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Exploring Physics Beyond the Standard Model
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Many slides, pictures etc from talks at PBC workshops



PBC is all about
Exploration
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Testing of models fostering Exploration

An early example (16th-18th Century):
You want to go to explore the southern hemisphere

If you want to explore: ask a theorist ;-)

16th Century Theorist: Gerardus Mercator
16th Century Theory: Terra Australis

https://en.wikipedia.org/wiki/Gerardus_Mercator#/media/File:Gerardus_Mercator_3. jpg
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TeS'I'ing Of mOdels fOS'I'er‘ing Explor‘qfion THEORETISCHE PHYSIK

Gerardus Mercator on the need for the existence
of Terra Australis:

"...

to yield in its geometric prog.rtions, size and weight, and
importance to neither of th2 other two, nor possibly to be
lesser or smaller, otherwise the constitution of the world could

nOT hOId *Ogether 01' i‘|’$ Centr'e .“ (according to Walter Ghim cf. Wikipedia Terra Australis)

Theorists don't lack confidence in their results
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Gerardus Mercator on the need for the existence
of Terra Australis:

.. ..demonstrated and proved by solid reasons and arguments

otherwise the constitution of the world could
nOT hOId 1‘0961' =r 01' i‘|’$ Centre.“ (according to Walter Ghim cf. Wikipedia Terra Australis)

Some theory gibberish
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Gerardus Mercator on the need for the existence
of Terra Australis:

.. ..demonstrated and proved by solid reasons and arguments
to yield in its geometric proportions, size and weight, and
importance to neither of the other two, nor possibly to be
lesser or smaller,

“
(according to Walter Ghim cf. Wikipedia Terra Australis)

All other theories are, of course, completely wrong
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Gerardus Mercator on the need for the existence
of Terra Australis:

.. ..demonstrated and proved by solid reasons and arguments
to yield in its geometric proportions, size and weight, and
importance to neither of the other two, nor possibly to be
lesser or smaller, otherwise the constitution of the world could
not hold 1'oge1'her' at its cem'r'e.“ (according to Walter Ghim cf. Wikipedia Terra Australis)

https://en.wikipedia.org/wiki/Terra_Australis#/media/File: Typus_Orbis_Terrarum_drawn_by_Abraham_Ortelius. jpg
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Gerardus Mercator on the need for the existence
of Terra Australis:

.. ..demonstrated and proved by solid reasons and arguments
to yield in its geometric proportions, size and weight, and
importance to neither of the other two, nor possibly to be
lesser or smaller, otherwise the constitution of the world could
not hold fogether' at its centre." (according to Walter Ghim cf. Wikipedia Terra Australis)

.Experimentally”
Discovered:
Australia

https://en.wikipedia.org/wiki/World_map#/media/File:Mercator_projection_SW. jpg
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Gerardus Mercator on the need for the existence
of Terra Australis:

.. ..demonstrated and proved by solid reasons and arguments
to yield in its geometric proportions, size and weight, and
importance to neither of the other two, nor possibly to be
lesser or smaller, otherwise the constitution of the world could
not hold 1'oge1'her' at its cem'r'e.“ (according to Walter Ghim cf. Wikipedia Terra Australis)

Australia

https://en.wikipedia.org/wiki/World_map#/media/File:Mercator_projection_SW. jpg



Drawing a Map:
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK

Energy.,Mass

t+OMOdr SO

Precision,
Intensity,
Small coupling
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Energy.,Mass
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An example:

This is only an example

Many more cool and interesting models to testl!l
see, e.g., 1901.09966



https://arxiv.orq/pdf
/2001.07258.pdf

example:

On the Elliptic Calabi-Yau Fourfold with Maximal h!!

