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Why the Higgs Is special



The Higgs discovery poses more questions than it answers

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Origin of Flavor?

Origin of masses?

Snowmass EF Higgs Topical Report
S. Dawson, PM, 1. Ojalvo, C. Vemieri et al
2209.07510
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 We don’t know yet whether the particle we found
is “the last piece of the SM”

» or the first glimpse of BSM?!
* In either case it is very special:

» the very first candidate for an elementary spin-0
particle

* It mediates a completely new, non-gauge
interaction!

=> THIS is why we need a much sharper view on
the Higgs boson



The Higgs discovery poses more questions than it answers

We need a much better way to

explain this to policy makers and
colleagues from other fields! * We don’t know yet whether the particle we found

is “the last piece of the SM”
» or the first glimpse of BSM?!
Naturalness Stability of Universe _ _ o .
* In either case it is very special:
Fundamental

Origin of masses?
Origin of Flavor?

» the very first candidate for an elementary spin-0
particle

* It mediates a completely new, non-gauge
interaction!

=> THIS is why we need a much sharper view on
the Higgs boson

Snowmass EF Higgs Topical Report
S. Dawson, PM, 1. Ojalvo, C. Vemieri et al
2209.07510
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The Higgs Boson Mission

+ Find out as much as we can about the 125-GeV Higgs
- Basic properties:
- total production rate, total width
- decay rates to known particles
- Invisible decays
- search for “exotic decays”
- CP properties of couplings to gauge bosons and fermions
- self-coupling
- |s it the only one of its kind, or are there other Higgs (or scalar) bosons”
- To interprete these Higgs measurements, also need
- top quark: mass, Yukawa & electroweak couplings, their CP properties...
-/ /W bosons: masses, couplings to fermions, triple gauge couplings, incl CP...
- Search for direct production of new particles - and determine their properties
- Dark Matter”? Dark Sector?
+ Heavy neutrinos”?
- SUSY? Higgsinos?
+ The UNEXPECTED !
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The Higgs Boson Mission

- Find out as much as we can about the 125-GeV Higgs The Higgs Boson
- Basic properties: -
- total production rate, total width
- decay rates to known particles
- Invisible decays
- search for “exotic decays”
- CP properties of couplings to gauge bosons and fermions
- self-coupling
- |s it the only one of its kind, or are there other Higgs (or scalar) bosons”
- To interprete these Higgs measurements, also need
- top quark: mass, Yukawa & electroweak couplings, their CP properties...
-/ /W bosons: masses, couplings to fermions, triple gauge couplings, incl CP...

- Search for direct production of new particles - and determine their properties Conditions at e+e- colliders
- Dark Matter? Dark Sector? very complementary to LHC:

- In particular low backgrounds
- clean events

+ SUSY? Higgsinos? - triggerless operation (LCs)

+ The UNEXPECTED !

+ Heavy neutrinos”?
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Higgs Factory basics for LHC
experts



Energy and all that

et e
p § p
Luminosity
. * “How much data can we claim we need”?”
e clementary particles * proton structure |
e different Ecuvia accelerator operation| |* Ecwm of “hard” interactions cover all * Where are fundamental boundaries beyond
energies < pp Eoum statistics?
* Ecm known on event-by-event level * not known on event-by-event level (e.g. theory, parametric, detector resolution, ...)

100 250 350 500 1000 Ecm/GeV,
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Beam polarisation

o Ne—Ni
- Nr+ N,

—
_—
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Interlude: Chirality in Particle Physics

+ Gauge group of weak x electromagnetic interaction: SU(2); x U(1)

_: left-handed, spin anti-|| momentum*
R: right-handed, spin || momentum*

- left-handed particles are fundamentally different from right-handed ones:

- only left-handed fermions (e-) and right-handed anti-fermions (e+) take part in the charged weak

iInteraction, I.e. couple to the W bosons

+ there are (in the SM) no right-handed neutrinos

- right-handed quarks and charged leptons are singlets under SUQ2), P

+ also couplings to the Z boson are different for left- and right-handed fermions

Ngr — Ny,

Ngr + Np,

+ checking whether the differences between L and R are as predicted in the SM is a very

sensitive test for new phenomena!

* for massive particles, there is of course a difference between chirality and helicity, no time for this today, ask at the end in case of doubt!
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P hysi CS benefits Of p OI aris e d b eams General references on polarised e“e” physics:

- arXiv:1801.02840
- Phys. Rept. 460 (2008) 131-243

pbackground suppression: signal enhancement:

e Higgs production
* e'e >WW / veve 995 P

iIn WW fusion
strongly P-dependent

since t-channel only * many BSM processes

fore e’y have strong polarisation dependence => higher S/B

chiral analysis: + redundancy & control of systematics:
. | e e “wrong” polarisation yields “signal-free” control
SM: Z and y differ in x sample
couplings to left- and o | o |
right-handed fermions * flipping positron polarisation controls nuisance
: effects on observables relying on electron
B3M: polarisation

chiral structure unknown, needs to be determined!  essential: fast helicity reversal for both beams!
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https://arxiv.org/abs/1801.02840
https://www.sciencedirect.com/science/article/abs/pii/S0370157308000136?via=ihub

Luminosity vs Energy - a long debate... 19787

Reminder: accelerated charges radiate

. i . + -
LIMITATIONS ON PERFORMANCE OF e e STORAGE RINGS AND
LINEAR COLLIDING BEAM SYSTEMS AT HIGH ENERGY

* .
J.-E. Augustin , N. Dikanskif, Ya. DerbenevT, J. Rees*,

¥ . t k% ¥
B. Richter , A. Skrinski , M. Tigner , and H. Wiedemann

- Synchrotron radiation ~ operation cost:

- AE ~ (E4/ m4R) per turn  => 2 GeV at LEP?2
~10 GeV at FCCee-365

Introduction

This note is the report of working Group I (J. Rees - Group Leader).
- Costin high-energy limit: We were assisted at times by U. Amaldi and E. Keil of CERN. We concerned

ourselves primarily with the technical limitations which might present

* CirCUIar . $$ ~ a R + b AE ~ a R + b (E4/ m4R) themseives to those planning a new and higher-energy electron-positron

colliding-beam facility in a future era in which, it was presumed, a

imize => R ~ E2 —> $$ ~ E2
Optlmlze _> R E _> ~ E 70-GeV to 100-GeV LEP-like facility would already exist. In such an era,

- . we reasoned, designers would be striving for center-of-mass energies of
- linear:$$~L, withL~E =>%$$~E

at least 700-GeV to 1-TeV. Two different approaches to this goal immedi-
ately came to the fore: one, a storage ring based on the principles of
PEP, PETRA, and LEP and the other, a system in which a pair of linear
accelerators are aimed at one another so that their beams will collide.

We realized early in the study that a phenomenon which has been negligible
in electron-positron systems designed to date would become important at

these higher energies -~ synchrotron radiation from a particle being

cost

deflected by the collective electromagnetic field of the opposing bunch -
and we dubted this phenomeron '"beam-strahlung." During the rest of the
week we investigated the scaling laws for these two colliding-beam

systems taking beam-strahlung into consideration.

Energy

1) very first paper on this topic: M.Tigner 1965
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http://www.slac.stanford.edu/econf/C781015/

Luminosity vs Energy - a long debate...

- Synchrotron radiation ~ operation cost:

- AE ~ (E4/ m4R) per turn  => 2 GeV at LEP?2
~10 GeV at FCCee-365

- Cost in high-energy limit:

- circular: $% ~aR + b AE ~aR + b (E4/ m*R)

optimize => R ~ E2 => $$ ~ E2
+ linear:$$ ~ L, withL~E =>8%$$~E

Circular
Collider

cost

Linear Collider

1978

* .
J.-E. Augustin , N. Dikanskit, Ya. DerbenevT, J. Rees*,

* . t k¥ ¥
B. Richter , A. Skrinski , M. Tigner , and H. Wiedemann

Introduction

Energy Where is the crossing point?
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http://www.slac.stanford.edu/econf/C781015/

Luminosity vs Energy - a long debate...

Luminosity vs Energy of Future e*e” Colliders
mmsmm FCCee, 2 IPs [arXiv:2203.08310]
mmmm CEPC, 2 IPs [arXiv:2203.09451]
ssms CEPC, 2 IPs, lumi up, power priv. com.]
== |LC baseline [arXiv:2203.07622]
sug e |LC luminosity upgrade [dito]
nian ILC250 10 Hz operation [dito]
CLIC baseline [arXiv:2203.09186]

Synchrotron radiation ~ operation cost:

AE ~ (E4/ m*R) per turn  => 2 GeV at LEP2
~10 GeV at FCCee-365

- Cost in high-energy limit:
circular: $$ ~aR + b AE ~aR + b (E*/ m*R)
optimize => R ~ E2 => $$ ~ E2
linear: $$ ~ L, withL~E =>$$~E

cI}I_I
=
o
%
.
™
-
AN
>
oy et
7))
O
=
=
-
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Circular
Collider

—N
<

cost

Linear Collider

and we dubted this phenomeron "beam-strahlung." During the rest of the

week we investigated the scaling laws for these two colliding-beam

. . . systems taking beam-strahlung into consideration.
Energy Where is the crossing point?

1) very first paper on this topic: M.Tigner 1965
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Higgs Factory Detector Concepts
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Higgs Factory Detector Concepts

Solenoidal Magnet

Fine-grained
Calorimeters

Tracking
Detector

Forward
Region

12.9 m

Return Yoke

with Muon ID detectors 4

Vertex Detector &

|
my ;£

o &
fi/
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Instrumented return yoke

Higgs Factory Detector Concepts

Double Readout Calorimeter

2T coil
Solenoidal Magnet

Fine-grained Ultra-light Tracker

Calorimeters

MAPS

Tracking
Detector

\ LumiCal

Forward Pre-shower counters
Region

12.9 m

Return Yoke

with Muon ID detectors §

Vertex Detector

: —— R

I ¢ ﬁ‘“%

i

my : 4
iy //
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Instrumented return yoke

Higgs Factory Detector Concepts

Double Readout Calorimeter

2 T coil

Solenoidal Magnet

Ultra-light Tracker

Fine-grained
Calorimeters

MAPS

Tracking
Detector

\ LumiCal

\{ Forward Pre-shower counters
Region

b Return Yoke
with Muon ID detecto -
'\i Vertex Detector

Vi [

my ;4
iy //
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Instrumented return yoke

Higgs Factory Detector Concepts

Key requirements from Higgs physics:
- pt resolution (total ZH x-section)

c(1/p) =2 x 10° GeV' @ 1 x 10™ / (pt sin"“6)

Nrithla Raadant Calarimatar

- vertexing (H — bb/cc/tT)
o(do) <5 ® 10 / (p[GeV] sin®“6) um
- jet energy resolution (H — invisible) 3-4%
- hermeticity (H — invis, BSM) Omin = 5 mrad
(FCCee: ~50mrad)
Determine to key features of the detector:

LumiCal

- low mass tracker:
eg VTX: 0.15% rad. length / layer)

- calorimeters
- highly granular, optimised for particle flow
- or dual readout, LAr, ...
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Instrumented return yoke

Higgs Factory Detector Concepts =

Key requirements from Higgs physics:
- pt resolution (total ZH x-section)

