 3
£ - ]
§- - i
8 107%: —
%) - ]
(@) - ]
D - i
I

10-3 g9 cc bb T iy

H H H H H 6rH

1076

—
<

1072

sbuidnoo sb6iH

1073

= all Higgs factories perform similar: luminosity vs. polarization
= couplings will be pushed to single percent - few per mille
= at least 1 order of magnitude precision gain compared to HL-LHC

M.M. Mithllettner, KIT

2rd ECFA Workshop, Paris, 9-11 Oct 2024
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= all Higgs factories perform similar: luminosity vs. polarization
= couplings will be pushed to single percent - few per mille precision
= at least 1 order of magnitude precision gain compared to HL-LHC
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what do we Learn?

** What do we learn about new physics from indirect measurements through enhanced precision
(~factor 10 better than HL-LHC) in comparison to direct new physics searches at the HL-LHC?

* Which new physics scales can we probe?
** What can we learn from the patterns of the coupling deviations about the underlying model?

*k How well can we distinguish between different realizations of possible BSM physics?

M.M. Mithllettner, KIT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 26



what do we Learn?

** What do we learn about new physics from indirect measurements through enhanced precision
(~factor 10 better than HL-LHC) in comparison to direct new physics searches at the HL-LHC?

* Which new physics scales can we probe?
*k What can we learn from the patterns of the coupling deviations about the underlying model?

*k How well can we distinguish between different realizations of possible BSM physics?

= Coupling deviations due to new physics*: g = gq,[1 + A] : A = O(v?/A?)

Experimental accuracy 0(0.2) ... 0(0.01) =>
Probed new physics scale: A = 550 GeV ... 2.5 TeV

* Unless violation of decoupling theorem

M.M. Mithllettner, KIT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 2F



= Coupling deviations due to new physics: g = go,/ [l +A] : A= O(v?/A\?)

Experimental accuracy O(0.2) ... 0(0.01) =>

Probed new physics scale: A = 550 GeV ... 2.5 TeV

Mixing effects: ~ V2 M? Loop effects: ~ 1/(167%) vZ/IM?

- Higgs mixes w/ other high-mass scalar fields - from new gauge bosons, scalars, fermions

- singlet, doublet, triplet extensions - supersymmetry, strong dynamics, extra
- strongly interacting dimensions, see-saw, extended gauge groups

w A =200 6GeV for A =0.01

M.M. Mithlleitner, KIAT 2rol ECFA Workshop, Paris, 9-11 Oct 2024 28



[Englert,Freitas, MM Plehn,Rauch,Spira,Walz,'14]

Scenario/framework LHC|HL-LHC|| LC |HL-LC
Higgs portal 0.23| 0.28 0.44 | 0.56
2HDM type-II (tan8 ~ 1) ||0.52| 0.58 1.15 1.6
2HDM type-II (tan8 ~ 10)|0.33 | 0.36 0.7 1.0
D = 6 effective operators:
hVV 0.78 | 0.87 2.6 3.3
hff 0.45| 0.50 1.0 1.4
hgg contact 0.55 1.1 1.3 1.8
h~y~ contact 0.15]| 0.18 0.24 | 0.36
Strong interactions 0.9 | 1.1-2.0 ||2.8-5.1{3.4-5.6
hgg loop effects:
scalar triplet 0.16 | 0.31 0.37 | 0.52
scalar octet 039 0.75 0.92 1.3
vector octet 1.8 3.5 4.2 5.8
h~y~ loop effects:
scalar triplet 0.15| 0.18 0.24 | 0.36
scalar octet 0.25| 0.29 0.39 | 0.60
vector octet 1.1 1.3 1.8 2.7
Vector-like leptons — — 1.2 1.5

* LC: 250+500 6eV/250+500 fb-t — HL-LC: 250+500+1000 GeV/ 1150+1600+2500 fb-!

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 29



= Exploit coupling sum rules!

