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Comment: A Cosmological Bridge

We are all familiar with diagrams like this:
HISTORY OF THE UNIVERSE A
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With an important message for particle physics...
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Particles with this BBN and CMB greatly
lifetime are our constrain this region.
responsibility.



Comment: A Cosmological Bridge

We are all familiar with diagrams like this:
HISTORY OF THE UNIVERSE

Particle era

< >
We should consider - 3
this a lifetime tarset c7 ~ 10’ — 10°m
for our field:



For a particle to be long-lived it must
have a very weak coupling, or a
small phase space. Consider former.

What is a weak coupling®



On Couplings

Dimensional analysis unambiguously
determines what a “coupling” is. Seen by
reinserting h into action.

Lh#1

In terms of these dimensionful quantities:

Al=FEL, [L]= EL™’ , 8] = [A,Lb] = E'/2L7Y2 , Y] = EY2L1

o) =[] =L, [ =l =FL, N=ETL

we see that couplings carry a label.




On Couplings

Studying the following assignments:

B =EL, [£]=EL™, [¢]=I[A]=EY’L7?, [y]=E">L"

o) =[] =L, [ =l =FL, N=ETL

Then if we have any parameter K with
dimensions of coupling then the quantity:

Cn? D

is dimensionless. As a result, if

then we have a weak coupling.




Nature & Weak Couplings

BElectron Yukawa,

Interaction: £ = A hee

Dimension: [)\ e]

For example, the scalar force mediated by the

Higgs:
ANz ~ 101

is extremely weak.




Nature & Weak Couplings

Fermi Scale

4

Interaction: £ ~ 2z /@-comple@
M pL/2y _ [Mw]
Dimension: | A] = |G5 7| = 4l o

For example, for muon decays we have
hG g mi ~ 10~

and the muon is long-lived due to a tiny coupling
(standard coupling times small mass-ratio).

Q




We know there is a lot we don’t know, but
nature has clearly demonstrated an affinity
for weak couplings...

We should avoid excessive theoretical
hubris and explore all frontiers, including
the weakest of couplings.



Organizing the Unknown

Some quantum operator DY Contains the
hidden sector fields. Interaction with SM is of
the form |

L1, =
It =\ Do+DM—4

The lower the ‘dimension’ of the interaction, the
more relevant it will remain at low energies,
since amplitudes will scale as

I Do+D3M —4

This enables us to isolate promising targets.

pv.. mSM
OO,
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Kinetic Mixing
If the hidden sector contains a light neutral

vector 0, = F,, then we have

gy 0 S g
Lt = — F B
nt 2cos Oy MR

which also remains relevant at all energies.

Motivation: Nothing prevents new force carriers
from being light. To explore possibility of new
forces, this is the obvious place to look!
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Kinetic Mixing
If the hidden sector contains a light neutral

. /
vector ), = F/w , then we have

€
nt 2cos Oy HYTH

which also remains relevant at all energies.

e

107 &

_3
10 a&:‘,w wm& \

10_4 :E \\ "’\/
NG BN
1075 = <

Excluded regions
HPS, 2016-2020
APEX, 2018+
--------- Mu3e, 2018+

MESA, 2020+
----- NA64(e), 2021++
SeaQuest, 2023
NA62-dump, 2024++
SHIP, 2026++

LDMX, 2026++

107

1077

IIIII|T|'| IIIlllﬂl LU

AWAKE, 2026++
~—— —— REDTOP, 2026++

10—8 1 111 1 111 L 1 Ll 1 L1l L1l J
1072 107! 10 10 10°
m,, (GeV)

[S—

13



Kinetic Mixing
If the hidden sector contains a lisht neutral

vector 0, = F/'L _then we have
Dt = e e
2c089

which also remains Pelevant at all energies.
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Sterile Fermions

If the hidden sector contains a gauge-neutral
spin-1/82 operator O, = N, , then we have

Lint = yNLH

which also remains relevant at all energies.

Motivation: Could explain the origin of matter-
antimatter asymmetry, could explain
microscopic origin of neutrino masses, etc...

D
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Sterile Fermions

If the hidden sector contains a gauge-neutral
spin-1/82 operator O, = N, , then we have

,ZZIIIt — Z/i“d:l;jEl-

which also remains relevant at all energies.

These states can have big mixing angles with SM
neutrinos:

L = ﬁSM + [:Int i Ll%/[ass T LI{A/IaSS

Geenerates
SM neutrino
masses.

