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• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 
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• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum

Our knowledge of proton structure has 
historically focused on collinear PDFs

           encodes probability of finding a parton of 
type     carrying momentum fraction      within 
a high-energy hadron

fi(x)
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Hadrons further contain rich 3D structure 
encoded in TMDPDFs

Coordinate-space version:

fi(x,~bT ) =

Z
d2kT ei

~kT ·~bT fi(x,~kT )
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3D hadron structure



Changing hard momentum scales requires evolving TMDPDFs in      and       
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The Collins-Soper kernel

fTMD
i (x,~bT , µ, ⇣) = fTMD

i (x,~bT , µ0, ⇣0)
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UV anomalous dimension Collins-Soper kernel

(rapidity anomalous 
dimension)

Evolution in     is perturbative as long as     is large, but evolution in      is always 
nonperturbative for large bT
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TMDPDFs depend on UV renormalization scale      as well as a scale       
associated with the renormalization of rapidity divergences
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Experimental probes
TMDPDFs are needed to describe cross-

sections for semi-inclusive DIS and the 
Drell-Yan process

SIDIS

Drell-Yan

HERMES, COMPASS, 
JLab, …

Fermilab, RHIC, LHC, …

Phenomenological analysis constrain 
TMDPDFs precisely for small but not large bT
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Scimemi and Vladimirov, JEHP 06 (2020)
EIC will provide a wealth of data on 

TMDs in nonperturbative region
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The W boson mass Motivation

Precision TMD measurements

Drell-Yan process:

Measured to . 1% accuracy
I Crucial input for PDF determination

Standard candle of Standard Model:
I Important test of QCD

Can we disentangle possible BSM physics
from PDF fitting?

I Can easily absorb small BSM
signals into PDFs ...

W -mass measurement:
Dominant uncertainty from PDFs:

I Particularly important:
correlations between quark flavors

Direct calculation of PDFs could alleviate such uncertainties
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Precise measurement of         from CDF 
disagrees at 7 sigma with         obtained 
from electroweak precision fits

New physics?
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MW

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

Distribution shapes are insensitive to 
many aspects of TMDPDFs but 
are sensitive to flavor dependence 
and Collins-Soper kernel

Robust understanding of all QCD theory 
uncertainties essential

Aaltonen et al [CDF], Science 376 (2022)
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CS kernel phenomenology
CS kernel can be extracted along with TMDPDF in global fit to DY + SIDIS data
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0.0 Modeling significant for

bT & 0.2 fm
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(nonperturbative region)

SV19 - Scimemi and Vladimirov, JEHP 06 (2020) Pavia19 - Bacchetta et al, JEHP 07 (2020)

(582 SIDIS + 457 DY data points) (353 DY data points)

Related nonperturbative function

appears in CSS factorization formula 
used to analyze experimental data 
(e.g. BLNY used by CDF)

<latexit sha1_base64="6WYnGjkFLAiIcGJK3z56SqCglzQ="></latexit>

A(bT ) = �bT
2

@

@bT
�q
⇣ (bT , µ)

Collins and Rogers, PRD 91 (2015)
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Soft function cannot be related to a 
matrix element of equal-time operator 
product by a Lorentz boost

Recent progress relating light-cone soft function to a large-momentum form factor 
that can be calculated with LQCD

Ji, Liu, and Liu, Nucl Phys B 955 (2020) Zhang et al [LPC], PRL 125 (2020)

Quasi TMDPDFs
The construction of quasi TMDPDFs is more complicated than quasi PDFs

TMDPDF products appearing in e.g. Drell-Yan can be expressed as convolutions of 
“beam functions” and “soft functions”

Ji, PRL 110 (2013)

Ebert, Stewart, Zhao, JHEP 1909 (2019)
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The CS kernel from LQCD

Ebert, Stewart, Zhao, PRD 99 (2019)

Ratios of TMDPDFs free from soft factors and can be calculated with LQCD

CS kernel determination using quasi-TMDPDFs suggested

Yoon et al, PRD 96 (2017)Musch et al, PRD 85 (2012) Engelhardt et al, PRD 93 (2016)

Euclidean quasi- 
beam function 

=
1

ln(pz1/p
z
2)

ln
CMS

TMD(µ, xP
z
2 )

