
Tues. June 14, 2022

Fermilab Theory Broad Overview
Michael Wagman



2

Fellowship,…

• Neutrino Theory Network 

• QuantISED Theory Consortium 

• Muon g-2 Theory Initiative 

• Exascale Computing 

• …

Fermilab theory plays a 
leading role in many HEP 
community-wide efforts:

What we do:
• Identify and support theory needs 

of experiments at Fermilab 

• Connect Fermilab with the global 
theoretical physics community 

• Train HEP theorists developing 
deep connections to the 
experimental community

Fermilab Theory
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John Campbell Patrick Fox

Roni Harnik

Marcela Carena Bogdan Dobrescu Nick Gnedin
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Gordan Krnjaic

Pedro Machado

Daniel Hooper
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Stefan Hoeche
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Asher Berlin

Stephen Parke Noemi Rocco
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• Astrophysics/cosmology 

• Dark matter/dark sectors 

• Higgs physics

Broad interests: 

• Lattice QCD  

• Neutrino physics 

• Perturbative QCD

• Phenomenology  

• QIS and QFT simulation 

• QIS and quantum sensors
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Growing efforts to collaborate with graduate students (connections with Chicagoland 
universities, URA Fellowships, …) and undergraduates (SULI, SIST, new theory-led 
Quantum Computing Internship for Physics Undergraduates)

Vibrant postdoc cohort essential for success of Fermilab theory

Benoit Assi Elias Bernreuther

Vedran Brdar

Alexis 
Nikolakopolous

Abhish Dev

Christina Gao

Erik Gustafson

Florian Herren Josh Isaacson

Ryan Janish

Shirley Li Ying-Ying Li
Sam McDermott

Elena Pinetti

Anastasia 
Sokolenko Judah  

Unmuth-Yockey

Asli Abdullahi

Postdocs
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Recent highlights from 
Fermilab theory

Illustrative, not exhaustive

One (biased) perspective
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Fermilab g-2 experiment has 
published its first results

         discrepancy between 
experiment and Standard 
Model prediction as of 
2020 white paper

<latexit sha1_base64="EUCtwZx9Ns284xv8SkIAVGdGHwc=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07JbSvVY9OKxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbTzv2ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh5Hbud56o0iyWD2aa0EDgkWQRI9hY6bHmVvuajQQelCue6y2A1omfkwrkaA7KX/1hTFJBpSEca93zvcQEGVaGEU5npX6qaYLJBI9oz1KJBdVBtjh4hi6sMkRRrGxJgxbq74kMC62nIrSdApuxXvXm4n9eLzXRdZAxmaSGSrJcFKUcmRjNv0dDpigxfGoJJorZWxEZY4WJsRmVbAj+6svrpF11/bpbu69VGjd5HEU4g3O4BB+uoAF30IQWEBDwDK/w5ijnxXl3PpatBSefOYU/cD5/APKKj94=</latexit>

4.2�

Many BSM explanations have 
been proposed (including 
by Fermilab theorists)

The most precise Standard Model predictions use data-driven dispersive approaches 
to determine the hadronic vacuum polarization (HVP) contribution and combine 
dispersive and lattice QCD (LQCD) results for light-by-light scattering

Recent LQCD calculation by BMWc with 0.8% precision shows tension with 
dispersive results

Abi et al. [Muon g-2 Collaboration], 
PRL 126 (2021)

Baum, Carena, Shah, and Wagner, JEHP 01 (2022)
Holst, Hooper, Krnjaic, PRL 128 (2022)
…

Aoyama et al. Phys. Rept. 887 (2020)
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Lattice QCD and    g − 2
Window comparison

Different           windowstmax

No window

Direct calculation of          contribution<latexit sha1_base64="hzqvzENr7CtNWGZ7PIwExWeRNnM=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPSRwOOde7r0nTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5dw9/rlilf15sCrxM9JBXI0+uWv3kDRNGbSUkGM6fpeYoOMaMupYNNSLzUsIXRMhqzrqCQxM0E233aKz5wywJHS7kuL5+rvjozExkzi0FXGxI7MsjcT//O6qY2ug4zLJLVM0sWgKBXYKjw7HQ+4ZtSKiSOEau52xXRENKHWBVRyIfjLJ6+S1kXVv6zW7muV+k0eRxFO4BTOwYcrqMMdNKAJFB7hGV7hDSn0gt7Rx6K0gPKeY/gD9PkDmqKPKQ==</latexit>⇡⇡