Generates
large mixing with
SM neutrinos



Sterile Fermions

If the hidden sector contains a gauge-neutral
spin-1/82 operator O, = N, , then we have

Lmg =yNLH

which also remains relevant at all energies.
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Higgs Portal

If the hidden sector contains a gauge-neutral
spin-0 operator O = Ap, \¢?, then we have

Lint = (Aﬁb P >\¢2)|H‘2

which also remains relevant at all energies.

Motivation: Could explain the origin of matter-
antimatter asymmetry, relate to dark sector,

etce...
@/m% , hA K1
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Higgs Portal

If the hidden sector contains a gauge-neutral
spin-0 operator O = Ap, \¢?, then we have

Lint = (M"‘ >\¢2)|H‘2

which also remains relevant at all energies.

1906.03764
kappa-3 scenario HL-LHC+
pp ILCys0 ILCspo | CLIC330 CLIC;500 CLIC3000 | CEPC | FCC-eezq9p FCC-eezgs FCC-eeleh/hh
BRin (<%, 95% CL) | 026 022 | 0.63 0.62 0.61 | 027 | 022 0.19 0.024

For no mixing, one can get a glimpse into the
hidden sector through invisible decays.

Incredibly effective probes possible. 20



Higgs Portal

If the hidden sector contains a gauge-neutral
spinQaperator O = Ap, \¢?, then we have

2l



Higgs Portal

If the hidden sector contains a gauge-neutral
spin-0 operator O = Ap, \¢?, then we have

Lint = (Ap + A¢?)|H|?

which also remains relevant at all energies.
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A UV Perspective on the
Higgs Portal



Neutral Naturalness

Could there be totally hidden states which tame
sensitivity to physics at the cutoff?

Much attention now to alternative ideas:

Folded SUSY  ber

ph/0609
152

Theory where EW-charged
uncoloured scalars are top
partners . .

Tr “Folded Stops”
...but they must be charged

under new hidden QCD’.

Twin Higgs "

ph/0506
256

Theory where top partners
are SM gauge neutral

fermions " “Tyrin Tops”

...but they must be charged
under new hidden QCD’.




Neutral Naturalness

Naturalness not hidden, just look in new places...

Twin / Twin
Gluons Hadrons

[Folded SUSY]
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Comment: On Energy

It is tempting to associate the weakly coupled
frontier with the low ma.ss range. Why?

Case study: The Higgs boson is the most
mysterious particle in nature. If it has rare decays
then the only shot at discovering them is through

Higgs boson decays.
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Higgs

The Higgs is totally different from other particles

and could be our new window to the dark sector:
Standard

@ Model
Standard
@ Model

95% C.L. upper limit on selected Higgs Exotic Decay BR
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Higgs

The Higgs is totally different from other particles

ang . d be our new window to the dark sector:
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Comment: On Energy

It is tempting to associate the weakly coupled
frontier with the low ma.ss range. Why?

e (IT, r > 50 pm)x(1L) —— (IT,r>4 cm)x(VBF h->bb) ==== (IT, r >4 cm)x(inclusive VBF) = —— (HCAL)x(HCAL) —— (MS)x(MS or IT)
1
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£ £
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105 :
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Case study: The Higgs boson is the most
mysterious particle in nature. If it has rare decays
then the only shot at discovering them is through
Higgs boson decays.

9



Last but not least... SUSY (ish)



1904.10661 - Neutralinos

BR(Z — XI%)) = 10~

AL 250 GeV
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- [GeV

10° 104
myo [MeV]



The Punchline

Who recognises this?



The Punchline

Fic. 12. Pike's Peak, 7900 gauss. A disintegration
produced by a nonionizing ray occurs at a point in the
0.35 cm lead plate, from which six particles are ejected.
One of the particles (strongly ionizing) ejected nearly
vertically upward has the range of a 1.5 MEV proton. Its
energy (given by its range) corresponds to an Hp=1.7 X 10,
or a radius of 20 cm, which is three times the observed
value. If the observed curvature were produced entirely by
magnetic deflection it would be necessary to conclude that
this track represents a massive particle with an ¢/m much
greater than that of a proton or any other known nucleus.