R
dbzeib

zxpz
1 eBMS

q (bz, bT , ⌘, µ, pz1)

CMS
TMD(µ, xp

z
1)

R
dbzeibzxp

z
2 eBMS

q (bz, bT , ⌘, µ, pz2)
<latexit sha1_base64="e0HGklh56r/I2LFYqjmmD75JDt0="></latexit>

�q,MS
⇣ (bT , µ) = 2⇣

d

d⇣
ln fMS

q (x, bT , µ, ⇣)
<latexit sha1_base64="k0glnNUHlFnsLf83M/9FI+auYxU="></latexit>

Ji, Sun, Xiong, Yuan PRD 91 (2015)

Method concretely relating CS kernel to quasi TMDPDF ratios 
proposed and derived



3 values of 

3 values of 

9

Quenched LQCD exploration

bz
<latexit sha1_base64="jVnEqJTH360Mj21pMDXcwhrAvkY=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUQFXRbduKxgH9CGMJnetEMnkzAzEWvIr7hxoYhbf8Sdf+M0zUJbD1w4nHPv3LknSDhT2nG+rZXVtfWNzcpWdXtnd2/fPqh1VJxKCm0a81j2AqKAMwFtzTSHXiKBRAGHbjC5mfndB5CKxeJeTxPwIjISLGSUaCP5di0bFI9kAU8hx4H/lPt23Wk4BfAycUtSRyVavv01GMY0jUBoyolSfddJtJcRqRnlkFcHqYKE0AkZQd9QQSJQXlaszfGJUYY4jKUpoXGh/p7ISKTUNApMZ0T0WC16M/E/r5/q8MrLmEhSDYLOF4UpxzrGsyDwkEmgmk8NIVQy81dMx0QSqk1cVROCu3jyMumcNdzzhnN3UW9el3FU0BE6RqfIRZeoiW5RC7URRY/oGb2iNyu3Xqx362PeumKVM4foD6zPH6CzlM8=</latexit>

bT
<latexit sha1_base64="ELCTPZ+pGavDr5eKE+rfZBwRzxQ=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KooMeiF48V2lpoQ9hsN+3SzSbsbsQS8le8eFDEq3/Em//GbZqDtj4YeLw3s7PzgoQzpR3n26qsrW9sblW3azu7e/sH9mG9p+JUEtolMY9lP8CKciZoVzPNaT+RFEcBpw/B9HbuPzxSqVgsOnqWUC/CY8FCRrA2km/Xs2HxSBbwlOYo8Du5bzecplMArRK3JA0o0fbtr+EoJmlEhSYcKzVwnUR7GZaaEU7z2jBVNMFkisd0YKjAEVVeVqzN0alRRiiMpSmhUaH+nshwpNQsCkxnhPVELXtz8T9vkOrw2suYSFJNBVksClOOdIzmQaARk5RoPjMEE8nMXxGZYImJNnHVTAju8smrpHfedC+azv1lo3VTxlGFYziBM3DhClpwB23oAoEneIZXeLNy68V6tz4WrRWrnDmCP7A+fwBm9ZSp</latexit>

⌘
<latexit sha1_base64="Vf5SUn5v/69EBDV6BHz/SiDLV2U=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQq6LLoxmUF+4AmlMn0ph06mYSZiVBC/BU3LhRx64e482+cpllo64ELh3PunTv3BAlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjropTSaFDYx7LfkAUcCago5nm0E8kkCjg0Aumt3O/9whSsVg86FkCfkTGgoWMEm2koV3PvOKRLOAp5NgDTfKh3XCaTgG8StySNFCJ9tD+8kYxTSMQmnKi1MB1Eu1nRGpGOeQ1L1WQEDolYxgYKkgEys+KvTk+NcoIh7E0JTQu1N8TGYmUmkWB6YyInqhlby7+5w1SHV77GRNJqkHQxaIw5VjHeJ4EHjEJVPOZIYRKZv6K6YRIQrXJq2ZCcJdPXiXd86Z70XTuLxutmzKOKjpGJ+gMuegKtdAdaqMOomiGntErerOerBfr3fpYtFascqaO/sD6/AFXE5U0</latexit>

