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What is Phenomenology?

“We demand rigidly defined areas of doubt and uncertainty!”
— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

ChatGPT 5.2

What is Phenomenology?

Phenomenology is a philosophical approach that investigates conscious experience as it is directly lived and

perceived. It focuses on how phenomena appear in awareness, while setting aside background assumptions

about what might underlie or cause that experience.

06 P 7 Oy What is the etymology of the term?

The term phenomenology comes from the Greek words phainémenon, meaning “that which appears,” and

l6gos, meaning "study” or “discourse.” It entered the English language in the late 18th century and became

closely tied to Husserl's philosophy in a 1907 article in The Philosophical Review.
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What is Phenomenology (in Physics)?

Phenomenology (in physics) is the application of theoretical models to make predictions that can be
directly tested by experiments. In modern usage, phenomenology often operates at the level of effective
theories, describing physics across multiple scales without requiring a complete microscopic or

fundamental description.
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A broad and growing field
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HIGH ENERGY PHYSICS - hep-ph (High Ene Theoretical particle physics and its interrelation with experiment. Prediction of particle physics observables: models,
PHENOMENOLOGY J oy effective field theories, calculation technigues. Particle physics: analysis of theory through experimental results.

(HEP-PH) Physics \Phenomenology

ASTROPHYSICS astro-ph.CO |Phenomenology|of early universe, cosmic microwave background, cosmalagical parameters, primordial element

(ASTRO-PH) _ abundances, extragalactic distance scale, large-scale structure of the universe. Groups, superclusters, voids, intergalactic
(Cosmology and Nongalactic medium. Particle astrophysics: dark energy, dark matter, baryogenesis, leptogenesis, inflationary models, reheating,
Astrophysics) monopoles, WIMPs, cosmic strings, primordial black holes, cosmological gravitational radiation
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A journey across cosmic scales

> A prime example of a broad phenomenological endeavor that spans 0(107) in

mass is the search for dark matter.
zeV aeV feV peV neV peV meV eV keV MeV  GeV TeV PeV  30M,

-+ttt

Weakly
Interacting Dark
Matter

Fuzzy Dark arm Dark
Matter Matter

Primordial

Axion-Like ‘ ' Self-Interacting
Dark Matter [ ‘ Dark Matter Black Holes
] -

[Albert et al] 2209.08215

»|Axions|are one of the most well-motivated and sought-after New Physics

particles.
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Axions clean up many problems

» The QCD axion a famously solves the strong CP problem:

QCD allows a CP-violating term: Ly D —0 G"“’GW , with 8 ~ 0(1).

,— However, experimentally we find 0] S 10 10 'Why?

NS Minimal elegant solution: global Peccei-Quinn symmetry U(1)pq, which is
spontaneously broken at high scale f,, and introduces the axion field a(x):

a(x)
6 ->0+—— 3

Non-perturbative QCD generates: V(a)~Agcp [1 — oS (9 + <f>)] , whose

o« e . [Peccei, Quinn]
minimum {(a) = — f,, 6 dynamically sets| 8 — 0| and m, ~ A? acp! fa- PRL 38 (1977) 1440-1443

> Unexpected bonus: Axions are stable + weakly-interacting ~f,; 1 + non-thermal >
V' excellent cold dark matter (CDM) candidates
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What is the Axiverse?

What is the Axiverse?

A scenario in which fundamental theory predicts a large spectrum of light pseudoscalar fields — axion-

like particles — with masses distributed logarithmically over many orders of magnitude.
[Svréek, Witten] hep-
th/0605206
. . . . . .. .. [Arvanitaki et al]
Examples: i) string compactifications: ALPs = zero-modes of higher-D tensor fields, ii) new strong confinging 0905.4720
[Kim] PRL 43(1979)103
sectors: ALPs = pseudo-Goldstone bososns (similar to pions), iii) Clockwork mechanism, iv) Electroweak %2.“5;9] lslo‘éoﬁmh]
iudice, McCulloug
1610.07962

relaxation, etc. [Choi, Im] 1511.00132

String Axiverse
Asimina Arvanitaki, Savas Dimopoulos, Sergei Dubovsky, Nemanja Kaloper, John March-Russell

String theory suggests the simultaneous presence of many ultralight axions possibly populating each decade of mass down to the Hubble scale 107-33eV. Conversely the presence of such a
plenitude of axions (an "axiverse") would be evidence for string theory, since it arises due to the topological complexity of the extra-dimensional manifold and is ad hoc in a theory with just the four
familiar dimensions. We investigate how upcoming astrophysical experiments will explore the existence of such axions over a vast mass range from 104-33eV to 10*-10eV Axions with masses
between 107-33eV to 104-28eV cause a rotation of the CMB polarization that is constant throughout the sky. The predicted rotation angle is of order \alpha-1/137. Axions in the mass range
10*-28eV to 10*-18eV give rise to multiple steps in the matter power spectrum, that will be probed by upcoming galaxy surveys. Axions in the mass range 10*-22eV to 10*-10eV affect the
dynamics and gravitational wave emission of rapidly rotating astrophysical black holes through the Penrose superradiance process. When the axion Compton wavelength is of order of the black
hole size, the axions develop "superradiant” atomic bound states around the black hole "nucleus”. Their occupation number grows exponentially by extracting rotational energy from the ergosphere,
culminating in a rotating Bose-Einstein axion condensate emitting gravitational waves. This mechanism creates mass gaps in the spectrum of rapidly rotating black holes that diagnose the
presence of axions. The rapidly rotating black hole in the X-ray binary LMC X-1 implies an upper limit on the decay constant of the QCD axion f_a<2*10417GeV, much below the Planck mass. This
reach can be improved down to the grand unification scale _a<2*10*16GeV, by observing smaller stellar mass black holes.
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ALPs and Dark Sectors

1012GeV)

: , : fa
> For the QCD axion the CDM window is: 10° < 2o (S Hinp) < 107 and my = 6,ueV( -

stellar & SN Mp,
> More general ALPs have generic masses m, ~ A%/ f, and dominant couplings to the SM particles
(e.g. photons gy, gluons g, 4, fermions g, etc)

» Ultralight ALPs: proxies for dark sector that communicates to us only via gravity (nightmare

SCCI’IGI’IO) [Dimopoulos] PLB84(1979)435—439 [Holdom,

Peskin] NPB 208(1982)397—412 [Agrawal, Hower]
1710.04213 [Gaillard et al] 1809.02127 [Hook et
al] 1911.12364 [Fitzpatrick et al] 2306.03128

» Heavy ALPs: motivated by the quality problem, axion-gluon portals etc.

“fuzzy” ALP dark matter =~ QCD axion dark matter dark matter portals
: -3
(only glrawty) (gagg"’l(l) Jayy) (Gagg l>> Jayy)
{ l ' ! [ ]
109 107  102¢ 1021 108 105 102 109 106 10° 1 10° 105 10° 102 10%
Mass (eV)
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Exploring the Axiverse

[lvanov, Trifinopoulos]
2508.04767

A\ A
[Balkin, Coren, Jentsch, Liu,
Ovchynnikov Soreq,

[Gorghetto, Trifinopoulos,
Valogiannis ] 2511.04734

Davoudiasl, Liu, Marcarelli, Soreq,

Trifinopoulos] Trifinopoulos] 2412.13289
2601.00068, 260 1 XXXXX

Large-Scale Structure
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Outline

l. Large-Scale Structure bounds

ll. Production at Fusion Reactors

lll. Searches at Colliders
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Post-inflationary Axions

» The initial conditions for the axion field are inhomogeneous if Hj,r > f,.

0 T

after inflation [Buschmann et al] 1906.00967

:> [O’Hare et al] 2112.05117 [Gorgettho
et al] 2007.04990,2101.1100
— :;Vw Courtesy of Marco
AN Gorgettho
) spatial inhomogeneities
strings :
‘O -~ >*’@ S » The e.o.m.admit non-trivial solutions: axion strings, which
R form a network with an attractor solution (scaling regime):

Sy,
-
__________

A # local strings per Hubble patch ¢ = 0.24 log(f,/H) *" o ay

o 0 E=1 £E=2 £ <1
------ » To sustain the regime, the network radiates energy into

-
-
- -
e e ——————————

[~ T - axions at rate I' = & u/ t3 and gravitational waves.
B — . .
................... string tension u = E /L

» When H,~m,, domain walls bounded by the strings form.
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P (k) [Mpc”]

Seeds of accelerated structure formation

» The string-wall system is unstable and collapses in
one Hubble time. On length scales ~1/H,, the axion
field develops O (1) isocurvature fluctuations Jj,.

» The fluctuations in the CDM overdensity field § define

1024 .:/ Kwn the matter-power spectrum:
— ITACDM : 2?1_2
I

(37 (k) D(k")) = =5 (2m)%°(h — K) P(k)

=== A, = 1.4 x 10> Mpc?, key =4 Mpc !
----- Ao =2.1Mpe?, ko = 16 Mpe !

14 @ eBOSSL . .
Planck BE > If axions are a sub-component of total CDM with
% planck 00 fraction fpy, then we can write
10724 @ sbss
¢ Lyo-EFT P(k) — chd(k) + Piso(k;) )
® UVLF - ) _
III T T Illllll T T l]llll] T T Illll]l T T ll[]lll T T TTT ‘}[DM(k;/k‘: ) s if k}. 5 k:
103 102 10!, 1 10 | Piso(k) = o o
1 Y 0, otherwise
k[Mpc™] Ly-a & UVLF m _
where k,,, = Ck, and k, = H,a, = 54 2_ Mpc~?
[Gorghetto, Trifinopoulos,Valogiannis ] 251 1.04734 wh * * o 1020V P
C~0(10) according to simulations
(iw 12 [Gorgettho, Hardy, Nicolaescu] 2101.11007 Sokratis Trifinopoulos
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Pheno Pipeline

transfer cosmo/astro
functions modeling . .
Primordial source Enhancement of Modification of
of white-noise P- matter power at Large-Scale
at 7. =~ 3400150 late times Structure
¢4 4=<z=<10) Observables

10"

10% 4
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Large-Scale Structure Observations

/ i
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[Sabti, Munoz, Blas] 2110.13161
) ’
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The Lyman-a forest

» The Ly-a forest arises from the n = 2 - n = 1 electron transition of the H-atom
(A, = 1216 A ) observed at a range of redshifts due to multiple absorptions inside clouds

of intergalactic gas in superclusters.