Example Next-to-Minimal Supersymmetric Model (NMSSM) w/ 3 Higgs CP-even bosons H;(i=1,2,3)

1 1

_I_
3 2 3 2
i=1 9H,tt D e 9H . bb

=1

Violation of sum rule: - hints to not discovered Higgs boson
- allows distinction from minimal supersymmetric model (MSSM)

s _,
4

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 20




Models w/ Hi (i=1,2,3)
CxSM.
SM+complex singlet

C2HDM:
CP-violating 2HDM

N2HDM:
Next-to-2ZHDM

NMSSM

Partial sum 11
Y ghyy (=1,2)
i

in case of only
two out of three
discovered
Higgs bosons

[MM,Sampaio,Santos,Wittbrodt,'17]

¢ N2HDM T2 ¢ C2HDM T1 e (C2HDM T2
N2HDM T1 ¢ CxSM e NMSSM

1.0 1

Allowed points (th. & exp.

constraints applied)
obtained from parameter
scan in the model spaces

200 400 ‘ 400 600 800 1000

200 400 600 800 1000 . 200 400 600 800 1000
my, [GeV] my, [GeV]
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Models w/ Hi (i=1,2,3)
CxSM.
SM+complex singlet

C2HDM:
CP-violating 2HDM

N2HDM:
Next-to-2ZHDM

NMSSM

Partial sum 11
Y ghyy (=1,2)
i

in case of only
two out of three
discovered
Higgs bosons

[MM,Sampaio,Santos,Wittbrodt,'17]

¢ N2HDM T2
N2HDM T1

C2HDM T1
CxSM

e (C2HDM T2
e NMSSM

200

400 600 800

1000

200

400 600 800
m H,; [GGV]

1000

1.0 1

200 400 600 800 1000

200 400 600 800 1000
mgyg 1 [GGV]
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< SM Higgs potential: in physical gauge VK) = %_M; T %'3 e My o

) v
\-l\aas mass : M, = m v

|
; Vy
Frilincac Higa a\f—mphra L A 3NV AN
Quadilivenc Higgs elf-caupling -~ %, = IMG/MY X
Cunits N\ » 382G 1) va  §

\

Measurement of the scalar boson self-couplings Experimental verification

and > (Of the scalar sector of the

Reconstruction of the EWSB potential EWSB mechanism

“* Importance of the trilinear Higgs self-coupling:

*matter-asymmetry
through electroweak
baryogenesis

= Determines shape of the Higgs potential
= Sensitive to beyond-SM physics
= Important input for electroweak phase transition™
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% SM Higgs potential: in physical gauge Vi) = A et Mg ME n
! A" v
Higgs mass Mo= {2V . Matter-
, . : Antimatter
M Ultimate ‘Pl"ﬁ Auu;‘ SMy/ M’i % Asymmetry
test Higgs . P
% Mechanism m‘P\“"a ')‘m;n IM/ME >(\ |
(uni O = 3326eV/A%) L v ’i’ Evolution
' ’ of
New : \ : D Cosmos
Measurer : alar boson self-couplings Experimental verification
Physics
and > Of the scalar sector of the

Reconstruct .1 ot . 2 EWSB potential

EWSB mechanism

“* Importance of the trilinear Higgs self-coupling:

= Determines shape of the Higgs potential
= Sensitive to beyond-SM physics
= Important input for electroweak phase transition™

*matter-asymmetry
through electroweak
baryogenesis

M.M. Mithllettner, KIT
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Indirect Access below Higgs pair threshold

0.025—

0.020F

0.010}

0.005}

w/ a sin

240 GeV

== ZHZLQ(]. -+ K;)‘Cl)

2NLO -
\ Parame
+ - .
[ e e -»hZ to an observable Z in a process

0.015+

-------------

Frization of NLO corrections |

gle external Higgs field

365

0.000 -

250 300 350
Vs[GeV]

400 450 500

Single Higgs:

- Global analysis:
FCC-eezgs, ILCs00: ~357% when
combined w/ HL-LHC

- FCCeeses w/ 4PIs: ~24%

- Exclusive analysis: too sensitive
to other new physics to draw

conclusions
[1809.10041] | FCC-ee, from EFT global fit
X  —  5/abat240 GeV |
— +0.2/ab at 350 GeV ]

0.02} — +1.5/ab at 365 GeV ]

----- 350 GeV alone 1
----- 365 GeV alone 1

0.01} B VR
N
g 000}

001t
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Indirect Access below Higgs pair threshold

Z et Z

(SI

K/1=/1HHH, !AHHH ;SM

0.025 -+

[1711.03978]