CS kernel property of QCD vacuum, 
independent of hadronic state

m⇡ ⇠ 1.2 GeV
<latexit sha1_base64="EQknpcKHjoG3NPAPc4ruxSSYvHo=">AAACAnicbVDLSgNBEJyNrxhfUU/iZTAInsJuFPQY9KDHCOYB2RBmJ51kyMzuMtMrhiV48Ve8eFDEq1/hzb9x8jhoYkFDUdVNd1cQS2HQdb+dzNLyyupadj23sbm1vZPf3auZKNEcqjySkW4EzIAUIVRRoIRGrIGpQEI9GFyN/fo9aCOi8A6HMbQU64WiKzhDK7XzB6rtx4L6RijqFUs+wgOm9Bpqo3a+4BbdCegi8WakQGaotPNffifiiYIQuWTGND03xlbKNAouYZTzEwMx4wPWg6alIVNgWunkhRE9tkqHdiNtK0Q6UX9PpEwZM1SB7VQM+2beG4v/ec0EuxetVIRxghDy6aJuIilGdJwH7QgNHOXQEsa1sLdS3meacbSp5WwI3vzLi6RWKnqnRff2rFC+nMWRJYfkiJwQj5yTMrkhFVIlnDySZ/JK3pwn58V5dz6mrRlnNrNP/sD5/AG385ZZ</latexit>

Allows high precision with only 400 quark propagator sources

35,660 bare matrix elements - 
robust automated fitting essential

Calculate using pion state

In quenched (             ) QCD, exact results 
calculable using heavy quark probe

Nf = 0

<latexit sha1_base64="oKpcO3bpjd2541YbeL4O9GbF0Uk=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9C0IsniWAekIQwO+lNhszOrjOzQljyE148KOLV3/Hm3zhJ9qCJBQ1FVTfdXX4suDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVMunGgWXWDfcCGzFCmnoC2z6o5up33xCpXkkH8w4xm5IB5IHnFFjpdZdLyBXxCW9YsktuzOQZeJlpAQZar3iV6cfsSREaZigWrc9NzbdlCrDmcBJoZNojCkb0QG2LZU0RN1NZ/dOyIlV+iSIlC1pyEz9PZHSUOtx6NvOkJqhXvSm4n9eOzHBZTflMk4MSjZfFCSCmIhMnyd9rpAZMbaEMsXtrYQNqaLM2IgKNgRv8eVl0jgre5Xy+X2lVL3O4sjDERzDKXhwAVW4hRrUgYGAZ3iFN+fReXHenY95a87JZg7hD5zPHxUUjrI=</latexit>

All 16 Dirac structures and 
staple geometries       andbT

<latexit sha1_base64="796+lJPjAXwUUPiUJX5dpXCv+jU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPQb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9S6rVw+XldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAh0I21</latexit>

bz

<latexit sha1_base64="dHV9VPHX8kEtaa356F4KkW6aodE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4xyiOBlcwOA0yYnd3M9Jrghk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKd8HDU7dYcsvuDGSZeBkpQYZat/jV6UUsCblCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LFQ258dPZqRNyYpUe6UfalkIyU39PpDQ0ZhwGtjOkODSL3lT8z2sn2L/0U6HiBLli80X9RBKMyPRv0hOaM5RjSyjTwt5K2JBqytCmU7AheIsvL5PGWdmrlM9vK6XqVRZHHo7gGE7Bgwuowg3UoA4MBvAMr/DmSOfFeXc+5q05J5s5hD9wPn8AWeON2g==</latexit>

P z 2 [1.3, 2.6] GeV

<latexit sha1_base64="K0WAxZOPdD1Q9/Uf7JKyz6WBIlQ=">AAACCHicbVC5TsNAEF1zE64AJQUrIiQKZNncJYICyiCRECk20XozgVXWa2t3jAhWShp+hYYChGj5BDr+hs1RcD1ppKf3ZjQzL0qlMOh5n87I6Nj4xOTUdGFmdm5+obi4VDVJpjlUeCITXYuYASkUVFCghFqqgcWRhIuofdzzL25AG5Goc+ykEMbsSomW4Ayt1Ciuli/vaCAUrfvu9mZAt9y9MKABwi3mJ1DtNoolz/X6oH+JPyQlMkS5UfwImgnPYlDIJTOm7nsphjnTKLiEbiHIDKSMt9kV1C1VLAYT5v1HunTdKk3aSrQthbSvfp/IWWxMJ45sZ8zw2vz2euJ/Xj3D1kGYC5VmCIoPFrUySTGhvVRoU2jgKDuWMK6FvZXya6YZR5tdwYbg/375L6luuf6Ou3u2Uzo8GsYxRVbIGtkgPtknh+SUlEmFcHJPHskzeXEenCfn1XkbtI44w5ll8gPO+xdKD5ej</latexit>