7/ o(1/p) =2x10° GeV' ® 1x 10° / (psin"?0) (= CMS /40

= i =] -vertexing (H — bb/cc/T) : o
o(do) <5 ® 10/ (p[GeV] sin>“0) um _~ CMS /4

- jet energy resolution (H — invisible) 3-4% L= ATLAS /

~~~~~ -hermeticity (H — invis, BSM) 6min =5 mrad |~ ATLAS / 3
(FCCee: ~50mrad) |

features of the detector:

u
.ll ar= [ ]
-

Possible since experimental environment
in e+e- very different from LHC:

much lower backgrounds -
much less radiation inular, optimised for particle flow
i . o adout, LA, ...
only Linear Colliders: lower collision rate enables -
TRRRRR

acker:
.15% rad. length / layer) :I

passive cooling only => low material budget s
- triggerless operation
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The key physics at a Higgs Factory

Cross section [fb]
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The key physics at a Higgs Factory

Cross section [fb]
[J. R. Reuter]
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The key physics at a Higgs Factory
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The key physics at a Higgs Factory
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The key physics ata |

iQn [fb]
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P(e, e*)=(-0.8, 0.3), Mh=1 25 GeV

o 400
The key physics atal —Suafn
q'g300 _ — WW fusion _
- I ﬂ\Zqusion j
= [P™ = L [l /,,'H -
=¥V TLEP|&S $200F | _pée. -
107_: g i [] S - )
ol o L F W
1106 - 2100 & w : .
- 2 B O [| 1 ° . 55
considered S
by all proposed This is THE key to a model-
e+e- projects independent absolute normalisationof || _~ ™ -
= all Higgs couplings | IR TERE Signal :
= | ST Background =
2. -t = - — i
f—, 107 - : — . = ——-':"":'_":_:-: ______ -_ - B e'+e o> pu'u + X @ 250 GeV  °
?3 10° - El,{’] ,I,l e | ; e ¢ E
% "' /" ’,' | A Bl 100 [aa ST R ¢ ®
% 91 50 iﬁlt)
. WW tH - ' oo
” 4 Z 110 120 130 140 150

Recoil Mass (GeV/c?)
100 250 350 500 1000 Ecm/ GeV

DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List 1 3



Example: Higgs decay to “invisible”

* use e'e"—=Z h process

* select a visible final state (qq, ee, pu)
compatible with a Z decay

* recoliling against “nothing”
 if signal observed: discovery! Of Dark Matter?

 if no signal observed e.g. at ILC250:
exclude BF > 0.16% at 95% CL
(HL-LHC expectation: 2.5%, SM prediction: 0.12%)

arXiv:2203.08330 (SiD) &
PoS EPS-HEP2019 (2020) 358 (ILD)

DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List

Events / 2.0 GeV

full simulation
| I | | | || I 1 | | 1 I | 1 | | -
H—inv.(BR=10%) —
[JqqH(SM)
ZZ
WW
vwZ B
other bkg —
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https://arxiv.org/abs/2203.08330

Example: Higgs decay to “invisible”

* use e'e"—=Z h process

* select a visible final state (qq, ee, pu)
compatible with a Z decay

* recoiling against “nothing”

x10° full simulation
* if signal observed: discovery! Of Dark Matter? 2 i s |  Heinv.(BR=10%)
© " [+ ZIaqH(SM)
 if no signal observed e.g. at ILC250: 3 _ -5\,2‘”
exclude BF > 0.16% at 95% CL -~ L wWZ -
(HL-LHC expectation: 2.5%, SM prediction: 0.12%) % 4T P other bkg B
S "
L Jet energy
arXiv:2203.08330 (SiD) & 2 esolution
PoS EPS-HEP2019 (2020) 358 (ILD)

100 110 120 130 140 150 160
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How to map Higgs precision on BSM

e Ask your favorite theorist for his or her favorite
model

e it to data
e mMost detalled

e correctly mapping interplay of “direct” and
“Indirect” iInformation

e put there are so many models...

- Mandatory as soon as any signal /
deviation from SM is found!

DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List

generic approach: parametrize ignorance

1

a 1

fective field theory: turn every vertex into
oubble”, just keep basic symmetry

requirements

ike Fermi-Theory for weak interaction

add next hig
to SM => “S

assumes all

ner dimension(s) of operators

MEFT”

BSM is very heavy
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
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Higgs Couplings: The Snowmass SMEFT fit
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
precisic all e+e- colliders show very comparable performance for standard Higgs program
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Higgs Couplings: The Snowmass SMEFT fit
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Higgs Couplings: The Snowmass SMEFT fit

precisiqall e+e- colliders show very comparable performance for standard Higgs program
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Polarisation & Higgs Couplings

 THE key process at a Higgs factory:
Higgsstrahlung e’e™=Zh

e ArgOf Higgsstrahlung: very important to
disentangle different SMEFT operators!

yA h (£ h Z
, h constrained
) by EWPOs (*)

only diagram
allowed in SM
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Polarisation & Higgs Couplings

 THE key process at a Higgs factory:
Higgsstrahlung e’e™=Zh

e ArgOf Higgsstrahlung: very important to
disentangle different SMEFT operators!

VANIVAN

Z
h constrained
by EWPOs (¥)

sSpin reversal e r<>e |

only diagram
allowed in SM

~CWW

- 1st diagram flips sign
- 2nd diagram keeps sign

= AR lifts degeneracy

between operators!
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 THE key process at a Higgs factory:
Higgsstrahlung e’e™=Zh

e ArgOf Higgsstrahlung: very important to
disentangle different SMEFT operators!
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~CWW

Z
h constrained
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Spin reversal e r<>e |
1st diagram flips sign
2nd diagram keeps sign

= AR lifts degeneracy

between operators!
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Model Independent Fit
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1A

Z W b = c I, T, v

2y

—= | scaled by 1/2

arXiv:1903.01629

| B HL-LHC ®e’e 5ab” 250 GeV unpolarised ... —
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 THE key process at a Higgs factory:
Higgsstrahlung e’e™=Zh

e ArgOf Higgsstrahlung: very important to
disentangle different SMEFT operators!

Z
h constrained
by EWPOs (¥)

Spin reversal e r<>e |
1st diagram flips sign
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Precision of Higgs boson couplings [%]