0.015+
S |
0.010}

0.005}

0.020 \
- \\e'e"»hZ

Parame

to an observable X in a process

w/ a sin

== ZHZLO(]- -+ K;)‘Cl)

-------------

Frization of NLO corrections |

gle external Higgs field

0.000-

Ay, enters at one-loop in single Higgs process

Challenge! Competition with other effects

- competition w/ much larger LO contributions
- other numerically more dominant SM loops
- BSM: modified couplings, loop contributions
- contributions from (poorly constrained)
eett operators affect interpretation
[Asteriadis eal, 2406.03557]

Sensitivity limitations:
- exp. and theor. uncertainties

Interpretation:

- possibly observed deviation due to 4, or
other BSM/higher-order contributions?

M.M. Mithllettner, KIT

2rd ECFA Workshop, Paris, 9-11 Oct 2024
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Direct Access above Higgs pair threshold

double Higgs-strahlung: ete™ — ZHH

et

e

00T T 71 T T 7
P(e~,et) = (—0.8,+0.3)

0.4 ete” — Zhh

ete™ — vihh

ete” — vihh (WW-fusion only)

03
=
® 0.2}k
0.1+
0.0 e /./ | . | . |
| 400 600 800 1000 1200

Vs [GeV]

S\ / A [%]

—_
o
N

()]
Q
2 |

Di-Higgs:
- HL-LHC: ~50% or better?

- improved by HE-LHC (~15%),
ILCs00 (~27%), CLIC1500 (~36%)

- Precision by CLIC3000 (~ 9%),
FCC-hh (~5%)

- Robust w.r.t. other operators

e bt A S,

[Taken from J.Tian, LCWS2024]

S LI i e o L N e e L |
I et e+e—>ZHH . =~
_, .................... e"-l-e—)vVHH ......... 4

ZHH & vwHH Combined

. 1 . . . . ] . . . . 1
500 1000 1500
/s [GeV]
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= Extended Higgs sectors: mixing effects w/ other Higgs bosons
BSM particles: loop contributions

> coupling deviations

g sy sy very SM-like

[ATLAS ,Nature607(2022)52] [CMS Nature607(2022)60]
e T y
Ky i CMS 138 b (13 TeV)
i 1 ATLAS Run 2 i ® Observed -i1 SD (stat)
Kw R, S,
L _ === +1 SD (stat @ syst) .-_H SD (syst)
K 'T‘TT' Leptons Quarks — 128D
t r " s (stat @ syst)
- E\"_ﬂl\ﬁ, vle | . = : Stat Syst
Kp| -t E‘ d| s |n Kw -8 1.02:008 005 005
B Force carriers Higgs boson | B
K, o v n y H Kz - 1.04:007 005 +0.05
Ky | pieesacesess I per——— — Ky .- 1.10:008 006 +0.05
K i - —— Binv.=Bu.=0 | K B
g - g - = B, froa, By 20, £, &1 g -.— 0.92:008 005 0.06
——— SM prediction B ‘
Ky e Parameter value not allowed " _._ 1'01:3::(1) e Bl
| ST K| 09955 w2
0.8 1 1.2 1.4 1.6 B :
. K o 92:0. : i
68% CL interval il : P am e
| | o T . :
B, [---------mm e 1 Ky ————— V125 G mwe
e , I I A
0 0.05 0.1 0.15 0.2 0O 05 1 15 2 25 3 35 4
95% CL limit Parameter value
T —  —
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= Extended Higgs sectors: mixing effects w/ other Higgs bosons

BSM particles: loop contributions

ATLAS: —14 <k, <6.1at95%CL

Phys. Lett. B 843 (2023) 137745

Aggg canstill -
deviate from SM RN

HH + H K; only:
95%: k) € [-0.4,6.3]
HH + H K, generic:
95%: k) € [-1.4,6.1]

(o))
| L L N

> coupling deviations

CMS: —1.2 <k, <7.5at95%CL

CMS-HIG-23-006
< 1 O I 1 1 I I 1 1 1 1 I I I 1 1 I I 1 1 1 CM S Pre/imina,y
c - ATLAS S e BA Ra e Bl e
= Vs =13 TeV, 126—139 fo-' A QY 5 [ single-H and HH comb.
| g Observed = HH K only P " Floating x, K,y K, Ky, Ko, Ky
= HH + H K only U

