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Motivation
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World Status
• World-wide effort to directly 

detect DM signals. 

• For “particle” DM the search 
currently spans from ~1 MeV to 
the Planck mass. 

• Different technologies target 
different mass ranges. 

• CCDs have greatest sensitivity 
below 35 MeV* 

• *Depends on the Migdal effect 
(10-6 probability of ionization, 
see McCabe’s talk)

5

DM-nucleus scattering

Migdal searches now 
dominate searches for 
DM lighter than ~ 1 GeV 

From yesterday’s talk: 
Alvaro E. Chavarria 
The search for dark 
matter with CCDs



What is the Migdal effect?
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Intuition: Neutral projectile scattering on helium

Fine-structure constant:
<latexit sha1_base64="zs6GI5y1qgFGOCV2bsQZSINVXB8=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqe5qsV6EgiAeK9gP6C5lNs22odlsSLJCWfo3vHhQxKt/xpv/xrTdg1YfDDzem2FmXig508Z1v5zCyura+kZxs7S1vbO7V94/aOskVYS2SMIT1Q1BU84EbRlmOO1KRSEOOe2E45uZ33mkSrNEPJiJpEEMQ8EiRsBYyfeByxFce2feRb1frrhVdw78l3g5qaAczX750x8kJI2pMISD1j3PlSbIQBlGOJ2W/FRTCWQMQ9qzVEBMdZDNb57iE6sMcJQoW8LgufpzIoNY60kc2s4YzEgvezPxP6+XmugqyJiQqaGCLBZFKccmwbMA8IApSgyfWAJEMXsrJiNQQIyNqWRD8JZf/kva51Xvslq7r1Uat3kcRXSEjtEp8lAdNdAdaqIWIkiiJ/SCXp3UeXbenPdFa8HJZw7RLzgf31fFkJk=</latexit>

↵ = 1/137

<latexit sha1_base64="npRHNc4yRSPrwWqwHpotdz/JNy8=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQpLGtu4KIrisYB/QhDCZTtqhM0mYmRRK6J+4caGIW//EnX/j9CGo6IELh3Pu5d57ooxRqWz7w1hb39jc2i7tlHf39g8OzaPjjkxzgUkbpywVvQhJwmhC2ooqRnqZIIhHjHSj8fXc706IkDRN7tU0IwFHw4TGFCOlpdA0JyHxJeXQRywbIYhDs2JbVeeybnvQtlzPda+qmngNt2Y3oGPZC1TACq3QfPcHKc45SRRmSMq+Y2cqKJBQFDMyK/u5JBnCYzQkfU0TxIkMisXlM3iulQGMU6ErUXChfp8oEJdyyiPdyZEayd/eXPzL6+cqbgQFTbJckQQvF8U5gyqF8xjggAqCFZtqgrCg+laIR0ggrHRYZR3C16fwf9JxLadmeXdepXmziqMETsEZuAAOqIMmuAUt0AYYTMADeALPRmE8Gi/G67J1zVjNnIAfMN4+AVeck4E=</latexit>ve ⇠ ↵c

Helium atom

Neutral projectile 
(Dark matter or neutron) 
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Neutral projectile 
(Dark matter or neutron) 

<latexit sha1_base64="npRHNc4yRSPrwWqwHpotdz/JNy8=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQpLGtu4KIrisYB/QhDCZTtqhM0mYmRRK6J+4caGIW//EnX/j9CGo6IELh3Pu5d57ooxRqWz7w1hb39jc2i7tlHf39g8OzaPjjkxzgUkbpywVvQhJwmhC2ooqRnqZIIhHjHSj8fXc706IkDRN7tU0IwFHw4TGFCOlpdA0JyHxJeXQRywbIYhDs2JbVeeybnvQtlzPda+qmngNt2Y3oGPZC1TACq3QfPcHKc45SRRmSMq+Y2cqKJBQFDMyK/u5JBnCYzQkfU0TxIkMisXlM3iulQGMU6ErUXChfp8oEJdyyiPdyZEayd/eXPzL6+cqbgQFTbJckQQvF8U5gyqF8xjggAqCFZtqgrCg+laIR0ggrHRYZR3C16fwf9JxLadmeXdepXmziqMETsEZuAAOqIMmuAUt0AYYTMADeALPRmE8Gi/G67J1zVjNnIAfMN4+AVeck4E=</latexit>ve ⇠ ↵c

1. Low speed recoil: 
- remain in ground state  

2. High speed recoil: 
- double ionisation 
(electrons ‘left behind’) 

<latexit sha1_base64="tjZG6GojMmVbM4nkwjEKU8/AyXs="></latexit>

vHe++ ⌧ ↵c

<latexit sha1_base64="Nfem8eLZvW07DZ7624izy5Lqgj8="></latexit>

vHe++ � ↵c

Fine-structure constant:
<latexit sha1_base64="zs6GI5y1qgFGOCV2bsQZSINVXB8=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqe5qsV6EgiAeK9gP6C5lNs22odlsSLJCWfo3vHhQxKt/xpv/xrTdg1YfDDzem2FmXig508Z1v5zCyura+kZxs7S1vbO7V94/aOskVYS2SMIT1Q1BU84EbRlmOO1KRSEOOe2E45uZ33mkSrNEPJiJpEEMQ8EiRsBYyfeByxFce2feRb1frrhVdw78l3g5qaAczX750x8kJI2pMISD1j3PlSbIQBlGOJ2W/FRTCWQMQ9qzVEBMdZDNb57iE6sMcJQoW8LgufpzIoNY60kc2s4YzEgvezPxP6+XmugqyJiQqaGCLBZFKccmwbMA8IApSgyfWAJEMXsrJiNQQIyNqWRD8JZf/kva51Xvslq7r1Uat3kcRXSEjtEp8lAdNdAdaqIWIkiiJ/SCXp3UeXbenPdFa8HJZw7RLzgf31fFkJk=</latexit>

↵ = 1/137

Helium atom

Intuition: Neutral projectile scattering on helium
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Neutral projectile 
(Dark matter or neutron) 

<latexit sha1_base64="npRHNc4yRSPrwWqwHpotdz/JNy8=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQpLGtu4KIrisYB/QhDCZTtqhM0mYmRRK6J+4caGIW//EnX/j9CGo6IELh3Pu5d57ooxRqWz7w1hb39jc2i7tlHf39g8OzaPjjkxzgUkbpywVvQhJwmhC2ooqRnqZIIhHjHSj8fXc706IkDRN7tU0IwFHw4TGFCOlpdA0JyHxJeXQRywbIYhDs2JbVeeybnvQtlzPda+qmngNt2Y3oGPZC1TACq3QfPcHKc45SRRmSMq+Y2cqKJBQFDMyK/u5JBnCYzQkfU0TxIkMisXlM3iulQGMU6ErUXChfp8oEJdyyiPdyZEayd/eXPzL6+cqbgQFTbJckQQvF8U5gyqF8xjggAqCFZtqgrCg+laIR0ggrHRYZR3C16fwf9JxLadmeXdepXmziqMETsEZuAAOqIMmuAUt0AYYTMADeALPRmE8Gi/G67J1zVjNnIAfMN4+AVeck4E=</latexit>ve ⇠ ↵c

Fine-structure constant:
<latexit sha1_base64="zs6GI5y1qgFGOCV2bsQZSINVXB8=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqe5qsV6EgiAeK9gP6C5lNs22odlsSLJCWfo3vHhQxKt/xpv/xrTdg1YfDDzem2FmXig508Z1v5zCyura+kZxs7S1vbO7V94/aOskVYS2SMIT1Q1BU84EbRlmOO1KRSEOOe2E45uZ33mkSrNEPJiJpEEMQ8EiRsBYyfeByxFce2feRb1frrhVdw78l3g5qaAczX750x8kJI2pMISD1j3PlSbIQBlGOJ2W/FRTCWQMQ9qzVEBMdZDNb57iE6sMcJQoW8LgufpzIoNY60kc2s4YzEgvezPxP6+XmugqyJiQqaGCLBZFKccmwbMA8IApSgyfWAJEMXsrJiNQQIyNqWRD8JZf/kva51Xvslq7r1Uat3kcRXSEjtEp8lAdNdAdaqIWIkiiJ/SCXp3UeXbenPdFa8HJZw7RLzgf31fFkJk=</latexit>