⌘ 2 [0.6, 0.8] fm

<latexit sha1_base64="cVj0AL3CfVBa4GAFdiPRv9/DOHw=">AAACCHicbVA9SwNBEN3zM8avqKWFi0GwkONOoqYM2lhGMCrkjrC3mUsW9/aO3TkxHClt/Cs2ForY+hPs/DduYgq/Hgw83pthZl6USWHQ8z6cqemZ2bn50kJ5cWl5ZbWytn5h0lxzaPFUpvoqYgakUNBCgRKuMg0siSRcRtcnI//yBrQRqTrHQQZhwnpKxIIztFKnshUAMhoIRduee7gXUM+thwENEG6xiJNhp1L1XG8M+pf4E1IlEzQ7lfegm/I8AYVcMmPavpdhWDCNgksYloPcQMb4NetB21LFEjBhMX5kSHes0qVxqm0ppGP1+0TBEmMGSWQ7E4Z989sbif957RzjelgIleUIin8tinNJMaWjVGhXaOAoB5YwroW9lfI+04yjza5sQ/B/v/yXXOy7fs09OKtVG8eTOEpkk2yTXeKTI9Igp6RJWoSTO/JAnsizc+88Oi/O61frlDOZ2SA/4Lx9ArCol+Q=</latexit>

Shanahan, MW, Zhao, PRD 102 (2020)
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Quenched LQCD results

m⇡ = 1.2 GeV

<latexit sha1_base64="b9vCiPiQZ7Qfvs8EiaXV1W/ajgc=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuQkQbIWihZQSTCMlx7G0myZK9D3bnxHCk8a/YWChi68+w89+4Sa7QxAcDj/dmmJnnx1JotO1vK7e0vLK6ll8vbGxube8Ud/eaOkoUhwaPZKTufaZBihAaKFDCfayABb6Elj+8mvitB1BaROEdjmJwA9YPRU9whkbyigeB14kFvaBOuUI7CI+Y0mtojr1iyS7bU9BF4mSkRDLUveJXpxvxJIAQuWRatx07RjdlCgWXMC50Eg0x40PWh7ahIQtAu+n0gTE9NkqX9iJlKkQ6VX9PpCzQehT4pjNgONDz3kT8z2sn2Dt3UxHGCULIZ4t6iaQY0UkatCsUcJQjQxhXwtxK+YApxtFkVjAhOPMvL5JmpexUy6e31VLtMosjTw7JETkhDjkjNXJD6qRBOBmTZ/JK3qwn68V6tz5mrTkrm9knf2B9/gBk1JUD</latexit>

P z 2 {1.3, 1.9, 2.6} GeV

<latexit sha1_base64="V+mt2pQu6rzkPVVgoTByA0MkDts=">AAACEHicbVC7TgMxEPTxJrwClDQWEYICne4gvDoEBZRBIiFSLkQ+ZxOs+Hwnew8RTvkEGn6FhgKEaCnp+BuckILXSLsazezK3gkTKQx63oczMjo2PjE5NZ2bmZ2bX8gvLlVMnGoOZR7LWFdDZkAKBWUUKKGaaGBRKOEi7Bz3/Ytr0EbE6hy7CdQj1laiJThDKzXy66XLWxoIRYPMd7c3A+q7B7ZvubtBjwYIN5jRE6j0GvmC53oD0L/EH5ICGaLUyL8HzZinESjkkhlT870E6xnTKLiEXi5IDSSMd1gbapYqFoGpZ4ODenTNKk3airUthXSgft/IWGRMNwrtZMTwyvz2+uJ/Xi3F1n49EypJERT/eqiVSoox7adDm0IDR9m1hHEt7F8pv2KacbQZ5mwI/u+T/5LKlusX3Z2zYuHwaBjHFFkhq2SD+GSPHJJTUiJlwskdeSBP5Nm5dx6dF+f1a3TEGe4skx9w3j4BwxSZ7w==</latexit>

