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Deep Connection of Ruantum Mechanics and Particle Ph 351,05

Quantum Mechanics
delivers the framework Manifestations
for the exploration of the of quantum physics
elementary particles and the

fundamental forces between them

Quantum fluctuations omnipresent
in the particle world and testable
in high-precision experiments

Basics of modern particle physics:

Quantum Field Theory (QFT) Symmetries: guiding principle

for the formulation of the
QFT explaining nature

- quantisation of the fields
- particles: quantum excitations

of the fields Symmetries must also hold

- integrating special relativity at the quantum level:
powerful tool for

N A iy {3 consistency tests

M.M. Mihllettner, KIT Sy mposium RuUantum Phgsics at the HEP Frontier &
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insights in

BSM couplings flavour puzzle

BSM sensitivit . :
M sensitivity neutrino physics
CP Violation quantum fluctuations
BSM sensitivity consistency tests SM

baryon asymme‘rry indirect BSM sensitivity

evolution of the Universe
vacuum stability
baryon asymmetry

Dark Matter
portal
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CMS Preliminary
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N [ATLAS, Nature 607, 52-59 (2022)]
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iscovered Higgs Boson | »‘ We have the |

ehaves very SM-like | | Higgs Boson |

Higgs Laboratory
for New Physics

L=

Direct search through Higgs
couplings to new physics

| Indirect search through new
istency Test physics quantum fluctuations
of the SM | in Higgs observables

Direct & indirect sensitivity to
new physics in Higgs parameters
-> significant BSM imprints in
Higgs self-coupling still possible

direct discovery of |
New Physics so far
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The Role of the Higgs boson mass

+Present Accuracy:
My = 125.35 + 0.15 [cms] 125.11 £ 0.11 [ATLAS]

+ Why precision?

* Self-consistency test of SM at quantum level
(e.g.: Higgs loop corrections to W boson mass)

« MH < stability of the electroweak vacuum [Degrassi eal;Bednyakov eal]

+ Higgs mass uncertainty feeds back in uncertainty on Higgs observables

* Test parameter relations in beyond-SM theories | ‘ |
~ indirect constraints

on viable BSM
parameter space




+ Standard Model Higgs Potential: connects Higgs boson mass and Higgs self-couplings
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+ Standard Model Higgs Potential: connects Higgs boson mass and Higgs self-couplings
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+ Stability of the Electroweak Vacuum?!

[Degrassi,Di Vita,Elias-Miro,Espinosa,'12]
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< Ultimate fest of the Higgs mechanism: Measurement of the Higgs potential

3M? 3M?
g+ —2

1
VoM — —m? B2+
H 3l 41y2

4
Higgs o H

2
3IM2
v(2)

Measurement of the scalar boson self-couplings

and

Reconstruction of the EWSB potential

\

Experimental verification
>  (Of the scalar sector of the
EWSB mechanism

An alternative
potential

Standard Model
potential

Higgs field value
in our Universe
Current

experimental
knowledge

[Nature 607,41 (2022)]




< Ultimate fest of the Higgs mechanism: Measurement of the Higgs potential

An alternative
9) 9) 2 potential
Vﬁ’i‘ggs = %MH H*+ 33]‘!/[‘)”’ H> +%H4 only in SM: Ay = 33(/21? otental
V)
Measurement of the scalar boson self-couplings | Experimental verification ﬂiiﬂfﬂfﬁﬁgj
and > Of the scalar sector of the / gf;;?:;ema
Reconstruction of the EWSB potential ) EWSB mechanism 0 ¢f o

< Importance of the trilinear Higgs self-coupling: / 5 & b b &
— Determines shape of the Higgs potential Physics Case
- Sensitive to beyond-SM physics \ Ultimate test ofHiggs
— Important input for electroweak phase transition . gﬁ:ﬁ:lys?f EW vacuum
= Possibly Higgs Portal to Dark Matter Eﬁ;‘fgﬁ,ﬁfﬂ},\*ﬁ,’f"ﬁfrj’:f'“

/ asymmetry




< Ultimate fest of the Higgs mechanism: Measurement of the Higgs potential
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< At LHC: Ayyy directly accessible in Higgs pair production:
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Higgs field value
in our Universe

0 1
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[Nature 607,41 (2022)]

[Baglio,Djouadi,Grober, MM, Quévillon,Spira]

1000

o(pp — HH + X) [fb]
Vs =14 TeV, My = 125 GeV

AunH/AiH



< Ultimate fest of the Higgs mechanism: Measurement of the Higgs potential

) 2
3Mg =N 3Mg
3y 412

1
SM _ 2

2
3IM2
v(2)

. 3
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< At LHC: Ay directly accessible in Higge Ogo(HH) of 38 fbin the SM  uer um quévillon, spira]
~> experimental measurement
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Deviations from SM value in the CP-conserving & CP-violating 2-Higgs-Doublet Model (R2HDM,
C2HDM), the Next-to-2HDM (N2HDM), the Next-to-Minimal Supersymmetric SM (NMSSM)