As there are no experimental data available on the multiple
scattering of low energy protons in argon it is difficult to
estimate to what extent scattering may have modified the
curvature in this case. The particle is therefore tentatively
interpreted as a proton. The other particle ejected upward
to the right may be either an electron or a fast proton. The
four particles ejected downward are positively charged
and do not ionize sufficiently strongly to represent protons
of the curvatures chaown TIf thev are nncitrana their

F1G. 13. Pasadena, 4500 gauss. A complex electron
shower not clearly defined in direction, and three heavy
particles with specific ionizations definitely greater than
that of electrons. The sign of charge of two of these heavy
particles represented by short tracks cannot be determined,
but the assumption that they represent protons is con-
sistent with the information supplied by the photograph.
The third heavy track appears above the 0.35 cm lead
plate where it has a specific ionization not noticeably
different from that of an electron. It penetrates the lead
plate and appears in the lower half of the chamber as a
nearly vertical track near the middle. Below the plate it
shows a greater ionization than an electron, and is deviated
in the magnetic field to indicate a positively charged
particle. Its Hp is apparently at most 1.4 X10% gauss cm,
which corresponds to a proton energy of 1 MEV and a
range of only 2 cm in the chamber, whereas the observed

ol e

~ .

was discussed in the description of the previous photograph.



The Punchline

Fic. 12. Pike's Peak, 7900 gauss. A disintegration
produced by a nonionizing ray occurs at a point in the
0.35 cm lead plate, from which six particles are ejected.
One of the particles (strongly ionizing) ejected nearly
vertically upward has the range of a 1.5 MEV proton. Its
energy (given by its range) corresponds to an Hp=1.7 X 10,
or a radius of 20 cm, which is three times the observed
value. If the observed curvature were produced entirely by
magnetic deflection it would be necessary to conclude that
this track represents a massive particle with an e/m much
greater than that of a proton or any other known nucleus.

As there are no experimental data available on the multiple
scattering of low energy protons in argon it is difficult to
estimate to what extent scattering may have modified the
curvature in this case. The particle is therefore tentatively
interpreted as a proton. The other particle ejected upward
to the right may be either an electron or a fast proton. The
four particles ejected downward are positively charged
and do not ionize sufficiently strongly to represent protons
of the cunrvatures chown Tf thev are nncitrane their
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that of electrons. The sign of charge of two of these heavy
particles represented by short tracks cannot be determined,
but the assumption that they represent protons is con-
sistent with the information supplied by the photograph.
The third heavy track appears above the 0.35 cm lead
plate where it has a specific ionization not noticeably
different from that of an electron. It penetrates the lead
plate and appears in the lower half of the chamber as a
nearly vertical track near the middle. Below the plate it
shows a greater ionization than an electron, and is deviated
in the magnetic field to indicate a positively charged
particle. Its Hp is apparently at most 1.4 X10% gauss cm,
which corresponds to a proton energy of 1 MEV and a
range of only 2 cm in the chamber, whereas the observed
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was discussed in the description of the previous photograph.



The Punchline
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greater than that of a proton or any other known nucleus.

As there are no experimental data available on the multiple
scattering of low energy protons in argon it is difficult to
estimate to what extent scattering may have modified the
curvature in this case. The particle is therefore tentatively
interpreted as a proton. The other particle ejected upward
to the right may be either an electron or a fast proton. The
four particles ejected downward are positively charged
and do not ionize sufficiently strongly to represent protons
of the cunrvatures chown Tf thev are nncitrane their

different fro
plate and appears in theé Towe amber as a
nearly vertical track near the middle:™ the plate it
shows a greater ionization than an electron, and is deviated
in the magnetic field to indicate a positively charged
particle. Its Hp is apparently at most 1.4 X10% gauss cm,
which corresponds to a proton energy of 1 MEV and a
range of only 2 cm in the chamber, whereas the observed

Yo 1¢ orenter + ~

es the lead

was discussed in the description of the previous photograph.
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Fic. 12. Pike's Peak, 7900 gauss. A disintegration
produced by a nonionizing ray occurs at a point in the
0.35 cm lead plate, from which six particles are ejected.
One of the particles (strongly ionizing) ejected nearly
vertically upward has the range of a 1.5 MEV proton. Its
energy (given by its range) corresponds to an Hp=1.7 X 10,
or a radius of 20 cm, which is three times the observed
value. If the observed curvature were produced entirely by
magnetic deflection it would be necessary to conclude that
this track represents a massive particle with an e/m much
greater than that of a proton or any other known nucleus.
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plate where it has a specific ionization not noticeably
different from that of an electron. It penetrates the lead
plate and appears in the lower half of the chamber as a
nearly vertical track near the middle. Below the plate it
shows a greater ionization than an electron, and is deviated
in the magnetic field to indicate a positively charged
particle. Its Hp is apparently at most 1.4 X10% gauss cm,
which corresponds to a proton energy of 1 MEV and a
range of only 2 cm in the chamber, whereas the observed
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