⌘  0.8 fm

<latexit sha1_base64="fC69B4vcxO/JuHsW7O3oXiI0ODI=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuJGLKoI1lBPMBuRD2NnPJkr0Pd+fEcKTxr9hYKGLrz7Dz37hJrtDEBwOP92aYmefFUmi07W8rt7K6tr6R3yxsbe/s7hX3D5o6ShSHBo9kpNoe0yBFCA0UKKEdK2CBJ6Hlja6nfusBlBZReIfjGLoBG4TCF5yhkXrFIxeQUVfCPbXLVRfhEVPqB5NesWSX7RnoMnEyUiIZ6r3il9uPeBJAiFwyrTuOHWM3ZQoFlzApuImGmPERG0DH0JAFoLvp7IEJPTVKn/qRMhUinam/J1IWaD0OPNMZMBzqRW8q/ud1EvSr3VSEcYIQ8vkiP5EUIzpNg/aFAo5ybAjjSphbKR8yxTiazAomBGfx5WXSPC87lfLFbaVUu8riyJNjckLOiEMuSY3ckDppEE4m5Jm8kjfryXqx3q2PeWvOymYOyR9Ynz9xN5Wv</latexit>

CS kernel determined precisely 
for        extending into 
nonperturbative regime

bT

<latexit sha1_base64="796+lJPjAXwUUPiUJX5dpXCv+jU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPQb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9S6rVw+XldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAh0I21</latexit>

Shanahan, MW, Zhao, PRD 102 (2020)

Fourier transform truncation 
effects challenging to quantify, 
two different models used to 
extrapolate beam functions 
outside range of data
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                    LQCD calculationNf = 2 + 1 + 1

NLO matching from quasi- to light-cone beam functions

Demonstration of      independence of CS kernelx

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

        renormalization + operator mixing using RI/MOM

(quark vs pion static quark potential correction applied)

Finite-momentum power corrections studied

Fourier transformation to     - spacex

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

MS

<latexit sha1_base64="exvSv5fIpiavsp/FujHP+jz+zOA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KolUdFl040aoaB/QhDKZTtqhk0yYuRFrCP6KGxeKuPU/3Pk3TtostPXAwOGce7h3jh9zpsC2v42FxaXlldXSWnl9Y3Nr29zZbSmRSEKbRHAhOz5WlLOINoEBp51YUhz6nLb90WXut++pVExEdzCOqRfiQcQCRjBoqWfuu0LbeTp1gT5Aen2bZT2zYlftCax54hSkggo0euaX2xckCWkEhGOluo4dg5diCYxwmpXdRNEYkxEe0K6mEQ6p8tLJ9Zl1pJW+FQipXwTWRP2dSHGo1Dj09WSIYahmvVz8z+smEJx7KYviBGhEpouChFsgrLwKq88kJcDHmmAimb7VIkMsMQFdWFmX4Mx+eZ60TqpOrXp6U6vUL4o6SugAHaJj5KAzVEdXqIGaiKBH9Ixe0ZvxZLwY78bHdHTBKDJ76A+Mzx+FYJXs</latexit>

Unphysically heavy valence quark mass

Shanahan, MW, Zhao, PRD 104 (2021) HISQ lattices from MILC, gradient flowed, 
with clover valence quarks
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Comparing approximations
NLO matching leads to significant effects on CS kernel determination 

LO results using ratios of                   beam functions or the momentum-space 
models used in quenched calculation are consistent with LO results using 
average over     dependence but give smaller uncertainty estimates<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="uuPMnPOOlNM7Yzk/XWEuRZlGEOo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHCOYByRpmJ5NkyOzsMtMrxCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0c3Ubz5ybUSk7nEccz+kAyX6glG0UjN4eCJXxO0WS27ZnYEsEy8jJchQ6xa/Or2IJSFXyCQ1pu25Mfop1SiY5JNCJzE8pmxEB7xtqaIhN346O3dCTqzSI/1I21JIZurviZSGxozDwHaGFIdm0ZuK/3ntBPuXfipUnCBXbL6on0iCEZn+TnpCc4ZybAllWthbCRtSTRnahAo2BG/x5WXSOCt75+XKXaVUvc7iyMMRHMMpeHABVbiFGtSBwQie4RXenNh5cd6dj3lrzslmDuEPnM8f+gqOsA==</latexit>

bz = 0
Shanahan, MW, Zhao, PRD 104 (2021)
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Lattice comparison
Results are broadly consistent with other LQCD calculations (different actions 

and systematics)

