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Transversitpartondistributionfunction

A

Partondistribution functions(PDFs) [1dre crucialinputsfor interpreting T T
experimentaldata collectedat high-energycolliderssuchasthe EIC

TransversityPDFdescribescorrelationbetweenthe transversepolarizationof the °®o —> - > _
nucleonandits quarkconstituentsA importantfor describinghe spinstructure of N l g
the nucleon[2]

Lessconstrainedfrom experimentscomparedto helicity or unpolarizedPDFoecausat ischiralodd A couplingto other
chiralodd quantitiesto be measuredn experimentg3-5] (spinrasymmetriesn e.g. SIDI& DrellkYan[6,7])

Recenttheoreticaldevelopmentd8-13] madelattice QCDcalculationof wxdependenceof transversityPDF [1416]
possibleA severalcalculationsusingLaMET9-10,17]or the pseudePDF [13hpproach

Purposeof thiswork: reliablepredictionfor isovectorquarktransversityP DFof the proton (usingLaMET
that usesproperrenormalizationandis valid incontinuumand physicaimasslimit

. P. Ralston and D.96perNucl Phys. B52, 109 (1979) 7: L.Gamberget al., 2205.00999 13: A. VRadyushkin1705.01488

. LJaffeand X-D. Ji, Phys. Rev. L&, 552 (1991) 8: V. M. Braun et al., 0709.1348 14: CAlexandrouet al., 1807.00232
. LJaffeand X-D. JiNucl PhysB375 527 (1992) 9: X. Ji, 1305.1539 15: Y-S. Liu et al., 1810.05043

. L. Cortes et al., Z. Phy§5(409 (1992) 10: X. Ji, 1404.6680 16: C. Egereretal., 2111.01808

. LJaffeand X-D. Jihep-ph/9307329 11: ¥-Q. Ma et al., 1709.03018 17: X. Ji et al., 2004.03543
.Constantinotet al., 2006.08636 12: H-W. Linetal., 1711.07916

Lisa Walter (Regensburg University)




A Transversityarton distribution function

A CLSnsembles

A Extractionof quastLFcorrelationin LaMET
A Renormalizationn hybridscheme

A Fouriertransformationto momentumspace
A Perturbativematching

A Continuum chiral and infiniteanomentumextrapolation
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Coordinated_atticeSimulatiorensemble$18]

A LischeiWeiszgaugeactionwith tree-level coefficients

A Fermionsl & -improvedWilson Diramperator

Ab ¢ p

A Ensemblesvith variouslattice spacingsnd pion massesj continuumand chiralextrapolation

A Multiple nucleonmomentad oneachensembled infinite momentumextrapolation

T A AP P N R

X650 0.098 Ty 'l'l]J 0, 1.84, 2.37, 2.63
H102 0.085 GC WO 354 4.9 0, 1.82, 2.27, 2.73
H105 GC W@ 281 3.9 0, 1.82

c101 Ty wo 222 4.6 0, 1.82

N203 0.064 TY pCuy 348 5.4 0, 1.62, 2.02, 2.43, 2.83, 3.24
N302 0.049 TY pCuy 348 4.2 0, 2.09, 2.62

Table1: Detailsof the simulationsetup includinglattice spacingdy lattice size0  “Y and pion masseg19].
Protonmomentat usedin lattice determinationof quasitransversityPDFE

18: M. Bruno et al., 1411.3982
19: G. S. Bali et al., pneparation
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Extractionof quastLFcorrelationin LaMET

Leadingtwist quark transversity PDFof the proton [2]:

[1 ot ) f—Q QY| (mr 11 om I )|6“Y>]

D Y transverselypolarizedproton (polarization'Y) with momentumd alonga direction

« momentumfraction carriedby the quark ‘ : renormalizationscalein the - 3scheme

TV/¢: lightconecoordinates
o [mh ]dgaugelink alongthe light-conedirection

TransversityquastPDF:
[1 ACROFOTD 0, —0Q  aeRs Fpm]
Iohh 7 (H 1+ ()a% 2 500 1r ()I|H ): equaktime / quastlight-front correlation

a0 : quasi lightconedistance

A flavorcombinatiori 6(0) 1 QA w) to eliminatedisconnecteccontributions

2: R. LJaffeand X:D. Ji, Phys. Rev. L&, 552 (1991)
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Extractionof quastLFcorrelationin LaMET

Latticecalculationof two-point andthree-point functions 0

A calculated (0P )andé (0 hod ) onthe latticeto
extractgroundstate matrix element JOon|F,h 7

A LQCmralculationgperformedusingthe Chromasoftwaresuite i 0

[20] and IDFLSolver[21] @\,_//0

source sink

A momentumsmearing22] to improvesignalto-noiseratio of

calculationswith hlgh'momentumnUC|eonStateS Figurel: Schematidigure of three-point function.
O :sourcesinkseparation ¢ insertiontime.