[Azevedo et al,’21]

R2HDM __——{ C2HDM__——
VR s (S P | [ OSHE o
Here:tree-level light I 0.893...1.069\ -0.096...1.076 /6.898...1.03 -0.035...1.227
values medium I n.a. > n.a. 1 0.889...1.028 \| 0.251...1.172
at NLO even heavy I | 0.946...1.054 | 0.481...1.026( 0.893...1.019/| 0.671...1.229 (
larger light II | 0.951...1.040 { 0.692...0.999 ‘\ 0.956...1.040\ M
deviations medium II n.a. \—m i -
in Agpy from heavy 11 _ _ _ _
SM value N2HDM _——| NMSSM
possible VR vy B Do | VR v | N
-> significant light I | 0.895..1.079 | -1.160..1.004 ||/  na. n.a.
room for medium I | 0.874...1.049\| -1.247...1.168 || n.a. n.a.
new thSiCS heavy I 0.893...1.030 ) 0.770...1.112 n.a. | na
light II 0.942...1.038< -0.608...0.999 || 0.826...1.003| 0.024...0.747 >
medium II | 0.942...1.029 w 0.916...1.000 /| -0.502...0.666
heavy II = - = =




The Higgs Connection to Cosmology and Astrophysies
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< Ultimate fest of the Higgs mechanism: Measurement of the Higgs potential

An alternative
potential

Standard Model
potential

Current
experimental
knowledge

2 2 2
,i’i\ggs = %MH H*+ 331\!/[5 H’ +%H4 only in SM: Aypp) = 3321
V@)
Higgs field value
Measurement of the scalar boson self-couplings ‘ Experimental verification v  ourniverse /
and » Of the scalar sector of the =
Reconstruction of the EWSB potential ) EWSB mechanism : -

¢ Importance of the tfrilinear Higgs self-coupling:

= Determines shape of the Higgs potential

= Sensitive to beyond-SM physics

= Important input for electroweak phase transition
= Possibly Higgs Portal to Dark Matter

Physics Case

\ - Ultimate test ofHiggs
mechanism

- Stability of EW vacuum

- Sensitivity to new physics

asymmetry

/ - Explanation of baryon
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+Electroweak phase transition: order parameter is the vacuum expectation value (VEV)
v=0 => v#0

+First-order phase transition (FOPT): jump in the VEV at the PT
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+Electroweak phase transition: order parameter is the vacuum expectation value (VEV)
v=0 => v#0

+First-order phase transition (FOPT): jump in the VEV at the PT

V Thl gh V TC V T‘IOW V
A A

>

>
() () N’ (¢) T, r

For Mu=125 GeV:

] = smooth cross-over in SM
T => FOPT requires beyond
\/C 5 the SM (BSM) physics:

[ R R |

Vea(@;T)

extended Higgs sectors

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




+Electroweak phase fransition: order parameter is the vacuum expectation value (VEV)

v=0 => v#0
+First-order phase transitj
v Tiign Electroweak baryogenesis: A
dynamical generation of L
observed baryon asymmetry } jump

in VEV

) Successful baryogenesis requires T T

v=_0

Sakharov conditions:

* baryon-number violations
* C and CP violation

+ Second-order phase tran

* departure from thermal For My=125 GeV:
equilibrium smooth cross-over in SM
_ : => FOPT requires beyond
5| *strong flrsT-orf]er' phase trans. the SM (BSM) physics:
- (SFOPT) to avoid wash-out of extended Higgs sectors

A

e

generated baryon asymmetry k




+Electroweak phase fransition: order parameter is the vacuum expectation value (VEV)

v=0 =2 v#0
+First-order phase transitj
v Tiign Electroweak baryogenesis: A
dynamical generation of N

observed baryon asymmetry } jump

in VEV
) Successful baryogenesis requires T T

v=_0

Sakharov conditions:

* baryon-number violations
* C and CP violation

* departure from thermal For My=125 GeV:
equilibrium smooth cross-over in SM
=> FOPT requires beyond
the SM (BSM) physics:
extended Higgs sectors

+ Second-order phase tran

Computation )
of quantum  *+ Strong first-order phase trans.

correctionsto  (SFOPT) to avoid wash-out of

effective Higgs
votential generated baryon asymmetry \%

A

at T #0
— — I
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< Ultimate fest of the Higgs mechanism: Measurement of the Higgs potential

An alternative
potential

Standard Model
potential

Current
experimental
knowledge

2 2 2
,i’i\ggs = %MH H*+ 331\!/[5 H’ +%H4 only in SM: Aypp) = 3321
V@)
Higgs field value
Measurement of the scalar boson self-couplings ‘ Experimental verification v  ourniverse /
and » Of the scalar sector of the =
Reconstruction of the EWSB potential ) EWSB mechanism : -