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| B HL-LHC ®e’e 5ab” 250 GeV unpolarised ... —

Model Independent Fit

arXiv:1903.01629

B HL-LHC ®e*e 2 ab™ 250 GeV polarised
B ..%e'e 4ab'500 GeV polarised
dark/light: S1/82

% 2 ab-1 polarised = 5 ab-1 unpolarised

* that’s why all e+e- Higgs factories perform so similar!

A AR

Z W b = c I, T, v

N ' scaled by 1/3
-
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Why do we need to know the couplings of the Higgs boson?

- Any deviation from the SM prediction is a discovery of a new phenomenon

* Higgs couplings allow finger-printing new phenomena via their different patterns of deviations

- Size of deviations depends on energy scale of new particles:
the more precise the measurement, the larger the discovery potential

 need at least 1%-level of precision for Higgs couplings

- all proposed Higgs factories can deliver this program - (HL-)LHC cannot do this

arXiv:1708.08912
DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List 1 8
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Why do we need to know the couplings of the Higgs boson?

- Any deviation from the SM prediction is a discovery of a new phenomenon

Higgs couplings allow finger-printing new phenomena via their different patterns of deviations

- Size of deviations depends on energy scale of new particles:
the more precise the measurement, the larger the discovery potential

 need at least 1%-level of precision for Higgs couplings
- all proposed Higgs factories can deliver this program - (HL-)LHC cannot do this

- pMSSM, tanB=7, Ma=600 GeV

N
o
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ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': pMSSM example —

N
o
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ILC precisions from full EFT fit

model predictions

Coupling deviations from SM [%]
o
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I
N
o

bb CC g9 Ww T ZZ VY uu

arXiv:1708.08912
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Why do we need to know the couplings of the Higgs boson?

Any deviation from the SM prediction is a discovery of a new phenomenon

Higgs couplings allow finger-printing new phenomena via their different patterns of deviations

size of deviations depends on energy scale of new particles:
the more precise the measurement, the larger the discovery potential

need at least 1%-level of precision for Higgs couplings
all proposed Higgs factories can deliver this program - (HL-)LHC cannot do this

- pMSSM, tanB=7, Ma=600 GeV

N
o
|

N
o
|

. ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: LHT-6 example

ILC precisions from full EFT fit

—h
o
—h
o
1!
|

model predictions

N

o
I B

|

ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': pMSSM example —

N
o
T ]

ILC precisions from full EFT fit

model predictions
| | | | | | |

bb CC gg ww Tt ZZ 1Y uu bb CC g9 WwWw T 77 VY uu

arXiv:1708.08912
DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List 1 8

Coupling deviations from SM [%)]
o
!

Coupling deviations from SM [%]
o

|
N
o
1

I
N
o


https://arxiv.org/abs/1708.08912

Why do we need to know the couplings of the Higgs boson?

Any deviation from the SM prediction is a discovery of a new phenomenon

Higgs couplings allow finger-printing new phenomena via their di

size of deviations depends on energy scale of new particles:

the more precise the measurement, the large

need at least 1%-level of precision for Higgs couplings

" the discovery potential

ferent patterns of deviations

all proposed Higgs factories can deliver this program - (HL-)LHC cannot do this

—k
-

Coupling deviations from SM [%)]
o

I
N
o
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o
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N
o
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- pMSSM, tanB=7, Ma=600 GeV

— ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™: pMSSM example —

ILC precisions from full EFT fit

model predictions

bb CC g9 Ww T ZZ VY uu
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N
o
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o
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—
o
| |

N
o
| I —

. ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: LHT-6 example

ILC precisions from full EFT fit

model predictions

Coupling deviations from SM [%]
o

I
N
o

bb  CC g9 Ww 1T ZZ

uu

N
o
T

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

—h
o
T T

ILC precisions from full EFT fit

model predictions

L
o
T T 1

MCHMS, f=1.2 TeV

bb ¢C g9

arXiv:1708.08912 18

WW T ZZ VY uu


https://arxiv.org/abs/1708.08912

Beyond the minimal
Higgs program -
the self-coupling



The Higgs self-coupling: master plot of the last EPPSU

Higgs@FC WG September 2019
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1. Extraction from single Higgs did not include top operators, 4-fermion

op’s contributions only recently [Dawson et al, arXiv:2406.03557]
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The Higgs self-coupling: master plot of the last EPPSU
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At lepton colliders, double Higgs-strahlung, ete— —
ZHH, gives stronger constraints on positive
deviations (#3 > 1), while VBF 1s better 1n

constraining negative deviations, (#3 < 1). While at
HL-LHC, values of #3 > 1, as expected 1n models of

strong first order phase transition, result in a smaller
double-Higgs production cross section due to the
destructive interference, at lepton colliders for the
ZHH process they actually result 1n a larger cross
section, and hence 1nto an increased precision. For
instance at ILCsq, the sensitivity around the SM
value 1s 27% but it would reach 18% around »#.=1.5.

1. Extraction from single Higgs did not include top operators, 4-fermion

op’s contributions only recently [Dawson et al, arXiv:2406.03557]

2. Figure ONLY for A = Asm
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section, and hence 1nto an increased precision. For
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1. Extraction from single Higgs did not include top operators, 4-fermion
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Combining ZHH & vvHH — as Function of ECM