20: R. G. Edwards et diep-lat/0409003
21: M. Luscher, 0710.5417
22: G. S. Bali et al., 1602.05525
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Extractionof quastLFcorrelationin LaMET

A Calculatiorof multiple sourcesinkseparationdor eachensemble ]

) X650 1000 7,8,9 1
A Decompositionof correlation functions H102 500 7.8.9 5
L e L L H105 500 7,8,9 2
6 (0 ) & s0 SSICRe X c1o1 500 6,7,8,9 2
D e e ) ' N203 500 10, 11, 12, 4
6 (Ohd ) D s(skFs)0 13, 8
14, 15 16
D s (p|0 |p)Q N302 500 10, 12, 4
14, 8
W omz e (e : 16, 18 16

0 0 (p|]0 [MQ Q

Table2: Detailsof the correlator calculation includingnumber of
0 0° (T[w Ip)'Q (@) X configurationsijn 8 sourcesipkseparationb and number of
measurements) gper configuration

(1E1 )Y [JOh.h 7 : groundstate matrix element
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Extractionof quastLFcorrelationin LaMET

Extractionof ground state matrix elementsfrom lattice-calculatedcorrelatorsby two-state combinedfit:

p
6 (0 ) wQ P 00 J

\_

( ~ L ! . .
e 1, 0GR FO) 6@ ) o | a@e
Y(Grd'D )k " : 7 .

. O O P wQ

A (1E.1) [JOhf.h 7: groundstate matrix element
A Neglectedcontributionsbeyondgroundstate andfirst excitedstate

A Resultdrom fits with different setsof ®  indicatethat excitedstate contaminationis under control
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Extractionof quastLFcorrelationin LaMET

A Goodagreementbetweendataandfitting

C?Pt (teep), H102 (00 0.085 fm,& 0 p MeV) Ry (tsep=8a,t), H102, P,=2.73GeV
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Figure2: Demonstrationof fitting the two-point correlationfunctiond (0 ) andtheratio'Y (ghohd ) for HLO2 Thedatain the 'Y plot areslightlyshiftedin o

directionfor clarity. 'Y isonlyshownform |[¢] wfor demonstration
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Renormalizatiom hybridscheme

A Bare quasLFcorrelationcontainslinear andlogarithmicUVdivergences\ needto be removedby non-perturbative
renormalization

A Variousapproachesuggestedaindimplementedin literature [23-28], but:renormalizationdistorts IRbehaviour[29]

A Hybridscheme[29]. quastLFcorrelationsat short and long distancesrenormalizedseparately

I "Aahd ) . "Aahd hpFed)
Q (ahv ) qAD 1ToTe) —a  fa) - G

- shortdistancesdividingby matrix elementin restframe @sin ratio scheme[26])

[ol

- longdistancesselfrenormalization[30]: & (AhpFc) obtainedby fitting bare matrix elementsat
multiple lattice spacinggto a perturbative QCDdictated functionalform

- a a 1@ fm separateshortandlongdistances

W apFOTQAM  ipXd : ensurescontinuity of renormalizedquastiLFcorrelationat &

23: JW. Chen et al., 1609.08102 27:V. M. Braun et al., 1810.00048
24: Tlzubuchiet al., 1801.03917 28: Z:Y. Li et al., 1809.01836

25: CAlexandrowet al., 1706.00265 29: X. Ji et al., 2008.03886

26: A.Radyushkin1801.02427 30: Y-K.Huoet al., 2103.02965
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Renormalizatiom hybridscheme

