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Motivation

» Standard Model has several shortcomings, but
New Physics not necessarily at the TeV scale

e Light states solving the hierarchy problem (relaxion?)
* Light Dark Matter mediators

* Measurements in heavy atoms are reaching a
fantastic precision: useful for BSM searches?

* Berylium anomaly: 17MeV state coupled to
electron and (preferentially) neutrons



Precision Atomic Physics

» Transition frequencies in the optical range are
extremely precisely measured:
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* Measurements sensitive to new effects of ~ QED/10%
* Rapid improvement: uncertainty = 3.2 x 10~ '®



New Forces in Atoms

* Consider a short-ranged force between nuclei
and their bound electrons: V = Voouomb + Vi
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Probing New Physics in Atoms

. . . SR 126 GeV\* _
Probing Higgs couplings? .y, , ( ) <1075
Yb*~LHC/30 e

* In order to probe New Physics, one needs:

* Very precise QED calculation
only available for atoms with few electrons
e.g. He levels known to (9(()46?77,6) ~ (5I//V)exp (in progress)

or

* Observable insensitive to theory uncertainties,
like difference/ratio of measurements
e.g. isotope shifts (only sensitive to ycyn )



[sotope Shifts

* For point-like (ry — 0) and static (my — o0)
nuclei, the frequency difference between two
(spinless) isotopes A and A’ is zero in QED:

electronic transition AA
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e If there is NP coupled to e and n (y. , # 0):
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NP effects are mildly suppressed by O[(4 — A")/A] ~ 0.1



[sotope Shifts

* In real world, nuclei have finite mass and size.
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[sotope Shifts

* Frequency shift from QED:

electronic constants
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AA’ ~
S K ihAA + F )\AA’
/ \
field shift (FS)
mass shift (MS)

Aaar = 6{r?) + higher moments

» Typically 144" ~ O(GHz) — v44 /v ~ 1076

 While m 4 measured to ~107°, th. error on K;, F; ~1%
and 4 (r*)only known to ~1% from nuclear data...



King Linearity

* Q: Is there an observable sensitive to NP and free
of theory uncertainties? (i.e. limited by precision
in IS measurements) — A: Yes, King linearity!

* Measure 2 transitions with the same isotopes. If
IS is described by leading order QED, the 2 data-
sets are linearly related:
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King Linearity

» KL holds regardless of the K;, F; values and § (r?)

* It merely results from factorization of electronic
and nuclear parameters:

VA ~ Kipaa + Fidaa

Z N

independent of A A’

* Establishing KL is only limited by the accuracy
of IS (and nuclear masses) measurements.



Establishing KL

* Take 2 transition measurements in 4 isotopes
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2) KL is established within meas. accuracy if NL < onq,



King linearity in data
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Nonlinearities in data?

Modified shifts at 565.28 nm {MHz)
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KL Violation from New Physics

* In the presence of NP, the IS theory prediction is
vit m Kipaa + Fidaa + ONP-XiYAA’
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NP coupling
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computed using many-body perturbation theory




KL Violation from New Physics

* In the presence of NP, the IS theory prediction is

AA’
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* So that NP implies KL violation S = Ay =
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Constraining NP from KL

* Take 2 transition measurements in 4 isotopes

* Expected relation among IS measurements is

mro = F21 mury + Kglm -+ &NPEXgl

e [f data consistent with KL, one can bound NP
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only theoretical inputs
computed with decent accuracy
using MBPT+CI method



Current bounds on aynp
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IS in Clock Transitions

» Existing IS data involve broad (dipole-allowed:
S — P, D — P) transitions with T', ~ O(10 MHz)
thus limiting the sensitivity to NP

* IS measurements in very narrow (I, < Hz)
« clock » (optical) transitions could improve
sensitivity by several orders of magnitude!

 Testing KL requires (at least) 2 narrow transitions
with 4 stable isotopes; there are few candidates:

e.g. Ca*, Sr/Sr*, Ba/Ba*, Yb/Yb+ and Dy



Estimating sensitivity to NP

* W/out data, the sensitivity can’t be evaluated
precisely using . (A x mv3) - mf
NS S G X R - (X — Xomh)

* Yet, if KL were established with accuracy A , we
would conclude that factorization holds, i.e.

m — KZWT,& + qum/i + Ai
* This yields the best-case bound estimate
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heavy NP limit estimated from MBPT (or not-so-precise earlier data)



Projected Sensitivities to NP
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Projected Sensitivities to NP
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Projected Sensitivities to NP
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Projected Sensitivities to NP
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Conclusions/Outlook

* IS spectroscopy in optical clock transitions is a
sensitive probe of New Physics below ~20MeV

* As long as King plots remain linear, New Physics
can be bounded with no need for very precise
QED calculations

* Were KL to be violated in future data, precise
calculation of nonlinearities from nuclear effects
would be needed to isolate and further probe the
New Physics contributions



	Probing New Forces with Isotope Shift Spectroscopy
	Motivation
	Precision Atomic Physics 
	New Forces in Atoms
	Probing New Physics in Atoms
	Isotope Shifts
	Isotope Shifts
	Isotope Shifts
	King Linearity
	King Linearity
	Establishing KL 
	King linearity in data
	Nonlinearities in data?
	KL Violation from New Physics
	KL Violation from New Physics
	Constraining NP from KL
	Current bounds on  sdf
	IS in Clock Transitions
	Estimating sensitivity to NP
	Projected Sensitivities to NP
	Projected Sensitivities to NP
	Projected Sensitivities to NP
	Projected Sensitivities to NP
	Conclusions/Outlook


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts false

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /FRA <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