HH + H K, generic

138 fb' (13 TeV)
Ll 1 I I 1 T I 1 T L

+1.7
— Observed, 4.7,

95% CL (20)]

I

I 1 L 1 l 1 1 1 I L 1 1

95%

1 l 1 1 1

M.M. Mithllettner, KIT
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1 BSMeffests i the b

*

Scan in parameter

space of the models R2HDM C2HDM
check for compatibility 4z [yt | NS /Asm || vies Juem | NS/ Aan
w/ relevant theor.and ).893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
exp. constraints n.a. n.a. 0.889...1.028 | 0.251...1.172
¢ 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light 11 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium 11 n.a. n.a. - —
heavy 11 - - — -
N2HDM NMSSM
Unitag /YeH | Asiigy /A8t || Ynpiog /Ui | AShey - /AsH
light 1 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light 1I 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium II | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy II — — — —

[Abouabid,Arhrib,Azevedo ElFalaki,Ferreira, MM,Santos,'21]

M.M. Mithllettner, KIT

2rol ECFA Workshop, Paris, 9-11 Oct 2024
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[Abouabid,Arhrib,Azevedo ElFalaki,Ferreira, MM,Santos,'21]

R2HDM C2HDM
Uit fyem | AN Aam || viEoM Jyen | ASa [ AsH
light I 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227 3
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light II 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium 11 n.a. n.a. — —
heavy 11 — — — —
N2HDM NMSSM
U oMy b | ASfee /AsE || Yeper v | ASpar [ AsH
light 1 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light II 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium IT | 0.942...1.029 | 0.613...0.994 | 0.916...1.000 | -0.502...0.666
heavy II — — — —

M.M. Mithllettner, KIT

2rd ECFA Workshop, Paris, 9-11 Oct 2024
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= Higher-order corrections: potentially large in BSM Higgs sectors

e.g. 2HDM: [Kanemura,Kiyoura,Okada,Senaha,Yuan,02;Braathen,Kanemura,'19,'20]
[Bahl,Braathen,Weiglein,'22]

= Example ZHDM: Parameter scan (taking into account theor. & single Higgs constraints)

LO NLO [Arco,Heinemeyer , MM, in prep.]
0 1
Type Ky Y

I |[-0.19, 1.17] | [0.24, 6.79]
II | [0.63,1.00] | [0.74, 5.66
LS | [0.48, 1.00] | [0.63, 6.29
FL | [0.65, 1.00] | [0.76, 5.77

LHC experiments start being sensitive
> higher-order corrections important for proper interpretation of limits!

w» First-order Phase Transition (electroweak baryogenesis): prefers larger Ay

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 42



= Model CP in the Dark: SM-Higgs (/¢ = A)) + Dark Sector

GW signal from strong first-order phase transition
[Basler,Biermann,MM ,Midiller,Santos,Viana, 24]

o BSMPTv3 4.979
00 6° o | ®
2.0
— é_‘:o 4.545
25
=~
O> 4.111 o5
§§ 1.5
= * | 8o 3.677
0
o ®
L i 7 3.244
1 3 5 7 9 11 13 15 17

SNR(LISA-3yrs)

[Biermann,Borschensky,Erhardt,MM,Santos,Viana]

= Vector DM Model: two visible Higgs bosons + Dark photon
Strong first-order phase transition: 61.¢/1 0 = 8 %

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 43



SM-Higgs (17 2&: Dark Sector
GW signal from strong first-ordfis

Changes Linear Collider

| Sensitivities IR
[1711.03978]
e*e” - Zhh e'e” - vvhh
4""1 L S A A— 4""l""|"'| L L S B
[ —— ILC 500 GeV, P(e™,e*)=(¥0.8,+0.3), 213 fb ' i ——— ILC 1 TeV, P(e‘,e*) ( -0.8,0.2), 0.13 fb :
ILC 1 TeV, P(e”,e")=(-0.8,0.2), 0.17 fb . U RSLEEE CLIC 1.4 TeV, unpolarized, 0.15 fb ]
T CLIC14 TeV, Unp0|arized, 0.09fb 1 ’\ —- CLIC 3 Tev’ Unp0|arized, 0.59 fb ]
3| —.—- CLIC 3 TeV, unpolarized, 0.03 fb ] 30N\ //_
%
D 2
~~
o)

