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PARTICLE PHYSICS

We are Curious!!!

What are the basic degrees of freedom? What does the Universe contain?
What rules do they follow? What (s its history?

A

Accelarators, colliders, defectors, Telescopes, observatories, CMB, x-ray, gamma-
neufrino experiments, cosmic rays:: ray, radio, direct detection experiments:
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Matter-anti-matter

[s there anything else? Could that be the dark matter?

Can we [earn more about cosmic history?



Overview - a nhon technical :

O HEP experimentalists and theorists are pursuing new approaches to address some of
Fhese C]M-QS{'I.OM w/ ﬁeclmo(ogy [9-Ql.M9 devdopeo( for Hep and for QIS (SQMS center),

O New [ight particles that wteract with photous: Dark Photons, Axions
O Advertising cavities (SQMS)

O Ultra-high Q cavities and New physics searches:
O Light shinng through wall

O Dark matter searches

O Light-by-light search
O (Not new) (ight particles tnteracting with photons: Gravitational waves.

0 GW searches with cavities. (and an advertisement for MAGIS-T00 if there is fime).



Much of the development i QIS technology mvolves
mawnipulation of light, either tn classical or quanfum states.

A good place to look for beyond standard mode ts

New Particles luteracting w/ Light

The main actors:

Dark Photouns Axions

(both are good dark matter candidates, but are wot assumed fo be DM (n most of this talk)



Dark Photons - a Linear Extension
O Hypothesis: Add another photon to the rule book

(and lets give it a mass)

Higgs Boson

L] l/\/l»wy would such a Parf[c(e exist? ...
. . /H . /) . . .
’HlS{'OYlCa”y COP(Q.S O7£ ,DaY/'lC{-QS dld SL]OW MP by SMYPYlS-Q. (Fhe muon: “who ordered that?!”)

O Even lay SMYPYl.S-Q, a dark Pl/\ofow would teach us Profouma( (255015, New
force of nature. Grand Unification, efc.
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Dark Photons - a Linear Extension

0 Normal matter ts not charged under the new photon. How will it interact?

ln quantum mechanics: fwo states which have the same

« /)

0 ¢« , 0 /"
quanfum numbers can be tn a superposition, mix .

() = |photon) + ¢ |dark photon)

0 The dark Photon (s a linear extension of QED with an effective Hamiltounian:

H > Hoep + ¢ EE + BB VAVAVLY S

(and dark photon also has a mass)



Graham et al, Phys.Rev.D 90 (2014)

lphoton) + € |dark photon)

O Photons are emitted by an EM current J, 2.9 oscillation dipole:

—

J(t)

*In fact, € here also depends on dark photon mass.
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Graham et al, Phys.Rev.D 90 (2014)

lphoton) + € |dark photon)

O Photons are emitted by an EM current J, 2.9 oscillation dipole:

OIO Transverse polarization-i—» Dark ﬂux oC gz

10
But now, the emitted state is” [photon) + ¢ |dark photon) !

Reminiscent of Rabi (also neutrino) oscillations. Emitted state is a
superposition of massless and massive state (mass difference <> defuning).

*In fact, € here also depends on dark photon mass.



Graham et al, Phys.Rev.D 90 (2014)

lphoton) + € |dark photon)

O Recall a crucial difference b/w photouns and dark counterpart - a mass.

O The dark photon has a 3vd polarization!

*In fact, € here also depends on dark photon mass.



Graham et al, Phys.Rev.D 90 (2014)

lphoton) + € |dark photon)

O Recall a crucial difference b/w photouns and dark counterpart - a mass.

O The dark photon has a 3vd polarization!

Dark flux oc ¢

TI Dark photon w/ logitudinal polarization

No oscillation, just emission
’f( N of a feebly coupled state.
In fact this flux is greater! *

*In fact, € here also depends on dark photon mass.
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O Many constratnts on the dark photon!
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Pecci and Quinn (77)
Axions - a Nonlinhear Extension

O [uvented to address a theoretical puzzle of the strong force:
"Strong CP problem  (why dont (gluonic) € and B Fields mix?)

O A nounlinear extension of QED, with a new tuvisible freld:
4 a
f f
O Axion phenomenology w/ background Field (s stmilar fo dark photon. Mixing:

-------- oA A Photouns Po(ariz-ed
B T Ij(f) along a B field can
mix with axious.

