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Last time I was in Annecy was January 2016…

… and everyone in the audience 
looked a little sleep deprived…



Bradley J. Kavanagh (GRAPPA, Amsterdam) Effective Field Theory in Direct Detection 3

@pjtunney 

Anyway, now we have the 
XENON1T 1-sigma excess…

*

*or rather, theorists…
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‘Standard’ direct detection
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[1805.12562]

[1702.07666]

Spin-independent (SI)

Spin-dependent (SD)

�p
SI/SD � v0q0
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But these interactions are not always there…
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Non-standard interactions? Why?
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• Out of curiosity  
 
   Don’t you just want to know…? What could DM look like? What could 
we be missing? 

• Input for experimental analysis  
 
   Experimental searches are not simple cut-and-counts - need to know 
what the signal looks like to get the best sensitivity 

• Optimisation of future experiments  
 
   Which experiments should we use to get the best sensitivity, or the 
most information out of a future detection? (more on this later)
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Experimental analysis
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[1805.12562]

[1705.02614]

Limits depend on a signal hypothesis 
and we need to know where to look!

So where should we look?
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More general interactions
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[Fan et al - 1008.1591, Fitzpatrick et al. - 1203.3542]
Can write non-relativistic (NR) DM-nucleon Lagrangian as an expansion in:

DM velocity -

L � L0 + L1(�v) + L2(�q) + L3(�v, �q) + ...

‘Standard’ interactions 
(zeroth order)

‘Non-standard’ interactions 
(higher order)

Recoil momentum -
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More general interactions
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The DM velocity operator is not Hermitian, so it can appear only through 
the Hermitian transverse velocity: 

~v
~v||

~v?

�v� = �v +
�q

2µ�N
� �v� · �q = 0

~q

Can write non-relativistic (NR) DM-nucleon Lagrangian as an expansion in:

 Transverse DM velocity -

Recoil momentum -

‘Standard’ interactions 
(zeroth order)

‘Non-standard’ interactions 
(higher order)

L � L0 + L1(�v�) + L2(�q) + L3(�v�, �q) + ...

Invariant under exchange of 
 incoming and outgoing particles

[Fan et al - 1008.1591, Fitzpatrick et al. - 1203.3542]
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Write down all operators which are Hermitian, Galilean invariant and 
time-translation invariant from building blocks:                        .

SI

SD

[1008.1591,1203.3542,1308.6288,1505.03117]

O1 = 1

O4 = ~S� · ~SN

�v�, �q, �S�, �SN
<latexit sha1_base64="QwCcVJdC3+M0G6nJRty9fFyMffs=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAILkqZUUFxVXDjSiraC3TGIZOetqGZi0mmUIZ5EDe+ihsXirhxIfg2pu0sausPgS//OYfk/F7EmVSm+WPklpZXVtfy64WNza3tneLuXkOGsaBQpyEPRcsjEjgLoK6Y4tCKBBDf49D0BlfjenMIQrIwuFejCByf9ALWZZQobbnFU3sINBmmD3YEIipjuzwxHtNyRnepa9M+m7neuMWSWTEnwotgZVBCmWpu8cvuhDT2IVCUEynblhkpJyFCMcohLdixhIjQAelBW2NAfJBOMlkuxUfa6eBuKPQJFJ64sxMJ8aUc+Z7u9Inqy/na2Pyv1o5V98JJWBDFCgI6fagbc6xCPE4Kd5gAqvhIA6GC6b9i2ieCUKXzLOgQrPmVF6FxUrHMinV7VqpeZnHk0QE6RMfIQueoiq5RDdURRU/oBb2hd+PZeDU+jM9pa87IZvbRHxnfv8d8ob8=</latexit><latexit sha1_base64="QwCcVJdC3+M0G6nJRty9fFyMffs=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAILkqZUUFxVXDjSiraC3TGIZOetqGZi0mmUIZ5EDe+ihsXirhxIfg2pu0sausPgS//OYfk/F7EmVSm+WPklpZXVtfy64WNza3tneLuXkOGsaBQpyEPRcsjEjgLoK6Y4tCKBBDf49D0BlfjenMIQrIwuFejCByf9ALWZZQobbnFU3sINBmmD3YEIipjuzwxHtNyRnepa9M+m7neuMWSWTEnwotgZVBCmWpu8cvuhDT2IVCUEynblhkpJyFCMcohLdixhIjQAelBW2NAfJBOMlkuxUfa6eBuKPQJFJ64sxMJ8aUc+Z7u9Inqy/na2Pyv1o5V98JJWBDFCgI6fagbc6xCPE4Kd5gAqvhIA6GC6b9i2ieCUKXzLOgQrPmVF6FxUrHMinV7VqpeZnHk0QE6RMfIQueoiq5RDdURRU/oBb2hd+PZeDU+jM9pa87IZvbRHxnfv8d8ob8=</latexit><latexit sha1_base64="QwCcVJdC3+M0G6nJRty9fFyMffs=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAILkqZUUFxVXDjSiraC3TGIZOetqGZi0mmUIZ5EDe+ihsXirhxIfg2pu0sausPgS//OYfk/F7EmVSm+WPklpZXVtfy64WNza3tneLuXkOGsaBQpyEPRcsjEjgLoK6Y4tCKBBDf49D0BlfjenMIQrIwuFejCByf9ALWZZQobbnFU3sINBmmD3YEIipjuzwxHtNyRnepa9M+m7neuMWSWTEnwotgZVBCmWpu8cvuhDT2IVCUEynblhkpJyFCMcohLdixhIjQAelBW2NAfJBOMlkuxUfa6eBuKPQJFJ64sxMJ8aUc+Z7u9Inqy/na2Pyv1o5V98JJWBDFCgI6fagbc6xCPE4Kd5gAqvhIA6GC6b9i2ieCUKXzLOgQrPmVF6FxUrHMinV7VqpeZnHk0QE6RMfIQueoiq5RDdURRU/oBb2hd+PZeDU+jM9pa87IZvbRHxnfv8d8ob8=</latexit><latexit sha1_base64="QwCcVJdC3+M0G6nJRty9fFyMffs=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAILkqZUUFxVXDjSiraC3TGIZOetqGZi0mmUIZ5EDe+ihsXirhxIfg2pu0sausPgS//OYfk/F7EmVSm+WPklpZXVtfy64WNza3tneLuXkOGsaBQpyEPRcsjEjgLoK6Y4tCKBBDf49D0BlfjenMIQrIwuFejCByf9ALWZZQobbnFU3sINBmmD3YEIipjuzwxHtNyRnepa9M+m7neuMWSWTEnwotgZVBCmWpu8cvuhDT2IVCUEynblhkpJyFCMcohLdixhIjQAelBW2NAfJBOMlkuxUfa6eBuKPQJFJ64sxMJ8aUc+Z7u9Inqy/na2Pyv1o5V98JJWBDFCgI6fagbc6xCPE4Kd5gAqvhIA6GC6b9i2ieCUKXzLOgQrPmVF6FxUrHMinV7VqpeZnHk0QE6RMfIQueoiq5RDdURRU/oBb2hd+PZeDU+jM9pa87IZvbRHxnfv8d8ob8=</latexit>
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[1008.1591,1203.3542,1308.6288,1505.03117]

O1 = 1

O3 = i~SN · (~q ⇥ ~v?)/mN

O4 = ~S� · ~SN

O5 = i~S� · (~q ⇥ ~v?)/mN

O6 = (~S� · ~q)(~SN · ~q)/m2
N

O7 = ~SN · ~v?
O8 = ~S� · ~v?
O9 = i~S� · (~SN ⇥ ~q)/mN

O10 = i~SN · ~q/mN

O11 = i~S� · ~q/mN

SI

SD

O12 = ~S� · (~SN ⇥ ~v?)