¢ Importance of the tfrilinear Higgs self-coupling:

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

= Possibly Higgs Portal to Dark Matter

Physics Case

\ - Ultimate test ofHiggs
mechanism

- Stability of EW vacuum

- Sensitivity to new physics

asymmetry

/ - Explanation of baryon




Higgs Portal to Dark Matter (DM)

Dark Matter

unknown

+Higgs portal to Dark Matter:  Higgs as mediator between dark sector and visible world

+Phenomenological requirement: DM must reproduce measured relic density
DM must comply with limits from direct detection

+Model ,CP in the Dark™ extended Higgs sector with two doublet and one singlet fields and
discrete Z; symmetry ®; - &, &, - —P,, O, - — O,
one SM-like Higgs plus dark sector: hi,hz,hz H*

+CP-Violation of ,CP in the Dark™: solely in the dark sector <- not constrained by EDMs

M.M. Mithllettner, KIT Sy MPOSLUM RuUantum Phgslcs at the HEP Frontier
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Coloured points: signal-to-noise ratio (SNR) testable at LISA

100 [Basler,Biermann,
MM Miiller,

N Santos,Viang,

30 in preparation]
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SNR(LISA-3yrs).,,

all points compatible w/ relevant theoretical and experimental constraints



[Basler,Biermann,MM ,Miiller,Santos,Viana,in prep.]
SNR/(LISA-3yrs)
1 10 20 30 40 50 60 70 80 90 100
Bl

10 - 10~
s Qexph? = 0.12

1 v-floor

, 1 —50 . N
0 200 400 600 800 1000 101 102 103
my, [GeV] my, [GeV]

- Viable GW points (SNR(LISA-3yrs)>1 - colored points):

compatible w/ relic density ( < €2 h?), (some) above neutrino floor

exp
testable at future direct detection experiments

e — S




+Example: CP-conserving 2-Higgs-Doublet Model (R2ZHDM) [Biermann Borschensky MM,
dark gray: no EW symmetry restoration (EWSR) at high T, light gray: fp < 1, colored: §p > 1, i.e. SFOEWPT Santos,Viana,in prep.]

R2HDM, type I, S=EW only

. 1500 3
2.0 . o ‘-_7
o B 3.0 1250 |
= n -
7z 0 —~ 1000} -
- 2.5 2
gé L5¢ ' S 2 750t :
a3 _ : 2.0 <
I1.0F: : = 500} ]
~
< 1.5 o50 | | 15
0.5} - g
5010001200 00— 50 1000 1500
Mpy+ (GeV) My (GeV)
2HDM SFOEWPT requires enhanced trilinear 2HDM SFOEWPT typically: A-H mass gap
Higgs self-coupling of the SM-like Higgs ~ A — ZH signatures (need not, however)

Similar findings e.g. [Dorsch eal,'13,'14; Biekotter eal, 23]



All 2HDM points compatible w/ outcome of FCC-ee Z-pole programme

LO

~ 0,y forced into alignment limit
NLO
0.01 S5 "J‘s’!’ 9 *
N T
4
% 10 .
Z LO
S 1078
° o *
107 FCC-ee sensitivity Vs =240 GeV
300 400 500 700 800
mpy |GeV]

[Anisha,Arco,diNoi,
Englert, MM, 25]

Points w/ strong first-order (SFO) PT incompatible w/ SM alignment
> quantum corrections single out an strong first-order electroweak PT
modifications large enough for ¢e*¢~ — ZH programme to test new physics!



All 2HDM points compatible w/ outcome of FCC-ee Z-pole programme

> 07

forced into alignment limit

NLO
0.01 o‘%&.&.&“ M »
- “me 3@, Markus Klute 'OreTmmmtoC
- &5 R
1072 S “o Future: ¥
3 . % Unlocking the
bé . e ° S Higgs boson LO
= 10 at future collider's‘I
— ——
10°F FCC-ee sensitivity Vs = 240 GeV -
3OOI -~ I400I - I5OOI - I6OOI -~ I7OOI - I800
mpy |GeV]

[Anisha,Arco,diNoi,
Englert, MM, 25]

Points w/ strong first-order (SFO) PT incompatible w/ SM alignment
> quantum corrections single out an strong first-order electroweak PT
modifications large enough for ¢e*¢~ — ZH programme to test new physics!
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Bubbles of the non-zero
Higgs field VEV nucleate
from the symmetric vacuum

CP-asymmetry is converted
iInto a baryon asymmetry by
sphalerons in the symmetric
phase in front of bubble wall

(P»=0

They expand & particles in
plasma interact with the phase
interface in a CP-violating way

[*<¢c(71;)>/Tc > 1 ]

-
P, T

VEVand T
at EW phase

transition
\_ Y,

Produced baryons muss not
be washed out by sphaleron
processes in symmetric phase
in front of bubble wall




