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1.1.Introduction —— motivation @ NRLE

1, Visible world is made up of nucleon, which dominantly consistent of neutron and proton.

2, Proton spin crisis and Wigner rotation &‘U,L -+ .&d}; -+ &SL = 1.

J. Ashman et al. (European Muon Collaboration), Nucl. Phys. B 328, 1 (1989)
B. Adeva et al. (Spin Muon Collaboration), Phys. Lett. B 420, 180 (1998)

K. Ackerstaff et al. (HERMES Collaboration), Phys. Lett. B 464, 123 (1999)

M. Alekseev et al. (COMPASS Collaboration), Phys. Lett. B 660, 458 (2008)

R. Jaffe and A. Manohar, Nucl.Phys.

1
J = EAE + LM + AG + L, 8337 (1990) 509

1
AEz/ g1(x)dx
0

P. Wigner, Annals Math. 40, 149 (1939)
J.

E.
H. J. Melosh, Phys. Rev. D 9, 1095 (1974)

Ag = / PpM,[q' () - ¢(0)] = (M) Ag:

e e B.-Q. Ma, J. Phys. G 17, L53-158 (1991)
107 107 W0 & 1 B—Q Ma, ZPhyS C 58, 479 (1993)

|. Borsa, M. Stratmann, W. Vogelsang, D. de Florian, R. Sassot, Phys.Rev.Lett. 133, 151901 (2024)
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1.1,Introduction motivation

1, Visible world is made up of nucleon, which dominantly consistent of neutron and proton.

2, Proton spin crisis and Wigner rotation E FJ) I\\//l\/IeglCr)]SeF: é&r/wsaIaxa?gﬂib&%&gﬁ?

3, Wigner Melosh rotation and contribution transverse momentum

Aq = / d*pM,[q" (p) — ¢*(p)] = (M,)Aqy B.-Q. Ma, J. Phys. G 17, L53-L58 (1991)
B.-Q. Ma, Z.Phys. C 58, 479 (1993)

M, = [(Po +p3 +m)° — pi] /12(p0 +ps)(m+p0)]  g1(z) — G1(T; Pr)
4, SIDIS experiment and measurement: App o« %’ from CLAS and HERMES

CLAS, Phys. Lett. B 782, 662 (2018); HERMES, Phys. Rev. D 99, 112001 (2019)

5, Well-developed factorization theory, energy evolution schemes and reasonable TMD f1 D1
extraction J. C. Collins and D. E. Soper, Nucl. Phys. B 193, 381 (1981)

X.d. i, J. P. Ma, and F. Yuan, Phys. Lett. B 597, 299 (2004)

X.d. i, J. p. Ma, and F. Yuan, Phys. Rev. D 71, 034005 (2005)

S. M. Aybat and T. C. Rogers, Phys. Rev. D 83, 114042 (2011)

l. Scimemi and A. Vladimirov, J. High Energy Phys. 06 (2020) 137
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P. ). Mulders and M. Schlegel,

IHEPO2,093(2007)
TMDs

1.2, Introduction —— definition » sacchet, v ien

Unpolarized Longitudinally Transversely

(V) polarized (L) polarized (T) dé- d ET z £ n_
Bii(0,p1) = [ S53T 67E PIGH0) Uiy ey Uy Vi(E)IP)
7 ® ht ®-G J (2m)3 J 0+00) (+00,€) B
Unpolarized Boer—Mulders . .
Only leading twist
9.1 _ hiy _ 1 €7 Pr, St
o s w20 = g {0~ iy R g
fir @ h @-@
- ar ®_@ Transversit [$T? 7/{4’] 1 [?{T? T/i—l—]'YE» [ﬁT; ﬂ—i—]
SiversG> Trans-helicity 1 _ . = th 2 w h 2M % hl 2M

Pretzelosity

Nucleon spin o— Quark spin pPr- S i iy
O- ’ 91s(z,p1) = SL g1.(2, pF) — i g17(, p7)

helicity distribution

It — Lpp(ar £ @) = Z/d o (P hb . bk il P, h)
2 . il z(27)3 (P,h | P,h)
R
M J. Collins, Foundations of Perturbative QCD, (2011).
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2.1, Theoretical formalism SIDIS

Alessandro Bacchetta, Markus Diehl, Klaus Goeke, Andreas Metz, Piet J. Mulders and Marc Schlegel, JHEP0O2, 093(2007)

d:rdyd-u'rj;d@hdpfl B f(l) T *N(P) — ((F) T ]?'(Ph) + X:

a? y? ~2 _
= A PR - (Dol L 23 cos dr 50
Q2 2(1 —¢) (1 + 23:) Fyur +eFyuL ++v2e(1 +¢€) cosop Fygy

+ e cos(204) Fi 2h 4 A, v/2¢(1 —¢) sin ¢y, F}’;i['}@“

+S|

V2e(l +¢) singy Fyp ™ + esin(264) Fp Q‘?k]