O13 = i(~S� · ~v?)(~SN · ~q)/mN

O14 = i(~S� · ~q)(~SN · ~v?)/mN

O15 = �(~S� · ~q)((~SN ⇥ ~v?) · ~q/m2
N

...

Whole list of new operators, 
higher order in      and   ER � q2v�

Write down all operators which are Hermitian, Galilean invariant and 
time-translation invariant from building blocks:                        .�v�, �q, �S�, �SN

<latexit sha1_base64="QwCcVJdC3+M0G6nJRty9fFyMffs=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAILkqZUUFxVXDjSiraC3TGIZOetqGZi0mmUIZ5EDe+ihsXirhxIfg2pu0sausPgS//OYfk/F7EmVSm+WPklpZXVtfy64WNza3tneLuXkOGsaBQpyEPRcsjEjgLoK6Y4tCKBBDf49D0BlfjenMIQrIwuFejCByf9ALWZZQobbnFU3sINBmmD3YEIipjuzwxHtNyRnepa9M+m7neuMWSWTEnwotgZVBCmWpu8cvuhDT2IVCUEynblhkpJyFCMcohLdixhIjQAelBW2NAfJBOMlkuxUfa6eBuKPQJFJ64sxMJ8aUc+Z7u9Inqy/na2Pyv1o5V98JJWBDFCgI6fagbc6xCPE4Kd5gAqvhIA6GC6b9i2ieCUKXzLOgQrPmVF6FxUrHMinV7VqpeZnHk0QE6RMfIQueoiq5RDdURRU/oBb2hd+PZeDU+jM9pa87IZvbRHxnfv8d8ob8=</latexit><latexit sha1_base64="QwCcVJdC3+M0G6nJRty9fFyMffs=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAILkqZUUFxVXDjSiraC3TGIZOetqGZi0mmUIZ5EDe+ihsXirhxIfg2pu0sausPgS//OYfk/F7EmVSm+WPklpZXVtfy64WNza3tneLuXkOGsaBQpyEPRcsjEjgLoK6Y4tCKBBDf49D0BlfjenMIQrIwuFejCByf9ALWZZQobbnFU3sINBmmD3YEIipjuzwxHtNyRnepa9M+m7neuMWSWTEnwotgZVBCmWpu8cvuhDT2IVCUEynblhkpJyFCMcohLdixhIjQAelBW2NAfJBOMlkuxUfa6eBuKPQJFJ64sxMJ8aUc+Z7u9Inqy/na2Pyv1o5V98JJWBDFCgI6fagbc6xCPE4Kd5gAqvhIA6GC6b9i2ieCUKXzLOgQrPmVF6FxUrHMinV7VqpeZnHk0QE6RMfIQueoiq5RDdURRU/oBb2hd+PZeDU+jM9pa87IZvbRHxnfv8d8ob8=</latexit><latexit sha1_base64="QwCcVJdC3+M0G6nJRty9fFyMffs=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAILkqZUUFxVXDjSiraC3TGIZOetqGZi0mmUIZ5EDe+ihsXirhxIfg2pu0sausPgS//OYfk/F7EmVSm+WPklpZXVtfy64WNza3tneLuXkOGsaBQpyEPRcsjEjgLoK6Y4tCKBBDf49D0BlfjenMIQrIwuFejCByf9ALWZZQobbnFU3sINBmmD3YEIipjuzwxHtNyRnepa9M+m7neuMWSWTEnwotgZVBCmWpu8cvuhDT2IVCUEynblhkpJyFCMcohLdixhIjQAelBW2NAfJBOMlkuxUfa6eBuKPQJFJ64sxMJ8aUc+Z7u9Inqy/na2Pyv1o5V98JJWBDFCgI6fagbc6xCPE4Kd5gAqvhIA6GC6b9i2ieCUKXzLOgQrPmVF6FxUrHMinV7VqpeZnHk0QE6RMfIQueoiq5RDdURRU/oBb2hd+PZeDU+jM9pa87IZvbRHxnfv8d8ob8=</latexit><latexit sha1_base64="QwCcVJdC3+M0G6nJRty9fFyMffs=">AAACHHicbZDLSgMxFIYz9VbrrerSTbAILkqZUUFxVXDjSiraC3TGIZOetqGZi0mmUIZ5EDe+ihsXirhxIfg2pu0sausPgS//OYfk/F7EmVSm+WPklpZXVtfy64WNza3tneLuXkOGsaBQpyEPRcsjEjgLoK6Y4tCKBBDf49D0BlfjenMIQrIwuFejCByf9ALWZZQobbnFU3sINBmmD3YEIipjuzwxHtNyRnepa9M+m7neuMWSWTEnwotgZVBCmWpu8cvuhDT2IVCUEynblhkpJyFCMcohLdixhIjQAelBW2NAfJBOMlkuxUfa6eBuKPQJFJ64sxMJ8aUc+Z7u9Inqy/na2Pyv1o5V98JJWBDFCgI6fagbc6xCPE4Kd5gAqvhIA6GC6b9i2ieCUKXzLOgQrPmVF6FxUrHMinV7VqpeZnHk0QE6RMfIQueoiq5RDdURRU/oBb2hd+PZeDU+jM9pa87IZvbRHxnfv8d8ob8=</latexit>
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The differential cross section can then be written as a sum over couplings 
(inside      ) multiplied by nuclear response functions: 

 
 
- Nucleon density inside the nucleus (SI)  
- Nucleon spin inside the nucleus (SD)  
- Nucleon orbital angular momentum  
- Nucleon spin-orbit coupling   …and more

Nuclear Responses

11

Rk
<latexit sha1_base64="tFYf4J7ynJA2/ixw2/0vJmZ1gbk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEE8S8OIxPvKAZAmzk9lkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFSRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eG+P+6XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXp3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8ogI2w</latexit><latexit sha1_base64="tFYf4J7ynJA2/ixw2/0vJmZ1gbk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEE8S8OIxPvKAZAmzk9lkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFSRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eG+P+6XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXp3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8ogI2w</latexit><latexit sha1_base64="tFYf4J7ynJA2/ixw2/0vJmZ1gbk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEE8S8OIxPvKAZAmzk9lkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFSRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eG+P+6XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXp3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8ogI2w</latexit><latexit sha1_base64="tFYf4J7ynJA2/ixw2/0vJmZ1gbk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEE8S8OIxPvKAZAmzk9lkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFSRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eG+P+6XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXp3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8ogI2w</latexit>