DJiscovery can

. .................... e++e-%VVHH ..................................................... ......... be guaranteed
= ZHH & vvHH Combined 5

ILC500: 23%
ILC550: 20%
ILCB00: 18%

500 1000 1500
/s [GeV]
note: this is based on old DBD analysis; large room from new analysis 16
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How far can analysis
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Combining ZHH & vvHH — as Function of ECM

DJiscovery can

. .................... e++e-%VVHH ..................................................... ......... be guaranteed
= ZHH & vvHH Combined 5

. .
. .
! . .
.....................................................................................................................................
. . .

How far can analysis
ILC500: 23% improvements push

. this? 15%7

_________________ o [ Bryan e dulie] ] LC550: 20% . stay tuned...

veic i ? ;
analysis improvements to come~ ||_C6OO —I 8%

Note: this assumes
A=Asm

500 1000 1500
/s [GeV]
note: this is based on old DBD analysis; large room from new analysis 16
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Deviation of A from SM prediction can be large

even If all other couplings are SM-like

from dimensional analysis

Self-Coupling Dominance

In other words, no obstruction to having Higgs
self-coupling modifications a “loop factor” greater
than all other couplings. Could have

- : i
0p,3 : 47 M
S<min || — ] ,|[ —
oV my, mp,

without fine-tuning any parameters, as big as,

(4mv/mp)? ~ 600

which is significant!

Durieux, MM,
Salvioni. 2022

M. McCullough @ LCWS2024

DESY. | SLB - what happened over summer | J. List, FTX Rentrée Meeting, Aug 24 2021

or from UV complete BSM models

Concrete example: 2HDM:

Parameter scan in the 2HDM (all types):
[F. Arco, S.H., M. Miihlleitner - PRELIMINARY]

[taken from F. Arco '24]

B DR Y OV St
b | I -0.2,1.2] [0.2,6.8] [-1.6,1.5] [-2.1, 1.9
q; _______ "1 [06,1.0] [0.7,56] [-1.5, 1.6 [1.7,2.0
a LS  [0.5,1.0] [0.6,5.6] [-1.7,1.7 [-2.0, 2.1]
e h FL  [0.7,1.0] [0.8,5.6] [-1.6,1.3] [-1.9, 1.5
¢$=H, A H* (results from the effective potential)

= Very large corrections are possible! Agh >> Ago,fh

® / couplings to heavy Higgs bosons can be large (Apgp ~ 15)

® Even at the alignment limit ! (In the SM, top-loops are ~ -8%)

= effect of the extended BSM Higgs sector!

S.Heinemever @ LCWS2024

22


https://agenda.linearcollider.org/event/10134
https://agenda.linearcollider.org/event/10134

Deviation of A from SM prediction can be large

from dimensional analysis

or from UV complete BSM models

Self_COupling DOminance Concrete example: 2HDM: ; 5 as en from F. Arco '24]
Parameter scan jg p“‘O“
[F. Arco
In other words, no obstruction to having Higgs \_355\““
self-coupling modifications a “loop factor” greater mode s A0 A
5 s 2 ‘\-\\\ 35 \5 CT“ -, II  [0.6,1.0] [0.7,5.6] [-1.5, 1.6] [1.7,2.0
5 min me““- 55\b\e — ’ LS 0.5, 1.0] [0.6, 5.6] [-1.7,1.7] [-2.0, 2.1]
oyv as\)re ‘)0 ¢ FL | [0.7,1.0] [0.8,5.6] [1.6,1.3] [-1.9,15
; ) Me ¢=H A H* ' (results from the effective potential)
WlthOUt fl \ O1s a;S, aV _ i (1) (0)
ery large corrections are possible! A,/ >> A,/
h ~ 000 = /, couplings to heavy Higgs bosons can be large (A\,44 ~ 15)

® Even at the alignment limit !

which is significant!

Durieux, MM,
Salvioni. 2022

M. McCullough @ LCWS2024 S.Heinemever
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(In the SM, top-loops are ~ -8%)

= effect of the extended BSM Higgs sector!

LCWS2024

22
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Higgs self-coupling Beyond the SM

The Higgs Boson

The Higgs Boson

...and the universe

Higgs self-coupling projections
% T P T T T T | et HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053)
i 3 ] __________________________ ______________ e o we oo Extrapolation HL-LHC, A-dependency as of
(< N : : x-section significance in ATL-PHYS-PUB-2022-053)
~— : :
7p) - :
© i s
GEJ 5
(< i : i
_ . a0 : -
- , : : i
1t e b T S S 0 s SO S
B : . " }
- e -
] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ]

true

Ihsu
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Higgs self-coupling Beyond the SM

The Higgs Boson

The Higgs Boson

...and the universe

Higgs self-coupling projections
g T T T | oo HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053)
e 3 R S e, - - .. Extrapolation HL-LHC, }.-dependency as of
(< : : x-section significance in ATL-PHYS-PUB-2022-053)
\U) _ ——e—|LC 550 GeV ZHH (2014, full coupl. analysis) &vvHH
© i : ;
e

Ay,
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Higgs self-coupling Beyond the SM

The Higgs Boson

Higgs self-coupling projections

T T T T | T T | b HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053)

3 I __________________________ ______________ e o e o Extrapolation HL-LHC, A-dependency as of
: : x-section significance in ATL-PHYS-PUB-2022-053)

=g |LC 550 GeV ZHH (2014, full coupl. analysis) &vvHH

-0.5 0 0.5 1 1.5 2
N/ .

true
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Region of interest
for electroweak
baryogenesis

The Higgs Boson

...and the universe
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Higgs self-coupling Beyond the SM

The Higgs Boson
The Higgs Boson

...and the universe

Higgs self-coupling projections

Higgs self-coupling projections

T T T T | o HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022

HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053)

3 I UUTUUUUURUUTRSIIS ST - extrapolation HL-LHC, A-dependency as of
: : x-section significance in ATL-PHYS-PUB-2022-053)

———g=—=|LC 550 GeV ZHH (2014, full coupl. analysis) &vvHH

extrapolation HL-LHC, J\-dependency as of
x-section significance in ATL-PHYS-PUB-2022-053)

ILC 550 GeV ZHH (2014, full coupl. analysis) &vvHH

it

ILC 550 GeV ZHH &vvHH + 1 TeV vwvHH combined, 2014

combination of ete- -> ZHH --------- -----
and e+e- -> vwvHH ensures NS L DA
at least 10-15% precisionforallA| o - e S S— S ——

A,
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There 1s so much more...



Polarisation & Electroweak Physics

dit, grr . helicity-dependent couplings of Z to fermions - at the Z pole:
2

grLf — glz%f
91; + Gry
specifically for the electron: A, =

(% — Sil’l2 Qeff)Q — (Siﬂ2 eeff)Q 1

(5 —sin® Opp)? + (sin® O pf)?

at an unpolarised collider:

=> no direct access to Ae,
only via tau polarisation

A?B = loF — 95) — ZAeAf

(or + oB)
While at a polarised collider:

O, — OR
and

~ 8(1 — Sil’l2 Qeff)

e’ f

A, =Arp =
LR (01 + o)
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Polarisation & Electroweak Physics

oir, grr : helicity-dependent couplings of Z to fermions - at the Z pole: e £
2 2
_ 9oy — YR
=> Af — 2f 2f
9drr + 9ry

(3 —sin® Oegyp)? — (sin® Oeyy)? st sin20, )
~ O(— — sm” b,
(3 —sin®0epp)? + (sin?Oepp)? 4 Y

specifically for the electron: A, =

at an unpolarised collider:

; _ (or —oB) _ §A A => No direct access to Ae,
AFB e<1f . . .

4 only via tau polarisation ) f

While at a polarised collider: €

O, —OR

A, = Arp =
LR (01 + 0r) and

trading theory uncertainy:
the polarised A{:B,LR receives 7 X smaller radiative corrections than the unpolarised Ai:B |

above Z pole, polarisation essential to disentangle Z / y exchange in e"e - ff
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Polarisation & Electroweak Physics at the Z pole

recent detailed studies by ILD@ILC:

- at least factor 10, often ~50 improvement
over LEP/SLC

* note In particular:

. ILC/GigaZ

. LEP/SLC

+ Ac nearly 100 x better thanks to excellent FCCee

charm / anti-charm tagging:

Absolute Uncertainty

-+ excellent vertex detector
- tiny beam spot
- Kaon-ID via dE/dx in ILD’s TPC

polarised “GigaZ” typically only factor 2-3
less precise than FCCee’s unpolarised TeraZ
=> polarisation buys

a factor of ~100 in luminosity

Note: not true for pure decay quantities! arXiv:1908.11299
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Full SMEFT analysis of Top Quark sector

Essential to understand special relation of top quark and Higgs boson

e' t[

B HL-LHC BN HL-LHC + CEPC HL-LHC + FCC-ee W HL-LHC + ILC @ HL-LHC + CLIC

e
| ' ' HEP:

¢ t
- . not accessible at HL-LHC
» expected precision on Wilson 100
coefficients for HL-LHC alone and > i CEPC
combined with various e+e- proposals | = -l I - - FCCee
» e+e- at high center-of-mass energy %210—1 : . ) .
and with polarised beams lifts P ' B
degeneracies between operators |}
102 | ILC
1073 L

thp Ctw C(pt C q(o?z)) C(D_O Ctz C(pb Ceb Ceo Cip C /5 Cet

Operator Coefficients
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Full SMEFT analysis of Top Quark sector

Essential to understand special relation of top quark and Higgs boson

e' tt

Bl HL-LHC B HL-LHC + CEPC HL-LHC + FCC-ee W HL-LHC + ILC @ HL-LHC + CLIC

e
| ' ' HEP:

‘ t
* expected precision on Wilson 109 1 not accessible at HL-LHC
coefficients for HL-LHC alone and L ) _ CEPC
combined with various e+e- proposals g S0 B W . - FCCee
+ e+e- at high center-of-mass energy |2 e . .
and with polarised beams lifts §1O i ‘s
degeneracies between operators I NN [Ny R
top-quark physics ° _ I : ) i
requires high center-of- : ] '
mass energy AND . = B0 [ % % %
polarised beams Wy Cw Cp ) Co Cz Cpp Co Ceo Cb CF Ca Cr Cp

Operator Coefficients
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BSM reach of ee — cc / bb

Study of ee — cc / bb
o full Geant4-based simulation of ILD

entries

BSM example: Gauge-Higgs Unification models

» Higgs field = fluctuation of Aharonov-Bohm phase
In warped extra dimension

« /' as Kaluza-Klein excitations of y, Z, Zr

» various model point with Mz =7...20 TeV
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Polarisation & Beyond the SM: Dark Matter

* mono-photon search e e — yyy

* main SM background: e'e >y

reduced ~10x with polarisation

* shape of observable distributions changes with polarisation sign
=> combination of samples with sign(P) = (-,+), (+,-), (+,%), (—-)
beats down the effect of systematic uncertainties
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Polarisation & Beyond the SM: Dark Matter

S - Vector, M(y)=1GeV ILD-
8 B H20 .
704000 — 20 } nolarised E —_
& " B 1P(e)I=0 i -
3000 extrapolation H Z
2000 |- -
1000 | -
0 1TeV

S

e 's [GeV]

DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List

30


https://inspirehep.net/literature/1774758

Polarisation & Beyond the SM: Dark Matter
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Polarisation & Beyond the SM: Dark Matter
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Light Higgsinos

LHC does very well on exploring

but beware that exc
dependent, especia

BSM phase space

usion regions are extremely model-
ly for electroweak new particles

(eg charginos, staus, ...)

ILD study of full detector simulation
points ¢ ¢ - motivated by

for two benchmark
eptogenesis & gravitino DM

- and extrapolation to full plane

conclusions:

nalf Ecm

oop-hole free discovery / exclusion potential up to ~

even In most challenging cases few % precision on
Masses, Cross-sections etc

SUSY parameter determination, cross-check with

cosmology
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Light Higgsinos

Or: beware what LHC limits really mean!

LHC does very well on exploring BSM phase space

+ but beware that exclusion regions are extremely model-
dependent, especially for electroweak new particles
(eg charginos, staus, ...)

ILD study of full detector simulation for two benchmark
points J.¢ Si¢ - motivated by leptogenesis & gravitino DM
- and extrapolation to full plane

» conclusions:
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ocT]E)—_hoIe free discovery / exclusion potential up to ~ M T (G eV)
Nall ECcm

+ even In most challenging cases few % precision on
Masses, Cross-sections etc

- SUSY parameter determination, cross-check with
cosmology
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Heavy Neutral Leptons

In Z decays with displaced vertices... ...and at high masses in prompt decays
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Higgs self-coupling

The Higgs Boson
The Higgs Boson
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Top Yukawa coupling

The Higgs and the Top

- absolute size of |yi|:

- HL-LHC: > 10 - Oy e ! M — — R
+ Sxe=3.2% with Jxv| < 1 or 3.4% in SMEFTNo 2 i ‘Ayt/ Yt ‘ R R S e S B
- e+e- LC: B I 5 b AT