↵ = 1/137
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[*In the rest of this talk c=1]

Intuition: Neutral projectile scattering on helium



Migdal transition element
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describes the bound atomic-electrons wavefunction 

A. Migdal, J. Phys. Acad. Sci. 
USSR 4 (1941) 449–453 
(See also E. L. Feinberg, J. Phys. 
Acad. Sci. USSR 4 (1941) 423)

<latexit sha1_base64="yk8y3JXpepmpo5SEVi/sXk8cpbc="></latexit>⌦
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<latexit sha1_base64="O6eZVRcUF7JrH58CI5V6SsYvY10="></latexit>

v = Nuclear recoil velocity

<latexit sha1_base64="UzVJO7+1Crrqrlsot/FAlQ2oLYo=">AAACEXicbZDLSsNAFIZP6q3WW7zs3ASL4KokUtRlwY3uKtgLNDFMppN27GQSZiZCDXkKX8CtvoE7cesT+AI+h9M2C1v94cDPf87hHL4gYVQq2/4ySkvLK6tr5fXKxubW9o65u9eWcSowaeGYxaIbIEkY5aSlqGKkmwiCooCRTjC6nPQ7D0RIGvNbNU6IF6EBpyHFSOnINw/cEVGZ25TUp3eZm927eZ77ZtWu2VNZf41TmCoUavrmt9uPcRoRrjBDUvYcO1FehoSimJG84qaSJAiP0ID0tOUoItLLpt/n1rFO+lYYC11cWdP090aGIinHUaAnI6SGcrE3Cf/r9VIVXngZ5UmqCMezQ2HKLBVbExRWnwqCFRtrg7Cg+lcLD5FAWGlgc1cCgTSmvKLBOIsY/pr2ac05q9Vv6tXGdYGoDIdwBCfgwDk04Aqa0AIMj/AML/BqPBlvxrvxMRstGcXOPszJ+PwBF4GeQw==</latexit>

| {j}
i i

describes the final state wavefunction (excitation, ionisation, etc) 
<latexit sha1_base64="a2PgsVum0Uvl4EXclrNOK4q3vWA=">AAACEXicbZDLSsNAFIYn9VbrLV52boJFcFUSKeqy4EZ3FewFmhgm05N26GQSZiZCDXkKX8CtvoE7cesT+AI+h9M2C9v6w4Gf/5zDOXxBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtH1pN95BCFpzO/VOAEvwgNOQ0qw0pFvHrkjUJnblNQPHzI3G7l5nvtm1a7ZU1nLxilMFRVq+uaP249JGgFXhGEpe46dKC/DQlHCIK+4qYQEkxEeQE9bjiOQXjb9PrdOddK3wljo4sqapn83MhxJOY4CPRlhNZSLvUn4X6+XqvDKyyhPUgWczA6FKbNUbE1QWH0qgCg21gYTQfWvFhligYnSwOauBAJrTHlFg3EWMSyb9nnNuajV7+rVxm2BqIyO0Qk6Qw66RA10g5qohQh6Qi/oFb0Zz8a78WF8zkZLRrFziOZkfP0CFDqeQQ==</latexit>

| {k}
f i

<latexit sha1_base64="iSkj4ZNv6ePJA5HQnGTSv6Yt+JY=">AAACKnicbVDLSsRAEJz4dn2tevQyuAheXBIR9Sh68ajgqrBZQ2e2o8POJGGmIywhX+Fv+ANe9Q+8iVfxO5xdF/FV0FBUddPdFedKWvL9F29sfGJyanpmtjY3v7C4VF9eObdZYQS2RKYycxmDRSVTbJEkhZe5QdCxwou4dzTwL27RWJmlZ9TPsaPhOpWJFEBOiupbeFVKriPkoQa6iZPytgpFNyMe2kJH8CWbKoIqqjf8pj8E/0uCEWmwEU6i+nvYzUShMSWhwNp24OfUKcGQFAqrWlhYzEH04Brbjqag0XbK4VsV33BKlyeZcZUSH6rfJ0rQ1vZ17DoHR9rf3kD8z2sXlOx3SpnmBWEqPhclheKU8UFGvCsNClJ9R0AY6W7l4gYMCHJJ/tgSG+ghVTUXTPA7hr/kfLsZ7DZ3T3caB4ejiGbYGltnmyxge+yAHbMT1mKC3bEH9sievHvv2XvxXj9bx7zRzCr7Ae/tA383qGA=</latexit>

eimev·
∑

a ra accounts for Galilean boost 



Migdal transition element
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Previous calculations utilise 
the ‘dipole approximation’:

A. Migdal, J. Phys. Acad. Sci. 
USSR 4 (1941) 449–453 
(See also E. L. Feinberg, J. Phys. 
Acad. Sci. USSR 4 (1941) 423)

<latexit sha1_base64="yk8y3JXpepmpo5SEVi/sXk8cpbc="></latexit>⌦
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<latexit sha1_base64="Z5kP8cVEQz+xU1ArsasboVjnEH8="></latexit>

exp

 
imev ·

NX

a=1

ra

!
⇡ 1 + imev ·

NX

a=1

ra

Dipole approximation good for: 
(i) small v scattering processes and  
(ii) single ionisation processes

In our work, we keep the full exponential factor 
(sounds easy but lots of extra work!)

Cox, Dolan, CM, Quiney, 
arXiv:2208.12222, PRD
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excitation: both e-  
(not visible on this scale)

Single-ionisation 
+excitation

Previous calculations could only give the single-ionisation curve for  

double-
ionisation

stay in 
ground 
state

single-
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<latexit sha1_base64="2O7VaXVXHlm3mIbx4Z2e287J5OQ=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKs5IUJcBN7qLYGIgM4Q3nZ6kSU9P090TCEMO4AXc6g3ciVuP4QU8h51kFiax4EFR9R71qFBypo3rfjuFtfWNza3idmlnd2//oHx41NJJqghtkoQnqh2CppwJ2jTMcNqWikIccvoUDm+n/tOIKs0S8WjGkgYx9AWLGAFjJX904QOXA/A597rlilt1Z8CrxMtJBeVodMs/fi8haUyFIRy07niuNEEGyjDC6aTkp5pKIEPo046lAmKqg2z28wSfWaWHo0TZEQbP1L8XGcRaj+PQbsZgBnrZm4r/eZ3URDdBxoRMDRVkHhSlHJsETwvAPaYoMXxsCRDF7K+YDEABMbamhZRQwZCaSckW4y3XsEpal1Xvqlp7qFXq93lFRXSCTtE58tA1qqM71EBNRJBEL+gVvTnPzrvz4XzOVwtOfnOMFuB8/QL/IZnW</latexit>

v/↵ ⌧ 1

GRASP+RATIP
Cox, Dolan, CM, Quiney, 
arXiv:2208.12222, PRD

Our results are valid for any              for He, C, F, Ne, Si, Ar, Ge, Kr, Xe
<latexit sha1_base64="2O7VaXVXHlm3mIbx4Z2e287J5OQ=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKs5IUJcBN7qLYGIgM4Q3nZ6kSU9P090TCEMO4AXc6g3ciVuP4QU8h51kFiax4EFR9R71qFBypo3rfjuFtfWNza3idmlnd2//oHx41NJJqghtkoQnqh2CppwJ2jTMcNqWikIccvoUDm+n/tOIKs0S8WjGkgYx9AWLGAFjJX904QOXA/A597rlilt1Z8CrxMtJBeVodMs/fi8haUyFIRy07niuNEEGyjDC6aTkp5pKIEPo046lAmKqg2z28wSfWaWHo0TZEQbP1L8XGcRaj+PQbsZgBnrZm4r/eZ3URDdBxoRMDRVkHhSlHJsETwvAPaYoMXxsCRDF7K+YDEABMbamhZRQwZCaSckW4y3XsEpal1Xvqlp7qFXq93lFRXSCTtE58tA1qqM71EBNRJBEL+gVvTnPzrvz4XzOVwtOfnOMFuB8/QL/IZnW</latexit>

v/↵ ⌧ 1



‘Migdal effect’ 
electrons and the nucleus are coupled in atomic systems: 
perturbation of the nucleus can induce electronic transitions