M
<latexit sha1_base64="ro7n8Z51gpxla640lPR/MSYat1o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvHgRWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49uZ335CpXksH8wkQT+iQ8lDzqixUuO+X664VXcOskq8nFQgR71f/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSeui6rlVr3FZqd3kcRThBE7hHDy4ghrcQR2awADhGV7hzXl0Xpx352PRWnDymWP4A+fzB6PZjM0=</latexit><latexit sha1_base64="ro7n8Z51gpxla640lPR/MSYat1o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvHgRWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49uZ335CpXksH8wkQT+iQ8lDzqixUuO+X664VXcOskq8nFQgR71f/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSeui6rlVr3FZqd3kcRThBE7hHDy4ghrcQR2awADhGV7hzXl0Xpx352PRWnDymWP4A+fzB6PZjM0=</latexit><latexit sha1_base64="ro7n8Z51gpxla640lPR/MSYat1o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvHgRWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49uZ335CpXksH8wkQT+iQ8lDzqixUuO+X664VXcOskq8nFQgR71f/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSeui6rlVr3FZqd3kcRThBE7hHDy4ghrcQR2awADhGV7hzXl0Xpx352PRWnDymWP4A+fzB6PZjM0=</latexit><latexit sha1_base64="ro7n8Z51gpxla640lPR/MSYat1o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvHgRWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49uZ335CpXksH8wkQT+iQ8lDzqixUuO+X664VXcOskq8nFQgR71f/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSeui6rlVr3FZqd3kcRThBE7hHDy4ghrcQR2awADhGV7hzXl0Xpx352PRWnDymWP4A+fzB6PZjM0=</latexit>

��, ���
<latexit sha1_base64="7nzyJY0etB4OHUGntpLVgL0h7Zw=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BRXJQyI4KupODGZUV7gc5YMulpG5rMDElGKEPfwI2v4saFIm7duvNtTDuz0NYDCT/ffw7J+YOYM6Ud59sqLC2vrK4V10sbm1vbO/buXlNFiaTQoBGPZDsgCjgLoaGZ5tCOJRARcGgFo6up33oAqVgU3ulxDL4gg5D1GSXaoK597N2ygSD3XiyZgAr2KjlIM5Ldk65ddqrOrPCicHNRRnnVu/aX14toIiDUlBOlOq4Taz8lUjPKYVLyEgUxoSMygI6RIRGg/HS2zwQfGdLD/UiaE2o8o78nUiKUGovAdAqih2rem8L/vE6i+xd+ysI40RDS7KF+wrGO8DQc3GMSqOZjIwiVzPwV0yGRhGoTYcmE4M6vvCiap1XXqbo3Z+XaZR5HER2gQ3SCXHSOauga1VEDUfSIntErerOerBfr3frIWgtWPrOP/pT1+QMXtpyw</latexit><latexit sha1_base64="7nzyJY0etB4OHUGntpLVgL0h7Zw=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BRXJQyI4KupODGZUV7gc5YMulpG5rMDElGKEPfwI2v4saFIm7duvNtTDuz0NYDCT/ffw7J+YOYM6Ud59sqLC2vrK4V10sbm1vbO/buXlNFiaTQoBGPZDsgCjgLoaGZ5tCOJRARcGgFo6up33oAqVgU3ulxDL4gg5D1GSXaoK597N2ygSD3XiyZgAr2KjlIM5Ldk65ddqrOrPCicHNRRnnVu/aX14toIiDUlBOlOq4Taz8lUjPKYVLyEgUxoSMygI6RIRGg/HS2zwQfGdLD/UiaE2o8o78nUiKUGovAdAqih2rem8L/vE6i+xd+ysI40RDS7KF+wrGO8DQc3GMSqOZjIwiVzPwV0yGRhGoTYcmE4M6vvCiap1XXqbo3Z+XaZR5HER2gQ3SCXHSOauga1VEDUfSIntErerOerBfr3frIWgtWPrOP/pT1+QMXtpyw</latexit><latexit sha1_base64="7nzyJY0etB4OHUGntpLVgL0h7Zw=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BRXJQyI4KupODGZUV7gc5YMulpG5rMDElGKEPfwI2v4saFIm7duvNtTDuz0NYDCT/ffw7J+YOYM6Ud59sqLC2vrK4V10sbm1vbO/buXlNFiaTQoBGPZDsgCjgLoaGZ5tCOJRARcGgFo6up33oAqVgU3ulxDL4gg5D1GSXaoK597N2ygSD3XiyZgAr2KjlIM5Ldk65ddqrOrPCicHNRRnnVu/aX14toIiDUlBOlOq4Taz8lUjPKYVLyEgUxoSMygI6RIRGg/HS2zwQfGdLD/UiaE2o8o78nUiKUGovAdAqih2rem8L/vE6i+xd+ysI40RDS7KF+wrGO8DQc3GMSqOZjIwiVzPwV0yGRhGoTYcmE4M6vvCiap1XXqbo3Z+XaZR5HER2gQ3SCXHSOauga1VEDUfSIntErerOerBfr3frIWgtWPrOP/pT1+QMXtpyw</latexit><latexit sha1_base64="7nzyJY0etB4OHUGntpLVgL0h7Zw=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BRXJQyI4KupODGZUV7gc5YMulpG5rMDElGKEPfwI2v4saFIm7duvNtTDuz0NYDCT/ffw7J+YOYM6Ud59sqLC2vrK4V10sbm1vbO/buXlNFiaTQoBGPZDsgCjgLoaGZ5tCOJRARcGgFo6up33oAqVgU3ulxDL4gg5D1GSXaoK597N2ygSD3XiyZgAr2KjlIM5Ldk65ddqrOrPCicHNRRnnVu/aX14toIiDUlBOlOq4Taz8lUjPKYVLyEgUxoSMygI6RIRGg/HS2zwQfGdLD/UiaE2o8o78nUiKUGovAdAqih2rem8L/vE6i+xd+ysI40RDS7KF+wrGO8DQc3GMSqOZjIwiVzPwV0yGRhGoTYcmE4M6vvCiap1XXqbo3Z+XaZR5HER2gQ3SCXHSOauga1VEDUfSIntErerOerBfr3frIWgtWPrOP/pT1+QMXtpyw</latexit>
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[1203.3542,1501.03729,1612.09165]

Once you’ve mapped onto the NREFT couplings, the direct detection 
rate can be calculated immediately, accounting for nuclear structure
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The formalism can incorporate more complicated interactions too. 