Differences with previous LO calculations (SWZ 20, LPC 20, ETMC / PKU 21) 
consistent with differences between Fourier transform schemes

See also Chu et al [LPC] arXiv:2204.00200

Shanahan, MW, Zhao, PRD 104 (2021)
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Phenomenological comparison
Current LQCD results can also be compared with phenomenology

Warning - no continuum extrapolation, 
unquantified systematics remain

Lattice artifacts at small        ? Underestimated Fourier transform systematics? 
Further studies needed!

<latexit sha1_base64="RJJ2aDbV3FGDIV7zhWZm8T76CII=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPQb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6qlw+XldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAiJo22</latexit>

bT

Shanahan, MW, Zhao, PRD 104 (2021)
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Large-distance extrapolation

Fits performed independently for each                 to analytic model in order to 
extrapolate to larger

<latexit sha1_base64="/vPf7UL6KrUyxgXomtbtSRX8dZ8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKeqx6MVjhX5Ju5Zsmm1Dk+ySZIW69Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcyZNq777eRWVtfWN/Kbha3tnd294v5BU0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gdDP1W49UaRbJuhnH1Bd4IFnICDZWug969bMuqj089Yolt+zOgJaJl5ESZKj1il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4ZWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6R5XvYuypW7Sql6ncWRhyM4hlPw4BKqcAs1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wfJSY/C</latexit>

bT , P z
<latexit sha1_base64="YfYywOLh/uQl9v/fDn+sOCgi9N0=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4xyiOBlcwOA0yYnd3M9Jrghk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKd8HDU7dYcsvuDGSZeBkpQYZat/jV6UUsCblCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LFQ258dPZqRNyYpUe6UfalkIyU39PpDQ0ZhwGtjOkODSL3lT8z2sn2L/0U6HiBLli80X9RBKMyPRv0hOaM5RjSyjTwt5K2JBqytCmU7AheIsvL5PGWdk7L1duK6XqVRZHHo7gGE7Bgwuowg3UoA4MBvAMr/DmSOfFeXc+5q05J5s5hD9wPn8AWjmN2w==</latexit>

bz

Fourier transforming data from a finite interval is a formally ill-posed problem

LQCD results span a finite range of bz,

<latexit sha1_base64="sWjy0ZbRG34sE2drbxkm9M8nwek=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VqyabYNTbJLkhXq0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45vMbz9SpVkk780kpr7AQ8lCRrDJpODh6axfrrhVdwa0TLycVCBHo1/+6g0ikggqDeFY667nxsZPsTKMcDot9RJNY0zGeEi7lkosqPbT2a1TdGKVAQojZUsaNFN/T6RYaD0Rge0U2Iz0opeJ/3ndxIRXfspknBgqyXxRmHBkIpQ9jgZMUWL4xBJMFLO3IjLCChNj4ynZELzFl5dJ67zq1aoXd7VK/TqPowhHcAyn4MEl1OEWGtAEAiN4hld4c4Tz4rw7H/PWgpPPHMIfOJ8/wrWOEA==</latexit>

P z,

<latexit sha1_base64="3BiDL4ZQFYNbnY41uS7ZYXagSRQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VqyabYNTbJLkhXq0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45vMbz9SpVkk780kpr7AQ8lCRrDJpMbD01m/XHGr7gxomXg5qUCORr/81RtEJBFUGsKx1l3PjY2fYmUY4XRa6iWaxpiM8ZB2LZVYUO2ns1un6MQqAxRGypY0aKb+nkix0HoiAtspsBnpRS8T//O6iQmv/JTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlOyIXiLLy+T1nnVq1Uv7mqV+nUeRxGO4BhOwYNLqMMtNKAJBEbwDK/w5gjnxXl3PuatBSefOYQ/cD5/AKc3jf4=</latexit>