Transition probability depends on the speed of the recoiling nucleus



Migdal effect: regimes characterised by
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<latexit sha1_base64="A09JGaQIj+7K0uAYOHNj2Ku8zg4=">AAACBHicbVDLTgJBEJzFF+IL9ehlIjHxhLuGqEeiF4+YyMPAhvQOA0yYmd3MzJKQDVd/wKv+gTfj1f/wB/wOZ2EPAlbSSaWqO91dQcSZNq777eTW1jc2t/LbhZ3dvf2D4uFRQ4exIrROQh6qVgCaciZp3TDDaStSFETAaTMY3aV+c0yVZqF8NJOI+gIGkvUZAWOlp/FFB3g0hEK3WHLL7gx4lXgZKaEMtW7xp9MLSSyoNISD1m3PjYyfgDKMcDotdGJNIyAjGNC2pRIE1X4yO3iKz6zSw/1Q2ZIGz9S/EwkIrScisJ0CzFAve6n4n9eOTf/GT5iMYkMlmS/qxxybEKff4x5TlBg+sQSIYvZWTIaggBib0cKWQMGImmkajLccwyppXJa9q3LloVKq3mYR5dEJOkXnyEPXqIruUQ3VEUECvaBX9OY8O+/Oh/M5b8052cwxWoDz9QtZVZhW</latexit>
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Small v regime: dark matter searches
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Benefits: consider DM scattering with xenon
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Benefits: consider DM scattering with xenon
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Benefits: consider DM scattering with xenon
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Sub-GeV searches increasingly dominated by Migdal

Pre-2018 
No Migdal limits

SuperCDMS, arXiv:1808.09098for
lower excluded and upper excluded, corresponding to gray

provement have been achieved. The underground op-
eration did not jeopardize the potential of this search,
despite the enhanced Earth-shielding from the larger
overburden, thanks to the significant reduction of the
background level obtained in the EDELWEISS-III setup

achieved
eV threshold of Ref. [22], con-

tributes to the extension of the search to masses be-
. This threshold is more than five

) and
). However, both experiments
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This work, NbSi209 Poisson 90 % CL

This work

EDELWEISS, arXiv:2203.03993

Today 
Dominated by Migdal

MigdalMigdal

Migdal effect in dark matter 
direct detection experiments,  

Ibe et al arXiv:1707.07258



Is there evidence for the Migdal effect?



What do we know about the Migdal effect?
• A.Migdal publications:

• Ionisation in nuclear reactions [1]
• Ionisation in radioactive decays [2]

• First observations of the Migdal
effect in :
• Alpha decay [3,4]
• Beta decay [5]
• Positron decay [6]
• Nuclear scattering [x]

HEP Seminar- 27/05/2022Timothy.marley15@imperial.ac.uk 6

[1] A. Migdal Ionizatsiya atomov pri yadernykh reaktsiyakh, ZhETF, 9, 1163-1165 (1939) 
[2] A. Migdal Ionizatsiya atomov pri α- i β- raspade, ZhETF, 11, 207-212 (1941) 
[3] M.S. Rapaport, F. Asaro and I. Pearlman K-shell electron shake-off accompanying alpha decay, PRC 11, 1740-1745 (1975) 
[4] M.S. Rapaport, F. Asaro and I. Pearlman L- and M-shell electron shake-off accompanying alpha decay, PRC 11, 1746-1754 (1975) 
[5] C. Couratin et al. , First Measurement of Pure Electron Shakeoff in the β Decay of Trapped 6He+Ions, PRL 108, 243201 (2012) 
[6] X. Fabian et al., Electron Shakeoff following the β+ decay of Trapped 19Ne+ and 35Ar+ trapped ions, PRA, 97, 023402 (2018)

Also in A.B. Migdal ”Qualitative Methods in Quantum Theory” Advanced Book Classics CRC Press, 2000 
L. Landau and E. Lifshitz ”Quantum Mechanics : Non-relativistic Theory”

Evidence? Yes, but…
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A.B. Migdal’s papers date back to the 1940s 

Predicted effect in: 
1. 𝜶, 𝜷 decay 

2. Neutral scattering 

Effect has been observed in 𝜶 and 𝜷 decay 

Effect has not been observed with neutral projectiles

What do we know about the Migdal effect?
• A.Migdal publications:

• Ionisation in nuclear reactions [1]
• Ionisation in radioactive decays [2]

• First observations of the Migdal
effect in :
• Alpha decay [3,4]
• Beta decay [5]
• Positron decay [6]
• Nuclear scattering [x]

HEP Seminar- 27/05/2022Timothy.marley15@imperial.ac.uk 6

[1] A. Migdal Ionizatsiya atomov pri yadernykh reaktsiyakh, ZhETF, 9, 1163-1165 (1939) 
[2] A. Migdal Ionizatsiya atomov pri α- i β- raspade, ZhETF, 11, 207-212 (1941) 
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Large v regime: searches for the effect with neutrons
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Finding evidence: Proposals with neutrons
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FIG. 4: The integrated rate of neutrino induced nuclear recoils (dashed) and Migdal events (solid) in xenon (left) and argon
(right) from three neutrino sources: nuclear reactors, the SNS and chromium-51.

of evaluating whether such a detector can feasibly ob-
serve a su�cient number of Migdal events and whether
they can be distinguished from the irreducible nuclear
recoil background. As such we leave a statistical analy-
sis that would include an estimation of electronic recoil
background rates from external sources (e.g. Compton
scattering of gamma-rays from the nuclear reactor) and
intrinsic backgrounds (e.g. radiative neutron capture) to
a future work.

The most sensitive dark matter detectors built are liq-
uid xenon TPCs. Such detectors are sensitive to O(keV)
nuclear recoils and can be scaled to multi-tonne target
masses. TPCs operate in a dual-phase configuration, typ-
ically with a cylindrical shape, where a drift field is ap-
plied to the liquid phase and a stronger extraction field
applied to pull charges into the gas phase. The larger
liquid phase provides the main active detector medium,
with a smaller gas phase above it. Photomultiplier tubes
(PMTs) are placed in an array above and below the de-
tector volume. When a nuclear or electronic recoil occurs
within the liquid phase, quanta of photons and ions are
produced, with the total number of quanta being propor-
tional to the recoil energy. The photons are emitted as
prompt scintillation light, at a wavelength that xenon is
relatively transparent to. This allows the light to propa-
gate out of the xenon and be detected by the PMTs, cre-
ating a signal labeled S1. The ions are prevented from
recombining by the applied electric field, which causes
the electrons to drift upwards. When the electrons reach
the larger field at the liquid-gas interface they are ex-
tracted into the gas phase and rapidly accelerate, pro-
ducing a secondary scintillation signal labeled S2. The
size of the S1 and S2 signals are proportional to the ini-
tial number of photons and ions created by the recoil
event. Since electronic recoils produce larger ionization
yields than nuclear recoils, the S1/S2 ratio contains in-

formation that can be used to discriminate electronic and
nuclear recoils. Migdal events, however, are a combina-
tion of nuclear and electronic recoils, and thus will not
necessarily resemble either. Instead, their classification
will depend on the fraction of energy coming from each
component.

anode
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cathode

gate

top

bottom

radius 2 rmax

top drift

fiducial region

gas
liquid

Neutron 
  beam

FIG. 5: Cross sectional geometry of a liquid xenon TPC (not
to scale), where cylindrical symmetry is assumed. Dimensions
for the detector modelled in this work are given in table II.