> —>

Z > FW‘EW: CB

(’{/75 15 a O(I.W\-QMSI.OMfM{ couP“wg)



Axions and ALPS
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Some fechnology -superconducting cavities



Superconducting Technology (and Fermiiab)

0 SC technology 15 one of the most promising paths toward Guantum computing
with demonstrated results.

3 SC qubits (Frequencies of ~GHz) have achieved coherence fimes of
~ millisecond (Q~T0°).

A

O Even higher Q systems were developed for accelerators N /A=

SRF cavities developed at Fermilab have achieved Q ~ 109-10,



Superconducting Technology (and Fermiiab)

0 Also tn the quantum regime:
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Romanenko et al.
Phys.Rev.Applied 13 (2020)

~2 sec coherence times!

Can we use this as qubits? qudits?

Less than one thermal photon tn cavity.
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Director: Anna Grassellino

SQMS - Superconaucting Quantum Materials and Systems

O Fermilab s SQMS Center, funded by DOE's National Quantum lnitiative, is
(everaging this cutting edge SC research to quantum.

0 Many tustitutions, tncluding UIUC (Your Kahn).

O SC and material science know- Superconducting Qubits

Classical | Classically
Intractable

. /" /)
how fo tmprove regular

Cfufo('fs.

10°

Qu Fault Tolﬂ
Advanta Quanit SQMS Consequences:
Computers
2’3 sQMs-3D

--------

QM

10x Materials . S \0 &

Coherence Limit (# Gates)
2

° ° QN\S , ...... .
O Use SQF cavities P\AOA-QS sfore 108  ...LL. :\ﬂs_ Leading US testbeds:
: : @ Google Sycamore
: : ‘" 0 o9 :
quanfum tnformation, 3D 02| Ta%% Tox Dovics © 1M Hescona

/ /

\ 7, .
architecture 10 102 103  10% = Yalo Single-mode

A UChicago Multi-mode
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Back to Dark photouns, efc:+

How can quantum sensing and techunology help the search?



[ ab Based Dark Photon Search

O Recall our radiating dipole:

Can we sense
this dark flux?

@@ Dark flux oc g We know the
- frequency...

J(#)
(and the phase)!

“Light shining through wall (LSW)": =xamples -

Optical: ALPS, ALPSII, OSQAR

Jaekel et al (2006) RF: CROWS



Light Shining Through Wall (w/ RF cavities)

O Consider two high quality cavities with with exactly same frequency
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Light Shining Through Wall (w/ RF cavities)

O Consider fwo high quality cavities with with exactly same frequency
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Light Shining Through Wall (w/ RF cavities)

O Consider fwo high quality cavities with with exactly same frequency
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High Q — we can store High Q — cavity cam ring
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Dark SRF

O Proof of concept executed (w/ tngredients tn the Fermilab pantry):

107>

10_7—
y f
107° f=1.3 GHz
* &f= 1 Hz
* Q= 10°
1079 .
: =30 mins

10-10 Dark SRF

Preliminary - Not yet in the quantum regime (T~1.4 K)
1077 1078 10~/ 107° 107°
m, (eV)

Plot by Zhen Liu (UMN)



Dark SRF

O Exciting future plans o explott quantum sensing:

10—6 -
10—8 -
W
10—10 -
DarkSRF - Preliminary W + W + W Preliminary DR setup,
1012 10-10 10-8 10~ T~10 mMK



Dark Photon Dark Matter

0 We are also testing hypothesis that a dark photown s the dark matter:

Dark matter
P

Frequency [GHz]

10~ 10" 10!

|\|
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‘ 3 13"
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Kinetic mixing, x

. SQuAD
3 ADMX-2 ADMX-3Pcoliminary SQMS Projection
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|

Need fo scan cavity frequency

A ppyv = 0.45 GeV cm

10~ 0> 10
Dark photon mass, m y [eV]
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Axion searches

Conceptually similar, but a background field 15 needed

(mcaH axton 15 a nounlinear exz‘emfow)



Axion Searches

Axion DM search - axion
upconvert a pump field.

Berlin et al (2019)

frequency = mg/2n

0 kHz MHz GHz
10~
10-10 CAST
10-11 SN1987A y 108
10—12 —
1013 50L prototype — 1010
—14 , |
10 cubic meter
10—19 {1012
10—16 . |
. QQO ‘5,7(—&00 : y
10~ = standard ALP dark matter / — 10
10~18 N -
10-19 é SRE upconversion — 10
10—20 R R R a1 AN A RN T AR
10-12 10-10 108 106 10~4

mq |eV]

fa 1GeV]



Bogorad, Hook, Kahnu. , Soreq (2019)

Axion Induced Light-by-Light (and Euler-Heisenberq).