- current full simulation achieved 6.3% at 500 GeV T I I 6.3% | ...........
- strong dependence on exact choice of Ecwu, - _l
e.g. 20/0 at 600 GeV C_g 1 e e e e e e e ] 20/0
- not included: o
- experimental improvement with higher energy (boost!) ;
- other channels than H->bb % , E :
? +1TeV: 1 4%

-
<

480 500 520 540 560 580 600
Energy (GeV)

to-do: real, full sim study @ 600 GeV!
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Top Yukawa coupling

- absolute size of |yi|:
- HL-LHC:
- 8xr = 3.2% with |xv| < 1 or 3.4% in SMEFTnD

- e+e-LC:
- current full simulation achieved 6.3% at 500 GeV

- strong dependence on exact choice of Ecwm,
e.g. 2% at 600 GeV

- not included:
- experimental improvement with higher energy (boost!)
- other channels than H->bb

- full coupling structure of tth vertex, incl. CP:

- ete-at Ecm = ~600 GeV
=> few percent sensitivity to CP-odd admixture

beam polarisation essential!
[Eur.Phys.J. C71 (2011) 1681]
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The Higgs and the Top
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Scaled to value at 500 GeV

-
<

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

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

+1TeV: 1.4%

N R SRR S B B
480 500 520 540 560 580 600
Energy (GeV)

to-do: real, full sim study @ 600 GeV!
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Conclusions

« strong scientific consensus that an e+e- Higgs Factory is the highest-priority next collider

* open scientific question: how to best complement the minimal Higgs Factory in e+e-?
» very strong Z pole program but limited in energy reach?
* upgrades to higher energies but more modest Z program?

* next big project needs
 acompelling science case
* readiness for fastest possible construction
» technologically and scientifically exciting upgrade options
« well justified usage of ressources - money; surface, electrical power, concrete, steel, rare earths, ...
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Conclusions

« strong scientific consensus that an e+e- Higgs Factory is the highest-priority next collider

« open scientific question: how to best complement the minimal Higgs Factory in e+e-?
* very strong Z pole program but limited in energy reach?
* upgrades to higher energies but more modest Z program?

 next big project needs
 acompelling science case
* readiness for fastest possible construction
« technologically and scientifically exciting upgrade options
« well justified usage of ressources - money; surface, electrical power, concrete, steel, rare earths, ...

Most importantly:
A Future Collider can only happen based on broad support within HEP community
=> get more people engaged and make it happen!
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Bonus



Ready to take on one of these challenges?

- Get involved

- ECFA set up a workshop series on Physics, Experiments and Detectors at a
Higgs, Top and Electroweak factory cf https://indico.cern.ch/event/1044297/

+ address topics In common between all ete- colliders, I.e. theory prediction,
assessment of systematic uncertainties, software tools

- Wil give important input to next update of European Strategy

you don’t won’t to commit to a specific collider project ?
=> this Is your way to contribute => get in touch!

- All Higgs factories are using the same software framework (Key4HEP):
+ share algorthmic developments
+share / exchange data sets for comparable analyses etc

=> anybody who’d like to shape the experiments of the next collider would be wise
to build up expertise on Key4HEP now

DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List
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The Higgs Boson and the Standard Model of Particle Physics

A discovery which is only the beginning ...

The Standard Model of Particle Physics

- describes (nearly) all measurements down to the level of guantum fluctuations
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- based on only a few fundamental ideas:
- special relativity
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+ guantum mechanics
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The Standard Model of Particle Physics

Jenny List

describes (nearly) all measurements down to the level of guantum fluctuations

based on only a few fundamental ideas:

special relativity
guantum mechanics

invariance under local gauge transformations: SU(3)xSU((2).xU(1)y
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The Higgs Boson and the Standard Model of Particle Physics
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012: Discovery of a Higgs bosons at the LHC!
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The Higgs Boson and the Standard Model of Particle Physics
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Are we done? — No! — The Higgs Boson is

1. a mystery in itself: how can an elementary spin-0 particle exist and be so light?

describes (nearly) all measurements down to the level of guantum fluctuations

NAT

¥ MADCCC

N Nt N

il

2. Intimately connected to cosmology => precision studies of the Higgs are a new messenger from the early universe!
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A new messenger from the early universe
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The Higgs Boson and the

>

J .‘f‘ '
- ;{ ‘/'

The Universe

What we’d really like to know
- What is Dark Matter made out of”?

- What drove cosmic inflation”

- What generates the mass pattern in quark

and lepton sectors”
- What created the matter-antimatter asymmetry?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?

DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List
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The Higgs Boson

—
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The Higgs Boson and the Universe

The Higgs Boson

—

Is the Higgs the portal to the Dark Sector?

The Universe
e does the Higgs decays “invisibly”, I.e. to dark sector
particles??

* does the Higgs have siblings in the dark (or the
visible) sector?

What we’d really like to know

- What is Dark Matter made out of?
- What drove cosmic inflation”?