Yi-Nan Wang®
ABSTRACT: In this paper, we explicitly construct the smooth compact base threefold for
the elliptic Calabi-Yau fourfold with the largest known hl! = 303148. It is generated
by blowing up a smooth toric “seed” base threefold with (Eg, Eg, Eg) collisions. The 4d
F-theory compactification model over it has the largest geometric gauge group, Eg“l X
F576 x G20168 x SU(2)%0200  and the largest number of axions, 181820, in the known
4d N = 1 supergravity landscape. We also prove that there are at least 1100°048 ~
7.5 x 105766 Jifferent flop phases of this base threefold. Moreover, we find that many
other base threefolds with large h! in the 4d F-theory landscape can be constructed in a

similar way as well.


https://arxiv.org/pdf

Couplings



Couplings fixed by scale of symmetry [
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Drawing our map
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PBC exploration
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Measurement of proton EDM

Storage ring based EDM search

® S

* In the presence of EDM,

a5 _  Sx1+6nE, +1+ 0B +(6-=~ Exp
dt_ym [( }/) A I y2_1 C

+d(E + B x B)]

* Null to remove the MDM contribution to spin motion. And glue the
spin vector along the particle’s velocity in the horizontal plane

Sensitivity

dp ~ 4 X 10~%*Yec cm

Non-zero EDM results in the
vertical polarization buildup O /
I

ds * ix[dE+BxB) V°©
—_— =X X
5 =S X [AE + fxB)

ﬂ o cE)—uFt_e—s;ofE. Stephenson
Full Spin Frozen storage ring is the most effective way!

Physics Beyond Colliders Workshop, Sept 6-7, 2016, CERN 0 J ULI CH

M. Bai
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What is measur‘ed? THEORETISCHE PHYSIK

* Proton electric dipole moment ~Oqcp

1 .
LD —gags0G"" G

4v
Oqcp
dp ~ 9Q0D10_166 cm

- Sensitive to static and slowly oscillating
EDM.

* If a = Dark Matter = oscillating

0=

anqular excitation
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LHC
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International Axion Observatory = TAXO [l
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Ser‘Si*iVify THEORETISCHE PRYSIK
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More : Light shining through walls e
JURA

Light shining through walls

Detector

Production Cavity (PC) Regeneration Cavity (RC)
_OEEnEEAEEE_ _DOCoqoCDos

Laser ’ I
: | ' )
’ I

[\ [ | | Detector
DOOOOO0DOo00 |, 0000000000

Magnet Sting, | i dner @ PBC Workshop 2016 Courtesy A. Spector (ALPS)




Sensitivity
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Heidelberg
University

The SHIP experiment at SPS  sHiP Technical Proposal:
( as implemented in Geant4 for TP ) 1504.04956

“Zero background” experiment
- Muon shield
- Surrounding Veto detectors

>5x1018 D, >1076 7, >1020 y idden Sector
for 2x102 pot (in 5 years) decay volume

A

Spectrometer
-, Particle ID
Search for Hidden Sector

particles (decays in the

arget/ decay volume)

hadron absorbe Emulsion
. : spectrometer
& ctive muon shield P

Search for DM (scattering on atoms)
v, physics (specific event topology)

A. Golutvin @ PBC Workshop 2016




S H A DOW s a nd H IKE gy

HIKE

Main
Electromagnetic
Calorimeter
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A 4

Horizontal Bend Intermediate Ring

Magnets Downstream Spectrometer Timingl ‘\'”‘"“‘
Fiducial Volume with STRAW Trackers Detector '

1 t

50 ' 200 250

https://arxiv.org/pdf/2310.17726.pdf

https://arxiv.org/pdf/2310.17726.pdf
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A theorist’'s picture...

High power
beam

Decay
Volume

M C 40
O-H4Ha0am4mQ

visible

T,8,7---

New particle / -
; N | 7 ™= - Neutral
\\\ part.

Strongly interact.part,
T,8,Yuu

v, DM
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A theorist’'s picture...