Light mediators and long range interactions can be incorporated with an 
appropriate propagator:  
 

For example, DM with a magnetic dipole  

We don’t need to do the full calculation - we just need to look up the 
appropriate structure functions!

Beyond NREFT

12

[1108.4661,1007.5515,1203.6652,1707.08571 and many others]

d�

dq2
�

m4
�

(q2 + m2
�)2

d�

dq2
<latexit sha1_base64="Z874LdzQbk1Pme7o//ISSyTHXts="></latexit><latexit sha1_base64="Z874LdzQbk1Pme7o//ISSyTHXts="></latexit><latexit sha1_base64="Z874LdzQbk1Pme7o//ISSyTHXts="></latexit><latexit sha1_base64="Z874LdzQbk1Pme7o//ISSyTHXts="></latexit>

MD
MD = 2e

cMD

�

�
QNmNONR

1 + 4QN
m�mN

q2
ONR

5 + 2gNm�

�
ONR

4 � 1

q2
ONR

6

��

<latexit sha1_base64="lVsErtUFa88Drn1wPtiDv3/g2FQ="></latexit><latexit sha1_base64="lVsErtUFa88Drn1wPtiDv3/g2FQ="></latexit><latexit sha1_base64="lVsErtUFa88Drn1wPtiDv3/g2FQ="></latexit><latexit sha1_base64="lVsErtUFa88Drn1wPtiDv3/g2FQ="></latexit>



Bradley J. Kavanagh (GRAPPA, Amsterdam) Effective Field Theory in Direct Detection

Examples

13

[1211.0503,1401.4508,1506.04454]
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O11 = i�S� · �q/mN
<latexit sha1_base64="/vfvD0CEJzb/ff8yA/24dgryLRU="></latexit><latexit sha1_base64="/vfvD0CEJzb/ff8yA/24dgryLRU="></latexit><latexit sha1_base64="/vfvD0CEJzb/ff8yA/24dgryLRU="></latexit><latexit sha1_base64="/vfvD0CEJzb/ff8yA/24dgryLRU="></latexit>
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Spectral Signatures
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Spin-independent

O8 = �S� · �v�
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(Anapole) (Pseudo-scalar)
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Limits

15

[1705.02614]

[See also CDMS 1503.03379 and CRESST-II 1601.04447]

XENON100 high recoil energy analysis:
Spin-independent Spin-dependent

Limits on c2m4
weak(� �)
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Signatures
or “Fantastic interactions and how to distinguish them”



Bradley J. Kavanagh (GRAPPA, Amsterdam) Effective Field Theory in Direct Detection

O11 = i�S� · �q/mN
<latexit sha1_base64="/vfvD0CEJzb/ff8yA/24dgryLRU="></latexit><latexit sha1_base64="/vfvD0CEJzb/ff8yA/24dgryLRU="></latexit><latexit sha1_base64="/vfvD0CEJzb/ff8yA/24dgryLRU="></latexit><latexit sha1_base64="/vfvD0CEJzb/ff8yA/24dgryLRU="></latexit>

O7 = �SN · �v�
<latexit sha1_base64="PfzrGo2/R4ZpljTaHGfX/T5jwHI="></latexit><latexit sha1_base64="PfzrGo2/R4ZpljTaHGfX/T5jwHI="></latexit><latexit sha1_base64="PfzrGo2/R4ZpljTaHGfX/T5jwHI="></latexit><latexit sha1_base64="PfzrGo2/R4ZpljTaHGfX/T5jwHI="></latexit>

Spectral Signatures

17

Spin-independent

O8 = �S� · �v�
<latexit sha1_base64="UC/DTm6klzHjvdpQzcGrkZJits4="></latexit><latexit sha1_base64="UC/DTm6klzHjvdpQzcGrkZJits4="></latexit><latexit sha1_base64="UC/DTm6klzHjvdpQzcGrkZJits4="></latexit><latexit sha1_base64="UC/DTm6klzHjvdpQzcGrkZJits4="></latexit>

(Anapole) (Pseudo-scalar)
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Distinguishing operators

18

[BJK, 1505.07406]

How many events are required to detect the  
effect of a ‘non-standard’ interaction?

Higher order in

Higher order in ER

v�

CF4 detector, 100 GeV
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Directional Signatures

19

small ✓, small v?

large ✓, large v?

~q
~v

~v||

~v?

~v? ~q
~v

~v||

q = 2µ�N~v · q̂
= 2µ�Nv cos ✓

Also note:

Recoils towards  
Cygnus

Recoils away  
from Cygnus

Higher order in

Higher order in ER

v�

[See also 1505.06441]

[BJK, 1505.07406]
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Distinguishing operators

20

How many events are required to detect the  
effect of a ‘non-standard’ interaction?

Higher order  
in 

Higher order 
in ER

v�

[BJK, 1505.07406]

[See also 1706.09471] CF4 detector, 100 GeV
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Modulation Signatures

21

[1504.06772,1512.03961,1612.07808]

But you would need O(1000) events to detect and  
distinguish the modulation phase…
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Materials Signatures

22

Different operators couple to different nuclear charges
Compare normalisation across different detectors…

[1506.04454]

Electric Dipole Dark Matter
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Earth Scattering Signatures

23

[BJK, Catena, Kouvaris, 1611.05453]

If DM-nucleon interactions are strong enough,  
could observe a daily modulation in the rate…
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Simplified Models and EFT

24

or “Lorentz symmetry is better than Galilean symmetry”
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EFT and Simplified Models

25

[1505.03117, see also 1806.01291]

Couplings to  
different mediators

Leading NREFT operators
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Connecting High Scales and Low Scales

26

[1402.1173,1411.3342,1707.06998,1710.10218]
[D’Eramo, BJK, Panci - 1605.04917,1702.00016]