> It is a powerful tool for tracing the dark matter distribution at (sub)galactic scales.

Lyman Alp ha Forest

Y uewAy
v)ag uewdy
eyd)y uewiy
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52
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1,000 1,200 1,400
Wavelength (Angstrom)
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An Effective Field Theory (EFT) approach

effective fluid full N-body + hydro simulations
i i >
—1
kNLN5 kalehMpc
Q 6 B
g oug
[lvanov] 2309.10133 ' :0.. t
e, “‘ r .,.

|
.e. -‘ - ‘

» The EFT exploits the existing symmetries, i.e. SO(2) invariance

around the line-of-sight (denoted by ||) and the equivalence principle:

Lya ID correlations n= O /((IH) |5 nuisance parameters for
Il Ly-o EFT at one-loop level

\
- op(x) = <(—>) —1=b10m(x) + by n(x) + E bo, O;(x)
dIn D . |
> At tree-level: Prreo(k, 2) = ( by — byu® — +(Z) P(k)  aron sou 227 G158
\ dlna

(iE?W H = k’”/k’
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N/



ID spectra at small scales

10! 4

102

T

001 002 003 004 005 006 007 008
k (km/s)™!

[lvanov, Trifinopoulos] 2508.04767
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» The EFT models the full 3D spectrum. Then
the ID spectra are:

1 kmax

PlD(k ) = — dk kPgD(k, ]f||) + Co + Clk2 + Czk4

=57 |, . [ |
|

Y
UV-sensitive contributions

captured by the EFT!

» The |ID power spectra are available from
HIRES/MIKE surveys for z < 5.4.

» We use the MontePython sampler to

perform likelihood analysis of the enhanced
power-spectrum with a modified code of  (srincimann,
Lesgourgues]

CLASS. [Chudaykin, Ivanov, Philcox, Simonovic] 2004.10607 1804.07261
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UV light from Early Stars

» Young massive stars emit primarily in the ultraviolet region.
> The Hubble Space Telescope (HST) has discovered 0(10%) of UV-bright galaxies.

NGC 3310 ESO0418-008 UGC06471-2

(iE?W & Sokeratis Trifinopoulos



HST UV Luminosity Function (UV LF)

M, at z =6 [M)]

. 5hx10® 5 x 10" 5 x 1010
10 ! 1 T
10 2]
-
o 10773
<
E /
10714
(]
ZQ* ¢ HST UVLF
Em 73 — kewt = 0.5 [Mpc_l]
© f —— kews = 1.7 [Mpc™]
l(’} )]
kewt = 5.4 [Mpc_l]
10-74 kewt = 17.2 [Mp(:_l]
1034 —— ke = 54.3 [Mpc ]
é \\ CDM
KA
=
10

\

——

—-24 =23

\
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—-22 =21

=20 =19

A[ Uv[mag]

[Gorghetto, Trifinopoulos,Valogiannis]

2511.04734

—18

—17

» In Press-Schechter theory, halos correspond to regions
where § exceeds a critical collapse threshold.

» So, knowing P (k) one can calculate the Halo-Mass
Function (HMF) dn;, /dM,,.

» The HST catalogues probe the range 7 < z < 10 via
the UV LF:

o dnp  ~ dM, b
Uv = as !
[Sabti, Munoz,
th dMUV Kamionkowski]
) ey 2305.07049

cosmology  astrophysics
(7 params) (8 params)

> We use the likelihood code GALLUMI to constrain
modifications to UVLF due to Pig,.
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Novel Constraints on Ultralight DM!
(10/C) kyon/Mpc™!

1072 107 1 10 10 10°
10™
5x1014} [Gorghetto,
Trifinopoulos,
Ja Valogiannis]
GeV 2511.04734
[lvanov, Trifinopoulos]
CMB (strings)? streaming 2508.04767
15 107 1 1= 107!
101 i
I fDM=10_6 GWs observable by SKA
107% 1072 1072 107 107% 1072 107
mg/eV
C\@ 20 Sokratis Trifinopoulos



Novel Constraints on Supermassive DM!

Primordial Black Holes generate also isocurvuture fluctuations.

[Murgia et al]"~ 1 00 8
1903.10509 S~

[Gouttenoire,
Trifinopoulos,
1> Valogiannis,

] Vanvlasselaer]

2307.01457

Simulation-based analysis 107" g
(previous SOTA)

el

EFTs: 107

v precision & accuracy :
Vv fast/cheap BACDM

) _3_
£ 107

Simulations: 4: o
) 1077 ¢ 4
v non-linear reach : _
X resource-intense 5[ T~
1072 = .
2> ] [Ivanov, Trifinopoulos]
= 2508.04767
=
10—6 ! ; : : . i | . ; ; . ; | ; . i i ;
103 10° 10" 102
Mpgy [M]
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Outline

|. Large-Scale Structure bounds

Il. Production at Fusion Reactors

https://www.youtube.com/watch?v=eRKx|9iv65s

D pPen Sl  Nuclear Fusion Reactors Could Produce Da... X
: A video from Sabine Hossenfelder on YouTube provided by:

Dark Matter - ‘ https://www.youtube.com
From Nuclear Fusion?| psi// Y /

SCIENCE NEWS \,.,\\y v otube.com

lll. Searches at Colliders

L Achievement Unlocked

CE/RW
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Nuclear Fusion: “it’s just 30 years away”’

» We are entering a new era of fusion: moving from proof-of-principle to realistic machines!

> Fusion is achieved in a tokamak, where magnetic fields confine an extremely hot (~10°K),

toroidal plasma. Pl s
ITER (International Thermonuclear Experimental Reactor) ARC (Affordable Robust Compact reactor)
P =500 — 2000MW, B=5T, R=6m P =400 MW, B=9T, R=3m

23 Sokratis Trifinopoulos




Operational Principle in a nutshell

[Baruch, Fitzpatrick, Menzo, Soreq,
Trifinopoulos, Zupan] 2502.12314

.
-
Jp——
e
- emmmmm==="
Pl T

-
kT,
L.
.

Sea
.
-

- P
......
mmmm -
[ rmmmemmmmEmme e ST -
............
-

_______
-———
-
--------
-

.............. Background
v+d—n+p+v

— Shielding
— Neutron multiplier
—= Breeding material
FW armor

reeding module \WCLL: 84% Pb, 6% Li Detection

\

DT-plasma

Nprg~5000 events/year

Main Reaction

p
2 4He (+3.5 MeV
1D oHe ( ) Production (E, = E,, + S,)
" - n a
3 A+1 ‘o“ .
1T n (+14.1 MeV) X » n
deuterium-dissociation
total . {n15 -2 —1 above £, = 2.2 MeV
& 0 ~ 10" neutrons cm™’s (2000 MW A+1X gX vy ( D )
Z
resonant capture + de-excitation
CE/RW 24 non-resonant capture + de-excitation
\\‘/
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gap

Leading prospects for ALP-proton coupling

E Jae = 10_39@1} E
1073 - » Expected number of

g = dissociation events:

I T ores T L \°
10 E_ globular cluster J»E N;,Lb' ~ 2 X 1020 gip (1 Y) (10 m)

[ _ ‘ . 9

Il wesscape T f: Non-res. o, 4 5 1021 g T L
105 — “ “?\1ly) \10 m

== non-res. 1. capture -

— l Borexino =

~ Charm N

= NUCAL il
1076 il e el L

1077 107 107" 1 10
mq|MeV]

[Baruch, Fitzpatrick, Menzo, Soreq, Trifinopoulos, Zupan] 2502.12314
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o(n+X)[D]

Nuclear transitions

» The resonant production of ALPs can be related to magnetic nuclear de-excitations:

‘ 2
3
oaM1 = B O B _ (la _ [ Pa 1 I (1 + B)gap
a;M1 a/v;M1Y~y;M1y Dg/~rM1 = T —\E 9 1 + 62 1
v/ M1 Y T (#0—5)5"‘#3—’0
[Donnelly et al] PRD 18(1978)1607 l
102 T T T il T T
Nuclear structure parameters
O __vres "Li[5] BLi[55] STFe [17]
e T - n 05 —0.1034 0.8
10 A TeRTIE 8 1.0 1.0 ~1.19
4 s 5 0 0 0.002
10 "'-'-'.'_'_';_-_::_...
R , ,
106 » The NDA estimate for the non-resonant is:
— "Li(n, v)®Li
B — %Li(n,~)"Li non—res. 2 _non-—res.
108 ag._. ~ Q my) o._.
_ 5Fe(n, v)" Fe v;M1 ( / ) v;EL
10 O vl e vl vl vl el vl )
10 1007 107% 10~ 10~* 10~® 10°2 107! 1 10 [Kopecky et al] ATLAS of neutron capture cross sections
E,[MeV]
(im 26 Sokeratis Trifinopoulos
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(Un)available Nuclear Input

» We used for target elements (e.g. ’Li,Li and °’Fe) that exist in the breeding

blanket and for which we found available nuclear data. HCBS (% composition):

