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Status

LHC + Intensity + precision + dark matter searches

the Standard Model
works extremely well

but we are left
with big problems

the Standard Model is incomplete

2



How to extend the Standard Model?

motivations and what is allowed?



How to extend the Standard Model?

motivations and what is allowed?
- experimental evidence for new physics



How to extend the Standard Model?

motivations and what is allowed?
+experimental evidence for new physics
» Higgs as effective Landau-Ginzburg theory, the origin of the weak scale



How to extend the Standard Model?

motivations and what is allowed?

- experimental evidence for new physics

+ Higgs as effective Landau-Ginzburg theory, the origin of the weak scale
» origin of the Standard Model parameters (flavor puzzie)



How to extend the Standard Model?

motivations and what is allowed?

- experimental evidence for new physics

+ Higgs as effective Landau-Ginzburg theory, the origin of the weak scale
» origin of the Standard Model parameters (flavor puzzie)

» new solutions (light physics, combine with cosmology...)



How to extend the Standard Model?

motivations and what is allowed?

- experimental evidence for new physics

+ Higgs as effective Landau-Ginzburg theory, the origin of the weak scale
» origin of the Standard Model parameters (flavor puzzie)

» new solutions (light physics, combine with cosmology...)

- what are we missing?



How to extend the Standard Model?

motivations and what is allowed?

- experimental evidence for new physics

+ Higgs as effective Landau-Ginzburg theory, the origin of the weak scale
- origin of the Standard Model parameters (flavor puzzle)

» new solutions (light physics, combine with cosmology...)

- what are we missing?

ifrom TeV scale focus = broader theory and searches]



How to extend the Standard Model?

motivations and what is allowed?

- experimental evidence for new physics

+ Higgs as effective Landau-Ginzburg theory, the origin of the weak scale
- origin of the Standard Model parameters (flavor puzzle)

» new solutions (light physics, combine with cosmology...)

- what are we missing?

ifrom TeV scale focus = broader theory and searches]

leading signatures of new physics|
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The quest for hidden sectors and new particles

huge landscape for new physics, guidelines:

- solution to the big problems

- model independent as possible (generic, effective field theory)
- develop new theoretical tools

+ "anomalies” (disagreement of data with SM predictions)

- Standard Model rare phenomena as a probe for new physics
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BSM at terrestrial experiments

Known
I | I | unknown hu_nt for new Ilght.
Intensity feebly-interacting particles
precision + -
1 - new forces at the precision (atomic/molecular systems)

v

hidden sector

2 - axions at the intensity (optical dump & EIC)

MeV GeV TeV
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» naturally predicted in many extensions of the standard model

» assoclated with solutions to fundamental problems:
strong CP, dark matter, hierarchy problems

Peccei, Quinn 77; Weinberg 78; Wilczek 78

Preskill, Wise 83; Abbott, Sikivie 83; Dine, Fleischer 83
Graham, Kaplan, Rajendran 15

+ many many more
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Feebly interacting new spin-0

» limiting cases of the theory (flavor diagonal):
+  Higgs mixing (CP even)
- pNGB: axion or axion-like particles (CP odd) or dilation (CP even)

» general flavor aligned (CP even)

Peccei, Quinn 77; Weinberg 78; Wilczek 78
Preskill, Wise 83; Abbott, Sikivie 83; Dine, Fleischer 83
Graham, Kaplan, Rajendran 15
Patt, Wilczek hep-ph/0605188
Delaunay, Kitahara, YS, Zupan, 2501.16477
7 + many many more
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CF even: spectroscopy

heavy exotic atoms g—
m ~ 10 MeV 2
7*He

P
m ~ 20keV X £182
ordinary atoms

m ~ am, ~ 4keV
molecules K* — 7t

i~ 1T ~ keV m ~ 360 MeV

keV MeV GeV



Self-consistent extraction of spectroscopic
bounds on light new physics

10 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23
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Fundamental constants

fundamental constants cannot be
- predicted by the current theory, e.g. a, m,

. reliably calculated e.qg. ry, M,

precision measurements used to
- determine the fundamental constants, e.g. CODATA
- probe new physics (NP) - new particles
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O = Ogm(8sm) + Onp(8smy Xy, y) + 00y,
observable—I