New PhysicsDirect Detection

Velocity suppressed:
��µ� q�µ�5q

<latexit sha1_base64="VTi+MAgSYtbHo5PQoGHs0UWRkC8=">AAACLHicbVBNS8MwGE7n15xfVY9egkPwIKMVRfE02MXjBPcBay1plm5hSdslqTDKfpAX/4ogHhzi1d9h2hXUzRcCT54PkvfxY0alsqyZUVpZXVvfKG9WtrZ3dvfM/YO2jBKBSQtHLBJdH0nCaEhaiipGurEgiPuMdPxRI9M7j0RIGoX3ahITl6NBSAOKkdKUZzacSMtZOnXwkE6dAeIcPTg8gdkdOmfwxzEuZC+X585LOPbMqlWz8oHLwC5AFRTT9MxXpx/hhJNQYYak7NlWrNwUCUUxI9OKk0gSIzxCA9LTMEScSDfNl53CE830YRAJfUIFc/Z3IkVcygn3tZMjNZSLWkb+p/USFVy7KQ3jRJEQzx8KEgZVBLPmYJ8KghWbaICwoPqvEA+RQFjpfiu6BHtx5WXQPq/ZVs2+u6jWb4o6yuAIHINTYIMrUAe3oAlaAIMn8ALewcx4Nt6MD+Nzbi0ZReYQ/Bnj6xtL5KjE</latexit><latexit sha1_base64="VTi+MAgSYtbHo5PQoGHs0UWRkC8=">AAACLHicbVBNS8MwGE7n15xfVY9egkPwIKMVRfE02MXjBPcBay1plm5hSdslqTDKfpAX/4ogHhzi1d9h2hXUzRcCT54PkvfxY0alsqyZUVpZXVvfKG9WtrZ3dvfM/YO2jBKBSQtHLBJdH0nCaEhaiipGurEgiPuMdPxRI9M7j0RIGoX3ahITl6NBSAOKkdKUZzacSMtZOnXwkE6dAeIcPTg8gdkdOmfwxzEuZC+X585LOPbMqlWz8oHLwC5AFRTT9MxXpx/hhJNQYYak7NlWrNwUCUUxI9OKk0gSIzxCA9LTMEScSDfNl53CE830YRAJfUIFc/Z3IkVcygn3tZMjNZSLWkb+p/USFVy7KQ3jRJEQzx8KEgZVBLPmYJ8KghWbaICwoPqvEA+RQFjpfiu6BHtx5WXQPq/ZVs2+u6jWb4o6yuAIHINTYIMrUAe3oAlaAIMn8ALewcx4Nt6MD+Nzbi0ZReYQ/Bnj6xtL5KjE</latexit><latexit sha1_base64="VTi+MAgSYtbHo5PQoGHs0UWRkC8=">AAACLHicbVBNS8MwGE7n15xfVY9egkPwIKMVRfE02MXjBPcBay1plm5hSdslqTDKfpAX/4ogHhzi1d9h2hXUzRcCT54PkvfxY0alsqyZUVpZXVvfKG9WtrZ3dvfM/YO2jBKBSQtHLBJdH0nCaEhaiipGurEgiPuMdPxRI9M7j0RIGoX3ahITl6NBSAOKkdKUZzacSMtZOnXwkE6dAeIcPTg8gdkdOmfwxzEuZC+X585LOPbMqlWz8oHLwC5AFRTT9MxXpx/hhJNQYYak7NlWrNwUCUUxI9OKk0gSIzxCA9LTMEScSDfNl53CE830YRAJfUIFc/Z3IkVcygn3tZMjNZSLWkb+p/USFVy7KQ3jRJEQzx8KEgZVBLPmYJ8KghWbaICwoPqvEA+RQFjpfiu6BHtx5WXQPq/ZVs2+u6jWb4o6yuAIHINTYIMrUAe3oAlaAIMn8ALewcx4Nt6MD+Nzbi0ZReYQ/Bnj6xtL5KjE</latexit><latexit sha1_base64="VTi+MAgSYtbHo5PQoGHs0UWRkC8=">AAACLHicbVBNS8MwGE7n15xfVY9egkPwIKMVRfE02MXjBPcBay1plm5hSdslqTDKfpAX/4ogHhzi1d9h2hXUzRcCT54PkvfxY0alsqyZUVpZXVvfKG9WtrZ3dvfM/YO2jBKBSQtHLBJdH0nCaEhaiipGurEgiPuMdPxRI9M7j0RIGoX3ahITl6NBSAOKkdKUZzacSMtZOnXwkE6dAeIcPTg8gdkdOmfwxzEuZC+X585LOPbMqlWz8oHLwC5AFRTT9MxXpx/hhJNQYYak7NlWrNwUCUUxI9OKk0gSIzxCA9LTMEScSDfNl53CE830YRAJfUIFc/Z3IkVcygn3tZMjNZSLWkb+p/USFVy7KQ3jRJEQzx8KEgZVBLPmYJ8KghWbaICwoPqvEA+RQFjpfiu6BHtx5WXQPq/ZVs2+u6jWb4o6yuAIHINTYIMrUAe3oAlaAIMn8ALewcx4Nt6MD+Nzbi0ZReYQ/Bnj6xtL5KjE</latexit>

Velocity un-suppressed:
��µ� q�µq

<latexit sha1_base64="IBKb7bbauHDsz7Q3l+etIBmUhOo=">AAACI3icbVDNS8MwHE39nPOr6tFLcAgeZLQiKDsNvHic4D5grSXN0i0sabokFUbZ/+LFf8WLB2V48eD/YroV1M0HgZf3fo/k98KEUaUd59NaWV1b39gsbZW3d3b39u2Dw5YSqcSkiQUTshMiRRiNSVNTzUgnkQTxkJF2OLzJ/fYjkYqK+F6PE+Jz1I9pRDHSRgrsmieMnaczDw/oxOsjztGDx1OY36F3Dn8mRoUd5PYosCtO1ZkBLhO3IBVQoBHYU68ncMpJrDFDSnVdJ9F+hqSmmJFJ2UsVSRAeoj7pGhojTpSfzXacwFOj9GAkpDmxhjP1dyJDXKkxD80kR3qgFr1c/M/rpjq69jMaJ6kmMZ4/FKUMagHzwmCPSoI1GxuCsKTmrxAPkERYm1rLpgR3ceVl0rqouk7Vvbus1GtFHSVwDE7AGXDBFaiDW9AATYDBE3gBb+DderZeran1MR9dsYrMEfgD6+sbe9ylWA==</latexit><latexit sha1_base64="IBKb7bbauHDsz7Q3l+etIBmUhOo=">AAACI3icbVDNS8MwHE39nPOr6tFLcAgeZLQiKDsNvHic4D5grSXN0i0sabokFUbZ/+LFf8WLB2V48eD/YroV1M0HgZf3fo/k98KEUaUd59NaWV1b39gsbZW3d3b39u2Dw5YSqcSkiQUTshMiRRiNSVNTzUgnkQTxkJF2OLzJ/fYjkYqK+F6PE+Jz1I9pRDHSRgrsmieMnaczDw/oxOsjztGDx1OY36F3Dn8mRoUd5PYosCtO1ZkBLhO3IBVQoBHYU68ncMpJrDFDSnVdJ9F+hqSmmJFJ2UsVSRAeoj7pGhojTpSfzXacwFOj9GAkpDmxhjP1dyJDXKkxD80kR3qgFr1c/M/rpjq69jMaJ6kmMZ4/FKUMagHzwmCPSoI1GxuCsKTmrxAPkERYm1rLpgR3ceVl0rqouk7Vvbus1GtFHSVwDE7AGXDBFaiDW9AATYDBE3gBb+DderZeran1MR9dsYrMEfgD6+sbe9ylWA==</latexit><latexit sha1_base64="IBKb7bbauHDsz7Q3l+etIBmUhOo=">AAACI3icbVDNS8MwHE39nPOr6tFLcAgeZLQiKDsNvHic4D5grSXN0i0sabokFUbZ/+LFf8WLB2V48eD/YroV1M0HgZf3fo/k98KEUaUd59NaWV1b39gsbZW3d3b39u2Dw5YSqcSkiQUTshMiRRiNSVNTzUgnkQTxkJF2OLzJ/fYjkYqK+F6PE+Jz1I9pRDHSRgrsmieMnaczDw/oxOsjztGDx1OY36F3Dn8mRoUd5PYosCtO1ZkBLhO3IBVQoBHYU68ncMpJrDFDSnVdJ9F+hqSmmJFJ2UsVSRAeoj7pGhojTpSfzXacwFOj9GAkpDmxhjP1dyJDXKkxD80kR3qgFr1c/M/rpjq69jMaJ6kmMZ4/FKUMagHzwmCPSoI1GxuCsKTmrxAPkERYm1rLpgR3ceVl0rqouk7Vvbus1GtFHSVwDE7AGXDBFaiDW9AATYDBE3gBb+DderZeran1MR9dsYrMEfgD6+sbe9ylWA==</latexit><latexit sha1_base64="IBKb7bbauHDsz7Q3l+etIBmUhOo=">AAACI3icbVDNS8MwHE39nPOr6tFLcAgeZLQiKDsNvHic4D5grSXN0i0sabokFUbZ/+LFf8WLB2V48eD/YroV1M0HgZf3fo/k98KEUaUd59NaWV1b39gsbZW3d3b39u2Dw5YSqcSkiQUTshMiRRiNSVNTzUgnkQTxkJF2OLzJ/fYjkYqK+F6PE+Jz1I9pRDHSRgrsmieMnaczDw/oxOsjztGDx1OY36F3Dn8mRoUd5PYosCtO1ZkBLhO3IBVQoBHYU68ncMpJrDFDSnVdJ9F+hqSmmJFJ2UsVSRAeoj7pGhojTpSfzXacwFOj9GAkpDmxhjP1dyJDXKkxD80kR3qgFr1c/M/rpjq69jMaJ6kmMZ4/FKUMagHzwmCPSoI1GxuCsKTmrxAPkERYm1rLpgR3ceVl0rqouk7Vvbus1GtFHSVwDE7AGXDBFaiDW9AATYDBE3gBb+DderZeran1MR9dsYrMEfgD6+sbe9ylWA==</latexit>