Elements Li,TiO;  Beryllium IN-RAFMS

126
10 E E Non-res. n capture 6Li 7.578 0.0002775 —
Process Sh (é—HX ) Transition Multipolarity E, [ BB Res. n capture s 3052 0000025 —
[, < MeV, g, ~ 1 Cu 00005  0.0031 0.002
[1/2T) — |3/27)  El (non-res.)  7.25 MeV o Nb — — 0.001
6Li(n,v)"Li  7.25 MeV 10251 Zn 0.0008  — —
- C Fe 0.002 0.08 88.1
[1/27) = |1/27)  El (non-res.)  6.77 MeV . Cr 0.0009  0.0037 9.2
- Mn 0.001 0.0015 0.6
. gr . 13/27) — |27) El (non-res.)  2.03 MeV 7 I N oot o oo
Li(n,~v)°Li  2.03 MeV = v — — 0.24
37 518 MIges) 2260 2107 5w oe o
i ; Sn - - 0.01
[1/2%) — |1/27)  El (non-res.)  7.65 MeV ! v - 0.1 e
i Se — — —
1/27) — [3/2~ E1l (non-res. 7.63 MeV 231 s — 0.001 0.002
Fe(n,~)* Fe 7.65 MeV /270 = 13/27) ( ) 10 o 00005 o 0005
11/27) = |1/27) M1 (res.) 7.64 MeV : K 0001 — —
Co 0004  0.0006 0.005
11/27) = [3/27) M1 (res.) 7.63 MeV Ve OO -
) B 0001 0.0002 0.001
7 0001 0.0043 —
» What if there are better options? E.g. elements with higher M; rates in WCLL » oo oo
. c — 0.1 0.12
or other blanket designs. T 0001 008
N 0.0114 0.04
P — 0.002

— 0.01
0.002 —_
0.0005 —
0.001 —_

-0 ‘\ @ Q limited knowledge of nuclear EE
G. " /— structure parameters c

(iﬁw 27 Sokeratis Trifinopoulos
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Modern Pheno Solution: Use Al!

» Nuclear Co-Learnt Representations (NuCLR) is an interpretable deep-learning model that

predicts various nuclear observables.

/ Multi-layer Perceptron:\ / Tasks (nuclear observables): \
/ Input: \ e

neutrons (N) 100f

\‘
“" 4 Residual blocks

\ protons (Z) / u & SiLU activation = '
Embeddlng 7 20 10 60 80 100 120 140 160 =00
layer (3x1024) ~10/ parameters Neutron Number

» Multi-task Learning (MTL): The
[Kitouni, Nolte, Trifinopoulos, ) ) ) )
Kantameni, Williams] 2307.01457 model is trained with data from multiple

[Kitouni, Nolte, Perez-Diaz, tasks simultaneously, using shared
Trifinopoulos, Williams] 2405.17425

[Richardson, Trifinopoulos, William]
2508.08370 ideas between them.

200

80 100

0

60

Proton Number

40 -100

(predicted-truth)[keV]

-200
20r

representations to learn the common

28 Sokeratis Trifinopoulos




Interpretable

ﬁhelix

Al for Theoreti

’

Penultimate
layer

cal Physics

29

volume

Weizsacker, Bethe (Nobel 1967)
Gamow, Goeppert-Mayer (Nobel 1963)



Physics for Al & Al for Physics

Artificial Intelligence

: r-process
¥ nucleosynthesis

Al Interpretability

Neutron Stars

Cosmology

New
Physics
Searches

K
urﬁtaﬂty

a Drip lines
Exotic
Nuclei
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Outline

|. Large-Scale Structure bounds

ll. Production at Fusion Reactors

l1l. Searches at Colliders
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.
The Large-Hadron Collider (LHC)

» LHC has already provided ground-breaking results:
v' completion of the SM spectrum (Higgs boson discovery)
v’ exquisite precise measurements of a huge number of other SM processes

v" fundamentally our expectations for BSM Physics at the

electroweak scale

2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029
J]FMAM|T Y AISCON DR FMAM D ASIOINDLY FMAM D ] ASIOND D FMAMTTASONDN FMAM I JASOIND FMAMI ] -&S|D|N|DJ|F|H|.Q|M|]|]I4|SIOIN|D]|F|M|§.M 1/ JAISION D] F UAM D ] |ASONIDY
Run 3 ' Long Shutdown 3 (L53) |
il [T T
2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037 | 2038
LI [FiMAM[I[T B[S ON Dj_r[m.n_n]_J A S oI [FIMAIM 3 [ATSIOIN]D| 1 [FIMIAIM]) ]AsolT_l FiMAM[2[A]S TN FMAM 1 [A/S/aND{1 FMnM_J_J_A_sprID_llr'M'n,IM SO TFMAMII[ASEND|
} ! . . .
Rund 154 Runs High-Luminosity LHC
| Sshutdown/Technical stop
|| Protons physics
L Luc:;missiamnq with beam
L | Hardware commissioning/magnet training

» We are moving towards the HL-phase and there is still lots of data to collect!
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Still no direct evidence for New Physics!

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Ppreliminary

Status: May 2020 [£ dt = (3.2 139) fb? V5 =8,13TeV
Model .y Jetst ET [raym”) Limit Reference
—r - — - —TTT T —

ADD Guw + g/a Oep 1-4j Yas 36.1 Mgy 7.7 TeV n=2 1711008301
ADD non-resonant yy 2y - = 36.7 L BETeW ¥ r—3HZNO 170704147
ADD QBH ~ i - 370 My, BaTeW &~ & 1703 09027
ADD BH high ¥ pr zlep z2] - a2 My, B.2 TeV =6, Mp = 3 ToV, rot BH 160602265
ADD BH multijet - =3 - 36 | BESTeW § » 6. My~ 3 TV, ot BH 1512 02586
AS1 Guw — ¥y 2y - - 36.7 Gux mass. 4.1 TeV b Tl o 01 170704147 Ener
Bulk RS Gupe — WW/2ZZ muilti-channel 36.1 Guox mass 2.3 TeV B & W = L0 1808 02380 gy
Bulk RS Guy — WV — fvag Tew 2j/14 Yos 139 h Ty = 100 200414636
Bulk RS guw — 2 Tew =1h > 1LN2 Yes 36.1 Bk mass L 3.8 TeV g rim o= 15% 180410823
2UED / RPP Tep =2bz3 Yes 36.1 KK mass 1.8 TeV Tiar (1,1), S{ATY o pr) = 1 180305678
SSM 2" — Ir 2ep - - 139 1903 06248
SSM Z" — 11 2r 36.1 2.42 TeV g 170607242
Leptophobec Z° — b - 2b - 36.1 2.1 TeV 180509299

X' =t Oepx =1b=2J Yes 139 frim - 1.2% 2008 08138
S5M W' — fv Tew - Yas 139 1906 05509
SSM W’ — v T - Yes 361 fMFmess ERAC 1 1801.0e5a2
HVT W' — WZ — frggmodel B 1 e.p 2ji1d Yes 139 v =3 200414636
HVT V" — WV — qgagg model B De.p 24 = 139 g v =3 190608580
HVT V* — WH/ZH model B multi-channel 31 VWm0 ] 2,83 TeV geov =3 171206518
HVT W' — WH model B Dep z1b=z2J 139 gav=3 CERN-EP-2020-073
LASM Wy — tb multi-channel 36.1 Wi mass 3.25 TeW 5 180710473
LASM Wy — ulg 2p 1.4 - a0 Wg mass 5.0 TeV m(he) = 0.5 TaV. g1 = ge 190412678
Cl qaqq - 2j - 370 A 21.8TeV . 170300027
Clffqq Zep - - 139 e CERN-EP-2020-066
Gl reee 2Mep =1bh=1] Yes 36.1 A 2.57 TeV Cael = 4% 16811.02305
Axial-vector mediator (Dirac DM) Oe 1-4j Vs 36.1 L 5 TeV He=0.25, g, =10, m{y) = 1 GeV 171103301
Colored scalar mediator (Dirac DM} 0 e, u 1-4)  Yes 361 Meca 7 TeV £=1.0, mlr) = 1 GaV 1711.03301 pmmmmm .
WWyy EFT [Dirac DM) Oy 14,21 Yes az M. TOO GeV [ ) = 150 GaV 160802372 - R
Scalar reson, ¢ —» ty (DiracDM) Ofep 1B 0-1J  Yes 36.1 my 3.4 Tew o= 04, 4= 0.2 miy) = 10 GeV 1812.09743 ‘.‘
Scalar LO 1% gen 12e =2j Yos 36.1 Ly mass. TeV A=1 1802 00ATT H Maqg_ a H
Scalar LQ 2™ gen 124 =2j Yes 361 LG mass. Tev A1 1902 000877 . (s I8 g p a
Scakar LQ 3™ gen 2r 20 - 36.1 mass 1.03 T BLOQY = br) = 1 1902 DE103 . s
Scalar LG 3" gen 0-1 e 2b Yes 361 mass 970 GeW S(LQY ~ 1) =0 1902 08103 AT e

-
VLD TT — He/ Ze/Wh + X multi-channel 361 T mass 1 1808 02343
VLO BE — Wit/Zb+ X multi-channe! 361 | Bmass 180802343
VLD Toa TaalToa — Wi+ X 2(SS)z3epzib =] vYos 36.1 Ty mass 54 TeV 180711883
VLD ¥ — Wh o X Tep =1bz1 Yes 36.1 ¥ mass. 1.85 TeV 1812 07343
VLD B — Hb+ X Oep2y 1B =1 Yes 708 |Bimass 121 ATLAS-CONF-2018-024 . m [ ]_ 74 GeV]
VLD QQ — Wakkig Tey =4 Yes 203 150904261 t
Excited quark g — qg - 2j - 139 only o and ", A = mig") 191008447
Excited quark g — qy 1y 1) - 36.7 5.3 TeV only o and ", A = mig"} 1708, 10440
Excited quark b" — bg - 1.1 - 36.1 2.6 TeV 1805 06299 —_— m
Excited lapton Jep - - 203 A= 30TeV 14112821 H
Excited lepton v 3ep v - - 20.3 A= 16 TeV 1411.2921
Typa 1l Soosaw Ten z22) Vs T9.8 W mass 560 GeV [ ATLAS-CONF-2018-020 T ] | |
LASM Majorana » 2 2j 36.1 Me mass 3.2 TeW W) = 4.1 TeV. g = gw 180811105 Z,W
Higgs trighat H** — £r 234 e, (55) = = 36.1 M mass 870 GeV D procuction 1710.00748
Higgs triplet H*™ — fr 3ep.rw - - 20.3 O procuction, S MH" — fr] =1 1411.29@1
Multi-charged particles 36.1 multi-charged particls mass 1.22 DY production, |5 = Se 1812.03673
Magnetic monopales. - - - 34.4 ‘manopale mass 237 TeW O production, |g| = lgo., spin 172 190510130
ﬁ-“m PRI | i i i i PR 'Y i i i i A d & i i i i i ——
-1
- prrvial clotn 10 1 TeV 10 TeV 18 mass scale [TeV] =
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Who is the successor?