L 1LC 500GeV (£16.8%)

by other Higgs bosons

6K,\

in spectrum and HO 5 " '0_0' T
corrections to
trilinear Higgs couplings

oreTOe. [cf. talk by Arco @LCWS2024]
STrong flr'ST or'der' thS@ Tr'an5| E/7/7/1 ::{/7/7/7 S I 4

M.M. Mithllettner, KIT
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- Relations between SM parameters affected by loop corrections =>

wWh Y do we need EWPOs?

- New particles in the loops =>

\
AR
/

VA 7/
AN
\

~»
Sa

. . . . . Y
for meaningful interpretation of the precision measurements,

Y

r T

7
Consistency /5 = ap2 52 (
test of SM v
at quantum

New level

Physics . M} dn .
Mé="2{1+,/1—-—— (1+
W \/ﬁguMg(

A

AISI?I)SSMCALCT> }

Interpre-

tation

for meaningful predictions of further observables

- Parameter values of direct relevance for stability of electroweak vacuum,
evolution of the universe, matter-antimatter-asymmetry

\FZ\/

gl
o %4
of results | ~ H.Q:MZN;
d) - ./\”\7’\/\/ W

~
W v .
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Y N AW
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weak
Vacuum
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07’ | & Cbkue, o
%\ \ . e
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[2209.08078]
Collider NG P [%] Lint
e /et ab™!

ILC 250 GeV | £80/ =+ 30 2
350 GeV | £80/+£30 | 0.2
500 GeV | £80/ + 30 4

1 TeV | £80/ 420 8

ILC-GigaZ mz +80/ £ 30 0.1

CLIC 380 GeV | +£80/0 1
500 GeV | +80/0 2.5
1 TeV | +80/0 5

mz
2mW
240 GeV
2mt

mz

2myy
240 GeV
th

Electron-positron run scenarios used for the Snowmass 2021 study
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[1512.05544]

| L LI LI l L I | L I L I I I LI l L I L
_............-E\- EEEEEEN Current aQED accuracy ---------------g----........-..og...............g. ............ —
o, accuracy from A"" at FCC-ee
QED FB
10—5 L1 1 1 I L1 1 1 I L1 1 1 l L1 1 1 l L1 1 1 l L1 1 1 I L1 1 1 I L1 1 1 l L1 1 1 l L1 1 1

50 60 70 80 90 100 110 120 130 140 150
Vs (GeV)
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Taken from [2107.04444]

3 12 FCCee W-pair threshold
o _ — m,=80.385 GeV T,=2.085 GeV
— [ m,=79.385-81.835 GeV, I',=2.085 GeV
E 10 — [1m,=80.385GeV, T,,=1.085-3.085 GeV
= _
c |\ 00 SpLASL S
8- QARG
6
4
NN 8 55
0 1 1 1 1 | 1 1 1 1 | 1 1 1 1
155 160 165 170

s (GeV)

M.M. Mithllettner, KIT

2rd ECFA Workshop, Paris, 9-11 Oct 2024

52



.qe] Auso

# 8 HW
w ....................... l.

Years

2rd ECFA Workshop, Paris, 9-11 Oct 2024

M.M. Mithllettner, KIT

53



S B I 1 1 1 I I I I I I I 1 _
2.1.4 [ ttthreshold - QQbar_Threshold NNNLO —
(E ~ — theory prediction - mfs 171.5 GeV i
1\ 1.2 [~ ---- scale variations u = 50 GeV - 350 GeV ]
|q> : :
'@/ 1 __
o a i
0.8 |- WAL S S— =
- I A -
0.6 —
0.4 F -
0.2 :_ Adapted from —:
. [1807.02441] CLICdp -

O | 1 1 1 1 | I L I ! | !