A Renormalized quadiFcorrelationfor ensembleswith nearlysamed ot nmoutAG6

A ForallensemblesGoodconvergencasy increases

1.2r X650,a=0.098 fm | H102,a=0.085fm " N203,a=0.064 fm I N302,a=0.049fm
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Figure3: Real(top) andimaginary(bottom) parts of the renormalizedmatrix elementsacrosdifferent ensemblesasfunctionsof _ &0 atscale’ =2 GeV
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Renormalizatiom hybridscheme

e H102, m,=354 MeV
e H105, m, =281 MeV
e C101, m,=222MeV

A Renormalized quadiFcorrelationson ensembleswith
samelattice spacingw n ® afm)pbut differentpion
o S = masses

-0.3; i ) _
A Dependence o onlyverymild
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Figure 4: Real (top) and imaginary (bottom) parts of the

renormalizedmatrix elementsacrossdifferent ensembleswith

%=0.085fmand0 =1.82GeV
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Fouriertransformationto momentumspace

A QuasiPDFdefinedasFouriertransformof the quastLFcorrelation
A FTto momentumspacerequiresquasiLFcorrelationat alldistancesd, but uncertaintygrowsat larged

A Brute-force truncationand FTwould leadto unphysicabscillationsin momentumspacedistribution

A Physicsbasedextrapolationform [29] at large |

a=0.064 fm a=0.064 fm

. . 0.8t — =
quastLFdistance _— R kol P
i‘ &% Extrapolation &= Extrapolation
i ~ = 04
y M5 w (b 7 % 0.2
@) (Gh) ) P — Q — Q ot
(QL ( QL g

- 8 : powerlaw behaviourof transversityPDF irendpointregion

a=0.064 fm
P.=2.83GeV
® Lattice Data

a=0.064 fm
P.=1.63 GeV
® Lattice Data

- 'Q 7 : correlationfunction hasfinite correlationlength_ at

&= Extrapolation &= Extrapolation
finite momentum "
-0.8
A Detailsof extrapolationmainlyaffectfinal resultsin regionwhere S U N
LaMETexpansiorbreaksdown [17] Figure5: Renormalizednatrix elements’Q _R) for N203 for
one small(left) and large (right) momentumwith extrapolation
29: X. Ji et al., 2008.03886 to large_. Theextrapolationreproducesthe datain moderate_
17: X. Ji et al., 2004.03543 regionandyieldssmoothcorrelationsin large_ region
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Perturbativematching

A Extractionof transversityPDFby perturbativematching(similarcalculationsn [31, 32])

A Factorizationformula in momentum space

L Qu (W, ' . ¥ S
[ICED N (33%7)1 et U((u’ﬁ) h((p d))f)))

A Oneloop matchingkernelin momentumspacein hybridscheme

5 (uh—h=> 5 (uh—) | c(uh—h=> 6 (m-) 6] o Sk o)
n n n N P « P w

A Matchingkernelin ratio scheme

6<dﬁr:]—>‘1(pd))|cé')“<[ (1= ) ¢ maop

31: V. M. Braun et al., 2108.03065
32: C.Y. Chou and-W. Chen, 2204.08343
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Continuum chiral and infinitenomentumextrapolation

A ExtractedtransversityPDF stiltontainslattice artifacts _ _
simultanousextrapolationto

A Calculationsot doneat infinite momentum _ continuum infinite momentum
and physicaboint

A Calculations notloneat ¢ a i

A Functional formincluding=thl}-, and O ;:

[1 GFD Fefar ) ﬁﬁ(cb) o) )](p 5 'czoo))}

T kiR o (p G TQc}o)):desiredtransversityPDF

0«

® "@o) term: leadingdiscretizationerror (coefficientof termslike ® 0  closeto zero)

Lh) term: leadinghighertwist contribution

a -extrapolationfollowsfrom the form usedin [33]

33: G. S. Bali et al., 1903.12590
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Continuum chiral and infinitenomentumextrapolation

6“(333 “) —(5d($, M)

A Finalresultfor isovectorquarktransversityPDF
| &= This Work (normalizedto "Q) liesbetweenglobalanalyses
2.4F JAM 22 JAM20 [34] and JAM22 [7]

2.} JAM 20 A Forpreviouslattice QCDcalculationsof
16k transversityPDFsee[14-16]

1.2F A Resultconsistentwith zeroat negativew

Ve

A Grey bandsendpointregions(ja) T@®hw T8
where LaMETpredictionsare not reliable

0.8f
0.4f

A Error bandncludesstatisticand
systematiauncertainties

0.

~0.4}

-0.75 -0.5 -0.25 0. 0.25 0.5 0.75 1.