» Various options! FCC-ee seems to be the current favorite (but still no sooner than 2045 &= )

Site
preparation

Project TRL R&D Test facilities | Performance Schedule Cost Risk

CLIC 380 GeV, 1.5 TeV

FCC-ee 91-365 GeV

4-7 (Nb,Sn)/4.3

FCC-hh 85 TeV

FCC-hh - SA 85 TeV 4-7 (ND;SH} {5
LCF 250 - 550 GeV S=-TI5.5
LEP3 91 - 230 GeV 3-6/4.0

LHeC: HL-LHC + 50 GeV ERL

MC3.2TeV, 7.6 TeV

https://cds.cern.ch/record/2947728
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Is BSM Physics at Colliders in crisis?

on'+ worry,, He future
i.? full of colliders!

» BSM physics at colliders has a
bright future: there is rich pheno
to explore at machines designed
to study the QCD frontier.

Sokeratis Trifinopoulos



Electron-lon Collider (EIC)

uoljewiuy yiunds/qe uosiayar/LIN

» Scientific purpose: study the properties of nuclear matter, e.g. 3D structure of protons &

nuclei, origin of nucleon mass and spin, nuclear PDFs etc as well as a rich BSM program

CE/RW
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The EIC Detector

E, ~ 40 — 275 GeV

p/A beam

= electron beam E, ~ 18 GeV

hih-QQ

1 :.1;" Im
meciuii-x

————

Central

Detector

crab_pF

ntral DeLctor f ar 'f orward

detectors

B2ApF
ApF

,
3
3BpF
4CpF
4DpF

Forward
Spectrometer

Roman Pots

ff-momentum
detectors

Q2EF 5

D1EF 5
Q3EF 5
Q4EF 5
Q5EF 5 f
Q6EF 5

20 40 60

Far-backward detector:
Measure scattered electrons
with very low Q2 and luminosity

K

Vs = 20 — 140 GeV

Ideal for studying
coherent scattering

cﬁW
{

[EIC Report] 2103.0541]

37

Far-forward detector:

Can select the coherent collision
vetoing spectator neutrons from

nuclear breakup
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BSM at EIC?

» The EIC is a very powerful machine. Can we use it for BSM physics?

|. Axion-like particles (ALPs) with couplings to the photons.
[Balkin et al] 2310.08827 [Liu,Yan] 2112.02477

2. Lepton-Flavour-Violating ALPs

[Davoudiasl, Marcarelli, Neil] 2112.04513 2402.17821 [Cirigliano et al] 2102.06176

3. Light Leptoquarks we: ALPs coupling to
[Gonderinger, Ramsey-Musolf] 1006.5063 [Zhang et al] 2207.10261 gluons and DM!
4. Heavy Neutral Leptons
[Battel, Ghosh, Han, Xie] 2210.09287 [Balkin, Coren, Jentsch, Liu,
5. Light vector bosons with displaced vertices Ovehynnikov Soreg,
Trifinopoulos]
[Davoudiasl, Marcarelli, Neil] 2307.00102 2601.00068, 2601 . XXXXX

6. Heavy Gravitons

[Hatta] 2311.14470

%E/RW 18 Sokeratis Trifinopoulos



Invisible ALPs and Meson decays

» We consider GeV-scale ALPs that act as portals to DM y: £, D % %G‘wéw + -?igaxafmﬁx
> The gluon-coupling induces mixing with the SM pseudo-scalars P = {rY,n,1'}. Using the

chiral Lagrangian (m, < m, < 1GeV) we may rotate to the physical basis:

5 m2
g Jam =01 2 2 [Balkin, Coren,
apP , _ _ Soreq,Williams]
Jr p 2 my —mz 2506.15637
->-><->- - @ = Gphys T+ }(_ E 9aP L phys Jan = V6 mi —mz ’ [Ovchynnikov,
P a Ja P=m,n,mn 4 ’m,_?} B m?r Zaporozhchenko]

Gan’ :\/— 5 5 - 2501.04525
3ms—m;,
> ALPs decay invisibly BR(a — yx) ~ 1 when g, = 1073. !

» The SM mesons may also decay invisibly via off-shell ALPs:

2
T T /1“”.!-2
BR(P — XX) — 8'?1'];’::'-1 (:; .gal'-’.gax) \/1 — 2)(

mp

CE/RW
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Missing-proton-energy (MPE) search

» We consider coherent exclusive electroproduction with invisible final state X:

p(pp) + € (pe) = p(ppr) + € (per) + X (px)

» MEP: detect electron + forward proton (1, > 4.5) with reduced energy (E,,/E,< 90%)

> Reducible background: Leakage of visible states X (e.g. % - yy, p® » ntn~,¢ - KK, y* - £7¢7).

They can be effectively vetoed if we reconstruct X and require ny < 4 (instrumented region).

X (kx) Signal:
E
p(ry) poy)  Pon) — _r
D < -———?-J—__
. g ) °
F
e (pe) - - e (per) e(pe) - >\ Pe mid-n .
CE?W
\

40
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EIC prospects on invisibles

Joy = 1, my =m,/3

| F | BH{P —r iﬂV)-::urn’:nt| BH(F —r iﬂ'u’)E]_(j |

2 x 107" (Baselineng, free)
7 x 107 (Optimal)
2x 10" (Baselinepg cons )
n| 1.1x107* 1 x 107® (Baselineng tree)
2 x 1077 (Optimal)
2% 107° (Baselinepg cons)
n| 21x107* 8 x 107® (Baselinepg free)

1 x 10~® (Optimal)

BT —» K"a
'l 4.4x107? [43

'E ‘:"—__ _.-"; — Current
¥ RIC: £ =100fh" | Selection | Baseline | Optimal |
- - Baselinepg cons E,, E. (100,10) GeV [(41,5) GeV
Y p, X | ny >4.5,05< E,y/E, <09, nx <4
— B‘*hehm"gi‘fee ¢ |10 3GeVZ < Q2 < 0.1 GoV? i
~ Optimal Bkg |0 (bg,free), Eq. (2) (bg,cons) 0
0.05 0.1 0.2 0.5 1 2 3
M, [GGV] [Balkin, Coren, Jentsch, Liu, Ovchynnikov Soreq, Trifinopoulos] 2601.00068
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Inst. Luminosity (cm™s™)

[Kaya et al]
1905.05564

CE?W
{

N/

The next generation lepton-ion colliders

» The EIC is a very powerful machine. But, what comes next?

1 035

1 034

1 033

10°%2

E I L II I I I | II I I I | L I I I L
~ Lepton-hadron (ion) colliders
B FCC-eh
LHeC ¢

= EIC
- MuSIC —0 LHmuC
i e ¥
= / [Acosta et al]
- o 2107.02073,
- 2203.06258
- v
B o doubly polarized

| ‘I L1 11 | 1 | | L1 1 11 | 1 | | L1 111 | 1 | | L1 1 11 ‘

10 10° 10° 10*

Center of Mass Energy Vs (GeV)

42
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Why should we play MuSIC?

-

frontend [= = = <

v

proton/ion .
source

\ Muon acceleration

» By utilizing the existing infrastructure at BNL ,
MuSIC could directly succeed the EIC after its
mission is completed (~2040) and reach a center-
of-mass energy \/s = 1 TeV.

Re-use of existing infrastructure allays some cost!

» Dual appeal (and funding?): MuSIC establishes a
new QCD frontier (nuclear physics), while also
facilitating the development of a high-energy muon
storage ring on the path towards a future MuC
(particle physics).

43 Sokratis Trifinopoulos



Signal: 2y + recoil u + intact Au

N

\/ Z?%_enhanced coherent enhancement

Background:

The MuSIC of ALPs

10 e

- ’.,. Y f,l’riml_-',\
10_3 3 ""-:. ‘J'é.
RN
‘:‘E‘-‘ “._.
;I_‘ 10_4;- xS
E 4 s
> H‘(?u%s A% T
= 105k o Belle Il 5 R
< PRIV
— A
—6- /f{,r_% 02
- D

10_7?

S L )
. ’é
f’ 1
4
! —
,!
4
IJI =
7/ [Yue] 1904.10657
hy~y

[Teles] 2310.17270

e -
=

MuSIC
(DV)

Vs =89TeV, L; =23

10~2
Davoudiasl, Liu, Marcarelli, Soreq,

Trifinopoulos] 2412.13289
44

107!

1 10! 102 103
m, [GeV]
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Methods

Fields

Nuclear Physics

ﬂ\ Nuclear
%) Models

Effective Field
Theories

Future
Colliders

“

Fusion
Experiments

Summary

Az k. Mpe|

Simulations

Artificial
Intelligence

Galaxy
Formation

Gravitational
waves
Cosmology
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Thank you!
Questions?