Important for connecting  
to other probes…
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EFT and Simplified Models

27

[1505.03117, see also 1806.01291]

Couplings to  
different mediators

Leading NREFT operators
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Optimal search strategy

28

or “If you build it, they will come”
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A huge parameter space
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[1407.0127,1405.2637,1504.06554,1612.09038, 1805.06113]

O8 = �S� · �v�
<latexit sha1_base64="rFQhorZP2n3rS7acJWOwpl+9fpo=">AAACNHicbVDLSgMxFM34rPVVdekmWARXZUYEiyAU3AgurGir0Kklc+eODWYeJJlCGfpRbvwQNyK4UMSt32CmHcHXgXBPzrmX5B4vEVxp236ypqZnZufmSwvlxaXlldXK2npbxakEbEEsYnnlMYWCR9jSXAu8SiSy0BN46d0e5f7lAKXicXShhwl2Q3YT8YAD00bqVU7ckOk+MEEzekpHtGdq3dRD6g4QzOW8EF3oc0Nd8GP95Q 2McJ17CcqEjnqVql2zx6B/iVOQKinQ7FUeXD+GNMRIg2BKdRw70d2MSc1B4KjspgoTBrfsBjuGRixE1c3GS4/otlF8GsTSnEjTsfp9ImOhUsPQM535iuq3l4v/eZ1UB/VuxqMk1RjB5KEgFVTHNE+Q+lwiaDE0hIHk5q8U+kwy0CbnsgnB+b3yX9LerTl2zTnbqzYOijhKZJNskR3ikH3SIMekSVoEyB15JC/k1bq3nq03633SOmUVMxvkB6yPT6/Upz0=</latexit><latexit sha1_base64="rFQhorZP2n3rS7acJWOwpl+9fpo=">AAACNHicbVDLSgMxFM34rPVVdekmWARXZUYEiyAU3AgurGir0Kklc+eODWYeJJlCGfpRbvwQNyK4UMSt32CmHcHXgXBPzrmX5B4vEVxp236ypqZnZufmSwvlxaXlldXK2npbxakEbEEsYnnlMYWCR9jSXAu8SiSy0BN46d0e5f7lAKXicXShhwl2Q3YT8YAD00bqVU7ckOk+MEEzekpHtGdq3dRD6g4QzOW8EF3oc0Nd8GP95Q 2McJ17CcqEjnqVql2zx6B/iVOQKinQ7FUeXD+GNMRIg2BKdRw70d2MSc1B4KjspgoTBrfsBjuGRixE1c3GS4/otlF8GsTSnEjTsfp9ImOhUsPQM535iuq3l4v/eZ1UB/VuxqMk1RjB5KEgFVTHNE+Q+lwiaDE0hIHk5q8U+kwy0CbnsgnB+b3yX9LerTl2zTnbqzYOijhKZJNskR3ikH3SIMekSVoEyB15JC/k1bq3nq03633SOmUVMxvkB6yPT6/Upz0=</latexit><latexit sha1_base64="rFQhorZP2n3rS7acJWOwpl+9fpo=">AAACNHicbVDLSgMxFM34rPVVdekmWARXZUYEiyAU3AgurGir0Kklc+eODWYeJJlCGfpRbvwQNyK4UMSt32CmHcHXgXBPzrmX5B4vEVxp236ypqZnZufmSwvlxaXlldXK2npbxakEbEEsYnnlMYWCR9jSXAu8SiSy0BN46d0e5f7lAKXicXShhwl2Q3YT8YAD00bqVU7ckOk+MEEzekpHtGdq3dRD6g4QzOW8EF3oc0Nd8GP95Q 2McJ17CcqEjnqVql2zx6B/iVOQKinQ7FUeXD+GNMRIg2BKdRw70d2MSc1B4KjspgoTBrfsBjuGRixE1c3GS4/otlF8GsTSnEjTsfp9ImOhUsPQM535iuq3l4v/eZ1UB/VuxqMk1RjB5KEgFVTHNE+Q+lwiaDE0hIHk5q8U+kwy0CbnsgnB+b3yX9LerTl2zTnbqzYOijhKZJNskR3ikH3SIMekSVoEyB15JC/k1bq3nq03633SOmUVMxvkB6yPT6/Upz0=</latexit><latexit sha1_base64="rFQhorZP2n3rS7acJWOwpl+9fpo=">AAACNHicbVDLSgMxFM34rPVVdekmWARXZUYEiyAU3AgurGir0Kklc+eODWYeJJlCGfpRbvwQNyK4UMSt32CmHcHXgXBPzrmX5B4vEVxp236ypqZnZufmSwvlxaXlldXK2npbxakEbEEsYnnlMYWCR9jSXAu8SiSy0BN46d0e5f7lAKXicXShhwl2Q3YT8YAD00bqVU7ckOk+MEEzekpHtGdq3dRD6g4QzOW8EF3oc0Nd8GP95Q 2McJ17CcqEjnqVql2zx6B/iVOQKinQ7FUeXD+GNMRIg2BKdRw70d2MSc1B4KjspgoTBrfsBjuGRixE1c3GS4/otlF8GsTSnEjTsfp9ImOhUsPQM535iuq3l4v/eZ1UB/VuxqMk1RjB5KEgFVTHNE+Q+lwiaDE0hIHk5q8U+kwy0CbnsgnB+b3yX9LerTl2zTnbqzYOijhKZJNskR3ikH3SIMekSVoEyB15JC/k1bq3nq03633SOmUVMxvkB6yPT6/Upz0=</latexit>