Ongoing efforts will improve precision of 
LQCD results for LO HVP and illuminate 
tensions with dispersive approaches

• Comparisons using different “window 
functions” isolate regions where 
different systematics dominate

• Calculations of         correlation 
functions using variational methods 
allow improved precision at large

<latexit sha1_base64="hzqvzENr7CtNWGZ7PIwExWeRNnM=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiG5cV7APaoWTSTBubSYYkI5Sh/+DGhSJu/R93/o1pOwttPSRwOOde7r0nTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5dw9/rlilf15sCrxM9JBXI0+uWv3kDRNGbSUkGM6fpeYoOMaMupYNNSLzUsIXRMhqzrqCQxM0E233aKz5wywJHS7kuL5+rvjozExkzi0FXGxI7MsjcT//O6qY2ug4zLJLVM0sWgKBXYKjw7HQ+4ZtSKiSOEau52xXRENKHWBVRyIfjLJ6+S1kXVv6zW7muV+k0eRxFO4BTOwYcrqMMdNKAJFB7hGV7hDSn0gt7Rx6K0gPKeY/gD9PkDmqKPKQ==</latexit>⇡⇡
<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

Stay tuned for percent-level LO HVP 
predictions from Fermilab Lattice/
HPQCD/MILC CollaborationsLahert et al. [Fermilab Lattice, HPQCD and MILC], 

Lattice 2021, arXiv:2112.11647 

Data from: Davies et al. [Fermilab Lattice, 
HPQCD and MILC], Phys. Rev. D 101 (2020)

Fermilab Lattice, HPQCD and MILC
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The W boson mass
Precise measurement of         from CDF 

disagrees at 7 sigma with         obtained 
from electroweak precision fits

New physics?

<latexit sha1_base64="taKp5q9CsPxQWmws+2CK5bn+8iE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9HDXa/XKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3UT2/P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDBrSNpA==</latexit>

MW

Measurement made by fitting shapes 
of transverse momentum 
distributions to theory predictions 
including perturbative, resumed 
and nonperturbative QCD effects

• Robust understanding of all theory 
uncertainties essential 

• Implications for particular new physics 
models must be understood

Aaltonen et al [CDF], Science 376 (2022)

<latexit sha1_base64="taKp5q9CsPxQWmws+2CK5bn+8iE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9HDXa/XKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3UT2/P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDBrSNpA==</latexit>

MW
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       and QCDMW

Isaacson, Fu, and Yuan, 
arXiv:2205.02788
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Pheno results

Lattice results

adapted from Shanahan, MW, Zhao, PRD 104 (2021)

Distribution shapes are sensitive to 
some nonperturbative QCD 
effects: TMDPDF evolution and 
flavor dependence

Work in progress to understand 
impact on        of differences in 
TMDPDF evolution between BLNY 
and recent pheno/LQCD results

MW

Isaacson and MW, in preparation

CDF made cross-section predictions by 
convolving perturbative QCD 
amplitudes and nonperturbative PDFs 
/ Transverse-Momentum Dependent 
PDFs (TMDPDFs) with Resbos code

Isaacson et al verified that higher-order 
perturbative QCD effects included in 
Resbos2 do not significantly affect 
CDF data-driven          result

<latexit sha1_base64="taKp5q9CsPxQWmws+2CK5bn+8iE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9HDXa/XKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3UT2/P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDBrSNpA==</latexit>

MW
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Searching for dark matter

DRAFTSIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS426

Given the wide range of possible dark matter candidates, it is useful to focus the search427

for dark matter by putting it in the context of what is known about our cosmological history428

and the interactions of the Standard Model, by posing questions like: What is the (particle429

physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of430

the abundance of dark matter seen today? How do dark matter particles interact, both431

with one another and with the constituents of familiar matter? And what other observable432

consequences might we expect from this physics, in addition to the existence of dark matter?433

Might existing observations or theoretical puzzles be closely tied to the physics of dark434

matter? These questions have many possible answers — indeed, this is one reason why435

13

[US Cosmic Visions White papers]

10�21eV 1015eV

Bosonic Fermionic/Bosonic

With such a broad range of possibilities we need an equally 
broad-based search strategy