High power
beam

Decay
Volume

M C 40
O-H4Ha0am4mQ




SHiP, HIKE,

0

- -3

O,

W

-~ -6

o

(o]

—

©t -9

i e

)

(@)

c

g -12

(7]

(@)

£

= -15

=

(o]

o
~18
—21

SHADOWS

Mass of BSM state => Logmmx[eV]

C LHC ~
C photomn couiplin —— _
— HIKE —
: gluon IAXO J_{ SHADOWS :
y A
coupling jura _
C Planck Scale _
_II IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
-24 -21 -18 -15 -12 -9 -6 -3 12 18

) INSTITUT FUR
U THEORETISCHE PRYSIK




1P INSTITUT FUR
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https://arxiv.org/pdf/2310.17726.pdf
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Messengers for dark matter?
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M. Dolan et al 1709.00009
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(9-2), and proton radius anomaly

LHC

photo co?ApIing ——
HIKE
gluon IAXO / J_/ SHADOWS

7 NAG4

(9-2), explanations
also proton radius anomaly

Coupling strength = Log,, 1/f, [GeV
©
I 1 I 1 I | IOI 1 I 1 I 1 I |

-18

Planck Scale

-24 -21 -18 -15 -12 -9 -6 -3 12 18
Mass of BSM state => Logmmx[eV]

-21




1P INSTITUT FUR

Whaf is (g - 2) /J: ? THEORETISCHE PRYSIK

* The SM predicts the value of the
magnetic dipole moment of the muon:

To be halved
by Fermilab exp.

Jegerlehner, https://arxiv.org/pdf/1804.07409.pdf

improvement
needed

= (3-4)0 discrepancy
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*+ To improve "Theory” we need to
Measure hadronic corrections for (g-2),

* Crucial input for using (g-2),to search for
BSM!

* New way: Measure scattering of p on e

sum rule
—

see Gunar Schnell @ PBC Workshop Nov. 2017
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+ Idea: Look for very long lived particles
produced in LHC collissions

* Recent proposals:
MATHUSLA, FASER, CodexB, MilliCan

charged
particles

https://ep-news web cern ch/content/lifetime-frontier
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The Fo r‘war‘d Phys ics Fac il ity THEORETISCHE PRYSIK

+ Idea: Look for very long lived particles
produced in LHC collissions

* Recent proposals:
MATHUSLA, FASER, CodexB, MilliCan

charged
particles
DV 0
{ Iti-l
inth

https://ep-news web cern ch/content/lifetime-frontier
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A lot of interesting stuff flies
in the forward direction & FPF
e N A

LOS

-
- =
-

2

~ -
-
-
~ -
~

FASERvV2

........ CEEEEEE- ;.,I

FPF, J. Feng, F. Kling et al. https://arxiv.org/pdf/2203.05090.pdf
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Long Lived Particle searches also explore
MeV-6eV region
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https://arxiv.org/pdf/2310.17726.pdf




Many more
Maps and Particles




More concrete:
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Portal Coupling
Dark Photon, A’ c _F, B*

"~ 2cos Oy T MY

Axion-like particles, a = Fu F*, 2Gi Gl %E’Y“W%ﬁ

Dark Higgs, S (uS + AusS*)H'H
Heavy Neutral Lepton, N  ynyLHN

milicharged particle, x €A"xy.Xx

https://arxiv.org/pdf/2102.12143 pdf

Constructed to be the lowest dimensional
connections between SM particles and new
particles uncharged under SM gauge groups
+ some symmetry prejudices
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The 3+x Por"l’als 1’0 (A"} physics THEORETISCHE PHYSIK

Heidelberg
University

Portal Coupling
Dark Photon, A’ c _F, B*

"~ 2cos Oy T MY
Axion-like particles, a = Fu F*, 2Gi Gl %@’7“’75%0

Dark Higgs, S (uS + AusS*)H'H
Heavy Neutral Lepton, N  ynyLHN

milicharged particle, x €A"xy.Xx

https://arxiv.org/pdf/2102.12143 pdf

Constructed to be the lowest dimensional
connections between SM particles and new
particles uncharged under SM gauge groups
+ some symmetry prejudices
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Dark Photon without dark decays " s