- S|)«,_= [Vl —e2 Frr + v2e(l —¢€) cosgp Ff;‘w"]
+ |84 [sirl{(ﬂh — og) (Ffl?r?*‘_m] + CFE;.'-F-E‘?'_@,SJ)
Fs-:iu{c'?r. +ag)

+ ¢ sin(dp + ds) Fpp + € sin(3¢y, — Pg) Frrpe 0 —99)

+1/2e(1 + ) sin ¢s Fpip®® + v/2¢(1 + €) sin(20n — o) Fppp %9

+ |51 |Aa [\51 — 2 cos(gpy — bg) Fip 2* ) 4 \/2e(1 —¢) cos ds F s

+VERT= cos(26n — ds) o0 ] }

18 structure functions
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2.2, Theoretical formalism SIDIS

Alessandro Bacchetta, Markus Diehl, Klaus Goeke, Andreas Metz, Piet J. Mulders and Marc Schlegel, JHEP0O2, 093(2007)

(1) + N(P) — €(I') + h(Py) + X,

Frr =ClgiD1]

=4 = I
2M - k M D
Feosor — h-kr (mel;HlL ]\/;

=g ¢ g, M

: M, | E\
i (mngl+ﬁhfL?)

~ m
:;cgf — mgf +G1E, 7 hllL
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2.3, Theoretical formalism DSA

Alessandro Bacchetta, Markus Diehl, Klaus Goeke, Andreas Metz, Piet J. Mulders and Marc Schlegel, JHEP0O2, 093(2007)

1 [dopr(+,4) —dorr(—,+)] — [dorr(+,—) —dor(—,—) ]
S1||[Ae] dopp(+,+) +dor(—,+) +dorr (+,—) +dor (—, —)

\/1— EzFLL/ (FUU,T —|—€FUU,L)
+v/2¢ (1 —¢) cos qﬁhFLC%wh/(FUU,T—I-EFUU,L).

Arr(on) =

Frr
Arrlesa = /1—¢€? :
z| Fov.r+eFuu.L o
_ I =y =377y
AEOLS¢h|CSA = (2coSs Pp)LL o 1_y_|_%y2_|_%p}/2y2’
COSs ¢p
= V21 —¢) Frp

Fvuvr+eFuu. L
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2.4, Theoretical formalism——structure functions

Alessandro Bacchetta, Markus Diehl, Klaus Goeke, Andreas Metz, Piet J. Mulders and Marc Schlegel, JHEP02, 093(2007)

Fyyr = C[f1D4]
= Z eg / dpr dszé(z)(pT —kr—Pri/2)fa (m,p%) D, (z, krfn)
q

* [b|d[b| . ( [B]|Ps.
:xzegfo | |271 |J0(| ”z l)fl(x,b)Dl(z,b).
q

Frp =C[gi.D1]

 brdb br P
=T z Eg 0 2‘]‘TT J[] ( Z} T) 1L+ H (Iﬂ bT) Dl,q—}h {z’ bT) :
q

s 2M | h- M, Dt h-k M, | E
FLL¢: c [ Pr (IELHf_— ﬂ:‘; g]_L?) — T (Igﬂ:Dl + _hf_.[;;)]

0 C [ v, (glLﬂl)]

2M>2 o [ b5 dbp  (byPur
- Sgerdf, Ta (%

) gilLJ,q{—H (’.L‘, bT) D1 g sh (z: b‘T) .
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2.5, Theoretical formalism—— TMD evolution

S. M. Aybat and T. C. Rogers, Phys. Rev. D 83, 114042 (2011)
|. Scimemi and A. Vladimirov, J. High Energy Phys. 08 (2018) 003.

d]:(ﬂ:,ba M, C) _ "YF(IJ’S C)]—'(af:,b, s C)

b=0.2GeVT ] _
‘_tf*_*_ *_f///’{’gf / f '| L\ B o .l_‘*:_.-’.-.,,_,--,-;_ ?lr\I;TH Yy n } i}§
| BT s TMD Handbook
[ YT =4 L ; AT IR TRY : .
7 7R e-Print:2304.03302
g \ — “‘11'1.'1‘“._"11
8 /] ; . LA (p.-f }
= 10p W T e i A (e
[ y ; M LR uliﬂﬂ_ R
X - _"-\_oc T RER
\.‘\ /! TRLLL) B R
1l _'t 5 LRRRRY 111 X
ave PR N TR ARRAR' ‘:."n__’ﬁ AR
1 10 102 NN A\ g
1 [GeV?]

5 —D(Q,b)
R[b; (uis &) — (@,Q%)] = [%l

Ilgnazio Scimemia and Alexey Vladimirovb, JHEPOG, 137(2020)
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3.1, World SIDIS data

TABLE II. World SIDIS data that reported by HERMES and CLAS.