Working with the results presented in [30], we model
our 17 keV neutron beam as having a Gaussian profile
with full-width at half max of 5.9 cm and having a peak
flux of 1455 neutrons/cm2/s (representing a modest 11%
increase in total flux). With this in mind we model a
relatively small xenon detector with dimensions given in

Bell et al, arXiv:2112.08514 
Xu et al, arXiv:2307.12952

Neutron 
beam Dual-phase 

Xe TPC

Fig. 1 Shcematis mechanism of the reactions related to the Migdal effect.

At the leading order, the probabilities of the Migdal effect are known to be proportional

to the square of the momentum transfer to the Migdal electron qe. Probabilities for a given

qe are calculated by scaling the values shown in Table 2 of Ref. [15] with (qe/511 eV)2 . qe is

calculated as follows,

q2e =
2m2

eENR

mN

, (1)

where me is the electron mass and mN is the target nuclear mass. Table 1 shows the scaling

factors for maximum recoil energies Emax
NR

by an irradiation with 565 keV neutrons. Here

Emax
NR

is known by

Emax
NR =

4mnmN

(mn +mN)2
En. (2)

Here mn is the neutron mass and En is the neutron energy. It is seen that the scaling factor

for argon is one order of magnitude larger than that for xenon because mN is smaller and

ENR is consequently larger for a given energy of neutrons.

Expected event rates calculated for the experimental and physical conditions discussed

so far are shown in the final row of Table 1. Here the event rate for the nuclear recoils

associated with characteristic X-rays from the Migdal effect are shown. The rates (O(102 ∼

103) events/day) themselves without the consideration of any backgrounds are encouraging

ones. In reality, the background rates without any reduction are much larger than these

signal rates. It is one of the important points of this study to discuss a realistic method

to discriminate background events with the event topologies, which will be discussed in

Section 4.

It should be emphasized that our calculation and discussed measurement are only for the

isolated atoms. For the application to the dark matter searches, it is also important to test

the Migdal effect in the liquid medium.

3.2. Signal Simulation

A simple calculation showed an encouraging signal event rate as an ideal case. A more

realistic Geant4 [22] Monte Carlo (MC) simulation study was then performed.

Four particles, listed as (1)∼(4) in the followings, are generated for the MC simulation.
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Nakamura et al, arXiv:2009.05939

Neutron 
beam

High-pressure gas

Araújo  et al (MIGDAL), arXiv:2207.08284

Mature technology to achieve an unambiguous observa-
tion already exists, developed partly by the collaborating
groups [38–40], among others – especially in the directional
DM detection community [41, 42].

The measurement is illustrated schematically in Fig. 1.
Our choice of base gas is CF4 – for its high scintilla-
tion yield and emission spectrum compatible with com-
plementary metal oxide semiconductor (CMOS) camera
readout – as the active (working) medium in an Opti-
cal Time Projection Chamber (OTPC). The detector al-
lows three-dimensional (3D) track reconstruction through
the following detector sub-systems: i) track ionisation is
drifted to a double glass Gas Electron Multiplier (GEM)
system and converted to an optical signal which is im-
aged by a CMOS camera; ii) the amplified charge is col-
lected at an Indium Tin Oxide (ITO) anode plane seg-
mented into readout strips to obtain the perpendicular co-
ordinate; iii) a photomultiplier tube (PMT) detects both
the primary and secondary scintillation light to provide
the absolute ‘depth’ coordinate. The detector is exposed
to high-flux D-D (2.47 MeV) and D-T (14.7 MeV) neutron
generators, with significant shielding and collimation pro-
viding background mitigation and a controlled scattering
environment.

Our initial goal is to observe clearly the Migdal effect
in pure CF4; subsequently, this will be mixed with other
gases, including the noble elements and other gases based
on Si and Ge. This article focuses on the initial pure-
CF4 deployment, but some discussion is offered on future
measurements with other gas mixtures. There have been
other proposals to achieve a measurement in argon and
xenon gas at higher pressures [43] and in the condensed
phase [44, 45].

In this article we describe the design of the experi-
ment, informed by simulations and preliminary test data
from ancillary systems. The paper is organised as fol-
lows. In Section 2 we describe the behaviour of NR and
ER tracks in low-pressure gas, and introduce the neutron-
induced processes responsible for signal and background
interactions; we summarise calculated Migdal rates, giv-
ing context to the experimental challenge. An appendix
reviews pertinent aspects of neutron scattering kinematics
and neutron cross sections. In Section 3 an overview of the
experiment is given, including the main design drivers for
each detector subsystem and key design choices. In Sec-
tion 4 we describe the neutron beam and host facility, the
design of the collimator and shield elements, and mention
key beam-induced backgrounds. In Section 5 we detail the
modelling of particle tracks in the gas and their detection
by the optical and charge readout systems. Section 6 dis-
cusses the expected sensitivity of the experiment to Migdal
events. Section 7 addresses the extension of the measure-
ment to other gas mixtures. We conclude by discussing
the outlook for our programme in Section 8.

time

Figure 1: Schematic representation of the MIGDAL experiment
showing the OTPC exposed to neutrons, with interactions in the
low-pressure CF4 gas amplified by a double glass-GEM system; the
active volume of the OTPC is approximately 10×10 cm2 by 3 cm
in the drift direction; neutron interactions take place in a volume
≈ 9×9 cm2 by 1.3 cm. Optical signals are recorded by an external
camera and a photomultiplier tube, while amplified track ionisation
is detected by an ITO-strip anode. An example 2D-projected Migdal
event (scaled 10×) is shown, featuring a 5-keV electron and a 150-keV
fluorine nuclear recoil originating from the same vertex – simulated
using Degrad [46] and SRIM [47] plus Garfield++[48], respectively.
Illustrative signals in the various detector systems are also shown.

2. Signal and backgrounds

Detection of the rare Migdal event topology, consist-
ing of two short tracks with a common vertex, using a
low-pressure OTPC detector requires optimisation based
mostly around the gas composition and density (pressure).
The latter operational parameter governs almost the whole
experimental approach by impacting two key physical pa-
rameters which are in tension with each other: the neutron
scattering rate in the active volume increases with pres-
sure, but the length of the resulting ER and NR tracks
decreases. The electron track length is particularly impor-
tant as this determines the ability to discriminate between
ER and NR tracks, as well as the detection threshold for
Migdal events. In this section we discuss the behaviour of
NR and ER tracks in the low-pressure gas, as well as the
signal and background rates after a simple threshold based
on track length has been defined. Other experimental pa-
rameters that depend on the gas composition and density
will be discussed in Section 3, where a more detailed ac-
count of the experiment is given.