11

Strongly-coupled new physics

fundamental

symmetric 
tensor

<latexit sha1_base64="LCuuJpkbmsR8EdhpV2Lu30z0nsU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7Jr8ONI9OIRowsksCHdUqDSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DhpaJItQnkkvVCrGmnAnqG2Y4bcWK4ijktBmObqZ+84kqzaR4MOOYBhEeCNZnBBsrNe79snd+2i2W3Io7A1omXkZKkKHeLX51epIkERWGcKx123NjE6RYGUY4nRQ6iaYxJiM8oG1LBY6oDtLZtRN0YpUe6ktlSxg0U39PpDjSehyFtjPCZqgXvan4n9dOTP8qSJmIE0MFmS/qJxwZiaavox5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSOKt4F5XqXbVUu87iyMMRHEMZPLiEGtxCHXwg8AjP8ApvjnRenHfnY96ac7KZQ/gD5/MHA/qOHg==</latexit>

SU(15)

<latexit sha1_base64="LCuuJpkbmsR8EdhpV2Lu30z0nsU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7Jr8ONI9OIRowsksCHdUqDSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DhpaJItQnkkvVCrGmnAnqG2Y4bcWK4ijktBmObqZ+84kqzaR4MOOYBhEeCNZnBBsrNe79snd+2i2W3Io7A1omXkZKkKHeLX51epIkERWGcKx123NjE6RYGUY4nRQ6iaYxJiM8oG1LBY6oDtLZtRN0YpUe6ktlSxg0U39PpDjSehyFtjPCZqgXvan4n9dOTP8qSJmIE0MFmS/qJxwZiaavox5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSOKt4F5XqXbVUu87iyMMRHEMZPLiEGtxCHXwg8AjP8ApvjnRenHfnY96ac7KZQ/gD5/MHA/qOHg==</latexit>

SU(15)

Strongly coupled gauge theories — interesting BSM candidates with hidden sectors
<latexit sha1_base64="LCuuJpkbmsR8EdhpV2Lu30z0nsU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7Jr8ONI9OIRowsksCHdUqDSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DhpaJItQnkkvVCrGmnAnqG2Y4bcWK4ijktBmObqZ+84kqzaR4MOOYBhEeCNZnBBsrNe79snd+2i2W3Io7A1omXkZKkKHeLX51epIkERWGcKx123NjE6RYGUY4nRQ6iaYxJiM8oG1LBY6oDtLZtRN0YpUe6ktlSxg0U39PpDjSehyFtjPCZqgXvan4n9dOTP8qSJmIE0MFmS/qJxwZiaavox5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSOKt4F5XqXbVUu87iyMMRHEMZPLiEGtxCHXwg8AjP8ApvjnRenHfnY96ac7KZQ/gD5/MHA/qOHg==</latexit>

SU(15) is a phenomenologically viable theory

Dobrescu, arXiv:2112.15132 

Complementary constraints arise from direct LHC searches and proton decay 
searches — future discoveries possible at Hyper-Kamiokande and DUNE

Assi and Dobrescu, in preparation

of composite quarks and leptons

• 3 generations of SM required by 
anomaly cancellation

• Realistic quark, lepton, and Majorana 
neutrino masses can be generated

• Proton decay rates are suppressed in UV completionSU(15)⇥ SO(10)

<latexit sha1_base64="E/yeBJCHlDS8CKGfNpOFeak6ofo=">AAAB/HicbVBNT8JAEJ3iF+JXlaOXjcQELqQ1ED0SvXgTgwUSaMh22cKG7Ud2tyakwb/ixYPGePWHePPfuEAPCr5kkpf3ZjIzz4s5k8qyvo3cxubW9k5+t7C3f3B4ZB6ftGWUCEIdEvFIdD0sKWchdRRTnHZjQXHgcdrxJjdzv/NIhWRR+KCmMXUDPAqZzwhWWhqYxZZTtuuVvmIBlah1V7atysAsWVVrAbRO7IyUIENzYH71hxFJAhoqwrGUPduKlZtioRjhdFboJ5LGmEzwiPY0DbHe5aaL42foXCtD5EdCV6jQQv09keJAymng6c4Aq7Fc9ebif14vUf6Vm7IwThQNyXKRn3CkIjRPAg2ZoETxqSaYCKZvRWSMBSZK51XQIdirL6+T9kXVrlXr97VS4zqLIw+ncAZlsOESGnALTXCAwBSe4RXejCfjxXg3PpatOSObKcIfGJ8/hceSwg==</latexit>
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Arguelles, Esteban, Hostert, Kelly, Kopp, 
Machado, Martinez-Soler, Perez-Gonzalez, 
arXiv:2111.10359New results from MicroBooNE can be used to better 