Data set Run Hadron beam Lepton beam point number Process Measurement
HERMES [1] 1996-2000 Ho 27.6 GeV e ™ 80,30 etp - etrtX  App,AS%?
HERMES [1]  1996-2000 H 27.6 GeV e* 80,30 efp—oetn X App,AST?
HERMES [1]  1996-2000 Dy 27.6 GeV e* 80,30 efd - etntX  App,AS%?
HERMES [1]  1996-2000 Dy 27.6 GeV et 80,30 efd—etn X App,ASE?
HERMES [1] 1996-2000 D, 27.6 GeV e™ 79.30 etd et KX App,ACS?
HERMES [1]  1996-2000 D, 27.6 GeV e* 78,30 etd > eFK- X App,ASE?
CLAS [4] 2009 1NH; 6GeVe 921,21 epse X  App,A?

Total 498,201
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lgnazio Scimemia and Alexey Vladimirovb, JHEPOG, 137(2020)

fr;pen(z,b) = Z/ _Cf<—f (y,b, porE) f1,f eh(i MOPE)fNP(iB b),
unplorazed pdf & ff

. . di g
parametrlzatlon . Dl f—>h Z, b‘) 22 Z/ —;’U {[:f{_f y, b ,UOPE)dl ¥ _}h(’y P'JOPE)DNP(Z b)
2e~F 2e~7E
HoPE = —— +2GeV, T - Z 1 9Gev,

—x or +x(1 — )\
Fap(z.b) = exp (}\1(1 t)+ Aoz + x(1 — ) 552) |

V14 \gzrab?
Nz + no(l — 2) b2 b?
Dyp(xz.b) = exp ( I 2l ) : ) (1 + ?',*472) .

V1+is(b/2)?
lgnazio Scimemia and Alexey Vladimirovb JHEPO8, 003(2018)

evolution : F(z,5Q,Q%) = R(b, Q) fgn.(z,b),  R(5,Q)= (C{(j;))—m..m:
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4.2 Fit parametrization & evolution

;rLII\:I]EtiZiIiCity giL(w,b) = ;/xl %Acfef’ (&,b, porE) X Q{J,L (%)QNP(IJ’)’ g | Vg Gy O By M. A A8 Aa A
parametrization : u | Ny 0y Bu €u A1 A2 €52 Mg A5
; (1— x)o‘f:cﬁf(l n Ele:) ; d |Ng ag Bg €4 M Xz €3 My X5

9in(x) = N n(ay, By, €f) 91, po); i |Na0 0 0 A Az e® Mg )s

d[N;jO 0 0 A Axe®® Ay Xs
b2 ' 8, 8|41 4 0 /\1 )\2 (’-_333 A«i )\5
g|N,O O 0 A A2 e® Mg s

AM(1—2) 4+ dox + Asz(1 — )
\/1 + /\333)\452

|
-
o
—
P
r—
"

gnp(x,b) = exp [

lgnazio Scimemia and Alexey Vladimirovb JHEPO8, 003(2018)

) ) Q2 \-P®.Q)
evolution: g, (z,b;Q,Q% = R(b,Q) g11(z,b). R(b’Q):(CQUI—')>
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TABLE III. World SIDIS data that reported by HERMES and CLAS satisfy § < 0.5.

Data set Run Hadron beam Lepton beam point number Process Measurement
HERMES [1] 1996-2000 H, 27.6 GeV e™ 42 etp o> etntX Arr
HERMES [1] 1996-2000 H, 27.6 GeV e™ 42 etp 5 etm X Arr
HERMES [1] 1996-2000 Do 27.6 GeV e™ 41 e*d - et X Arr
HERMES [1] 1996-2000 D5 27.6 GeV e* 4() etd > et X Arr
HERMES [1] 1996-2000 D, 27.6 GeV e™ 40 etd 5 et KTX A
HERMES [1] 1996-2000 Do 27.6 GeV e 39 e*d = etK X Arr
CLAS [4] 2009 UNH4 6GeVe 9 e p—e X Arr
Total 253
Q? > 1GeVZ
6= roos.
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4.4 Fit method

1, world data (HERMES, CLAS)

2, replicas generated using central values & uncertainty of world data

3, fit each replica independently

4, every thing we want to know can be described as the central values and standard deviations of

result that from those fits.
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4.5 Fit world data
CLAS ol
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0.3t . : g i é 2 - i §
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0.3} $ 4 i 3 % | | i i %
00 | |
031 030<x<0.39 0.39 < x<0.48
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Prr(GeV) Pur(GeV)
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4.7 Fit polarization
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6, Summary

1. We have extracted the TMD helicity function with error band from SIDIS
data;

2. The x dependence of polarization is consistent with collinear helicity
distribution;

3. Around the peak of x dependence, the polarization is concentrate on the
low KT region, which is consistent with Wigner Melosh rotation;

4. At low x region, we observe slightly increasing polarization, which imply
the abundant dynamics of QCD:;

5. The TMD helicity extracted can also explain the cos phi modulation of
the DSA measurement of the SIDIS.
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