Standard I\/IodelJ new physics |_ new physics

parameters
fundamental constants

extracted under the Standard Model assumption

* new physics affect the fundamental constants extraction

12 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23
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Beyond Standard model and CODATA

the aim
a self-consistent determination of fundamental
constants in the presence of new physics

mutual fit of new physics and fundamental constants

generically, reduce sensitivity to new physics
larger errors on fundamental constants

=
=

13 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23



Light new physics - dark photon

my, << am, X 4 keV * long range force

14 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23



Light new physics - dark photon

my, << am, X 4 keV * long range force
Z QED(a) + 7 Np(a¢, M s q;) > Z QED(a T 05(,5)

1

my — 0, spin-1, couplings aligned to QED

14 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23



Light new physics - dark photon

my, << am, X 4 keV * long range force
Z oepl@) + Lnplay, my, g;) T Z oepla + ay)

my — 0, spin-1, couplings aligned to QED

* very light dark photon Is unobservable

14 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23



Light new physics - dark photon

my, << am, X 4 keV * long range force

Z oep(@) + Lxplay, my, q;) = ZLoppla + ay)

1

my — 0, spin-1, couplings aligned to QED

* very light dark photon Is unobservable

need to calculate new physics at the same order as the standard model, not practical

14 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23



Light new physics

capture the alignment effect by redefine the potential as
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Light new physics

capture the alignment effect by redefine the potential as

0. ae T — 0.0.
Vlj — QZQ] + VZJ Vl] — QZq]e QZQ]
NP~ T NP NP~ ¢ ,
QED part —J

4 4

* @ — @SM(O‘ + a¢) + ONP(OC + a¢, a¢, m¢) + 56‘[11

state-of-the-art leading order

15 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23
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2022 Spectroscopy data

Higgs ¢ mixing

excess In
spectroscopy data

1. How robust is the Kaon bound?]
. i.e. how to avoid it?
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2. How can we go beyond it?
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Higgs portal

very strong bound
from K™ — n7¢

17 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23
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Can we avoid Kaon decay bounds?

spectroscopy

K — ng (nucleon coupling)

| only u, d, s couplings o M, gs
= avoid strong Kaon bounds

Higgs mixing = have spectroscopy re |

. _ 2
uds: K, 4, = 1 0 x m,

Int Q v
f | dn >

18 Delaunay, Kitahara, YS, Zupan, 2501.16477
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Probing new hadronic forces
with heavy exotic atoms

19 Liu, Ohayon, Shtaif, YS, 2502.03537
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main challenge - the SM prediction
(hadronic interactions)

circular states n > 1, [ = n — 1) Insensitive to local hadronic interactions

= can be predicted (up to nuclear polarizability) il ot al PRL 5

Zatorski, Patkos, Pachucki PRA 22
new physics sensitivity

gn X &, my S 4keV gy X 8y My S 10 MeV
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Exotic atowms for BSM

uds-model

no kaon bounds, but spectroscopy signature

22 Liu, Ohayon, Shtaif, YS, 2502.03537
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electric dipole moment (EDM) = CP violation in low energy systems
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CP violation
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electric dipole moment (EDM) = CP violation in low energy systems

What we can learn from the electron EDM about CPV
long range hadronic interactions?
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CP violation in diatowic wolecules
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CP violation in diatowic wolecules
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Molecules are the best terrestrial probe of long range hadronic CPV force
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Parity violation

X ———— —X P violation = left # right

the SM weak interaction breaks P (by construction)

PV new force: X”(g‘}/(l/_/}/ﬂl// + gf‘/_f}’ﬂysllf)

(81// X 31//) 7 /1 e Me"
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P violation in chiral molecules

E; # Ep = parity violation

within the SM tiny effect (weak interaction)

27 Baruch, Changala, Shagam, YS, PRR 24



CHDBrl+ (Shagam lab)

P violation in chiral molecules

Comparlng the hyperfine structure of L and R

state 1 state 2
(i,7) | E1—2 [GHz] (N, Ko, K¢, J, F1, Fa, F3, F||{(0: x 0}) - ?&||N, Ko, K¢, J, F1, F2, F3, F) | {0; X 0;) - 72,
(a),(b),(c)[(D, I) 3.34 §1 1,0, g,l 1, g,o{ 0.49 ‘1 0,1, %,1 2,§' 1§ 0.12
(d) (H, I) 3.99 2,2,0,2,3,3,2,0 0.23 1,0,1,2,1,2, 2.1 0