>? ?? ?
YT W




Backup slides
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Outline

l. Large-Scale Structure bounds

ll. Production at Fusion Reactors

lll. Searches at Colliders

48
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AXxion Cheatsheet

Dark matter mass

zeV aeV fev peV neV neV meV eV
1 1 1 1 1 1
PQ Scale [GeV]
10%7 10% 10% 102* 10% 10%? 102! 10% 10'° 10'® 10'7 106 10'5 10'* 10" 10'2 10! 10'° 10° 10® 107
HI]III.I 1 IIlIII‘ 1 IIIIII‘ 1 IIlIIl‘ 1 Illllll 1 IIIIIIII 1 IIIIII‘ 1 IIIlIl‘ 1 llllll‘ 1 IIIIII‘ 1 lIIIIII 1 IlIIIIII 1 IIlIII‘ 1 Illlll‘ 1 IIlIII‘ L I|Illl| 1 IIlIIIII L IIIHI‘ 1 IIIIII‘ Illllll‘ 1 IIIIIII
Frequency =m/2m
nHz mHz Hz kHz MHz GHz THz
l 1 1 l 1 L l L 1 l ik L l L 1 l L 1 I 1 L
Coherence time ~ (mv?) !
[0 yr  century yr week hr min s ms us
| | | | | 1 | 1 |
Coherence length ~ (mv)~!
pc mpc AU : 100 km km m cm
| | | | | | |
Euzzy
DM 5
Axion-photon | Birefringent cavity | Cavities | Dish/reflector
| Earth| I Lumped element | Dielectric haloscope
CMB | SRF upconversion | |Plasma
Axion-fermion | Magnons |
Comagnetometers |
| NMR |
Axion-EDM
Nucleon EDMs |
| NMR |

SULLLLL S LA ALY SRR WAL WAL B A1 AR A R A AN AAAE W RN A1 R WAL WAl |

T 0 9 4® AT 46 5 AR 3 2 4y 40 9 8 T 6 5 & 3 2\
40740740 107 A0 40 407 A0 A0 407 A0 A0 A0 40T 407 40T 40 407 407 407 407 A0

Dark matter mass [eV]
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Dimensionless Power Spectrum

{ T T TTTIm T T TTTTIm T TTTTI T T TTTI LI RLLLL

T T TTT

(k)3 1000

H,/H = 1500 7

100

50

Piso .flz)[\l ( k/":wn )3
Jom=1
]\,ﬁ 194 ¢ l ]\' l ]"4&’
ke — Clog (a(rq/aw ) ke C ky *
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Axion Strings

axion gradient
A
> The strings contain energy which is proportional to u = 7 f;? log#.
L_T_J

core

string core

oy — 1 —1
\ M, ~ Jq

CE/RW
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LSS constraints on the isocurvature

]_ L] T TrrTmg T T rTrrTg T T TTTTITN T T T TTTTT]
107%F

Aisa 10—3 :

107 0.001 0.010 0.100 1

‘Z':cu_t }/ }‘"Ipc_l

CE/R—N y 5

N/

10

100
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HMF with post-inflationary axions

r.--L

T

L] o
E" ].[J 22
-

10 32

—— ket = 0.5 [Mpc™]
—— ke = 1.7 [Mpc™]
kew, = 5.4 [Mpc™]
kewt = 17.2 [Mpc™]
—— ke = 54.3 [Mpc™]

dn/dMy) oy

= 1010-

10+

(dn/dM),/

CE/RW
{

----- CDM
e ___.;:"—’-"' -
107 107 1010 101 1012 1013 10H
P\"lh [f'lr‘(fu]
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More EFT details

Modeling details. The full EFT model for the 3D Lyman alpha correlations reads

Pg-D (k. k’” Z) = (bl — bﬂf,u2)2P(k) + P22 + P13 — 2k2P11(c(] + (32,&2 -+ (34,{144) ) (82)

1ln D : i ) .
where [ = S5=F, bi(2),by(2) are linear bias parameters, ¢, (n = 0,2,4) are higher-derivative counterterms, and

Py = f (j*);[m(k 0. QPP(k —al)P(q) . Pus = 6(b — by fu2)P(k) f 2)%Kﬁ(k —q.a)P(q),  (S3)

and K,, are the Ly-a EFT kernels [44]. We ignore the 3D stochastic contributions. They will be added with the
appropriate counterterms when we switch to 1D correlations. Precision measurements of EFT parameters from the
ACCEL? simulation based on Ref. [49] carried out for the relevant redshift bins z = 4,5 imply the following relations
between the EFT parameters:

by = —0.46107by + 0.22784, b2 = —1.66391b; — 0.59993, bg, = —2.56067 by — 1.82742,
by = —10.01096 b, — 3.23455, bs, = —5.22520b; — 1.38922,  b(x i), = 6.13639 by + 2.43267,

b = —0.99037by +0.17342, by = —0.35982b1 +1.32888, by = —3.19383 by — 2.81066,

bkm@), = —1.35666 b, — 2.60276, b i = —10.617606, — 6.93219, br, = —0.11903 b; — 0.24599 ,

co = 0.02827 b, + 0.01177,  co = —0.01933 b1 — 0.01002, ¢4 = 0.00535 by + 0.00321 .

The uncertainties in these relations are negligibly small thanks to an extended range of scales used in the fit at high
redshifts, so we ignore them in what follows. We additionally multiply our 3D EFT model with a Doppler broadening
kernel,

PEP (k, ky, z) — PEP (k, Ky, 2) e Fi/Fr (S4)

CERN y
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Even more EFT details

The sensitivity to small scales controlled by A is renormalized by the 1D stochastic counterterms
PlD, ston::h(k:n) - C[] + Clkﬁ + C'zk?ﬂl + ... (SG)

In practice we use A = 20 hMpc~! for the linear theory piece and A = 12 hMpc~! for the one-loop contribution.
These choices are made in order to be conservative and ensure A < kyp,, which is especially important for the one-loop

correction which is more UV-sensitive than the linear theory integrals. Within this scheme, the ACCEL? 1D data
implies the priors

Co = 0.82540b; + 0.13270, C; = —0.00725b; — 0.00133, C3 = 0.0000050 by + 0.0000004 . (S7)

In order to be conservative, we additionally marginalize these relations over some width AC,,, estimated from the
UV-sensitivity of the theory predictions. We find that increasing the cutoff A to A’ = 30 hMpc~! (and switching off
the Doppler broadening) shifts C,, by

AC,, ~ 0.05 h~'Mpc/[20 hMpc~']*" | (S8)

which we choose as a prior on AC,, that we marginalize over independently for every redshift bin.

CE/RW
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Halo-Galaxy Connection

1010 B

model | FN :
model 1T N |
model [TT B 7

—23 —22 —21 —20 —19 —18 —17 —16

cﬁW
{

N/

My

> The SFR and halo-mass accretion are related via a
double-power law:

~ M, €x :
fo=—== o 7 My = kuyvLuy
My, My, n M, | T~
M., M. derived from a stellar

» Within the AB magnitude system, we have: | synthesis population
models with IMF in

Lyy 0.1-100 M, and
logyg (erg“) = 0.4(51.63 — Myy) with constant SFR.

> In extended PS the accretion rate can be obtained as: (Mandau,

Dickinson]

AL 12 (1+z)H(z)M, 1.686 dD(z) 1403.0007
ih — — - ; - 9
"ok @~ o, D)

fitted with the data using priors motived by simulations
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- k[!lﬂ. 1 I\]p(’ !
—— ke =0 Mpe !
—— ke =8 Mpe !

UVLF Priors and Contour Plots

Cosmological parameters

UVLF parameters

Parameter Prior Parameter Prior
Wedm U[—o0, oo a, N(—0.557, 0.05)
wy, U|—00, 0| B, U0.0, 3.0
A, x 107 U|—o0, 0] € U|-3.0, 3.0
T U|[—00, o] € U[-3.0, 3.0
h U|—00, oo M} Mg U|7.0, 15.0
T 14[0.004, o] M! Mg U|7.0, 15.0|
Aigo Mpc?] | U[0.0, 1074 | g, [mag?]| ¢[0.001, 3.0]
Q U[L1.5, 2.5]

L

S
B IE=

M
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1 1
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James Webb Space Telescope

» JWST launched and it is already collecting data!

Hubble
Webb

[Xu et al] [STSI/NASA, ESA, CSA, STScl,Webb ERO] Southern Ring Nebula

(im L Sokeratis Trifinopoulos
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JWST Early Massive Galaxies

> Initial observations (e.g. JADES & CEERs surveys) have reported photometric
evidence of massive galaxies at unexpectedly high redshifts 7 < z < 2. A large
subset of them has been recently spectroscopically confirmed.

Akel SR el 1000
& .. P e b '.‘.;\‘ 4 T & %
Ak P 3 o "y i,
PR o e S A i A%
30 L P S e
30 & 2 Rt 200
= E% T —‘7}14- 1 o
_ e i snpcuel RIS
’ {»‘Noﬁnal B 50 =
20 e A - 7
4 . 5 20 E
& ; "Réﬁ're'p eak. 3 10 :<I
\'.' :1; v} "-_ ' : -
10 Fle Rty ; 9
sy' e o ;
" P Void 9 4 1
0 10 20 30 40
y [cMpc]

[Xu et al] 1604.07842

59

[Adams et al] 2207.11217, [Finkelstein et
al] 2211.05792, [Naidu et al] 2207.09434

» Large cosmological
hydrodynamical simulation
demonstrated compatibility
with existing models of
galaxy formation.

[Keller et al] 2212.12804
[McCaffrey et al] 2304.13755
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JWST Early Massive Galaxies: ACDM tension?