O1 = 1
<latexit sha1_base64="Ccc1zDnzrPGA1fYFyuXyGLo21mQ=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCq5KIoAhCwY07K9gHtCFMppN26GQSZiZCCQU3/oobF4q49Sfc+TdO2iy09cBwD+fcy9x7goQzpR3n2yotLa+srpXXKxubW9s79u5eS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Dr32w9UKhaLez1OqBfhgWAhI1gbybcPehHWQ4I5ytAtmiDfVNfUK+T6dtWpOVOgReIWpAoFGr791evHJI2o0IRjpbquk2gvw1Izwumk0ksVTTAZ4QHtGipwRJWXTW+YoGOj9FEYS/OERlP190SGI6XGUWA6843VvJeL/3ndVIcXXsZEkmoqyOyjMOVIxygPBPWZpETzsSGYSGZ2RWSIJSbaxFYxIbjzJy+S1mnNdWru3Vm1flnEUYZDOIITcOEc6nADDWgCgUd4hld4s56sF+vd+pi1lqxiZh/+wPr8AStllTo=</latexit><latexit sha1_base64="Ccc1zDnzrPGA1fYFyuXyGLo21mQ=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCq5KIoAhCwY07K9gHtCFMppN26GQSZiZCCQU3/oobF4q49Sfc+TdO2iy09cBwD+fcy9x7goQzpR3n2yotLa+srpXXKxubW9s79u5eS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Dr32w9UKhaLez1OqBfhgWAhI1gbybcPehHWQ4I5ytAtmiDfVNfUK+T6dtWpOVOgReIWpAoFGr791evHJI2o0IRjpbquk2gvw1Izwumk0ksVTTAZ4QHtGipwRJWXTW+YoGOj9FEYS/OERlP190SGI6XGUWA6843VvJeL/3ndVIcXXsZEkmoqyOyjMOVIxygPBPWZpETzsSGYSGZ2RWSIJSbaxFYxIbjzJy+S1mnNdWru3Vm1flnEUYZDOIITcOEc6nADDWgCgUd4hld4s56sF+vd+pi1lqxiZh/+wPr8AStllTo=</latexit><latexit sha1_base64="Ccc1zDnzrPGA1fYFyuXyGLo21mQ=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCq5KIoAhCwY07K9gHtCFMppN26GQSZiZCCQU3/oobF4q49Sfc+TdO2iy09cBwD+fcy9x7goQzpR3n2yotLa+srpXXKxubW9s79u5eS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Dr32w9UKhaLez1OqBfhgWAhI1gbybcPehHWQ4I5ytAtmiDfVNfUK+T6dtWpOVOgReIWpAoFGr791evHJI2o0IRjpbquk2gvw1Izwumk0ksVTTAZ4QHtGipwRJWXTW+YoGOj9FEYS/OERlP190SGI6XGUWA6843VvJeL/3ndVIcXXsZEkmoqyOyjMOVIxygPBPWZpETzsSGYSGZ2RWSIJSbaxFYxIbjzJy+S1mnNdWru3Vm1flnEUYZDOIITcOEc6nADDWgCgUd4hld4s56sF+vd+pi1lqxiZh/+wPr8AStllTo=</latexit><latexit sha1_base64="Ccc1zDnzrPGA1fYFyuXyGLo21mQ=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCq5KIoAhCwY07K9gHtCFMppN26GQSZiZCCQU3/oobF4q49Sfc+TdO2iy09cBwD+fcy9x7goQzpR3n2yotLa+srpXXKxubW9s79u5eS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Dr32w9UKhaLez1OqBfhgWAhI1gbybcPehHWQ4I5ytAtmiDfVNfUK+T6dtWpOVOgReIWpAoFGr791evHJI2o0IRjpbquk2gvw1Izwumk0ksVTTAZ4QHtGipwRJWXTW+YoGOj9FEYS/OERlP190SGI6XGUWA6843VvJeL/3ndVIcXXsZEkmoqyOyjMOVIxygPBPWZpETzsSGYSGZ2RWSIJSbaxFYxIbjzJy+S1mnNdWru3Vm1flnEUYZDOIITcOEc6nADDWgCgUd4hld4s56sF+vd+pi1lqxiZh/+wPr8AStllTo=</latexit>