understand the MiniBooNE low-energy excess

Neutrinos and new physics

Berryman, de Gouvea, Fox, Kayser, 
Kelly, Raaf, JHEP 02 (2020)
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Figure 7.8: Expected sensitivity of the DUNE Multi-Purpose Near Detector to a muon-coupled heavy

neutral lepton, assuming ten years of data collection (equal time in neutrino and antineutrino modes). We

assume that the HNL is a Dirac fermion. Specific decay channels are considered: N/N ! ⌫e
+
e
� (red),

N/N ! ⌫µ
±
e
⌥ (blue), N/N ! µ

±
⇡
⌥ (purple), and N/N ! µ

±
⇢
⌥ (orange). Each channel corresponds to

ten signal events, as discussed in Section 7.3.1. See text for more detail.

N ! e
�
⇢
+ or N ! e

+
⇢
� (orange). Three of these search channels are sensitive to regions of the parameter

space that lie beyond what is constrained by existing limits (shown in grey) for some range of MN . Most

notably, in the absence of a discovery, the N ! e
±
⇡
⌥ channel (which should produce a relatively clean signal

in the DUNE MPD) will improve limits on |UeN |
2, compared to those from CHARM and BEBC, by roughly

an order of magnitude.

Fig. 7.8, depicts the expected DUNE MPD sensitivity if the HNL couples to the muon. The channels

of interest are similar to those in Fig. 7.7 – N ! ⌫e
+
e
� (red), N ! ⌫µ

±
e
⌥ (blue), N ! µ

±
⇡
⌥ (purple),

and N ! µ
±
⇢
⌥ (orange). As with the electron-coupled HNL, in the absence of a discovery, searches in the

DUNE MPD for a muon-coupled HNL will improve on existing limits for a wide range of MN . We highlight

the sensitivity to low-mass MN driven by the search for N ! ⌫e
+
e
�. We discuss this search channel and

how an HNL decaying in this way could be diagnosed to be a Dirac or Majorana fermion in Section 7.4.

Finally, Fig. 7.9 displays the expected sensitivity to ⌧ -coupled HNL at the DUNE MPD. Because no

production mechanism exists for HNLs with MN > m⌧ , we have no access to any final states with ⌧
± and a

charged meson. The DUNE MPD sensitivity to a tau-coupled HNL is independent of how the data collection

time is divided between neutrino and antineutrino modes since the production mechanisms are not impacted

by the magnetic focusing horns. The two channels we display are N ! ⌫e
+
e
� (red) and N ! ⌫µ

+
µ
� (green).

Due to background considerations discussed above, the N ! ⌫µ
+
µ
� curve corresponds to 20 signal events.

In the absence of a discovery, the N ! ⌫e
+
e
� channel will provide a more powerful constraint than existing

– 40 –

New physics searches at the DUNE near detector 
can constrain a variety of scenarios:

• Heavy neutral leptons (neutrino portal) 

• Dark scalars (Higgs portal) 

• Dark photons (gauge boson portals)

Novel signatures can probe dark sector properties 
like Dirac vs Majorana heavy neutral leptons

Detailed analysis shows that MicroBooNE results 
disfavor the central value of a fit to the 
MiniBooNE excess, but probe only part of 
sterile neutrino parameter space after taking 
systematic uncertainties into account



Nnear

Nfar
=

R
dE⌫�near(E⌫)�(E⌫)R
dE⌫�far(E⌫)�(E⌫)
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Precision neutrino physics
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Comparisons of near + far detector neutrino fluxes can be used to precisely determine 
oscillation parameters, discover neutrino CP violation, …

Relating measured final-state event rates to incoming neutrino flux 
requires precise knowledge of         cross-section   ⌫A

<latexit sha1_base64="lvIYZZmqiVwmGr+Q3KA3OwEPaVI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseqF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzIjN71yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqLrYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukeVH1atXLh1qlfpvHUYQTOIVz8OAK6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDQP6OVA==</latexit>