108 ¢

more stellar mass than

available baryons

z=7.5

» The status of extreme galaxy
candidates with stellar mass as high as

107 [
' |0!! M still remains under

6 [ . . .
10°F INnvestigation.  [Labbe et al] 2207.12446
10° |
: » If those results hold under
100 spectroscopic scrutiny, they would

=032
10° ¢ £=0.1

B Labbé++ 2023

pose a challenge to ACDM itself. For
¢ = 0.1, the current tension amounts
to 2.5-30 confidence level.

p:(>M,) or &fy pm(> Myar,) [MoMpc™]

Ll

100 8 — “”“I9 — “””I[l — “”I.ll : 12
10 10 10' 10 10 [Boylan-Kolchin ] 2208.01611 [Lovell et al
M, or &fyMpao [M:] ] 208.10479 [Wang, Liu,Lu] 2311.02866
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Outline

|. Large-Scale Structure bounds

Il. Production at Fusion Reactors

lll. Searches at Colliders
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Incident neutron flux

— ITER DT
— WCLL DT
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ALP Production and Detection

» Expected flux of produced ALPs:

dd, 1 dN,, AN, d®,
— 5 — N ’ E'n.-
dE,  4nL? Pourv. X dE, dE, %y"“’dfﬂn 7§ (En)

: — X €atten. N nodules Vinodule
Ny ~ 2.5 x 10%' em>®mol =1 x .Obla.nkctf— X ( e ) x [ 20T ) moc¢ “;
mx 0.1 48 8.4m

> Expected number of dissociation events:

Nea = TNy, / / dE,dE,b (E, — S, — Ey)

ca dd
Nig—}Q‘a t. — TND // dETL(lE",D(S (EL,D - En) ﬁ g@d—}ﬂ:p(Egﬂ)

\

Np = 6x 103 g2 klo 1 — aay)?
P Tad—np = 5 = \/E{% o Tn’?a —*;l | 2192 ( = ;)2
bmy, (|k]% + a?)? 1 + |k|?aZ

(im . Sokeratis Trifinopoulos
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MeV ALPs interactions

» Starting from the parton-level Lagrangian: £, > r(wf——GﬁyG‘“”’ ? >ty
GL a
P=u,d,s,e
we may derive the effective interactions: e
] Yae — ?Cg
—~ _ . a
Ea}eff o — Zga’}/aFﬂv 3% +Ta Z JaN (N?’}/!;N) T Gael (E?,f}/g‘e)
/ N=p,n
@ gaeB 1 q/N N
Garyoft = Gay — — = 1(1/7e) JuN = — [ Z Fg el e (O)C(«]
© q=u,d
Numerical Benchmarks: p-only: 9op 0, Gpe = Gy off = Jon = 0,
. 10—3
pey Jep # 0, gpe = 10 tggfppa Gy ,eff = @g@pa 9on =0
» The decay rates of (pseudo-)scalars are: (me/mp) X oy (/) x (1/me) X Gae
2 3 2 2
g Cﬁ‘m’(p gsoemf(p 477?,
L(p—yy) = 2= ['(p — ee) = 1 - —=
(iE?W 64 Sokratis Trifinopoulos
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Prospects for scalar-proton coupling

10_2§ LI | T :,,:-I/! ?’ l[]_2§ T T T T —TTT :_;V ?
E Goe = 107704 . - Goe =0 HB /—/’ ]
10_3? = 10_3 E =
10—4 _E exotic atoms E_ 101 _E exotic atoms _;
tn% 1077 LSND ] —; g“% 10771 —;
z = = /f J =
0o 1w / .
E A scattering E E I 4o 4 iny scattering E
07 / _____________________________ — e ;,/L ______________________________ .
- / eaptur S E SN1987A / ptu =
10_3 — 1 11 I. i 1 | i i i i i [ I — 10_3 — I 1 I I —
1072 107! 1 10 1072 107 1 10

my[MeV] mg[MeV]
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Prospects for ALP-proton coupling (g,. = 0)

102 — e —

- Gae = 0 =

1073L . -

= SNO =

= —4

= — —

B 10 = ( F

L _,//’ —

— res.ncapture =" e

5 [ K + inv i

107 = l0n-res. i capture 3

: SN1987TA count :

10_6 L L 1 1 | II| 1 i [ 1 i1 II L L 1 [ 11 IIJ 11
107 1072 107! 1 10

mq[MeV]
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Towards a general-purpose Al for Nuclear Physics

NuCLR is an interpretable deep-learning model that predicts various nuclear observables.

Obijectives Tasks _

large set of nuclear observables Multi- Task Learning
Predictions
= achieve world-leading precision {Large-scale Optimization]
Reliability understand the Al causative mechanisms [Latent Space Topography]
Interdisciplinary address open problems in particle, { Domain Knowledge ]
Research nuclear & astrophysics

CE/RW
\ 67 Sokeratis Trifinopoulos
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Tasks: nuclear observables

» Binding energy: break apart a nucleus into its nucleons, fundamental observable
Eg(Z,N)= Zm, + Nm, — M(Z,N)

» Charge radius: root-mean-square radius of the proton distribution.
» Separation energies: remove a specific number of nucleons, measure of stability.

@®: even-even

S,(Z,N)=M(Z,N — 1) +m, — M(Z,N) ,

S,(Z,N)=M(Z—1,N)+m, — M(Z,N) . @: aven-ode
Qs(Z,N) = M(Z,N)— M(Z +1,N — 1) | @: odd-even
Qu(Z, N)=M(Z,N)— M(Z—1,N +1) — &

CE/RW
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1.8
1.6
|.4
1.2

I
0.8
0.6
0.4
0.2

o

II Am II T II T II |
M Sn Sp QB

m BW

m FRDM

RMS [MeV]

World-leading accuracy

A>8

HFB ®NNs (STL) ®mNuCLR

Database (energies): Wang et al (AME2020), Phys. Lett. B, 734:215-219,2014

» We find that MTL improves generalization

compared to single-task training (STL) as it exploits
data correlations over multiple tasks a and leverages

joint information.

\
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Number of protons Z

150
Binding energy discrepancy Eg*® — EZE 7
1 125 S
80 1 x3 <
B 100 c
o
9
F75 S
60 - 3 ° °
Liquid-
50 o
> ~—
40 o
s 5 drop
V]
. , © model
X  magic 2
T T T T T T _25 m
20 40 60 80 100 120 140
Number of neutrons N =50 B
150
Binding energy discrepancy Eg® — EAN
P 125 =y ‘
} (@
80 R4
N - 100 c
: g
9 e s - 75
‘6 60 7 3 g
a - 0
: il » £ | NuCLR
o 40 ; o
'E ' - 25 ¢
) X .:‘v"' ! f v
“ 2 agr 0 g
p X Xe e =
L .,h" X  magic 2
-T T T T T T -250
20 40 60 80 100 120 140
=50

Number of neutrons N
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Interpretability by Construction

» The success of MT gives the first hint towards the potential of internalizing the fundamental
laws governing the nucleus. BUT we infer this from the RMS score.. is that enough?

AL g
Y

When possible, pursue active E«g‘% ;E;:;
interpretability, where you ? 3§§
control the network architecture ; gg
and training paradigm. ‘ji o

cw
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What are NN models actually learning?

» Manifold hypothesis: Real-world data are
expected to concentrate in the vicinity of a
manifold of much lower dimensionality, embedded
in high dimensional input space.  sengio, Courville, Vincent 12065538

» Mechanistic Interpretability (MI) encompasses
techniques of identifying low-rank structures in
high-D datasets, and uncovering the algorithms
that are implemented.

CE/RW
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Interpretable Al via: Latent Space Topography

» Latent space topography (LST) is an MI procedure which consists of the
following steps:

|) extract high quality features of the NN using a dimensionality
reduction method on the latent space,

2) identify the emergent geometry in the first PC dimensions using

domain knowledge,

3) classify trained networks according to the algorithms they implement.

\ O

CE/RW
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LST on the embedding space

> NN model: N - IV,Z >7 = E, = FNN(IV,Z 5) , Where we consider a

_7\2
simplified case with isospin-symmetric data: E,= a,A — «a, v AZ)

\_V_' \ J
I

volume assymetry

PCA Embeddings Isotopic Chain (Z=50)

11 —g= Simpafied SEMF o .
: :::::33::.3: P :l; - Sp " prediction » LST Step 1: extract hlgh

wld \\F 43 quality features of the NN
A

le\'l | ﬁ using a dimensionality
L1 || reduction method on the

EcMey |in

[ latent space; here: principle
component (PC) analysis:

— —>

%eﬁ N ->N

50 60 o 80 %0 N
N

embeddings PCs

Epoch: 0 RMS: 1.2688
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The nuclear double helix

LST Step 2: Identify the emergent geometry in the first PC dimensions;

here: robust helices that align symmetrically in the 3D PC space.

Z hel

—>

N helix

iX

_/
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Stability of the nuclear DNA

Z helix
71 ' q
\‘ Loss function:
\\ ¥ .
\\\ bonds ’::Z (EEE—E@)Q nucblfsoets:de
ANV i
KRS,y 51, | '
NS/ ' —
q «“M“ﬂ’/// goodness of fit /| van der Waals forces
S

N

~ 1 31
|
" i N helix regularization [ hydrophobic pressure

X3
T 2}
J_\PC:; &

29
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Deciphering the nuclear helix |

» The volume term is the dominant term. This leads to Z;, = BZ, N; = BN.