28
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P violation in chiral molecules

comparing the hyperfine structure of L and R
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CHDBrl+ (Shagam lab)

state 1 state 2
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(a),(b),(c)[(D, I) 3.34 §1,1,0,§,1 1,%,0 0.49 ‘1,0,1,?,1,2,%,% 0.12
(d) (H, I) 3.99 2,2,0,2,3,3,2,0 0.23 1,0,1,5,1,2, 5,1 0

dashed - 0.1 Hz , dotted 1mHZz
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P violation in chiral molecules

comparing the hyperfine structure of L and R
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P violation in chiral molecules
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Future probes of scalars and
axions at the intensity frontier

Optical Dump and EIC

29



An optical dump
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high-intensity laser pulse
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An optical dump

high-intensity laser pulse

€v
ey —> z, ~ O(10)fs
e y
electron beam v
optical dump vorar) e ~ O(10* = 10%)fs
z

E,~ 165GeV,w; =~ 1.5eV ~ 1/(0.41s), f; ~ O(10 — 100) fs . : . :
- - Schwinger like pair production

the main physics goal

in ordinary material T, ~ Ty

LOI 1909.00860 ,CDR 2102.02032 30



An optical dump

high-intensity laser pulse

photon emission, frequent process
several outgoing photons per electron

e
electron beam
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An optical dump

high-intensity laser pulse

photon emission, frequent process
several outgoing photons per electron

e
electron beam

Y

I
optical dump

. collimated photon source |

111
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Nk= =™ | |
| 1019 y/sec, E ~ O(m,) |

Bai, Blackburn, Borysov, Davidi, Hartin,

LOI 1909.00860 ,CDR 2102.02032 30 Heinemann, Ma, Perez, YS, Tal Hod PRD 22



Axions at an optical dump

laser pulse

LUXE-NPOD -

(new physics at optical dump)

—
optical dump

Bai, Blackburn, Borysov, Davidi, Hartin,
Heinemann, Ma, Perez, YS, Tal Hod PRD 22
31 Soto et al 2507.17716
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detector

laser pulse

dump
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LUXE collaboration
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(new physics at optical dump)

production

—
optical dump new physics module

Bai, Blackburn, Borysov, Davidi, Hartin,
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Axions at an optical dump

detector

laser pulse

dump

LUXE-NPOD . / adopted by the
(new physics at optical dump) _T / LUXE collaboration
production decay
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optical dump new physics module
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Bai, Blackburn, Borysov, Davidi, Hartin,
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Axions at an optical dump

detector

laser pulse

dump

LUXE-NPOD - / adopted by the
(new physics at optical dump) _T / LUXE collaboration
production decay
—
optical dump new physics module
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Bai, Blackburn, Borysov, Davidi, Hartin,
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Axions at electron-ion collider (EIC)

How can we go further?
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Axions at electron-ion collider (EIC)

e >
E, = 18GeV coherent production of new
Ep, = 20TeV particles up to m, ~ 20 GeV
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prompt
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coherent production of new
particles up to m, ~ 20 GeV

axion is produced and
promptly decays to photons

Balkin, Hen, Li, Liu, Ma, YS, Williams JHEP 24



Axions at electron-ion collider (EIC)
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Axions at electron-ion collider (EIC)
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Axions at electron-ion collider (EIC)

axion with gluon couplings + invisible decay

a ~ . —_—
f 4;’ GMDG,MI/ T 18 )(aa)( VsX

33 Balkin, Coren, Jentsch, Liu, Ovchynnikov, YS, Trifinopoulos
In progress



Axions at electron-ion collider (EIC)

axion with gluon couplings + invisible decay

a ~d 3 —
f 4;’ GMDG/U/ T 18 )(aa)( &4

X =a,r n,n’

X (kx)
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(a) (b)

33

Balkin, Coren, Jentsch, Liu, Ovchynnikov, YS, Trifinopoulos
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Axions at electron-ion collider (EIC)

axion with gluon couplings + invisible decay
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Axions at muon-ion collider (MuSIC)