Cross-section

Experimentally measured 
event rates

Near-detector neutrino flux

Far-detector flux (depends on 
oscillation parameters)

Acciarri et al (DUNE) arXiv 1512.06148

DUNE aims to have few-percent cross-section uncertainty 

• 2% vs 3% cross-section uncertainty estimated to change 
exposure required to discover CP violation by 50%

2% 3%
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✐ J.A. Formaggio and G.P. Zeller, RMP 84 (2012) 

DUNE
Accelerator neutrino fluxes cover a wide 

range of energies where different 
processes dominate cross-section:

• Quasi-elastic nucleon scattering 

• Resonance production 

• Deep inelastic scattering

Formaggio, Zeller, Rev. Mod. Phys. 84 (2012)

Neutrino-nucleus scattering

Nucleon form 
factors

Resonance 
production

Two-body 
currents

Quark and gluon 
PDFs

Effective theories for different energies require different inputs

Theory input required to decompose cross 
section into such processes and 
therefore predict its energy dependence
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Current and future LQCD calculations could provide precise constraints on

LQCD Nuclear EFT and 
many-body Event generators

From quarks to nuclei

• Nucleon axial + pseudoscalar form factors

that can be matched to nuclear EFTs and event generators to make predictions for 
experimentally relevant nuclei such as carbon and argon

• Two-body axial currents in nuclei
• Nucleon pion production

Rocco, Nakamura,  
Lee, Lovato, PRC 100 (2019)

Parreño, MW et al [NPLQCD] PRD 103 (2021)

See Snowmass Whitepaper - Alvarez-Ruso et al  “Theoretical Tools for Neutrino Scattering” arXiv:2203.09030
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Event generators

Dark neutrino event generated with ACHILLES

See Snowmass Whitepaper - Campbell et al  “Event Generators for High-Energy Physics Experiments” arXiv:2203.09030

In order to leverage the discovery potential of precise experiments, theory predictions 
for event rates need to achieve comparable precision

Monte Carlo event generators are a key tool for bridging theory + experiment

Ongoing Fermilab efforts to improve the theoretical models used in neutrino event 
generators - “Joint Meeting Between Theorists and Experimentalists” 

New event generator ACHILLES - “A CHIcagoLand Lepton Event Simulator” aims for 
modular design and leveraging of existing LHC event generator tools

Isaacson, Jay, Lovato, Machado, Rocco, 
arXiv:2110.15319
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Quantum sensing

Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) 18
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Figure 5. Clock gradiometer. (a) Two dilute clouds of Sr atoms (blue dots) are initially launched
from positions z1 and z2, and are freely falling in vacuum under the influence of gravity. Laser light
(dark and light gray arrows) propagates between the atoms from either side, creating a symmetric
pair of atom interferometers at opposite ends of the baseline. (b) Space-time diagram of the
interferometer trajectories based on single-photon transitions between ground (blue) and excited
(red) states driven by laser pulses from both directions (dark and light gray). In contrast to Figure 4,
the pulse sequence shown here features an additional series of fi-pulses (light gray) traveling in the
opposite direction to illustrate the implementation of LMT atom optics (here n “ 2).

such as MAGIS, the laser pulses are derived from a single laser and both interferometers
are driven by nominally identical laser pulses (see Figure 5). Thus, clock gradiometry in
principle enables superior common-mode rejection of laser frequency noise compared to what
is possible with two-photon transitions in a single-baseline configuration12.

The measurement concept described here is closely related to recent proposals to detect
gravitational waves and dark matter using two optical lattice clocks separated over a baseline [7,
62]. Optical lattices circumvent the need to account for phase shifts associated with the
motion and the recoil of the atoms. However, in contrast to freely-falling atoms, those trapped
in optical lattices do not intrinsically serve as well-isolated inertial references since they are
rigidly connected to the sensor frame by the optical lattice trapping potential. Instead, these
proposals require an auxiliary inertial reference that can be realized by, for example, placing
the optical lattice clocks on drag-free satellites [7].

4. MAGIS-100 Detector Design

The MAGIS-100 detector is a long-baseline atom interferometer, interrogating ultracold atoms
in free fall along a 100 m baseline with a vertically propagating laser. The operation of the
12 With two-photon atom optics, it is possible to achieve su�cient rejection of laser frequency noise by using
multiple baselines [5, 133].