Projected signal reconstruction with Xe+Ge+Si

c0,1 = cp ± cn
<latexit sha1_base64="VaJXQur3wQV6yGZbkB1xU7KmIRE=">AAAB/nicbVDLSgMxFL3js9ZXVVy5CRbBhZQZERRBKLhxWcE+oC8yaaYNTTIhyQhlKPgrblwo4tbvcOffmLaz0NYDl3s4515yc0LFmbG+/+0tLa+srq3nNvKbW9s7u4W9/ZqJE01olcQ81o0QG8qZpFXLLKcNpSkWIaf1cHg78euPVBsWywc7UrQtcF+yiBFsndQtHJJO6p8FY3SDSEehlhKuO73ol/wp0CIJMlKEDJVu4avVi0kiqLSEY2Oaga9sO8XaMsLpON9KDFWYDHGfNh2VWFDTTqfnj9GJU3ooirUradFU/b2RYmHMSIRuUmA7MPPeRPzPayY2umqnTKrEUklmD0UJRzZGkyxQj2lKLB85golm7lZEBlhjYl1ieRdCMP/lRVI7LwV+Kbi/KJavszhycATHcAoBXEIZ7qACVSCQwjO8wpv35L14797HbHTJy3YO4A+8zx/O2JQR</latexit><latexit sha1_base64="VaJXQur3wQV6yGZbkB1xU7KmIRE=">AAAB/nicbVDLSgMxFL3js9ZXVVy5CRbBhZQZERRBKLhxWcE+oC8yaaYNTTIhyQhlKPgrblwo4tbvcOffmLaz0NYDl3s4515yc0LFmbG+/+0tLa+srq3nNvKbW9s7u4W9/ZqJE01olcQ81o0QG8qZpFXLLKcNpSkWIaf1cHg78euPVBsWywc7UrQtcF+yiBFsndQtHJJO6p8FY3SDSEehlhKuO73ol/wp0CIJMlKEDJVu4avVi0kiqLSEY2Oaga9sO8XaMsLpON9KDFWYDHGfNh2VWFDTTqfnj9GJU3ooirUradFU/b2RYmHMSIRuUmA7MPPeRPzPayY2umqnTKrEUklmD0UJRzZGkyxQj2lKLB85golm7lZEBlhjYl1ieRdCMP/lRVI7LwV+Kbi/KJavszhycATHcAoBXEIZ7qACVSCQwjO8wpv35L14797HbHTJy3YO4A+8zx/O2JQR</latexit><latexit sha1_base64="VaJXQur3wQV6yGZbkB1xU7KmIRE=">AAAB/nicbVDLSgMxFL3js9ZXVVy5CRbBhZQZERRBKLhxWcE+oC8yaaYNTTIhyQhlKPgrblwo4tbvcOffmLaz0NYDl3s4515yc0LFmbG+/+0tLa+srq3nNvKbW9s7u4W9/ZqJE01olcQ81o0QG8qZpFXLLKcNpSkWIaf1cHg78euPVBsWywc7UrQtcF+yiBFsndQtHJJO6p8FY3SDSEehlhKuO73ol/wp0CIJMlKEDJVu4avVi0kiqLSEY2Oaga9sO8XaMsLpON9KDFWYDHGfNh2VWFDTTqfnj9GJU3ooirUradFU/b2RYmHMSIRuUmA7MPPeRPzPayY2umqnTKrEUklmD0UJRzZGkyxQj2lKLB85golm7lZEBlhjYl1ieRdCMP/lRVI7LwV+Kbi/KJavszhycATHcAoBXEIZ7qACVSCQwjO8wpv35L14797HbHTJy3YO4A+8zx/O2JQR</latexit><latexit sha1_base64="VaJXQur3wQV6yGZbkB1xU7KmIRE=">AAAB/nicbVDLSgMxFL3js9ZXVVy5CRbBhZQZERRBKLhxWcE+oC8yaaYNTTIhyQhlKPgrblwo4tbvcOffmLaz0NYDl3s4515yc0LFmbG+/+0tLa+srq3nNvKbW9s7u4W9/ZqJE01olcQ81o0QG8qZpFXLLKcNpSkWIaf1cHg78euPVBsWywc7UrQtcF+yiBFsndQtHJJO6p8FY3SDSEehlhKuO73ol/wp0CIJMlKEDJVu4avVi0kiqLSEY2Oaga9sO8XaMsLpON9KDFWYDHGfNh2VWFDTTqfnj9GJU3ooirUradFU/b2RYmHMSIRuUmA7MPPeRPzPayY2umqnTKrEUklmD0UJRzZGkyxQj2lKLB85golm7lZEBlhjYl1ieRdCMP/lRVI7LwV+Kbi/KJavszhycATHcAoBXEIZ7qACVSCQwjO8wpv35L14797HbHTJy3YO4A+8zx/O2JQR</latexit>
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Prospects for the future
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[1406.0524,1506.04454,1607.04418,1706.09471,1709.06051]
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Some preliminary thoughts
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• Operators with an additional q2 dependence are typically easily 
discriminated from standard interactions (except DM is light) 

• If we could build a directional detector or observe a modulation 
signature, we could discriminate operators with an additional v^2 
dependence from standard interactions 

• Otherwise, we probably need multiple detectors (‘materials’ signature) 
to make a discrimination 

• Xenon + Argon is generally good (to discriminate SI vs SD-type 
interactions). But what is the ‘optimal’ combination of detectors? 

• Is there a comprehensive basis of operators which capture all the 
relevant signatures?
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Tools - Exploring signal diversity
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RUNDM WIMPY

RAPIDD SWORDFISH

[1605.04917] [tinyurl.com/WIMpy-NREFT]

[1802.03174] [1712.05401,1805.04117]

Connecting high-scale physics 
with low-scale observables in 

direct detection

Direct detection spectrum 
generator, including a range of 

interactions

Surrogate model for direct 
detection - accelerates rate 

calculations  & parameter scans
[See Andrew Cheek’s talk on Thursday] [See Tom Edwards’ talk this afternoon]

A tool for benchmark-free 
forecasting - allows efficient 

exploration of parameter spaces

[See also DIRECTDM,1708.02678] [See also DDCalc v2.0.0]
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Benchmark Free Forecasting
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[Edwards, BJK, Weniger, 1805.04117]

[See Tom Edwards’ talk this afternoon]

Fast forecasting without doing lots of pairwise comparisons of points.

Useful for complicated, high-dimensional parameter spaces… 
allowing use to understand which future experiments we need 

 to get the most information out of a discovery
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Non-standard interactions? Why?
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• Out of curiosity  
 
   Don’t you just want to know…? What could DM look like? What could 
we be missing? 

• Input for experimental analysis  
 
   Experimental searches are not simple cut-and-counts - need to know 
what the signal looks like to get the best sensitivity 

• Optimisation of future experiments  
 
   Which experiments should we use to get the best sensitivity, or the 
most information out of a future detection?
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• Out of curiosity  
 
   Don’t you just want to know…? What could DM look like? What could 
we be missing? 

• Input for experimental analysis  
 
   Experimental searches are not simple cut-and-counts - need to know 
what the signal looks like to get the best sensitivity 

• Optimisation of future experiments  
 
   Which experiments should we use to get the best sensitivity, or the 
most information out of a future detection?

Thank you!



Bradley J. Kavanagh (GRAPPA, Amsterdam) Effective Field Theory in Direct Detection 36

Backup Slides



Bradley J. Kavanagh (GRAPPA, Amsterdam) Effective Field Theory in Direct Detection

Nuclear responses
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[1805.06113]
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Simplified Models: Spin-0 DM

38

[1505.03117]
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Simplified Models: Spin-1/2 DM
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[1505.03117]
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Simplified Models: Spin-1 DM
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[1505.03117]
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Directional Detection
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Cygnus
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Directional Signatures
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[BJK 1505.07406]

small ✓, small v?

large ✓, large v?

~q
~v

~v||

~v?

~v? ~q
~v

~v||

q = 2µ�N~v · q̂
= 2µ�Nv cos ✓

Also note:

Recoils towards  
Cygnus

Recoils away  
from Cygnus

Higher order in

Higher order in ER

v�

[See also 1505.06441]
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Earth Scattering
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Neutrino Floor in EFT
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[1602.05300]

Spin-independent interaction

q2-dependent interaction
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Interference and degeneracy
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[1407.0127,1405.2637, 
1504.06554,1612.09038, 1805.06113]

Upper Limits Putative Signal
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Connecting High Scales and Low Scales
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[D’Eramo, BJK, Panci - 1605.04917,1702.00016]
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Connecting High Scales and Low Scales
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[D’Eramo, BJK, Panci - 1605.04917,1702.00016]
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[D’Eramo, BJK, Panci - 1605.04917,1702.00016]
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