340 345 350
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[Degrassi,DiVita,Elias-Miro Espinosa,'12]

200 | |

I Electro-

weak

> Vacuum
B 150
§= :
= I
% 100
= !
) :
50

()

0 50 100 150 200
Higgs mass M, in GeV
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[2209.08078]
Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380
Aa(mz)™! (x10%) | 17.8* 17.8* 3.8 (1.2) 17.8*
Amy (MeV) 12* | 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
Amyz (MeV) 2.1* | 0.7 (0.2) 0.2 0.004 (0.1) | 0.005 (0.1) 2.1*
Ampg (MeV) 170* 14 2.5 (2) 5.9 78
ATy (MeV) 42* 2 1.2 (0.3) 1.8 (0.9)
AT (MeV) 2.3* | 1.5 (0.2) 0.12 0.004 (0.025) | 0.005 (0.025) |  2.3*

- AA. (x10%) | 190* | 14 (45) | 1.5(8) | 0.7(2 | 15(2) | 60(15) |
AA, (x10°) 1500* | 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 390 (14)
AA, (x10°) 400* | 86 (4.5) 3 (8) 0.5 (20) 1.2 (20) 550 (14)
AA, (x10°) 2000* | 53 (35) | 9 (50) 2.4 (21) 3 (21) 360 (92)
AA, (x105) 2700* | 140 (25) | 20 (37) 20 (15) 6 (30) 190 (67)

- Add (pb) | 37 | | | 0.035 (4) | 0.05(2) | 3T |
SR, (x103) 2.4* 0.5 (1.0) | 0.2(0.5) | 0.004 (0.3) | 0.003 (0.2) | 2.5 (1.0)
6R, (x10°) 1.6* | 0.5(1.0) | 0.2(0.2) | 0.003 (0.05) | 0.003 (0.1) | 2.5 (1.0)
SR, (x10%) 2.2 0.6 (1.0) | 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) | 3.3 (5.0)
SRy, (x103) 3.1* | 0.4 (1.0) | 0.04(0.7) | 0.0014 (<0.3) | 0.005 (0.2) | 1.5 (1.0)

§R.(x103) 17* 0.6 (5.0) | 0.2(3.0) | 0.015 (1.5) 0.02 (1) | 2.4 (5.0)

Table 3: EWPOs at future ete™ colliders: statistical error (estimated experimental system-

atic error). A (§) stands for absolute (relative) uncertainty, while * indicates inputs taken

from current data [6]. See Refs. [23,30, 35,36,46,47].

M.M. Mithlleitner, KIAT 2rol ECFA Workshop, Paris, 9-11 Oct 2024 56



Consistency
test of SM
at quantum

level ] [2209.08078]

M Current
_________/ A | - | ® ILC250 + ILC-GigaZ

=zzz==3: . W CEPC

e _______1 [1FCC-ee

(LA
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ev

— Z pole run essential to isolate Higgs measurements and ensure that uncertainties
from EW coupling do not affect Higgs couplings N ey
ew physics

Interpretation
of results

= Precision measurements at the Z pole and WW threshold affect significantly achievable
precision for Higgs couplings and aTGCs: improvement by about a factor of 2

[2209.08078]

—
<
|

Ratios, real EW / perfect EW  (no H exotic decay) | T : CEPC/FCC-ee without Z-pole

hﬁ_ll - {L_J

AT
o

—
(&)
IIIIIIII

1
Y4 WW Z
59,_, 5gH 5QHY oy
B HL-LHC S2 + LEP/SLD Il CEPC Z,,0/WW;g/240GeV, M ILC 250GeV, [l CLIC 380GeV, Il MuC 3TeV 4 O w/FCC-ee
‘(Combined in all lepton collider scenarios) | [l CEPC +360GeV, M ILC +350GeV,;,+500GeV, | M CLIC +1.5TeV,5 Il MuC 10TeV 49
Free H Width M ILC +1TeVg YV wiGiga-Z | Il CLIC +3TeV; Il MuC 125GeV, go,+10TeV ¢
no H exotic deca ll FCC-ee +365GeV 5 subscripts denote luminosity in ab~', Z & WW denote Z-pole & WW threshold
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Requirements from Theory:

~ Match experimental precision
"~ At least 3-(fully massivel!)/4-loop EW corrections are needed!