2

a range of about 5 MHz with the ⇠12 Hz resolution, as
well as “fine” tuning using the piezoelectric element in a
range of about 8 kHz with the ⇠0.1 Hz resolution [7].

FIG. 1. The experimental setup for the DarkSRF experiment
consisting of two 1.3 GHz cavities.

Each of the cavities has been independently connected
by shielded microwave coaxial cables to the room temper-
ature signal generation and the measurement electronics.

Initially, both of the cavities have been measured at
2 K and 1.5 K in a liquid helium bath, using the stan-
dard SRF techniques [8] to obtain the fundamental mode
frequencies and intrinsic quality factors Q0, as well as the
input (Qin) and transmitted (Qt) antenna external qual-
ity factors.

Subsequently, both of the cavities have been powered
up by a single RF generator signal split into two routes.
Phase lock loop has been used to have the RF generator
follow the frequency of the emitter cavity and the tuner
mechanism has been applied to change the receiver cav-
ity frequency until it is resonantly excited by the same
signal as emitter. Since the radiation pressure on the cav-
ity walls changes the cavity frequency, this procedure for
frequency matching has been performed for each emitter
cavity stored energy used for the dark photon search.

After frequency matching, the cable connecting the
generator to the receiver cavity has been disconnected
and the measurement of the transmitted power from the
emitter cavity has been performed using spectrum ana-
lyzer centered around resonance frequency. The data has
been acquired for 30 minutes in each run.

Two data acquisitions runs performed, one at a higher
accelerating field level Eacc = 40 MV/m in the emitter

cavity (“high power” run), and one at a somewhat lower
- Eacc = 6 MV/m (“medium power” run). For the high
power case the detection sensitivity has been limited by
the residual cross-talk, whereas for the medium power
run the sensitivity has been limited by the thermal pho-
ton leakage from the input line on the receiver cavity.
CALCULATION PROCEDURE FOR THE EXCLU-

SION PLOT

FIG. 2. The new exclusion limit for the dark photon.

CONCLUSIONS

Our experiment constructed based on the high quality
factor SRF niobium cavities and utilizing the accelerator
technology for high precision frequency tuning allowed
to extend the exclusion boundary for the existence of
dark photons by several orders of magnitude in the broad
range of rest masses and coupling constants.
Future improvements involve further suppression of the

cross-talk at higher emitter cavity powers, as well as per-
forming the experiment with the receiver cavity at mil-
likelvin temperatures inside the dilution refrigerator cou-
pled with the quantum limited amplifier.
Fermilab is operated by Fermi Research Alliance, LLC

under Contract No. DE-AC02-07CH11359 with the
United States Department of Energy.
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FIG. 1. A pictorial representation of the dSPDC process. A
dark particle ϕ is emitted in association with a signal photon. The
presence of ϕ can be inferred from the distribution of the signal
photon in angle and/or frequency. We consider both the collinear
(θs = 0) and noncollinear (θs != 0) cases.

A common method for generating entangled pho-
ton pairs in teleportation and imaging is the nonlinear-
optics process known as spontaneous parametric down-
conversion (SPDC). In SPDC, a pump photon decays, or
down-converts, within a nonlinear optical medium into
two other photons, a signal and an idler. The presence of
the SPDC idler can be inferred by the detection of the
signal [7]. SPDC is in wide use in quantum information
and provides the seed for cavity-enhanced setups such as
optical parametric oscillators (OPOs) [8].

In this work, we propose to use quantum imaging and
quantum communication tools to perform an interaction-
free search for the emission of new particles beyond the
standard model. The tool that we present is dark SPDC, or
dSPDC, an example sketch of which is shown in Fig. 1. A
pump photon enters an optical medium and down-converts
to a signal photon and a dark particle, which can have a
small mass, and does not interact with the optical medium.
As in SPDC, in dSPDC the presence of a dark state can
be inferred by the angle and frequency distribution of the
signal photon that is produced in association. The dSPDC
process can occur either collinearly, with θs = θi = 0, or as
shown in the sketch, in a noncollinear way.