How can we go more further (next decades)?
muon-ion collider

%4 Davoudiasl, Liu, Marcarelli, YS, Trifinopoilos 2412.13289



Axions at muon-ion collider (MuSIC)
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coherent production of new
particles up to m, ~ 200 GeV
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BSM at Fusion reactors
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BSM at Fusion reactors

utilize the huge neutron flux
ol « 10ecm-2sec-!
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~ma
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-~
-

-

-~
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-
-y
L
-~

+—— Shielding

—> Neutron multiplier

—> Breeding material

FW armor

DT-plasma

Breeding module

production detection

35 Baruch, Fitzpatrick, Menzo, YS, Trifinopoulos, Zupan, 2502.12314



New physics production

utilize the huge neutron flux
+ blanket as a target
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New physics producfion

utilize the huge neutron flux @ \ ---------------
+ blanket as a target

A+1X

\AHX

Resonant capture + de-excitation

I’Z+ZX—>A+1X* A+1X+§0

S 2
Ua;Ml o <&> gap 0¢;M1 ~ p¢ ggbp

Oy M1 E, )] 2na o,y E, 2na

36 Baruch, Fitzpatrick, Menzo, YS, Trifinopoulos, Zupan, 2502.12314



New physics producﬁom

utilize the huge neutron flux @ \ ---------------
+ blanket as a target

n P
4X AP ¢
\AHX A A

Resonant capture + de-excitation

+4X - ATIXE o AtIX 4

Oy M1 E 2ra o, E, 2na

S 2
Ua;Ml o <&> gap 0¢;M1 ~ p¢ g¢p
/4 Vs

Non-resonant capture + de-excitation

n+5X - 51X + @

non—res )
O &bp Q° Py

non—res 2 2
ghey e E}, E},

36 Baruch, Fitzpatrick, Menzo, YS, Trifinopoulos, Zupan, 2502.12314



New physics production

61

utilize the huge neutron flux
+ blanket as a target A

n .. P n Lo P

Phg n

A A+1 A A

\A+1X AX Atlx Ax Ax

Non-resonant capture + de-excitation Coherent scattering
Resonant capture + de-excitation
A A+1 vy A+l A A+1 A A
+7X =77 X5 =77 X+ n+4X — 41X + ¢ n+4X > 4X+n+ ¢
3 5 ) shon—res 2 2 ol 7202 3/2
Oa;M1 o 2 Eap  OpMlI . Py Egp ¢ gqbp Q° Dy ¢ E¢p (Ez—mz)
Oy.M1 Ey 271-“’ Oy.M1 E}/ 2ra 0;1(])5111 - e’ E}% E}’ OSM 167T2E£ ’ ’

36 Baruch, Fitzpatrick, Menzo, YS, Trifinopoulos, Zupan, 2502.12314



BSM at Fusion reactors

only proton coupling proton + small electron couplings
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true muonium (9.#) = u*u~ bound state

Never observed!
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True wmwuonium at LHCb

true muonium (9.#) = u*u~ bound state

Never observed!

the 13S1 state (spin-1) is a “"dark photon” like state
Mg 4 = 2m, — By ~ 211 MeV

e s =012 ~2.7%x 107>

E /
Z D EF/WF e

but it IS dissociated due to muons detector material interaction

* similar search strategy as dark photon

39 Cid Vidal, llten, Plews, Shuve, YS, PRD 19



True wmwuonium at LHCb

true muonium (9.#) = u*u~ bound state

e |unitless]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
m |GeV]

* similar search strategy as dark photon

39 Cid Vidal, llten, Plews, Shuve, YS, PRD 19




True wmwuonium at LHCb

dominant production
n—yJM —yete”

ctg 4 =~ 0.53mm, o, ~20MeV
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True muonium at LHCDb

dominant production
n—o>yIJM—yee”

ctg 4 = 0.53mm, o, ~20MeV

i displaced eTe™
resonance_|

200

Bl signal

case (ii)
175 | m background

Bl signal 4+ background

150
= 125
O
~
.4 - = 100
reconstruct: eTe7y :
S 7
3
50
25
0
0.10 0.15 0.20 0.25 0.30

Mete— [GGV]

expect 50, (discovery) within next LHCb run (15tb™!)

40 Cid Vidal, liten, Plews, Shuve, YS, PRD 19
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Sumwmary

* Kaon decay can be disentangled from spectroscopy.