b · P = bzP z

<latexit sha1_base64="P6NhflKFsi6oj6GwMEtr6o0VFe8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRS0Y1QdOMygn1Am5bJZNIOncyEmYmQlvorblwo4tYPceffOG2z0NYDFw7n3Mu99wQJo0o7zrdVWFvf2Nwqbpd2dvf2D+zDo6YSqcSkgQUTsh0gRRjlpKGpZqSdSILigJFWMLqd+a1HIhUV/EFnCfFjNOA0ohhpI/XtcgC7OBQaevAaBr0x9Hrjvl1xqs4ccJW4OamAHF7f/uqGAqcx4RozpFTHdRLtT5DUFDMyLXVTRRKER2hAOoZyFBPlT+bHT+GpUUIYCWmKazhXf09MUKxUFgemM0Z6qJa9mfif10l1dOVPKE9STTheLIpSBrWAsyRgSCXBmmWGICypuRXiIZIIa5NXyYTgLr+8SprnVbdWvbivVeo3eRxFcAxOwBlwwSWogzvggQbAIAPP4BW8WU/Wi/VufSxaC1Y+UwZ/YH3+AIRYk2g=</latexit>

Fourier conjugate to x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>
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CS kernel systematics
Discrete Fourier transform leads to 

significant         dependence of 
(asymptotically flat) CS kernel estimate

Differences between estimates with 
different momentum pairs visible

Fourier transforming the 
analytically extrapolated model 
leads to smaller (though still 
visible)      and       dependence

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x <latexit sha1_base64="LY98nRvs/k+TsHotVdTVhqxodtk=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4xyiOBlcwOA0yYnd3M9Jrghk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKd7WHp26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7J3Xq7cVkrVqyyOPBzBMZyCBxdQhRuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4APs2NyQ==</latexit>

P z

“Plateau region” identified by 
automated search for overlap 
between different        pairs

<latexit sha1_base64="LY98nRvs/k+TsHotVdTVhqxodtk=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4xyiOBlcwOA0yYnd3M9Jrghk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKd7WHp26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7J3Xq7cVkrVqyyOPBzBMZyCBxdQhRuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4APs2NyQ==</latexit>

P z

Fits of            artifacts also attempted
<latexit sha1_base64="sJ2SC3nnr+TcFRqK0VDNJeTUKD4=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiCXcNUY9ELx4xcYEEVtItXWjotpu2a4IbfoMXDxrj1R/kzX9jgT0o+JJJXt6bycy8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqWWqCPWJ5FK1Q6wpZ4L6hhlO24miOA45bYWjm6nfeqRKMynuzTihQYwHgkWMYGMl3ztrPDz1yhW36s6AlomXkwrkaPTKX92+JGlMhSEca93x3MQEGVaGEU4npW6qaYLJCA9ox1KBY6qDbHbsBJ1YpY8iqWwJg2bq74kMx1qP49B2xtgM9aI3Ff/zOqmJroKMiSQ1VJD5oijlyEg0/Rz1maLE8LElmChmb0VkiBUmxuZTsiF4iy8vk+Z51buo1u5qlfp1HkcRjuAYTsGDS6jDLTTABwIMnuEV3hzhvDjvzse8teDkM4fwB87nDxt/jj0=</latexit>

1/P z
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Proposed calculations
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TMDPDF evolution effects can be 
determined from ratios of TMDWFs 
analogous to distribution amplitudes

Artur Avkhadiev (MIT)

Preliminary studies suggest TMDWFs 
will enable significantly more 
efficient CS kernel calculations

New formal and code developments 
provide several improvements:

• Larger             with similar truncation 
effects for all 

• Robust nonlocal operator renormalization

bzP z

<latexit sha1_base64="1SC91XjbCbLqcRhIgCNG9d3Jmck=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNRo9ELx4xkUcCC5kdemHC7OxmZtYECB/hxYPGePV7vPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoruNUMayxWMSqGVCNgkusGW4ENhOFNAoENoLh3cxvPKHSPJaPZpSgH9G+5CFn1FipEXTGpNoZd4slt+zOQVaJl5ESZKh2i1/tXszSCKVhgmrd8tzE+BOqDGcCp4V2qjGhbEj72LJU0gi1P5mfOyVnVumRMFa2pCFz9ffEhEZaj6LAdkbUDPSyNxP/81qpCW/8CZdJalCyxaIwFcTEZPY76XGFzIiRJZQpbm8lbEAVZcYmVLAheMsvr5L6Rdm7LF89XJYqt1kceTiBUzgHD66hAvdQhRowGMIzvMKbkzgvzrvzsWjNOdnMMfyB8/kD5ROPSg==</latexit>