The new dark particles that we propose to search for,
low in mass and very weakly interacting, are simple exten-
sions of the standard model (SM). Among the most well
motivated are axions, or axionlike particles, and dark pho-
tons (for a review, see Ref. [9]). Since these particles
interact with SM photons, optical experiments provide an
opportunity to search for them. A canonical setup is the
light-shining-through-wall (LSW) experiment, which sets
interesting limits on axions and dark photons using optical
cavities [10]. In optical LSW experiments, a laser photon
converts to an axion or dark photon, enabling it to penetrate
an opaque barrier. For detection, however, the dark state
must convert back to a photon and interact, which is a rare
occurrence. As a result, the signal rate in LSW scales as ε4,
where ε is a small coupling to dark states. This motivates

the interaction-free approach of dSPDC, in which the dark
state is produced but does not interact again, yielding a rate
∝ ε2.

From the perspective of particle physics, dSPDC, and
also SPDC, may sound unusual [11]. In dSPDC, for exam-
ple, a massless photon is decaying to another massless
photon plus a massive particle. In the language of particle
physics, this would be a kinematically forbidden transition.
If it were to happen in a vacuum, the process would vio-
late energy and momentum conservation and thus have no
available phase space. In this paper, we show how optics
enables us to perform “engineering in phase space” and
open up kinematics to otherwise forbidden channels. This,
in turn, allows us to design setups in which the dSPDC
process is allowed and can be used to search for dark
particles.

Broadly speaking, the search strategies we propose may
be classified as employing either imaging or spectroscopic
tools, though methods employing both of these are also
possible. In the first, the angular distribution of signal
photons are measured, while in the second, the energy
distribution is observed. For an imaging-based search, a
high angular resolution is required, while the spectroscopic
approach requires high frequency resolution. The latter has
the benefit that dSPDC can be implemented in a waveg-
uide, which will enhance its rate for long optical elements.
This is well established [12] for SPDC and will be derived
in detail in Ref. [13] for dSPDC. We note that, recently,
SPDC has been proposed as a tool to search for the con-
version of axionlike particles to photons in a magnetic
field, exploiting the reduced variance in photon number
in a setup with a movable mirror [14]. This proposal,
though its rate also scales with the square of the axion
coupling and also makes use of nonlinear optical tools,
is qualitatively different than our dSPDC proposal, e.g.,
in the phase-matching conditions and in the presence of
a magnetic field.

We present the basic ideas and formalism behind this
method and focus on the phase space for dSPDC. We
compare the phase-space distributions of SPDC to dSPDC
and discuss factors that may enhance the rate of dSPDC
processes. To estimate the dSPDC rates, in this work we
rescale known SPDC results. In a forthcoming paper [13],
we will derive the dSPDC rate more carefully, focusing
on the spectroscopic approach and on collinear dSPDC in
bulk crystals and waveguides.

This paper is structured as follows. In Sec. II, we
review axionlike particles and dark photons and present
their Hamiltonians in the manner in which they are usu-
ally treated in nonlinear optics. In Sec. III, we discuss
energy and momentum conservation, which are called
phase-matching conditions in nonlinear optics, and the
phase space for dSPDC. The usual conservation rules will
hold exactly in a thought experiment of an infinite optical
medium. In Sec. III C, we discuss how the finite size of
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FIG. 1. (a) A schematic depiction of a potential cavity setup. A photon of frequency !0 is converted by the axion dark
matter background into a photon of frequency !0 ±ma, where ma is the axion mass. The cavity is designed to have two nearly
degenerate resonant modes at !0 and !1 = !0 + ma. One possibility, as discussed in Section IV, is to split the frequencies of
the two polarizations of a hybrid HE11p mode in a corrugated cylindrical cavity. These two polarizations e↵ectively see distinct
cavity lengths, L0 and L1, allowing !0 and !1 to be tuned independently. In this case, larger frequency steps could be achieved
by adjusting the fins (shown in red), while smaller frequency steps could be achieved with piezo-actuator tuners.
(b) A schematic comparison between the proposed frequency conversion scheme (right of the dotted line) and typical searches using
static magnetic fields (left of the dotted line). The vertical and horizontal axes correspond to di↵erential power and frequency,
respectively, of either the driven field (vertical arrows) or the axion-induced signal (resonant curves). The parametric signal power
derived in Section II is shown for both setups, where we assume !sig ⇠ V

�1/3 for our proposed scheme and factored out a common
volume dependence of V 5/3.