Renormalizatiorscaledependence
T Choiceof ¢

Extrapolationto large_
Combinedextrapolation

Figure 6: Final proton isovector transversity PDFat renormalizationscale‘ = 2 GeV
extrapolatedto continuum physicaland infinite momentum limit, comparedwith JAM2O
[34] and JAM22 [7] globalfits.

34: JCammaroteet al., 2002.08384 14: C Alexandrouet al., 1807.00232 16: C. Egereretal., 2111.01808

7. LGamberget al., 2205.00999 15: Y-S. Liu et al., 1810.05043
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Summary and Outlook

Summary:

A Calculatiorof isovectorquarktransversityPDFwith LaMETat variouscdtx 0 with extrapolationto
continuum physicaimassand infinitemomentumlimit

A Multi-state analysiswith multiple sourcesinkseparationdo removeexcitedstate contamination
A Stateof-the-art renormalization(hybrid schemé@ andmatching

A Reliabldattice predictionof the isovectorquarktransversityPDF irthe proton A will offer guidanceto
relevantmeasurementsat JLaband EIC

Outlook:
A Largeproton momentad veryimportant for calculationswith LaMETA fine latticescrucial

A Possiblyanalyzeevenfiner lattices e.g. J501¢§ T8t 0 )

Lisa Walter (Regensburg University) 17/17




Backupslides Dispersiomelation
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E; [GeV)
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e H102,a=0.085fm
e N203,a=0.064fm
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e H102,m,=354MeV
¢ H105, m,=281MeV
e C101,m,=222MeV

0.4 0.8 1.2 1.6 2.

2.4
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0 [GeV

A Effectivemassextractedby fitting the two-point
correlationfunction

A Fiteffectivemassto
[‘O(G) Ja 0 wWOO }

- quadraticterm in @includedto
parametrizethe discretizationerror

A Extractedeffectivemassesare consistentwith
dispersiornrelationwithin 3, error

Figure7: The dispersionrelation of CLSensemblesat four different lattice

spacingsusedin this work. In the uppersubfigurewe compareensembleswith

different lattice spacingbut roughlythe same* mass & o T MeV,while

in the lower subfigurewe compareensembleswith the samelattice spacing
@ T8 Y fon but differenta .
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Backupslides Renormalization

h(z, P,=0) Shortdistances|» »y
1.F
e a=0.098 fm QD Foey
- a ()
0.8 —0.085 f Q (ah — —
o a=0.064fm
0.6' _D 049f e u B .
a=u. m A Renormalizatiodactor: inverseof the
04 nucleonmatrix elementin the restframe
0.2F
0.- » » Im » » 2 » » »
0. 0.2 04 0.6 0.8 1. 1.2 14

z[fm)]

Figure 8: Bare matrix elements in the rest frame. Their imaginary part is
consistentwith zera
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Backupslides Renormalization

Longdistances|» »y

o Ao hpTd
QG - Q ,th")
w (ahpTw)
A—- & ApIOTQa  mpXd : similarto a schemeconversiorfactor, guaranteescontinuity of the

renormalizedmatrixelementata «

Ve

A Selfrenormalizationfactor & (ahpF¢) is obtainedby fitting the bare matrix elementsin the restframeto
the following perturbative-QCDdictated functionalform [30]

Qa

P . o a® -1 ¥ oo . Q
o) —=— 1) Q@ I[\ ] | [p i few )] (B1)

—

ol Idr pp ¢O To | T Ty

- . lineardivergence

aaq) | (») @ & nonperturbativephysicsQ (&) we are interestedin +renormalonambiguityterm
"@O)® : discretizationeffects

Lasttwo terms comefrom resummationof leadingan subleadinglogarithmicdivergences
TreatQandy  asfitting parametersto partiallyaccountfor higherorder pert. effectsand remaininglattice artifacts
30: Y:K.Huoet al., 2103.02965
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Backupslides Renormalization

1 z = 0.00 fm

i
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I a=0.064fm [ a=0.049fm ___ Linearfit

2. 2.5 3. 3.5 4.
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Figure9: Fit of the bare nucleon transversitymatrix elementsin the rest
frame. Colorful points represent the bare matrix elements from lattice

calculationand blue bandsare fitted valuesusinged. (Bl). The paramters’Q
and_  arefitedtobe™@Q t& v'9A6//&l and_ ™' A&
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