3 Our most devious scheme (Kahu and collaborators):
searching for a nonlinear effect 1 as ngle cavity

Light-by-light scattering

LL»?JJ 2 among cavity modes
RN » %im (Fpu Y J y

a iwlt iwgt ': A
| Eqe + ke : : :
W <K Me Aoy » Bie"™'" + Boe'™2"

= pv My B L L L LR EELEELEEEE >
/ LEg = 360m4 A(F,, F*)? + 7(F,, F*)?] T




Bogorad, Hook, Kahnu. , Soreq (2019)

Axion Induced Light-by-Light (and Euler-Heisenberq).

OSQAR/PVLAS

Exciting reach:

10-10 EWith frequency stabilization (Q =3 x 108) CAST

1013 :
10-% 10-° 10°% 107 10°°® 10> 10* 1073

m, [eV]

O Also may be the most challenging search! We are studying other sources of
nonlinearity, both theoretically and experimentally.



' GaOuwc, RH (2021)
Axion Searches

[£ cavity nonlinearities prove to be too big - plan B:

LSW with pump fields excited in both cavities.

wo Axion frequency
W4

Signal frequency

w1 Emitter

2 _ 1m2
w* — m4

Receiver



Gravitational wave searches

How are GWs related to axions?



Berlin et al [incliding Khanuiuc, Schutte-Engeluiuc] (2022)

Gravity waves - also a Nonlinear Extension

0 GW's were only recently discovered.
Extending the frequency window For GW detection ts highly motivated

O Gravity s also a nonlinear extension of QED: L 5= \[9 Gus 9op F# Fo?

and GW's are fluctuations in the metric. 9 = n + h

O Axion DM searches < GW searches

Note: correctly calculating the signal strength, is best done in the proper detector frame.
Understanding frame effects and (incorrect) existing literature was alot of fun.

\_ J




Berlin et al [incliding Khanuiuc, Schutte-Engeluiuc] (2022)

(zHz Gravitational waves:

O SQMS has potential to set new limits for GHz GW's (sources anyone:+-?)

Projected Sensitivities of Axion Experiments

Work (n progress:

wg/2m € [0.65,1.02] GHz

J|lQ~8x10% Bp=75T
ADMX Vcav — 136 L, TSYS Y 0.6 K

UP—sca/’/nerimg pr-erimewf
gotng to MHz Frequencies!

wg /27 € [5.6,5.8] GHz

J1Q~3x10% Bp=9T
HAYSTAC Veay = 2 L, Toys ~ 0.13 K

wg /27 € [1.6,1.65] GHz

dlQ~4x10% Byp=73T
CAPP Vcav — 3.47 L, Tsys U ].2 K

GW w1 = wp £ Mg

wg/2m = 26.531 GHz

ORCAN — Q~13x%x10% By=7T

Vcav ~ 0.0078 L, Tsys ~ 4: K

wg /27 € [1,2] GHz

V
SQMS params. — //A‘Cg; 1_06:510033 _T5 TN 1 KW/

10~% o 1()|_23 o 1()|_22 I 1() 2 10 0 I 10 19
Strain Sensitivity hg




Gravitational Waves with Matter Wave luterferometers



https://arxiv.org/abs/2104.02835

MAGIS-100: Gravitational waves with Atom Interferometry

a A collaboration of Fermilab with Stanford, Northwestern and other (Spokesperson:
Jason Hogan of Stanford)

O A 100 meter Strontium gravity gradiometer for GW's and dark matter searches.

(b) , L T-L T+l 2T-£
Related talks by C. Williams, S. Luthcke.
MAGIS-100 detector at Fermilab k
ur C
. f:j Zz
7))
S — - . &
.......... m—r i'
e | 5
./
\i\-l‘c.ewutrinot Béa?ﬁ Line for MINERVA and MINOS éxperiments “1|
0% T 2T

Time



MAGIS-100: Gravitational waves with Atom Interferometry

O 100 meters s a pathfinder foward a km scale gradiometer, as well as a space-based

mission,
(a) AW
1 O_ 13 l.]”"l[f“ﬂr]l““{”l .l..““.. I_IGO H1 Cal CS
\.“ .. DeltaL_External
lrllllu,,,;]|l|“m,;
T Mll
10° 15 .lm:;!llljl,lll".
MAGIS-100 "l..
—~ “\|\\
E 1 O_ 171 .N..wlj
A
Z llltl..l“
— i ,“
= LISA |
_g 10° 19 ﬂw/ _____________ Iul'xlll
(0)) l“l'l; .llll”.
_ |
10° 21
b )‘“‘ ‘“"‘u‘l‘l“' \ |
1072%¢ Advanced LIGO o
0.01 010 | I”’I - 10 o IHH’IIOO