Resonant detectors are well-suited to exploit the coherence of the axion field. To date, most axion search experiments
have matched the resonant frequency of the experiment to the mass of the axion DM being searched for. For ma ⇠ µeV,
the axion oscillates at ⇠ GHz frequencies. This enables resonant searches using high-Q normal-conducting cavities in
static magnetic fields [16–22], where a cavity mode is rung up through the interaction of Eq. (1), sourced by the axion
field and the external B field. These experiments take advantage of strong magnetic fields, the large quality factors
achievable in GHz normal-conducting cavities, and low-noise readout electronics operating at the GHz scale. However,
extending this approach to smaller axion masses would require the use of prohibitively large cavities. To probe lighter
axions, experiments have been proposed using systems whose resonant frequencies are not directly tied to their size,
such as lumped-element LC circuits [30–32] or nuclear magnetic resonance [33].

In this work, we explore an alternative approach to resonant axion detection, where the frequency di↵erence between
two modes is tuned to be on-resonance with the axion field, while the mode frequencies themselves remain parametrically
larger. Because of their large quality factors, superconducting radio frequency (SRF) cavities are ideal resonators for such
a setup. More concretely, as illustrated in Figure 1, we consider an SRF cavity with a small, tunable frequency di↵erence
between two low-lying modes, which we call the “pump mode” and the “signal mode.” The cavity is prepared by driving
the pump mode, which has frequency !0 ⇠ GHz � ma. If the signal mode is tuned to a frequency !1 ' !0 ± ma, then
the axion DM field resonantly drives power from the pump mode to the signal mode.

The idea of detecting axions through photon frequency conversion has been studied in other contexts.2 These include
axion detection with optical cavities [38–40] and frequency conversion in SRF cavities with GHz-scale mode splittings [41].
More generally, frequency conversion is a commonly used technique in signal processing, under the name of “heterodyne
detection.”

2
Di↵erent SRF setups have also been considered for production and detection of light, non-DM axions [34, 35]. Another, distinct idea is

the proposal of Refs. [36, 37] to drive two modes and detect the resulting axion-induced frequency shifts.

2

Axion DM
	 1912.11048  
JHEP 07 (2020)

2104.02835 

Quantum Sci.Technol. 6 (2021)

• Dark matter searches (axion, dark photons, B-L, …) 

• New particles and forces (millicharges, axions, dark photons, …) 

• Gravitational waves

• Superconducting cavities and qubits [Dark SRF (light-shining-thru-wall), the SQMS center] 

• Atom interferometry [Fermilab MAGIS-100 experiment for GW and DM] 

• Opto-mechanical systems

Probing fundamental physics with quantum systems. For example:

Technologies we think about [and some related Fermilab efforts]:

https://arxiv.org/abs/2104.02835
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Machine learning for HEP
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Ratio to exact Detmold, Kanwar, Lamm, MW, Warrington, PRD 103 (2021)

Fermilab theorists are using new machine learning tools to solve problems 
appearing throughout high-energy physics 

• Calculating phase space integrals for LHC cross sections

• Solving inverse Laplace transforms to 
predict cross sections with nuclear 
effective theories

• Improving signal-to-noise problems in 
lattice QCD calculations using path 
integral contour deformation

2D SU(3) Wilson loop

Growing efforts to build collaborations between Fermilab theory and AI divisions

Gao, Isaacson, Krause, Mach. Learn. Sci. Tech. 1 (2020) Raghavan, Balaprakash, Lovato, 
Rocco, and Wild, PRC 23 (2021)

Real-time QCD? Kanwar, MW, PRD 104 (2021)



Quantum simulation

Algorithm and Error Mitigation for 
NISQ-era Simulations

Qudit Algorithm design for HEP   

Primitive Gates for Nonabelien 
Gauge Theories  

Reducing Resources via Classical Methods
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Next-generation quantum

Other theory group members involved in student mentoring through SULI/SIST

Fermilab Theory Division organized the first Quantum Computing Internship for 
Undergraduates (QCIPU) at Fermilab last summer (Year 2 starting soon!)

• 17 undergraduate student interns went from the basics of quantum computing to 
simulating real-time gauge theory dynamics over a 3 week summer school

• 5 continued doing quantum simulation research as Theory Division interns this year
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Questions
Fermilab Theory Division