- What generates the mass pattern in quark
and lepton sectors?

- What created the matter-antimatter asymmetry?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?
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The Higgs Boson and the Universe

The Higgs Boson

—

The Universe Is the Higgs the portal to the Dark Sector?

®* The Higgs could be first “elementary” scalar we know -
What we’d really like to know

- What is Dark Matter made out of?
- What drove cosmic inflation”?

- What generates the mass pattern in quark
and lepton sectors?

- What created the matter-antimatter asymmetry?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?

e |s it really elementary”

e ® IS it the inflaton?

L e even if not - it Is the best “prototype” of a elementary scalar we have
=> study the Higgs properties precisely and look for siblings
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The Higgs Boson and the Universe

The Higgs Boson

v

The Universe Is the Higgs the portal to the Dark Sector?

®* The Higgs could be first “elementary” scalar we know -

o ic it ranlhs alamaoantan/”?

What we’d really like to know

- What is Dark Matter made out of? Why is the Higgs-fermion interaction so different between the species?
* What drove cosmic inflation? » does the Higgs generate all the masses of all fermions?
* What generates the mass pattern in quark e are the other Higgses involved - or other mass generation mechanisms?

and lepton sectors”
- What created the matter-antimatter asymmetry?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?

* what is the Higgs’ special relation to the top quark, making it so heavy?
* |S there a connection to neutrino mass generation”?
=> study Higgs and top - and search for possible siblings!
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The Higgs Boson and the Universe

The Higgs Boson

—

The Universe Is the Higgs the portal to the Dark Sector?

®* The Higgs could be first “elementary” scalar we know -
What we’d really like to know

o ic it ranlhs alamaoantan/”?

- What is Dark Matter made out of? Why is the Higgs-fermion interaction so different between the species?
* What drove cosmic inflation? » does the Higgs generate all the masses of all fermions?
- What generates the mass pattern in quark . _ _ . _ _
and lepton sectors? ~ Does the Higgs sector contain additional CP violation?
- What created the matter-antimatter asymmetry? _* inparticular in couplings to fermions’?
- What drove electroweak phase transition? e Or do its siblings have non-trivial CP properties”

- and could it play a role in baryogenesis? = N .
play yog => small contributions -> need precise measurements!

DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List 41



The Higgs Boson and the Universe

What we’d really like to know

The Higgs Boson

v’

The Universe Is the Higgs the portal to the Dark Sector?

®* The Higgs could be first “elementary” scalar we know -

o ic it ranlhs alamaoantan/”?

- What is Dark Matter made out of? Why is the Higgs-fermion interaction so different between the species?
* What drove cosmic inflation? » does the Higgs generate all the masses of all fermions?
- What generates the mass pattern in quark . _ _ . _ _
and lepton sectors? ~ Does the Higgs sector contain additional CP violation?
- What created the matter-antimatter asymmetry? * in particular in couplings to fermions®?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?

DESY

b))

What is the shape of the Higgs potential, and its
evolution?

e do Higgs bosons self-interact?
e at which strength” => 1st or 2nd order phase transition?
=> discover and study di-Higgs production
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition

origin of matter-antimatter asymmetry: universe
must have been out of thermal equilibrium

=> 1.order phase t

ransition

Electroweak phase transition?

DESY. Why we need a Higgs Factory | NOCC annual meeting, 5 Sep 2024 | Jenny List

V(9)

~T>T.

T=T.

— T<T,

—r— 12T
A
| T=T.,
V(o
4 T=T,<T,
J ——T<T,
( 2N -
' =0
¢ o

1st order, requirement
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition

- origin of matter-antimatter asymmetry: universe

[

must have been out of thermal equilibrium V( b )

=> 1.order phase transition

Electroweak phase transition?

1.y Expansion <.y
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition

origin of matter-antimatter asymmetry: universe
must have been out of thermal equilibrium

=> 1.order phase t

ransition

Electroweak phase transition?
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~T>T.

T=T.

— T<T,
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| T=T.,
V(o
4 T=T,<T,
J ——T<T,
( 2N -
' =0
¢ o

1st order, requirement
for EW lbaryogenesis
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition ST,

- T>T.
A A
origin of matter-antimatter asymmetry: universe V(9) re V(d 1=t
must have been out of thermal equilibrium ' ) lrerer
=> 1.order phase transition - T<T.
o ——T<T,
Electroweak phase transition? e T=0 RN -
o ./ ¢

N - - -
N 29 e . < o o

L) Expansion s

b % . v »
= ; g A ~ :
.‘!.‘_ » " . - > N = .
- Te ~ ~ e "
: -1 : .

1st order, requirement
for EW lbaryogenesis

SM with My = 125 GeV: 2nd order :(

value of self-coupling A4 determines shape of Higgs potential

electroweak baryogenesis possible in BSM scenarions with
A > Asm (e.9. 2ZHDM, NMSSM,, ...)
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition ST - TST.
A A
. : : 4 T=T
origin of matter-antimatter asymmetry: universe V(9) e V(d ;
must have been out of thermal equilibrium =T T
=> 1.order phase transition - T<T. o
- N LN o n
Electroweak phase transition? e T=0 _ e
I _ 0 » /O
L) Expansion " | - -
| 1st order, requirement
for EW lbaryogenesis
2HDM
200 .
j [arxiv:1506.07830]
180—-
< . Region whe_re.EW
SM with My = 125 GeV: 2nd order :( sl  baryogenesis IS
{I’}&c
value of self-coupling A4 determines shape of Higgs potential §§ 140 -
¢<
| | ' | ' [ Minimum value of
electroweak baryogenesis possible in BSM scenarions with 120- . Higgs seif.couping
A > Aswm (€.g. 2HDM, NMSSM,, ...) ; | for EW baryogenesis
10008l | '1i2' 16 2 24
. . . . 49
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