2.1. Tracks in low pressure gas
Low-energy electrons have convoluted tracks, and their

spatial extent can be characterised by various metrics of
‘range’ – with some of the most common depicted in Fig. 2
(left). For the purpose of design optimisation we adopted
the ‘practical range’ for electrons [50]. This is longer than
the ‘mean projected range’ along the direction of incidence

3

Neutron 
beam

low-pressure gas
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MIGDAL experiment: aims

Create a dedicated experiment for the unambiguous observation of the Migdal 

effect in nuclear scattering:

Experimental goal

• Direct observation of two simultaneously created tracks of the
ionisation electron and the nuclear recoil originating from the same
vertex using GEM-based OTPC.
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Nucleus
D-T/D-D
source

Neutron

Nuclear recoil

Migdal electron
From same vertex

We are the only experiment 
aiming to observe the nuclear 
and electron recoils emerging 

from a common vertex

• Phase 1: Observe the effect in CF4 in high energy recoils 

• Phase 2: Observe the Migdal effect in CF4 + noble gases

Commissioning of the 
MIGDAL detector with fast 

neutrons
Tim Marley

Imperial College London

On behalf of the MIGDAL Collaboration
DMUK Meeting January 2025 - KCL

MIGDAL



MIGDAL experiment: schematic

MIGDAL
time

Optical Time Projection Chamber
• This is a schematic of the

Migdal OTPC.
• The active area of the

GEMs is 10×10 cm2.
• The drift region is 3 cm.
• The ITO anode collects

charge timing
information (3D
reconstruction).

• The example Migdal
event contains a 10 keV
electron + 250 keV
fluorine recoil which has
been scaled-up by a
factor of 3.

DMUK - 16/11/2021Timothy.marley15@imperial.ac.uk 10

Neutron  
generator

Araújo, … ,CM, et al 
(MIGDAL) 
arXiv:2207.08284

Neutron collisions give 
recoils with energy: 

[higher than dark  
matter regime] 
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Commissioning of the 
MIGDAL detector with fast 

neutrons
Tim Marley

Imperial College London

On behalf of the MIGDAL Collaboration
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Optical Time Projection Chamber
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Optical Time Projection Chamber
• This is a schematic of the 

Migdal OTPC.

• The active area of the 
GEMs is 10×10 cm2.
• The drift region is 3 cm.
• The ITO anode collects 

charge timing 
information (3D 
reconstruction).
• The example Migdal 

event contains a 10 keV 
electron + 250 keV 
fluorine recoil which has 
been scaled-up by a 
factor of 3.
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D-D/D-T generator

Camera: images GEM scintillation 
through viewport behind ITO anode.  
Readout of (x,y) plane 
O(10) ms timing resolution 

ITO anode: collects charge. 
Readout of (x,z) plane 
O(1) ns timing resolution 

PMT: Detects primary and secondary 
(GEM) scintillation  
Readout of depth (z) coordinate  

Setup allows for 3D track reconstruction Simulated Migdal event with a 10 keV 
electron & 250 keV fluorine recoil. 

Scaled-up by a factor of 3.  

Drift region: 3 cm 
Active area of GEMs:  
10×10 cm2

Araújo, … ,CM, et al 
(MIGDAL) 
arXiv:2207.08284



Installed at NILE Facility, Rutherford Appleton Laboratory, UK 
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High-yield DD neutron generator 
- 109 n/s @ 2.47 MeV 

Bespoke DD neutron irradiation facility located 
within Target Station 2 at ISIS Neutron and Muon 
Source 

Concrete bunker with interlocked access 
D-D generator installed in “shielding bunker” 
MIGDAL detector in the centre of the bunker 

NILE facility at Rutherford Appleton Laboratory, UK
● Bespoke DD and DT neutron irradiation facility located within Target Station 2 at ISIS 

Neutron and Muon Source, RAL

● Concrete bunker with interlocked access

● MIGDAL experiment sits in the centre of the bunker

To gas 
system

Concrete

HDPE
DD neutron 
generatorLead

MIGDAL 
detector

5
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NILE facility at Rutherford Appleton Laboratory, UK
● Bespoke DD and DT neutron irradiation facility located within Target Station 2 at ISIS 

Neutron and Muon Source, RAL

● Concrete bunker with interlocked access

● MIGDAL experiment sits in the centre of the bunker

To gas 
system

Concrete

HDPE
DD neutron 
generatorLead

MIGDAL 
detector

5
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Shielded and Unshielded renders of the experiment
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Shielded and unshielded renders of the experiment
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Simulated camera images of Migdal event
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The Migdal event as an image
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Linear-scale colour map Log-scale colour map

4 mm

Secondary barely 
leaves penumbra

Low-intensity 
‘bridge’ 

Visible difference 
in dE/dx

4 mm

150 keV F

5 keV e-

High dynamic range required



Simulated ITO signals of Migdal event
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Track reconstruction
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End-to-end simulation

12/12/2022 timothy.marley15@imperial.ac.uk 6

Image analysis
Deconvolution + RidgeFinder

Anode strip readout
Induction/collection

(electronics deconvolved)

Camera readout
Diffusion + GEMs + noise

Migdal event
150 keV F recoil
+ 5 keV electron

• DEGRAD (electron track)
• TRIM (NR cascade and electronic dE/dx)
• Magboltz (drift properties)
• Garfield++ (GEMs)
• Gmsh/Elmer & ANSYS (ITO and E-field)

End-to-end simulation
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Science operations
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Science operations

● First science run 

○ 17/07/23 – 03/08/23

● Second science run

○ 15/01/24 – 06/02/24

● Data taken using D-D neutron generator recorded 

continuously during 10-hour long shifts. 

○ 50% of our data remains blinded.

○ Approximately 500,000 NRs in total.

● Calibration runs with 55Fe every 3 hours.

● We replaced the gas medium once/twice per week.

8
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Summary of gain and gain resolution 
over the course of first science run.

- First Science Run: 17/07/23 - 03/08/23 
- Second Science Run: 15/01/24 - 06/02/24 

- Data taken using D-D neutron generator 
recorded continuously during 10-hour shifts 

- 50% data remained blinded 

- Approximately 500,000 NRs in total



Science operations: neutron beam
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- Expected 2.6⨉105 n/s entering the active volume, but measured 6⨉104 n/s. 

- Collimator designed ~8 mm neutron production spot diameter within the DD generator: but measured  
diameter was ~25 mm. 

- This reduced the NR event rate in the active volume from ~15 Hz to ~5 Hz. 
- The camera was pulled closer to the active volume to capture more light. 

- This further reduced the contained NR rate in the ROI to ~2 Hz, which we observe in the data.

Characterising the neutron and NR rate
● Expected 2.6⨉105 n/s entering the active volume, but measured 6⨉104 n/s.

● Our collimator was designed around an 8 mm neutron production spot diameter within the DD 
generator, but the measured diameter was much closer to 25 mm.

● This reduced the NR event rate in the active volume from ~15 Hz to ~5 Hz.

● The camera was pulled closer to the active volume to capture more light. 

○ This further reduced the contained NR rate in the ROI to ~2 Hz, which we observe in the data.

7
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Science operations: detector calibrations
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-  55Fe calibration performed several times per day 
-  Energy scale is consistent over the course of the science run with ~20% variation 
-  Resolution in ITO ~20% and in camera ~ 25 - 32 % camera readout depending on the gain



Backgrounds
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Table 3: Number of background and signal events per million neutron-induced recoil tracks for D-D (2.47 MeV) and D-T (14.7 MeV) neutrons
incident on CF4 gas at 50 Torr. Data are given for ⇠100 keV nuclear recoil threshold and >0.5 keV and 5–15 keV electron energies, with
the electron vertex located up to 3 mm from the NR track origin. An entry of “0” indicates that the process cannot occur in the ROI, while
“⇡0” denotes a negligible rate of ⌧0.01 events per million recoils. Individual background components and topologies are discussed in the
text. Signal rates are those from Table 1 for contained tracks above threshold, normalised per million signal-inducing events.