Frequency (Hz)

(b) "
: MAGIS- Space
(broadband)
10719 v E
; I
V1
g
1|
~ 107 : :
N i
T |
: s
c -21 |
s 10 ~_MAGIS-km o ]
E/_') W75 i
MAGIS- Space 9974 -
022 NS~ (resonant mode) -
10—23 __ __
g Advanced LIGO
[ Lo L] . Lol Lo L]
0.001 0.010 0.100 1 10 100

Frequency (Hz)

https://arxiv.org/abs/2104.02835
https://arxiv.org/abs/1711.02225
https://arxiv.org/abs/1908.00802



Conclusions

O New [ight particles that tnteract with photons are well motivated.

O Axtons and axton-(ike particles.

3 Dark photous
O Gravitational waves also couple to photouns.

O New tools for enhanced coherence, control, and sensing of can be used

i the quest for new physics!

# Fermilab DOE QuatiSED






Deleted scenes




Dark photon and Axion searches with Quantum Optics

A new direction at the HEP-optics tnterface, tn its tnfancy.

Theory paper:
J. Estrada, RH, D. Rodriguez, M Senger - arXiv:2012.04707, Accepted to PRX Quantum



https://arxiv.org/abs/2012.04707

arXiv:2012.04707, Accepted to PRX Quantum

Nonlinear Optics with Dark States

O Auy oscillating dipole can emit dark states, mcluding those responsible for optical phenomena

dipoles tn medium react (linear or non-lin)

A Cartoon of optics: icoming light /\/\/\1\41’\1’\/\/\/\ induces emission

O With noulinear optics, the existence of one photon can be inferred (or heralded) by the
presence of the other, even tf tt (s tuvisible!

] Dark SPDC: colinear dSPDC Non-colinear dSPDC SO 7
PHHID W\Sigial Pump photon
/\/\/\/\ > S aVavaVae
axlion or
dark SPDC dark photon

Note: the axion or dark photon have tndex of refraction of 1 (and a mass).
dSPDC has significantly different phase matching conditions.


https://arxiv.org/abs/2012.04707

arXiv:2012.04707, Accepted to PRX Quantum

Phase Matching in dSPDC

SPDC
O Two observables: signal frequency and angle w; and 9;
| : dSPDC
150
X Phase matching requires: v > o
g 100 L.9. via (ol'mfr[mgeewcee (MO PP)
* Axion and dark Plf\ofom searches have
50 different requirements.

X Experimental realization under

exploration



https://arxiv.org/abs/2012.04707

Two Hypotheses: New Particle search vs Dark Matter search

» Axion-like particles, dark photons, B-L, are each well motivated as mediators of
long range interactions that can be searched for.

5?7 ) dark photons? axions?

» Axion-like particles, dark photons, B-L, are each dark matter candidates with nice
production mechanisms.

» In the Wave-like DM category. Oscillating at w = mpwm.

) dark photons? axions?

SUPERCONDUCTING QUANTUM
MATERIALS & SYSTEMS CENTER




Complementarity: New Particle search vs Dark Matter search

sy, [~

Light Shining through wall: A dark matter search:

Emitter Receiver Recelver

the DM filled Universe is

We produce our own dark stuft. _
the emitter

Complementary hypotheses. ’ ’
. We want to test both! QU

SUPERCONDUCTING QUANTUM
MATERIALS & SYSTEMS CENTER



Optics and Nonlinear Optics

0 Optical phenomena — back-reaction of a medium fo an electric freld:
dipoles in medium react..
TN N N\
o /.\/\/\111 | g
incoming l1ght ['1 induces emission

[nterference tn the
forward direction
— ndex of refraction!




Optics and Nonlinear Optics

0 Optical phenomena — back-reaction of a medium fo an electric freld:
dipoles in medium react..
TN N N\
o /.\/\/\111 | g
incoming l1ght ['1 induces emission

[nterference tn the

Forward direction Z
— ndex of refraction!

O Noulinear optics expands this to higher order:

dipoles react tn more than one way..

P - xE +xYE? 4 x®E3 L .o
tncoming (1ght 1ff TN N

induces emission

OIC more PL‘OILO“S' (vector nature of P and € implicit, @ and x@) are tensors)
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