* Precision spectroscopy is a powerful probe of new hadronic
Interactions.

* |n the next coming years new options will be open for ALPs physics
(LUXE, EIC).

41
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Kaon decays: K — z¢

MK > ztp) = 7 { ~ (K = Ko) [}/l (mg — mg +mg) = 2y, (mg + m,%a,)] + ZKj; 2mg — m2(1 = &)| + Tzcg; (146

2

¢ 2,0
nm_ Koy g MyKs_g
2 (Kff ) )n(l ) - md) (MG +8pn = 40+ 6] = m[(1 = 8)r —212] }

T

1 {1 1
MK, — 1°%¢) = — F { E(KW — Kp) [}/l (mig — mg +my) - 2y2mK] +Re ? [2mg — m2(1 + &)

m? K? m?

+T’”Re k(1 +6) + ——

(Y1 — 1) [2m12((1 + SI) - mﬁ] }

4(mg — m2)

MKy — 72) = f{ Im Kfﬁ [ZmK —m2(1 + 5| + Im«? ma(1 + 5,)}

MK = ntd) + MK, - 71%) + iM(K; — 7°¢p) =

43 Delaunay, Kitahara, YS, Zupan, 2501.16477



uds-model

141070

10 102 10%

Z m,qq

q =u,d,s

avoid bounds from K — 7 + 1nv
Delaunay, Kitahara, YS, Zupan, 2501.16477
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Exotic atowms for BSM
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BSM at Fusion reactors

D+ 7T — SHe +n+ 17.6 MeV

I—$ L____I

utilize the huge neutron flux energy excess to new particle
(I);[/l()tal ~ IOISCm_ZSGC_l %D + ?T —> gHe +n+ @
1021 " L L L L L L L L '%
’T 10192 é
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D He .
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<o 97 | wer pr E%
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New physics chain

n from the fusion 1 on the blanket target detection VéaN[C)) cllilkseassocnatlon

E¢ > 2.2 MeV

dd
number of detected events: N¢ — TNDIdEndE - Donp X g;p

O
P P
I dE,
operation time

# of deuterium targets detection cross section

46 Baruch, Fitzpatrick, Menzo, YS, Trifinopoulos, Zupan, 2502.12314



New physics producfion

_______________ new physics flux
utilize the huge neutron flux \ N do, 1 d®, ..
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Axions at an optical dump

laser pulse
LUXE-NPOD e—_ﬁL,
(new physics at optical dump)
I —|

optical dump

Bai, Blackburn, Borysov, Davidi, Hartin,
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Axions at an optical dump

detector

laser pulse

dump

LUXE-NPOD — adopted by the
(new physics at optical dump) LUXE collaboration
production
—
optical dump new physics module
43 Bai, Blackburn, Borysov, Davidi, Hartin,

Heinemann, Ma, Perez, YS, Tal Hod PRD 22



Axions at an optical dump

detector

laser pulse

dump

LUXE-NPOD — adopted by the
(new physics at optical dump) LUXE collaboration
production
——
optical dump new physics module
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I -
Z;a |GeV] Bai, Blackburn, Borysov, Davidi, Hartin,

Heinemann, Ma, Perez, YS, Tal Hod PRD 22



Axions at an optical dump

detector

laser pulse

dump

adopted by the
LUXE collaboration

LUXE-NPOD

(new physics at optical dump)

N R

production decay-T
——
optical dump new physics module

Belle 11

very low
%a F, : background rate
probe uncharted
territory -
EG[GGV] Bai, Blackburn, Borysov, Davidi, Hartin,

Heinemann, Ma, Perez, YS, Tal Hod PRD 22



LUXE-NPOD

(new physics at optical dump)

od Y
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laser pulse

I
optical dump
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GlueX: Aloni, Fanelli, YS, Williams, PRL 2019
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Patasets

CODATA18 - for validation
reproduced CODATA with excellent agreement, < 0.20
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Patasets

CODATA18 - for validation
reproduced CODATA with excellent agreement, < 0.20

DATAZ22 - for new physics analysis
CODATA18 + improvements from Hydrogen, HD™, pHe, uHe,

(g —2),, masses

49 Delaunay, Karr, Kitahara, Koelemeij, YS, Zupan, PRL 23



95% CL exclusion
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X mqu aligned with QED

X m(g due to deuterium
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