Component Topology
D-D neutrons D-T neutrons

>0.5 5–15 keV >0.5 5–15 keV

Recoil-induced �-rays Delta electron from NR track origin ⇡0 0 541,000 0

Particle-Induced X-ray Emission (PIXE)

X-ray emission Photoelectron near NR track origin 1.8 0 365 0

Auger electrons Auger electron from NR track origin 19.6 0 42,000 0

Bremsstrahlung processes
†

Quasi-Free Electron Br. (QFEB) Photoelectron near NR track origin 112 ⇡0 288 ⇡0

Secondary Electron Br. (SEB) Photoelectron near NR track origin 115 ⇡0 279 ⇡0

Atomic Br. (AB) Photoelectron near NR track origin 70 ⇡0 171 ⇡0

Nuclear Br. (NB) Photoelectron near NR track origin ⇡0 ⇡0 0.013 ⇡0

Photon interactions

Neutron inelastic �-rays (gas) Compton electron near NR track origin 1.6 0.47 0.86 0.25

Random track coincidences Photo-/Compton electron near NR track ⇡0 ⇡0 ⇡0 ⇡0

Gas radioactivity

Trace contaminants Electron from decay near NR track origin 0.2 0.01 0.03 ⇡0

Neutron activation Electron from decay near NR track origin 0 0 ⇡0 ⇡0

Secondary nuclear recoil fork NR track fork near track origin – ⇡1 – ⇡1

Total background Sum of the above components 1.5 1.3

Migdal signal Migdal electron from NR track origin 32.6 84.2

† These processes were (conservatively) evaluated at the endpoint of the nuclear recoil spectra.

account the photon absorption e�ciency in the vicinity of
NR tracks. Owing to the low velocity of NRs compared to
that of the protons of the same energy, the probability of
X-ray emission in the energy range of interest is extremely
low in both the D-D and the D-T experiments.

A potentially relevant background occurs when a neu-
tron undergoes inelastic scattering in the active gas volume
and a deexcitation �-ray interacts near the NR vertex from
the same interaction. This type of event dominates the
background budget in higher pressure experiments [45].
While the mean photon interaction length is very large
at 50 Torr, the Compton scattering of the 110 keV and
197 keV photons from 19F(n,n0) is of some concern: their
energy is just right to produce Compton electrons in the
ROI – cf. Fig. 5. The calculation in Table 3 uses GEANT4
to simulate the production and interaction of these and
similar �-rays in the 5–15 keV range. The corresponding
background rate is found to be just below 1 event per mil-
lion NR tracks – we predict this to be the leading source
of background in our experiment, as shown in Table 3.

A di↵erent class of background occurs when an NR
track and an unrelated ER track are accidentally recorded
in coincidence. In this instance the event topology is sim-
ilar to that of signal if the electron is emitted su�ciently
close to the NR vertex. These electrons are caused by
�-rays and X-rays produced in di↵erent parts of the ex-
periment and the neutron generator, that reach the active
volume. The predicted rate of coincidence events has been
assessed by calculating the photon spectrum entering the

active volume with GEANT4, and then convolving the cor-
responding spectrum with the photon probability to yield
an electron in the 5–15 keV window. We assumed that the
spatial resolution on the camera plane is 3 mm, while the
time resolution is set to the maximum drift time along the
OTPC (230 ns). The total rate of accidental coincidences
is found to be ⌧0.01 events per million NR with either
generator. In most of these events the NR and the photon
are created by two di↵erent neutrons (85% and 77% for D-
D and D-T generators, respectively), while the remainder
comes from coincidences where the photon is produced in
an earlier interaction of the same neutron that produces
the NR. The volumes where the photon originate di↵er
between the D-D and D-T experiment configurations. In
the former case, this is dominated by deexcitation X-rays
following photoelectric e↵ect in the cathode (70% of the to-
tal), while in the latter case the most significant are �-rays
from neutron inelastic scattering occurring in the genera-
tor material placed in the line-of-sight of the active volume
(80% of the total). It has been also checked that �-rays
from the decay of radioisotopes produced by neutron ac-
tivation only represents a small contribution to accidental
coincidence events (1% and 2% for D-D and D-T neutrons,
respectively).

The previous paragraph discussed accidental coinci-
dences where the origin of the electron can be traced back
to a neutron produced in D-D or D-T fusion. However,
the electric field used to accelerate deuterium ions in these
devices also creates a current of free electrons flowing in
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Table 3: Number of background and signal events per million neutron-induced recoil tracks for D-D (2.47 MeV) and D-T (14.7 MeV) neutrons
incident on CF4 gas at 50 Torr. Data are given for ⇠100 keV nuclear recoil threshold and >0.5 keV and 5–15 keV electron energies, with
the electron vertex located up to 3 mm from the NR track origin. An entry of “0” indicates that the process cannot occur in the ROI, while
“⇡0” denotes a negligible rate of ⌧0.01 events per million recoils. Individual background components and topologies are discussed in the
text. Signal rates are those from Table 1 for contained tracks above threshold, normalised per million signal-inducing events.

Component Topology
D-D neutrons D-T neutrons

>0.5 5–15 keV >0.5 5–15 keV

Recoil-induced �-rays Delta electron from NR track origin ⇡0 0 541,000 0

Particle-Induced X-ray Emission (PIXE)

X-ray emission Photoelectron near NR track origin 1.8 0 365 0

Auger electrons Auger electron from NR track origin 19.6 0 42,000 0

Bremsstrahlung processes
†

Quasi-Free Electron Br. (QFEB) Photoelectron near NR track origin 112 ⇡0 288 ⇡0

Secondary Electron Br. (SEB) Photoelectron near NR track origin 115 ⇡0 279 ⇡0

Atomic Br. (AB) Photoelectron near NR track origin 70 ⇡0 171 ⇡0

Nuclear Br. (NB) Photoelectron near NR track origin ⇡0 ⇡0 0.013 ⇡0

Photon interactions

Neutron inelastic �-rays (gas) Compton electron near NR track origin 1.6 0.47 0.86 0.25

Random track coincidences Photo-/Compton electron near NR track ⇡0 ⇡0 ⇡0 ⇡0

Gas radioactivity

Trace contaminants Electron from decay near NR track origin 0.2 0.01 0.03 ⇡0

Neutron activation Electron from decay near NR track origin 0 0 ⇡0 ⇡0

Secondary nuclear recoil fork NR track fork near track origin – ⇡1 – ⇡1

Total background Sum of the above components 1.5 1.3

Migdal signal Migdal electron from NR track origin 32.6 84.2

† These processes were (conservatively) evaluated at the endpoint of the nuclear recoil spectra.

account the photon absorption e�ciency in the vicinity of
NR tracks. Owing to the low velocity of NRs compared to
that of the protons of the same energy, the probability of
X-ray emission in the energy range of interest is extremely
low in both the D-D and the D-T experiments.

A potentially relevant background occurs when a neu-
tron undergoes inelastic scattering in the active gas volume
and a deexcitation �-ray interacts near the NR vertex from
the same interaction. This type of event dominates the
background budget in higher pressure experiments [45].
While the mean photon interaction length is very large
at 50 Torr, the Compton scattering of the 110 keV and
197 keV photons from 19F(n,n0) is of some concern: their
energy is just right to produce Compton electrons in the
ROI – cf. Fig. 5. The calculation in Table 3 uses GEANT4
to simulate the production and interaction of these and
similar �-rays in the 5–15 keV range. The corresponding
background rate is found to be just below 1 event per mil-
lion NR tracks – we predict this to be the leading source
of background in our experiment, as shown in Table 3.