• Approximately physical quark masses

P z

<latexit sha1_base64="M/9sRmDJLZiEkpFyhK6mMU8NpMU=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4xyiOBlcwOA0yYnd3M9Jrghk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKd7WHp26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNs7JXKZ/fVkrVqyyOPBzBMZyCBxdQhRuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4APneNyA==</latexit>

 ̃(bz, bT , ⌘, P
z) / h0|O(bz, bT , ⌘)|⇡(P

z)i

<latexit sha1_base64="p+igLLlUluQMU619Birje22/eZs="></latexit>
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Backup



19

Trouble with RI/MOM

Asymmetry visible in beam functions after RI/MOM renormalization

Bare

RI/MOM
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Beam function asymmetry
Asymmetry visible after RI/MOM 

renormalization could arise from state-
dependence of static quark potential

State dependence of static quark potential 
also visible in previous calculations

Correction for difference in static quark 
potentials applied

<latexit sha1_base64="17dL5rNWxnlZ/mJ39UdUJkMPtf4="></latexit>

BMS;corr
�4

(bz, bT ) = e�(bT )|bz|BMS
�4

(bz, bT )

Roughly linear trend in         observed

<latexit sha1_base64="yiWk6KsDxUKWJutGyb9NNwKiBfQ="></latexit>

�(bT ) = V (bT )quark � V (bT )pion ⇠ � bT

<latexit sha1_base64="RJJ2aDbV3FGDIV7zhWZm8T76CII=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPQb/RL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8surpHVR9a6qlw+XldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAiJo22</latexit>

bT

Huo et al [LPC], Nucl. Phys. B 969 (2021)

Zhang et al [  QCD], PRD 104 (2021)χ
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Asymmetry correction
After correcting for state dependence of static quark potential, expected 

(anti)symmetrization of beam function emerges

Extrapolation to large          (by a constant) and averaging over choice of        
used in renormalization performed after including corrections independently

Systematics included to reflect variation in        and         reduced after 
corrections included

<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘

<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘
<latexit sha1_base64="hQRMNva4kHBlp7J9HL233wrOIBY=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHxRHYNUY9ELx7RsEACK+mWLjR0u5u2a0I2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5QSK4No7zjQpr6xubW8Xt0s7u3v5B+fCopeNUUebRWMSqExDNBJfMM9wI1kkUI1EgWDsY38789hNTmseyaSYJ8yMylDzklBgreUG/+fjQL1ecqjMHXiVuTiqQo9Evf/UGMU0jJg0VROuu6yTGz4gynAo2LfVSzRJCx2TIupZKEjHtZ/Njp/jMKgMcxsqWNHiu/p7ISKT1JApsZ0TMSC97M/E/r5ua8NrPuExSwyRdLApTgU2MZ5/jAVeMGjGxhFDF7a2Yjogi1Nh8SjYEd/nlVdK6qLqX1dp9rVK/yeMowgmcwjm4cAV1uIMGeECBwzO8whuS6AW9o49FawHlM8fwB+jzB3lPjno=</latexit>

bRT

<latexit sha1_base64="hQRMNva4kHBlp7J9HL233wrOIBY=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHxRHYNUY9ELx7RsEACK+mWLjR0u5u2a0I2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5QSK4No7zjQpr6xubW8Xt0s7u3v5B+fCopeNUUebRWMSqExDNBJfMM9wI1kkUI1EgWDsY38789hNTmseyaSYJ8yMylDzklBgreUG/+fjQL1ecqjMHXiVuTiqQo9Evf/UGMU0jJg0VROuu6yTGz4gynAo2LfVSzRJCx2TIupZKEjHtZ/Njp/jMKgMcxsqWNHiu/p7ISKT1JApsZ0TMSC97M/E/r5ua8NrPuExSwyRdLApTgU2MZ5/jAVeMGjGxhFDF7a2Yjogi1Nh8SjYEd/nlVdK6qLqX1dp9rVK/yeMowgmcwjm4cAV1uIMGeECBwzO8whuS6AW9o49FawHlM8fwB+jzB3lPjno=</latexit>
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