* Motivation: Model building and dark matter
+ Target areas for dark matter

-
o
&

LOurt U(1) Hidden" U(1) Mixing

kinetic mixing €
[}
o
3

1.
Mass — 2 yu
* Lmass 5 My X AX/M

=
o
&

Experiments:
HIKE, NA64,
SHiP,
ALPS-III (low mass)

B
m——
— — —

dark photon mass myu' (GeV)

https://arxiv.org/pdf/2310.17726.pdf
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1O
LD Gaypypapy

Precisely measure energy/momentum
| __-.---* | Dark
~ | Sector

_\..“

e.g.
dark matter

S. Gninenko @ PBC workshop 2016

+ “dark matter” detector @ SHiP
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Dar‘k PhO"‘Oﬂ Wi"'h dar‘k decays THEORETISCHE PHYSIK

"PSics
“*Beyond
(Colljders
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https://arxiv.org/pdf/2310.17726.pdf
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Dar'k phO"'Oﬂ e hidden maf'l'eri THEORETISCHE PHYSIK

Dark photon
+epp X 'u%ﬂb
= Millicharged particle

RGWD P

s P, == e o P
: : e — = SN1987A /

O ==
= H +

3 4 5
0010 R MeW

FPF, J. Feng, F. Kling et al. C. Antel,..., G. Lanfranchi.. et al.
https://arxiv.org/pdf/2203.05090.pdf https://arxiv.org/pdf/2305.01715.pdf
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Heidelberg
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Heavy Neutral Leptons
A new v (Minimal) Standard Model

Three Generations

Three Generations

of Matter (Fermions) spin ¥ of Matier (Fermions) spin %
| I 11l | 1l 1
mass 24 MeV 127 Gav W32 CGuv a mass - 2.4 MV 127 Gav 1732 Guv a
thame - |35 u % C % t a g chame - |35 u % C £ t a g
name - up chaem wop ghuan name - up chamn top ghuan
: 45 e 104 MV 4.2 GaV o : L EMeV W4 M 4.2 CaV 1]
g (S |AD i 1- AN. Wl 4 * Y
O [ dawn srange bosom phaotan & down srange bomom photan
7 7 7 = [ries 126 Gev 10y | [cav | v - wiow () 126 Gev
a / 0 0 / ol 0 0 ) 0 7 |a ]
Vo [V Yy N Ve/N VN |'Vo/Ny FZY | H
/ m =1 - I o -+
p- neumpo peuny | == bagn ey | meump q 2 b
as11 M 105.7 My LITY Guv - |sasce spin 0 0511 MeV 1057 MaV 1777 Gav -A.ﬂt spin0
5 | e 4 “ -1 T = :l.W 5 la e S u 1 T +1
ekeamn muon o o g : secron muan =] o0 ﬂ

N = Heavy Neutral Lepton - HNL, Majorana fermion

Role of IN; with mass in keV region: dark matter

Role of N2, N3 with mass in 100 MeV — 100 GeV region: “give”
masses to neutrinos and produce baryon asymmetry of the Universe

Role of the Higgs: give masses to quarks, leptons, Z and W and
inflate the Universe. M. Shaposhnikov @ PBC workshop 2016
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https://arxiv.org/pdf/2310.17726.pdf
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BaCk 1’0 ex*r‘emely Iow masses THEORETISCHE PHYSIK

PX46 — P4 Support shaft VO|ume mOdUIus
/ Lengths 143m
D =10.10m na'l'ur'(l"y Coupled J j\

» ldeal basic parameters for

AION100 to Hi ggs

Supported by CERN PBC Team
(Gianluigi Arduini, Sergio Calatroni ...) E M. Cicoli, A. Hebecker et al, https://arxiv.org/pdf/2203.08833.pdf
on feasibility study: ’
Seismology
Temperature
Ventilation
Radiation protection
Electromagnetic interference

Q?Q. Access & safety
J. Ellis @ PBC workshop 2022

-—
=
o0}

AION:
An Atom Interferometry

Observatory and Network

Higgs—portal coupling 4[eV]