»> NN prediction: FNN(IV, Z, 5) = % (N + Z;) = a,, A. The regularization wants to drive

: . 2 a :
B — 0, but the constraint at the loss minimum F(G) = ?” prevents this.
pc2 07—
U-C'/ﬁ' I| ___7 T T
05 75, 75 ; i _
1.0 | 16.2 - |
ol 16.0 -
v 7 . i
i ~ i
\ D) L
05| < 158
< 156
PC3 0.0 3\
B Zm 154+
|E m r
st .- 152
Y/ / i
AN Z,—>1+8)2Z,| / 15.0 -
-1 ___h__L__L——L__J____I Lo e e
0 T/ 35 40 45 50 55 60 65
PC4 2 A
CERN
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75

75

70
70
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Deciphering the nuclear helix 1l

» The asymmetry coefficient is encoded in the radius:

45 |
3 11 —
%
=
=
5 PC,
55 0 2)
p— Bp 73
25 =
25
30 j -1
30
1
0
PC,
21
77

15.0

15.5

14.5

By, — a,A— Bag,

35

40
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Is the machine thinking (exactly) like humans?

PC1

PC 4

175F

150F

125F

100+

75F

50F

25¢F

volume

pairing

) 50 100

cﬁW
{

78

Weizsacker, Bethe (Nobel 1967)
Gamow, Goeppert-Mayer (Nobel 1963)

Sokeratis Trifinopoulos



Not exactly..

> First three PCs: smooth functions; contain most of the information of the LD.

? BUT, they do not have to map 1-1 to the human-derived terms.

104

_10 -

CE/RW
{

60

110 » PC3 plotted against the isospin [ = |Z — N| motivates the

100

80 I

40 150 F

100}

50F

79

1501

o~ term: Epsz =~ az|Z — N|/A.

gb,.")

100 il
A! 'l
S0r Hes ey
i1
.géiii
5‘: s
J
N L L
50 100

rarely used in popular macroscopic models

Eve

™

150
100 | [ B
-
:
b
S0F Y
!l
"I
" i | - L
50 100
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> But all the rest of the PCs are discrete functions of Z & N!
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However, it is thinking exactly like Bob Jaffe!

Garvey,Gerace Jaffe, Talmi, Kelson Rev.Mod.Phys. 41 (1969)
*(Jaffe’s Junior Paper in Princeton)

cﬁW
{

N/

» The lesser PCs can be thought as the microscopic corrections of
our analytic model (LD+PC3+DM).

» They take the simple form, we refer to as Jaffe factorization:
Ermc ~ Fz(Z) + FN(N)

» Consequence of the nuclear-shell model: single-nucleon energy
levels do not vary much around small regions of the nuclear plane:

L4062 N+6N
Ey(Z 4+ 8Z,N + 0N) =~ Z EP(Z,N) + Z EMZ,N)

EyW(Z+6Z,N+6N)=> FZ(Z +62) + FN(N +J0N)

N

Garvey-Kelson relations

80 Sokratis Trifinopoulos



Jaffe Corrected Models

» Based on the Jaffe factorization we (re)discover the optimal interpolation method.

Isoto(p,n)ic neighbors > distance-based kernels

Correction type RMS [keV]
WS4 (No corrections) 279
All nearest neighbors 207
Only isoto(p,n)ic nearest neighbors 175
Only isoto(p,n)ic next-to-nearest neighbors 186
Only isoto(p,n)ic (next-to-)nearest neighbors 157

N+1 N+2

N

N-2 N-1

Euclidean Interpolation

Jaffe Interpolation

N+2

N+1

N

N-2 N-1

Z=2 Z-1 Z

Z=2 Z-1 Z  Z+1 Z42

CE/RW
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NS

Z+1 Z+42

81

aoweaodury

[MeV]
T T T T T T T T T T T +10
ol il P P
150  Basic Local B
- Jaffe Corrected 5
“ +1
: 5"‘1'_ " : _
| V2 0
so- A
T 4 -1
MY
. 0{:’ o
: Qfﬁ RMS = 157 keV
N b Mg
Ty z 50 100
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A new symbolic SOTA & the future!

IMeV]
—r—r—r—r—r—r—r—r7— +10
3 E;x e E’\\'S-i 3
150F Local Jaffe » The Al interpretability study has not sacrificed
: Corrected b precision for understanding..
L We have achieved both!
100
i 0 » The most important PCs are ordered
I hierarchically and are faithful to human knowledge!
501 Lo » Can we repeat this for other nuclear observables!?
: - a »~ Can we automatize this process?
L g  RMS =120 keV . .
] b > Symbolic Regression?
N P [ SR 2 —-10
T\_) 7 50 100 Richardson, Trifinopoulos, Williams 2508.08370

CE/RW
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Validation Loss

100-

101t

10—2 L

10—3 -

More Tasks, More Information!

A proof of concept via a toy model:

Ibdodem
..4'... ST

-t- MT
—— MTE

regime of limited
data (400/task)

Functions

— a+b

— la—b|

— V(a+b)?
— logla+ b+ 1)

=va+b

—— exp—%

T L T Ty T P P —————

2000 2000 6000

Epoch

8000 10000

83

» Training simultaneously on all tasks exploits
data correlations over multiple tasks and
leverages joint information, improving
generalization compared to single-task

learning (MT > ST).

» Novel: the tasks become also trainable
embeddings (MTE).

» The embedding space encodes task-
independent information!

The model can make inferences for all tasks
corresponding to a (Z,N) pair, for which there
exist at least one task with a measured value.

Sokratis Trifinopoulos



Principle Component Analysis

» Goal: Reduce the dimensionality of data while preserving as much variance as possible.

> Procedure:

_ : : 1
|. Center the data (x; — x; — X) and calculate the covariance matrix C = EXT X.

2. Solve the EV problem: Cv; = A;v;.
3. Project the data onto the PC space: X = X V.

» Interpretation: The first PC v; (with the highest EV 1,) captures most of the data's

variance, i.e. v; = argmax(v' Cv), the second captures most of the variance of the
Ivil=1

transformed data X; = X — (X v;) v; !, and so on.

CER’W
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Excurse: Nuclear Models for E

» The liquid drop (LD) model treats the nucleus as a highly dense incompressible fluid
formed by the interplay of nuclear force, electromagnetism, and Pauli Exclusion Principle.

2(Z — 1) (N — 2)2 5(Z, N)

LD __ o 2/3 _
\ ’ \ J \ ' ) \ Y ] | Y J
volume Coloumb assymetry pairing

Q

RCh = TOA1/3 {

Weizsacker, Zeitschrift
fur Physik, 96(7):431—458,
Jul 1935.c

ofe o
e 2%
'Ss: & 30

o
QO CoH®
» Micro-macro models: output of a simplified quantum many-body calculation + symbolic
expression; record holder is the Weizsacker-Skyrme (WS4) model with RMS = 279 keV.

Wang, Liu,Wu, Meng1405.26 16

CE/RW
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Deciphering the nuclear helix

Here: we project the vectors (N2 — Z2, N3 — Z3) on the PC,-PC, plane and perform
> (ZzNz — Z3N3)

the non-linear transformation of the the clock algorithm: £ = Z N+ ZN
2/V3 3/V2

15 55543 Y
10 &% |
- =1
L — -1
0.5 - % 91121’%&4131&
® - 15 492l
O 4 %8 ) 10H T
o 0.0¢ 1}%"’1312}{110 6 !
Isotopic Chains -0.5- 11% _
W Z;, =40 - 1% U_._ .
1.0 5
ez . Te%g32 | |
B -1.5- ] L
m i ] - 1
m 7= 65 -15-1.0-050.0 05 1.0 1.5 19 | |
=1.9-1.U-U.0 V. : : : -1.0 =05 0.0 0.5 1.0
PCE 61 Sokratis Trifinopoulos
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Garvey-Kelson (GK) relations

Ey(Z+2,N—2) — Ey(Z+2,N—1) — Ey(Z+1,N—2) + Es(Z,N—1) + Ey(Z+1,N) — Ey(Z,N) = 0
Ey(Z—2,N+2) — Ey(Z—1,N+2) — Ey(Z—2,N+1) + Ey(Z—1,N) + Ey(Z,N+1) — Ey(Z,N) ~ 0

(Z,N)

N N

L,z Lz
Z46Z N+ON

In a small region around (Z, N): E,(Z+6Z N +6N)~ Y E'(ZN)+ Y E}(ZN)

J
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ST & MT architectures

[ 3SeL ¢ SEL

L

Readout

€ ASEL

—> £

S h 2 NI <

Readout
Linear(n, 1)

#

i

S h 2 NI <

_ (u‘u)yporgsey

+

SR PR R

t

+

POLE] SN PLSOL]

(u‘u)sporgsey

Fully-connected

Jqud 1 mduyfquiy ¢ indug

qui] seL

SiLU

connected
ear(n,n) 3

n

Fully
3 Li

Z s3urppaquy

N sSurppaquig

cw
\
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Why we want Al to be “Interpretable’?
» Scientific Reasons:
— Training data might be biased

— Overfitting on specific features

— Generalization away from the specific context

— Limited ability for independent validation

Interetability

» Sociological Reasons:

Accuracy

— Skepticism of statistical reasoning

— Accountability of decision making

— Desire to manage unforeseen risks

CE/RW
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The nuclear double helix (real data)

78
6
76
: S ..'[' .. .‘ y ’,"

102 100 08

: :
Q4
4G
P!.Jg\ g 38
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Excurse: Interpretable Algorithms

» LST Step 3: Classify trained networks according to the algorithms they implement.
> Let’s consider first a toy problem: (A + B) mod p.  Liuetal 2205.10343, Zhong et al 2306.17844

» LST was used to study grokking. It was found that: i) generalization coincides with structure
formation ii) and identified classes of predictive algorithms that the NN employs.

O .
Loss: 4.29e+00]4.36e+00 Acc: 0.02|0.02 Clock Algorlthm:
40
51 Y
23
2 v .
35
54 I A
27 52 % 19
36 2§ Same-label predictions
* nY 55 b |
g - . collapse to a number
26 7 38y on a clock
33 39
42534 "3, - 3: N !
21
2 ~ ®
37 - 5
- 2+3=1+4=12+5=11+6
50 =10+7=9+8=5 (mod 12)
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Meaningful features

» We perform PC analysis also on the penultimate layer. The final prediction is
a linear combination of the penultimate layer PCs (features).