A di↵erent class of background occurs when an NR
track and an unrelated ER track are accidentally recorded
in coincidence. In this instance the event topology is sim-
ilar to that of signal if the electron is emitted su�ciently
close to the NR vertex. These electrons are caused by
�-rays and X-rays produced in di↵erent parts of the ex-
periment and the neutron generator, that reach the active
volume. The predicted rate of coincidence events has been
assessed by calculating the photon spectrum entering the

active volume with GEANT4, and then convolving the cor-
responding spectrum with the photon probability to yield
an electron in the 5–15 keV window. We assumed that the
spatial resolution on the camera plane is 3 mm, while the
time resolution is set to the maximum drift time along the
OTPC (230 ns). The total rate of accidental coincidences
is found to be ⌧0.01 events per million NR with either
generator. In most of these events the NR and the photon
are created by two di↵erent neutrons (85% and 77% for D-
D and D-T generators, respectively), while the remainder
comes from coincidences where the photon is produced in
an earlier interaction of the same neutron that produces
the NR. The volumes where the photon originate di↵er
between the D-D and D-T experiment configurations. In
the former case, this is dominated by deexcitation X-rays
following photoelectric e↵ect in the cathode (70% of the to-
tal), while in the latter case the most significant are �-rays
from neutron inelastic scattering occurring in the genera-
tor material placed in the line-of-sight of the active volume
(80% of the total). It has been also checked that �-rays
from the decay of radioisotopes produced by neutron ac-
tivation only represents a small contribution to accidental
coincidence events (1% and 2% for D-D and D-T neutrons,
respectively).

The previous paragraph discussed accidental coinci-
dences where the origin of the electron can be traced back
to a neutron produced in D-D or D-T fusion. However,
the electric field used to accelerate deuterium ions in these
devices also creates a current of free electrons flowing in
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Measuring the neutron inelastic 𝛄-ray sideband
● We have constructed a detailed GEANT4 detector geometry to calculate the expected 

number of 𝛄-rays.

● The number of simulated and measured NR + ER coincidences is consistent.

● The expected (and measured) number of ERs produced within 3 mm of an NR vertex is 
very small (good news).

Detailed Geant4 
geometry
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DMUK 2025
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-  Constructed a GEANT4 detector geometry to calculate the expected number of 𝛄-rays 

-  We find the simulated and measured NR + ER coincidences is consistent 

-  Expected (and measured) number of ERs produced within 3 mm of an NR vertex is very small (good news)

Backgrounds

10

DMUK 2025

19F inelastic 𝛄-ray + 
Compton scatter (ITO readout)

Eliminated by applying an energy threshold

Eliminated by ITO timing resolution

(Astropart. Phys. 151 (2023) 102853)

● We do not expect to be limited by background.
○ We wanted to confirm this by measuring the 

sideband outside the energy and spatial ROI.

● Secondary NRs could create a split topology, 
similar to Migdal.
○ We can exclude these with kinematic and 

parametric constraints.

● Compton scatters of 𝛄-rays from neutron inelastic 
scattering can create events with NR + ER.
○ This is the main source of background.



Search enhanced with object detection
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-  Utilise YOLOv8: state-of-the-art object 
detection algorithm 

-  Simultaneously classifies and localises (with 
bounding boxes) any number of objects of 
interest in an image 

- Provides online deliverables, including 
particle ID and NR energy spectra in real time

Beginning the search for Migdal with machine learning
● YOLOv8 is a state-of-the-art object detection algorithm.

● Object detection simultaneously classifies and localizes 
(with bounding boxes) any number of objects of interest 
in an image.

● Pipeline provides online deliverables, including mixed-
field particle ID and NR energy spectra in real time.

17

DMUK 2025

(arXiv.2406.07538)

Schueler, … ,CM, 
et al (MIGDAL) 
arXiv:2406.07538
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Camera: 
O(10) ms 
timing 
resolution 
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Example Migdal-topology event

Camera: 
O(10) ms 
timing 
resolution 

ITO:  
O(1) ns 
timing 
resolution 



Not a Migdal event: no temporal overlap!
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Summary & Next steps
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The Migdal effect is an old effect (from 1940s) that is used for dark matter sub-GeV searches 

On the theory side, we have extended previous calculations to the high nuclear-recoil speed 
regime & confirmed the accuracy of existing calculations (Ibe et al) for DM searches  

In the UK… 
- we are building a detection platform to characterise the effect in multiple elements



Summary & Next steps
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- Detector performed as designed during 
Science Runs 1 and 2 

-  We have several weeks of stable DD data: 
approximately 500,000 NRs in total 

- Backgrounds appear to be as expected 
- Data analysis of the two science runs is 

ongoing (stay tuned)

- Science Run 3 planned for this year with several 
improvements: 
‣ Higher resolution digitiser (CAEN V1730) 
‣ Increased spatial resolution in the ITO subsystem 
‣ Testing addition of a third GEM to provide 

additional amplification stage 
‣ Recommissioned DD generator with smaller spot 

size & redesigned collimator 
‣ Plans to run with CF4 + Ar mixture

The Migdal effect is an old effect (from 1940s) that is used for dark matter sub-GeV searches 

On the theory side, we have extended previous calculations to the high nuclear-recoil speed 
regime & confirmed the accuracy of existing calculations (Ibe et al) for DM searches  

In the UK… 
- we are building a detection platform to characterise the effect in multiple elements



Thank you

“Precise Predictions and New Insights for Atomic Ionisation from the Migdal Effect”  

Peter Cox, Matthew Dolan Christopher McCabe and Harry Quiney 
arXiv:2208.12222, PRD (2023) 

Data files of probabilities available now: https://petercox.github.io/Migdal/ 

“The MIGDAL experiment: Measuring a rare atomic process to aid the search for 
dark matter” H.M. Araújo et al (MIGDAL) 

arXiv:2207.08284, Astroparticle Phys (2023) 

“Transforming a rare event search into a not-so-rare event search in real-time with 
deep learning-based object detection” J. Schueler et al (MIGDAL) 

arXiv:2406.07538,  PRD (to appear) 

https://petercox.github.io/Migdal/
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FIG. 1. (a) Calculated angular cross section for Migdal in-
teractions (dashed, black) and elastic scatters (solid, red) be-
tween 14MeV neutrons and natural xenon. The shaded region
indicates the ±1ω range of neutron scattering angles used in
this experiment. (b) Predicted spectrum of the total ER en-
ergy released by Migdal interactions in the present work using
first-principle inputs (solid, black) and photoabsorption data
(dashed, blue). The energies of the peaks associated with the
xenon M- and L-shells are labeled in grey.

energy of the background NRs make Migdal searches dif-
ficult at larger angles. Normalizing the Migdal interac-
tion strength to that of elastic scatters reduces the depen-
dence of the predicted signal rate on the n-Xe scattering
cross section and detector e!ciencies.

Figure 1(b) (solid line) shows the predicted distribu-
tion of total Migdal ER energy, which includes the en-
ergy deposited by the initial Migdal electron and the
subsequent atomic relaxations. The spectral shape is
relatively insensitive to the neutron energy and scatter
angle. For signals considered in this work, the Migdal
excitation probability is 3–4 orders of magnitude below
that of the Migdal ionization probability [13] and is thus
neglected. The probability for a K, L, and M shell ion-
ization in a Migdal interaction is approximately 5→10→5,
2→10→3, and 4→10→2, respectively. Although the Migdal
probability increases for outer (N & O) shells, these in-
teractions deposit too little ER energy to be identified in
our experiment.

We also carried out a second calculation using exper-
imental photoabsorption data based on its similarity to
the Migdal process, which allows an atomic data-driven
prediction of the Migdal rate and spectrum that are
less sensitive to uncertainties from modeling of atomic
physics [14]. The spectrum is also shown in Figure 1(b),
which agrees with the first-principles calculation within
20%. Higher-order ionization e”ects [19] change the pre-
diction by <5%. Our analysis uses the average signal
rate over these di”erent calculations, and we assign a
combined uncertainty of ±11%.