—

<
N
o

1 1

101-14 101-12 10710
Scalar DM mass my [eV]

L. Badurina et al, https://arxiv.org/pdf/1911.11755 pdf
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BaCk 1’0 ex*r‘emely Iow masses THEORETISCHE PHYSIK

Volume modulus
naturally coupled
to Higgs

M. Cicoli, A. Hebecker et al, https://arxiv.org/pdf/2203.08833.pdf

Dark Higgs, S (uS + AusS*)H'H

https://arxiv.org/pdf/2102.12143 pdf
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N
e AION-km

nON

Higgs—portal coupling p4[eV]

10-18 10-16 10-14 10-12 10-10
Scalar DM mass my [eV]

L. Badurina et al, https://arxiv.org/pdf/1911.11755 pdf



Many more cool things
out there!



A INSTITUT FUR

THEORETISCHE PHYSIK
Heidelberg
University

cool things...

~ymuv > hky > hk

o V% Gamma Fac'ror'y

ymv ymv + hk 'mu+hk—hk1 Ia./\/vv\’_>

Photon absorption Excited ion Photon emission

D. Budker...

W. Krasny... et al. https://arxiv.org/pdf/2106.06584.pdf

Overview of the setup in Geant4
https://arxiv.org/pdf/1902.00260.pdf

heavy ions at CERN

Low energy setup

L quark-gluon plasma

i » NA61++/SHINE

NAGO+status report, PBC annual meeting, Nov 2022

o The solid/compact targets are in favor due to possibility of installation in VD.

100

6. Usai

@ PBC projectile “He/1°B | %0 | *Mg | “Ar
target | *He(liquid)/°Be-1>C | Q(water) | 32S | #Sc
workshop 2022 0 19 (LiF) | Mg | Ca
M. K. E : . ok B & 8 ll."_e (.:3)(I'I:'(‘I)(“r(\l
Mackowiak-Pawlowska U [ — e 2 % % % e v ” 500 (MeV)
@ PBC Bo. . =5, . @maEEais SeeINE Heg
workshop 2022 E ca _____c_ TV g odin F__o Co Ni Cu Zn g___. _s_._ g_. é Br Kr RHIC NICA j.paRc  HIAF



Conclusions
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+ Exploration for New Physics benefits from
both high energy as well as high sensitivity

2> Different experiments
complement each other

AXiONFASER
FPF
MATHUSLA
ANUBIS
CODEX-b

Coupling strength = Log,, 1/f, [GeV

=>Interesting Hints

Planck Scale

Z
-24 -21 -18 -15 -12 -9 -6 -3 0 3 6 9 12
Mass of BSM state = Log,, mMx|e
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* Here mostly direct BSM searches but more
things going on...

* QCD experiments
» Technology development

» This can also have crucial impact on BSM
searches, e.qg.

- mu-e scattering = essential for (g-2),

- Fixed target measurements with LHC beam
= PDF's for collider searches
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+ Stay tuned: pbc.web.cern.ch

Next PBC Workshop: 25-27 March @ CERN



Are we sure?

Looking for conceptual or
calculational mistakes in WISP
experiments



An example

Improving phase coherence in
LSW experiments with a gas?

mg = 2(n, — 1)

= Mass matching with axion for
ordinary gases with n>1

m5, = 2(1 — ny)

2
~

=> Gas destroys sensitivity
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1. Do you know any papers with suggestions/proposals of experiments looking for
axions or other feebly interacting particles which you suspect suffer from conceptual
or calculational problems?

2. Please, give the reference (if you think of more than one paper, please, add them
all).

3. Please, also specify why you think this paper has problems.

4. Do you think the referee process is efficient in detecting such problems?
5. How many papers do you think, published or unpublished, have this problem?

6. What type of errors are made in papers more commonly and which are better
detectable in the refereeing process

7. Do you think the discussion culture in workshop and conference talks is suitable to
detect such problems. If not, how should we adapt?

= Send me an email: jjaeckel@thphys.uni-heidelberg.de