v
~ Numerical integration ~> convergence? CPU time? Grids? ? 1.9x106+1 |
Non-perturbative effects may become relevant / o N
~ Identify (ratios of) observables w/ reduced theor. uncertainties % i |
L e e ' : :
% 150[- ' % =
[Freitas,Heinemeyer Beneke,Blondel,Dittmaier,Gluza,Hoang,Jadach,Janot,Reuter Reimann; Schwinn,Skrzypek,Weinzierl]
FCCee,
current exp. /CIJLEgC current th. ~3(4)-loop
My [MeV] 12 05/3 |4 (a3, aas) 1
M, [MeV] 2.3 0.1/1 0.4 (a3, a?as, ac?) 0.15
Ry [1073 25 1/10 5 (a3, a?as) 1.5
Ry [107°] 66 6/15 10 (a3, aas) 5
sin? eﬁff 107°] ~13 0.6/1.3 | 4.5 (a3, a2as) 1.5

M.M. Mithllettner, KIT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 59
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= Situation at the end of HL-Luminosity LHC:
suppose: no new physics + Higgs behaves very SM-like

There is nothing new to be discovered
in physics now. All that remains is
more and more precise measurement.
Lord Kelvin (1824-1907)

The most important is
that we never stop asking questions.
Madame Curie, 1867-1934

M.M. Mithllettner, KIT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 &1



= Future colliders may still reveal new physics!

Example CP-violating 2-Higgs-Doublet Model:
Could be that 125 GeV Higgs is very close to the alignment limit and be very CP-evenl!

Can we still see new physics at future colliders?

h .
, , s ¢ , /[ Simultaneous
c 1y / /
Study multi Higgs boson >“MM’G o >““WM\L h measurement of
- ' sy T ® T
production! | | Zh2h2h3, Z}fzh3h.3, Zhyhs
3 3 sign of CP violation
Ay = 27, my, = 200 GeV [Haber eal,22] A3 = 2w, my, = 200 GeV

mp, = 200 GeV

Still:
Extremely hard

[y
[a=)
3%

mp, = 600 GeV

a(£+0~ — hohghs) (ab)

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024 &2



= Future colliders

Example CP-violati
Could be that 125

Can we still see new

i{mul‘raneous
2asurement of

hyhy, Zhshshy, Zhohy
of CP violation

Study multi Higgs bos
production!

A2 = 271', mp, = 200

103 L
mp, = 200 GeV

02 ymely hard

o(£+6~ — hohahg) (ab)

M.M. Mithllettner, KIT Paris, 9-11 Oct 2024 6=



[Maestre eal,2401.07564]

In order to stimulate new engagement and trigger some concrete studies in areas where
further work would be beneficial towards fully understanding the physics potential of an
ete~ Higgs / Top / Electroweak factory, we propose to define a set of focus topics. The

HtoSS —eTe™ — Zh: h — s5(y/s =240/250GeV) . . . . ... ... .. ...
ZHang — Zh angular distributions and CP studies . . . . . ... ... ... .......
Hself — Determination of the Higgs self-coupling . . . . . . ... ... .. ........

Wmass — Mass and width of the W boson from the pair-production threshold cross section
lineshape and from decay kinematics . . . . . . . .. .. ... ... L.,

WWdiff — Full studiesof WW andevW . . . . . . . . . . . . . . . . . . ...

TTthres — Top threshold: Detector-level simulation studies of ete~ — ¢t and threshold
sCan OPHIMISALION . . . . . . . . . . . e e e e e e e e e e e e e e e e e

LUMI — Precision luminosity measurement . . . . . . . . . . . . . . .. ... ..
EXscalar — New exoticscalars . . . . . . . . . . . .. . ... ...
LLPs — Long-lived particles . . . . . . . . . . . . . . . . . e
EXtt —Exotictopdecays . . . . . . . . . . . . e e e e e
CKMWW — CKM matrix elements from Wdecays . ... ... ... ..........
BKtautau — BY — KO 7Hr— . .
TwoF — EW precision: 2-fermion final states (/s = Mz andbeyond) . . . . . ... ...