Experiment – The measurement was carried out

at Lawrence Livermore National Laboratory using
the XeNu xenon TPC. The active LXe volume of
!3.8 cm→2.5 cm was enclosed in a PTFE reflector cylin-
der and is viewed by four Hamamatsu R8520-406 PMTs
from the top and one Hamamatsu R8778 PMT from the
bottom. An electric field cage consisting of three stainless
steel grids (cathode, extraction grid and anode) and three
voltage step-down rings between the cathode and the ex-
traction grids provided a drift field of (200±42)V/cm and
a liquid extraction field of 6.6 kV/cm (12.2 kV/cm in the
gas). The high electric field leads to an electron extrac-
tion e!ciency of 95±3% from the liquid into the gas and
an observed S2 ionization signal gain of 71.5±1.5 photo-
electrons (PHEs) per extracted electron. The collection
e!ciency for the S1 scintillation light in LXe was mea-
sured to be (0.127± 0.019)PHE/photon.
The neutron source consisted of a deuterium-tritium

(DT) neutron generator placed inside a shielding struc-
ture of up to 25 cm of lead surrounded by up to 1m of
borated water [30]. The neutrons were collimated by a
2.5 cm square opening in both the lead shielding and a
1m long borated polyethylene (30%-by-weight) structure
fitted into the water shielding. The transmitted neutrons
were emitted at a 90↑ angle relative to the axis of the gen-
erator, where it produces monochromatic 14.1MeV neu-
trons with little sensitivity to its operating conditions.

The xenon TPC was centered on the beam at a dis-
tance of 1.5m from the source. Up to 12.7 cm of lead was
placed between the shielding and the TPC (3mm lead
used at the beam opening) to attenuate secondary ω-rays
from neutron interactions in the shielding. A circular ar-
ray of 14 liquid scintillator (LS) detectors (EJ301/309,
!10 cm→7.6 cm), centered on the beam axis, was placed
95 cm behind the TPC and used to tag neutrons scattered
at 15.0↑, with a 1ε spread of ±1.6↑. In this configura-
tion, the NR energy deposited by elastic neutron scatters
is (7.0 ± 1.6) keV, which on average produces ↑50 scin-
tillation photons and ↑50 electrons. For every 100,000
NRs of this energy, around 1350 Migdal interactions may
be produced, of which 55 (2.3) are from the M (L) shell.
An M(L)-shell xenon Migdal signal alone can produce up
to 20 (200) photons and ↑50 (175) electrons in LXe, al-
lowing them to be well-separated from pure NR events
in the S1-S2 signal space.

Data acquisition was triggered by a signal in any neu-
tron detector followed by an S2 signal in the TPC within
30 µs. The TPC threshold was set such that trigger e!-
ciency approached 100% for S2>12 e→. The thresholds of
the neutron detectors were set at ↑2% of the maximum
observed proton recoil energy. We digitized every PMT
output at 250MS/s for 30µs before and after the trig-
ger, providing an event window substantially longer than
the maximum electron drift time in the TPC (17.7 µs).
With an average neutron rate of 2.7→107 n/s and a total
operation time of ↑100 hours, we have approximately
2.2→108 neutrons incident on the active xenon volume
with around 600,000 neutron coincidences recorded.

Analysis – The Migdal signal searches are based on the

Expected 148.3 +- 16.3 events
Observed 16.3 + 21.7 (-16.3) events

Search in LXe with DT neutron generator

44Christopher McCabe

Search for the Migdal effect in liquid xenon with keV-level nuclear recoils 
Jingke Xu et al 
arXiv: 2307.12952, PRD 

Search for neutrons 
scattered through 

narrow angle

Elastic 
scatters

Migdal 
events

Enhanced recombination in 
Liquid Xenon capturing Migdal 

electron after emission?
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the SS rate was fixed, and a second fit was performed with
the S2 lower bound increased from 25 e→ to 80 e→ and all
other components floating. By excluding the data region
dominated by pure NRs and low-energy Migdal interac-
tions, the second fit is expected to be less susceptible to
imperfect modeling of the NR distribution.

The best-fit Migdal signal rate is found to be 16.3+21.7
→16.3

counts, where the range represents the statistical 68%
confidence interval computed using the profile likelihood
ratio technique. This is an order of magnitude lower than
the predicted value of 148.2±16.3 and is consistent with
0. This tension is illustrated visually in Figure 3 where
the nominal Migdal signal model (dotted, magenta) is
contrasted with the best fit (solid, red) for the S1 range
of 4–10PHE, and the nominal model alone already over-
predicts the observed event rate for a range of S2 values.
The dominant backgrounds for S2>100 e→ are from NMS
and PS, while fluctuations of SS NRs play an insignificant
role. Further, the estimated background rates in this re-
gion are below the expected Migdal rate, suggesting an
expected signal to noise ratio (SNR) of >1. Additional
information on the model fits can be found in the Sup-
plemental Material.

Systematic uncertainties in the NR models are eval-
uated by varying the NR NEST parameters to produce
models for which the fitted likelihood was up to 2ω worse
than the global best-fit; the resulted spread is illustrated
by the shaded grey band in Figure 3 and yielded a con-
servative uncertainty in the fitted Migdal rate of ±8.1
counts. Uncertainty in the Migdal ER model component
is evaluated by varying the NEST ER yields within their
reported uncertainty band [33], producing an uncertainty
of ±6.3 counts. The combination of these uncertainties
does not significantly change the analysis result, demon-
strating the robustness of this work against modeling in-
accuracies.

We also extend our analysis window to attempt a
L-shell Migdal signal search. Thanks to the large S1
sizes of expected signals, the simple pulse shape-based
S1 identification algorithm is used, allowing us to relax
the S1 cleanliness cuts, which boosts the NR statistics
by → 30%. The more precise S1 timing also enables a
more stringent TOF cut (19 ns), leading to stronger re-
jection of accidental backgrounds. The resulting dataset
is shown in Figure 2 (bottom). In this high energy re-
gion, up to 10% of S2 saturation and up to 5% of relative
e!ciency loss from analysis cuts are expected, so we per-
form a simple cut-and-count analysis. The signal region
of interest (ROI) is defined, prior to quantitative anal-
ysis, using the predicted distribution for Migdal events
with ER energy above 3 keV; we accept events above
the median but within the 84% contour, illustrated by
the shaded region in Figure 2 (bottom). We observe
2 events in this ROI, while expecting 5.6±1.2 signals.
Backgrounds are estimated using the simulated event dis-
tributions described above: the Compton ER background
model, scaled to match the observed rates in a control re-
gion of 100<S1<150PHE (above ER median), yields an

FIG. 3. Projected S2 spectrum for events with 4<S1<10PHE
(black dots), along with the best-fit simulated distributions
for SS (blue), PS (orange) and NMS (green) backgrounds and
the Migdal signal (red). The summed best fit model is shown
in grey. We also show the Migdal signal at the predicted rate
(dashed red) for comparison. Residuals are shown for both
the best-fit model and for the the model with the Migdal rate
fixed at its predicted value. The shaded band represents the
systematic uncertainty in the NR background models.

estimate of 2.1±0.9 counts in the ROI; the PS and NMS
background rates are evaluated to be <0.1 count. A ten-
sion between the prediction and observation is observed
with a nominal SNR of >1, but due to low statistics and
additional sources of uncertainties, this analysis is not as
powerful as the M-shell search.
Discussion – The non-observation of the expected

Migdal signal could suggest that current calculations
over-estimate the rate of Migdal ionization in liquid
xenon, at least for M-shell and L-shell electrons. If true,
this could imply that dark matter searches using the
Migdal e”ect may not achieve the sensitivities previously
expected. We note, however, that this possibility chal-
lenges theoretical expectations, which are bolstered by
the agreement between the atomic data-driven and first-
principles calculations and by our experimental design
further mitigating nuclear physics uncertainties.
We also consider the possibility that our null result is

due to enhanced electron-ion recombination in the liquid
xenon because of the close proximity of the ER and NR
tracks in a Migdal event. This would convert ionization
signals into hard-to-detect scintillation signals, shifting
Migdal events into the region of the S1-S2 space where
our experiment has reduced sensitivities. This compli-
cation has not been considered in past Migdal studies.
While similar phenomena have been observed in other
contexts [34, 35], it has not been studied in the regime
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