» The features capture most of the performance!

4 M":-_
L W W
>
1b]
=
b — Z emhed
LE N B N emb
& 10 - —— penultimate layer
| === SEMF
| === full model
109 10! 102

Number of principal components kept

CE/RW
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A (personal favourite) application to particle physics

—— 7 decays
K—mtv
— K-uv/n-puv
S T
SM fit 68% CL
NP fit 68% CL

0.220 0.222

0.224

VL_IS

0.226

0.228

If not nuclear physics then.. New Physics!

Belfatto, Trifinopoulos 2302.14097
Marzocca, Trifinopoulos 2104.05730

c®
\

N/ S

The Cabibbo Angle anomaly: Discrepancies

. . . [Coutinho et al] 1912.08823
betweena different determinations of V. (Grossman eca 1911.07821

» Depending on the input from nuclear 8 decays we
obtain I-50! Ref. showed that recoil
corrections in the tree-level charged weak decay

(which scale as ~q2R&yy ) could alleviate the tension.

[Seng] 2212.0268|

» Limited knowledge of Rcyy, but it can be inferred
from the charge radii of nuclear isotriplets! But, R¢p,
data are also scarce. NuCLR can help!
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Superallowed 8 decays
» Superallowed 8 decays are Fermi transitions (5=0, AJ=0)

between isobaric analogue states with no parity change (At =1).

: 2984.432(3) s
— : Vv Universal contribution:
Ft(1+Ag) EW corrections
Ft = ft(1+5)(1 + dns — d¢)

“corrected” half-life: factoring
out nucleus-dependent parts

| e

» What's new!
v - € The uncertainty of A, is dominated by the
hadronic contribution to the Wy box.
q 3( W+ Y f q

New analyses using dispersion relations and hybrid
lattice QCD result in a shift of |V |

[Seng et al] 1812.03352,2107.14708 [Czarnecki et al] 1907.06737

e
CERNV
\

94
NLS

/Seng ’s prescription: \

Define the matrix element

G
—= U, Y (1 — v5)ve F, y Pi
7 (= s)veFu(py, pi)

Fu(ps,pi) = (¢ (IH)‘JWT( )|di(pi))
= f+(a*)(pi +ps)n
|. Expand the form factor f,
f+(@®) =1+ (¢*/6)Rewy
R%\-’V - <¢f|A[+ ‘gb >

30 = [ @it )Zut)
Relate RZ;, =

.
1 3
WTaly
Z(,Q‘/d” (( Y Lza)>

to Ry Vvia nuclear isotriplets:

m(]:_

9 9 5 9
Rew = Rong + Zo(Rono — Rent)

\\ [Seng] 2212.0268| /




Outline

|. Large-Scale Structure bounds

ll. Production at Fusion Reactors

l1l. Searches at Colliders
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Far-forward detector
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ALP-proton coupling and ALP decay BRs

—_
[a]
—

—

)
o
1

9pa/ (cca/f/GeVT)

—_
3
[N

[Blinov, Kowalczyk, Wynne] 2112.09814

cﬁW
{

N4
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Production cross section at EIC

— Baseline

103 Optimal

0.05 0.10 0.20 0.50 1 2
mg |GeV|
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Detector Design Considerations

\ Muon acceleration

Far-backward
muon system

—4<n<-8

s

cw
\ 99

[Acosta et al] 2203.06258]

E, ~ 0.3 TeV \s = 1 TeV

Silicon Tracker
(w/ timing)

Eu ~1TeV
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BSM Models

We consider four simplified BSM models. See also:  [Cheung Wang] 2101.10476 [Hatta] 2311.14470

I. Leptoquark U;~(3,1,2/3): Enables study of u — 7 lepton-flavor violation (LFV) at tree-

level. U, is additionally motivated by B-anomalies and as portal to dark matter.  [Bordone etal] 1712.01368,
1805.09328, [Di Luzio et al]

int —i T a —q - 1708.08450, [Greljo et al]
Ly, = Ao UY (VibUT’L’)’an, + bL’YaML) + Apr Uy (nguL’YaVr + bLVaT L) + h.c. 1802.04274, [Baker, Faroughy,
Trifinopoulos] 2109.08689

2. Muonphilic Z’: Light vector gauge boson below the electroweak scale.  [He etal] PhysRevD43.R22
int — /
Ly = —gyiyapZ™
3. Axion-like Particles: Theoretically-motivated heavier versions of the QCD axion.

; a
Emt —
a

4\

4. Heavy Sterile Neutrinos: Accessed via an effective dipole operator:  [ismail, jana, Abraham] 2109.05032

- [Agrawal, Howe] 1710.04213 [Fitzpatrick et
F” [V al] 2306.03128 [Takahashi,Yin] 2105.10493

(5) L
f’dipole - §MVVFFWOJWN/ (ﬂv“'vEW/Az)

CER’W
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LFV leptoquark interactions: prompt search

Signal:

0.01r

do-/dm,; [fb/GeV]

U] M =2TeV, /le = /{bﬂ =0.617

SM

MuSIC : Vs =1TeV, L; = 400 fb!
up — b

Background:
T > > T
b > > b

> | T content of the muon beam — LePDF

[Han, Ma, Xie] 2007.14300,2103.09844
[Garosi, Marzocca, Trifinopoulos] 2303.16964,
github.com/strifinopoulos/LePDF

» We convolute the PDFs with the
differential cross sections and integrate
within the central detector rapidity
coverage |n| < 3.5.

» Acceptance efficiencies: b-tagging 80% ,
t-hadronic decays 75%  [ATLAS] 2108.07665,2305.15962

Sokratis Trifinopoulos



LFV leptoquark reach: MuSIC vs HL-LHC

2.0
My, =2TeV
1.57========m=s -
|’le| 1.0
0.5 [HighPT] 2207.10756
Vs =1TeV, L; = 400 fb™'
0.0 ' '
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
| Apul

CERN
\w 102 Sokratis Trifinopoulos



0.6

05

Ldo (A — pAnZ’)

1ldo
o dn
=
)

<
e

0.0

Au

Z’ vector boson: displaced vertices

'J_,J“ A Signal: M VAl

- > | [T > - > "
ok ,}_.ae:

> > Au Au > > Au

mz = 0.01 GeV
mzg = 0.1 GeV
mz = 1.0 GeV
mg = 10.0 GeV

\

CERN y

Ui

10

12

14

> The cross-section in coherent scattering is Z%-enhanced.

» The large ion-frame muon energy of O(100 TeV) leads to
highly-boosted Z’ in the far-backward direction.

» After traveling some distance ¥ it decays to di-muons

with probability:

/Ly @ boost factor =|p|/M
P(ﬁ) — 3

Lo = |
I, 72 = Bv/I'z

» To find the expected number of events, we integrate

P(?) from £,,;;, = 1mm (veto prompt backgrounds) to
Y max = 30m (far-backward muon spectrometer).
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Z’ vector boson: MuSIC vs Muon Beam Dumps

#* &+
# &+

S | Vs=89TeV,L;=2fb"
',13;1}3&11‘_;" ‘

Trident .*

..: [Cesarotti, Gambhir]
2310.16110

i_ Beam Dump .

-

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

(iw My [GﬁV] Sokratis Trifinopoulos



Normalized distributions

v, magnetic moments: prompt search

M
y
Signal: rrlf" Background:
}L_ > W= ’u,_ > > AAANANNANNNNAN L]
v 17
> N > v
v Z*
q - > q q - - q

0.05- -

:— — My = 5 GeV ]
0.04: —my=200Gev. » The HSN is produced via up-scattering of SM

[ _SM neutrinos via the dipole operator.
0'03;_ - » The HSN subsequently decays to
0 023_ ] neutrino+photon. The missing energy is either

collimated or back-to-back with the photon.
0.01f 7 > We veto additional neutrinos to suppress the
0 ooﬁ . | | | | | . - v + y + 3j background.

0 /4 /2 3m/d ;v 5m/4 32 Tmld 27
A‘Py,lniss
CERN
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Heavy Sterile Neutrinos: MuSIC vs HL-LHC

I I I T TTT0 | I I [T T 1T ' | | I Ij
— | Scenario |
-4 |
10 =TT -._ HL-LHC Z
— ST [Magill] 1803.03262 —
| - il
> L i
L
g L il
3-;3‘ 10_5 NOMAD
B Vs=1TeV, L; =400 fb~" ||
10—6'_ L I I | I | | I h | 1 -
1 10" 107
My [GﬂVJ

CE/RW
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Luminosity Scaling
l\r() r
» Muon Collider: Lon 0% Y R f’r’]\/()/y

€EL
/ \ \ High beam power

_ Large energy acceptance
High energy = short bunch

= small betafunction

Dense beam

number of particles/beam bunch bunch frequencies Occﬂ _ chrep)

ol /

> Music: Lyp = — - min[ fo, f¢]
4r max|[oy, oy | max|oy, oy ]
[Acosta et al] 2203.06258] ogtP = [¢* ﬁ* mH-P / EHX.p
[Kaya et al] 1905.05564 XY X, YFEX,y
\ T~ amplitude function
(iE?W 107 transverse emmitance Sokratis Trifinopoulos
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MuSIC luminosity estimates

Parameter Muon Proton
Energy (TeV) 0.96 0.275
CoM energy (TeV) 1.03
Bunch intensity
(101) 20 3
Norm. emittance, 75 0.2
£y (Hm)
B*,y @IP (cm) 1 5
Tra.ns. RMS beam 59 58
size, Oy, (um)
Muon repetition 15
rate, f., (Hz)
Cycles/Collilsions
per muon bunch, N, 3279
L,, (10*cm?sT) 7
108
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