BCfrag and Gsplit — Heavy quark fragmentation and hadronisation, gluon splitting and

quark-gluon separation . . . . . . . . .. L. e e e e e e
"

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024
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Conclustons
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mzI'z,N, as(mz)

Ri,Are, q/g fragment
mw.Iw QCD studies

ALPs, dark photons,
heavy neutral leptons
long-lived particles

7 physics B physics
7-based EWPOs CKM, CP viol in Bo,

lepton.univ.viol.tests flavor anomalies
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[Englert Freitas, MM Plehn,Rauch,Spira,Walz,'14]

coupling|| LHC |HL-LHC|| LC |HL-LC|/HL-LHC + HL-LC
ARWW | 0.09| 0.08 [/0.011] 0.006 0.005
hZZ |/0.11| 0.08 {/0.008| 0.005 0.004
hitt 0.15| 0.12 [0.040| 0.017 0.015
hbb 0.20| 0.16 [0.023| 0.012 0.011
hrT 0.11| 0.09 [0.033| 0.017 0.015
hyy 0.20| 0.15 [0.083| 0.035 0.024
hgg 0.30| 0.08 [0.054| 0.028 0.024
Rinvis — | — |l0.008| 0.004 0.004

TABLE I: Expected accuracy at the 68% C.L. with which fundamental and derived Higgs couplings can be measured;
the deviations are defined as g = gsm[l = A] compared to the Standard Model at the LHC/HL-LHC (luminosities
300 and 3000 fb~'), LC/HL-LC (energies 250+500 GeV / 250+500 GeV+1 TeV and luminosities 250+500 fb~* /
1150+1600+2500 fb~ '), and in combined analyses of HL-LHC and HL-LC. For invisible Higgs decays we give the upper
limit on the underlying couplings. Constraints on an invisible Higgs decay width involve model-specific assumptions
at the LHC, see e.g. [15]. Therefore, we allow for additional contributions to the total Higgs width only in the linear
collider scenarios, where these can be constrained model-independently by exploiting the recoil measurement [14].

M.M. Mithlleitner, KIAT 2rd ECFA Workshop, Paris, 9-11 Oct 2024
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Part of:

Fetnhlich mrAaninian ranakh A Affantiiia An wlilnaa feana CAACET ~Alak Al £id <LL28408326]
ABR bb Tt~ ptu= S8 cc gg 0% Zv Wtw-— Z7
-1.76%  -1.59% -3.52% 2.24% -3.81% 4.34% -2.29% -0.71% 3.68% 1.61% )
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< Higgs mass and ZH cross section:

¥
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Why precision?

+ Self-consistency test of SM at quantum level (e.g.: Higgs loop corrections fo EWPOs)
« MH < stability of the electroweak vacuum i

« Higgs mass uncertainty feeds back in uncertainty on Higgs observables
« Test parameter relations in beyond-SM theories
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< Higgs mass and ZH cross section:

Why precision?

« Self-consistency test of SM at quantum level (e.g.: Higgs loop corrections to
« MH < stability of the electroweak vacuum

« Higgs mass uncertainty feeds back in uncertainty on Higgs observables
« Test parameter relations in beyond-SM theories
+ Required for electron Yukawa coupling determination from e*e-—H resonant
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% Why electron Yukawa coupling: establish experimentally the Higgs coupling to all generations ~>
also to the 7st generation!

< How?: from ere—mH at /s = My« Challenge: coupling extremely tiny

Requirements

| = MH knowledge at O(few MeV) precisely = Huge luminosity (i.e. several years w/ 4 IPs)

| = (Mono)chromatization I'i(4.2 MeV)«8,5(100 MeV) = continuous /s monitoring & adjustment
| = extremely sensitive event selection against SM backgrounds
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% Why electron Yukawa coupling: establish experimentally the Higgs coupling to all generations ~>
also to the 7st generation!

< How?: from ere—mH at /s = My« Challenge: coupling extremely tiny

| Requirements |
| = MH knowledge at O(few MeV) precisely = Huge luminosity (i.e. several years w/ 4 IPs) |

| * (Mono)chromatization I'i(4.2 MeV)«675(100 MeV) = continuous /s monitoring & adjustment
| = extremely sensitive event selection against SM backgrounds ‘
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= Model CP in the Dark: SM-Higgs (/¢ = A)) + Dark Sector

GW signal from strong first-order phase transition
[Basler,Biermann,MM ,Midiller,Santos,Viana, 24]
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[Biermann,Borschensky,Erhardt,MM,Santos,Viana]

= Vector DM Model: two visible Higgs bosons + Dark photon
Strong first-order phase transition: 61.¢/1 0 = 8 %
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Consistency

test of SM
at quantum
level q>>‘ -
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