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Transversity : Why

B transversity is very different from helicity
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Transversity : Why

B transversity is very different from helicity
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Tensor Charge

B 1st Mellin moment of transversity = tensor “charge”
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Tensor Charge

B 1st Mellin moment of transversity = tensor “charge”

1 il
00 = Gm = /O ekl G O — 05, )

no associated conserved current in Locp

v

tensor “charge’gr  scales with Q2 @elele

axial charge ga conserved C-even

tensor charge not directly accessible in Lsm

low-energy footprint of new physics at higher scales ?



potential for BSM discovery ?

search for new physics Beyond Standard Model
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potential for BSM discovery ?

search for new physics Beyond Standard Model

SM particles BSM particles

Masm \_ B / direct access:
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Examples of indirect access

- nuclear B-decay: effective field theory including operators not
in SM Lagrangian; for example, tensor operator

hadron level : n—=p e~ Ve quark level : d—=u e~ Ve
Cr po'*n €0,,(1 — v5)ve C (pluct” d|n) er éo,, (1 —v5)ve
o @ “
exp. data o Mg, ¢
2 S
W gr = 0u — od

precision of 0.1% = BSM scale > [3-5] TeV isovector tensor charge



Examples of indirect access

- nuclear B-decay: effective field theory including operators not
in SM Lagrangian; for example, tensor operator

hadron level : n—=p e~ Ve quark level : d—=u e~ Ve
Cr po'*n €0,,(1 — v5)ve C (pluct” d|n) er éo,, (1 —v5)ve
o @ “
exp. data o Mg, ¢
2 S
W gr = 0u — od

precision of 0.1% = BSM scale > [3-5] TeV isovector tensor charge

- neutron EDM: estimate CPV induced by quark chromo-EDM dj,

Lopy D e Z df ]FO'MV75 s FrY = ot AY — 0¥ A¥
f=u,d,s,e

dn =0 v (6ddy (69)ds constraints on

CP violation
+ tensor charge encoded in g EDM




extraction of transversity

transversity is chiral-odd = need a chiral-odd partner

_itself : fully polarized Drell-Yan X

h
. . . q A TMD framework
- Collins function : the Collins effect -—T—Q/ he 2s TMD
1-hadron semi-inclusive production ' :
_IFF : the di-hadron mechanism 31 Q/T collinear framework
: N h: as PDF
2-hadrons semi-inclusive production N2

- hadron-in-jet mechanism : mixed framework h¢ as PDF

- lattice “quasi-h1” : using Ji's LAaMET  chenetal, N.P. B917 (16) 246
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2-hadrons semi-inclusive production W hp ‘

- hadron-in-jet mechanism : mixed framework h¢ as PDF
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why di-hadron mechanism ?

collinear framework

- simple product of PDF and IFF

R
> €2 hi(z) B2 HE (2, M)

ERR TR (2, M —
SIDIS h Yie i) D1 ,4(2z, M7)

x-dependence of Asipis all in PDF

- factorization theorems for all hard processes
— universality of hy H19 mechanism
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advantages of di-hadron mechanism

factorization theorems for all hard processes

lepton data used in the global fit
/ =
RIS A ¢6'!P
proton e g K+K- Airapetian et al., Adolph et al., PL. B713 (12)
deuteron hl Hl A JHEP 0806 (08) 017 Braun et al., E.P.J. Web Conf. 85 (15)

electron

s D

.// \O< T Vossen et al., PR.L. 107 (11) 072004
posItron RN

proton

" run 2006 Adamczyk et al. (STAR),
(s=200 GeV2) PR.L. 115 (2015) 242501

J\
t F-...... | 0 e /S\{A R
RSO N g run 2011 Adamczyk et al. (STAR),
iy oF 9
f1 X hi X Hf (s=500 GeV2) PL.B780 (18) 332
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the phase space
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- mostly medium/high x
- guess low-x behavior (relevant for calculation of tensor charge - see later)
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currently, only LO analysis

sin R ) o Z,M2
AUT(¢R+¢S)(I727M§)O<_| | zq q () Hy ™ ( i)

T+ My sy fi(z) DIz
tree level
Rt -Rt
— —)
TR T~ T, MATT e
l}d du du ud R = e Isospin symmetry
, H1<fq il _H1<l§
| l art £ charge conjugation
X i
u d

access only g-q = gv,g=u,d

valence flavors in SIDIS Aut
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theoretical uncertainties

unpolarized Di-hadron Fragmentation Function D

- quark Dqa is well constrained by ete- = (T1+11-) X (Montecarlo)
- gluon D18 is not constrained by ete- = (T1+11-) X (currently, LO analysis)

- no data available yet for p p = (TT+11-) X

we don't know anything about the gluon D8

0

D u (Qo)/4 « ~ 1-hadron D18(Qo)
Du (Qo)

our choice: set D8 (Qo) =

1.69 1.28
deteriorates our ete-fit as X2/dof = 1.81 1.37
2.96 2.01

background p channels



choice of functional form

functional form whose Mellin transform can be computed analytically
and complying with Soffer Bound at any x and scale Q2

h (23 QF) = F(z) [SBY(x) + SB'(2)]

\ Soffer Bound
MSTWO08 DSSV

N,
F& (x) = maxwﬂlg’ilv ol rfa [1 4+ Byl Ceb,(z) + Chl Ceby(x) + Dy Cebs(z))]

Cebn(x) Cebyshev polynomial
10 fitting parameters

constrain parameters

Ny, | <1 = |F?(z)] <1 Soffer Bound ok at any 2



constrain parameters : low-x trend

B SIB () oc ¢
x—0 hc{ (CU) a::O qu—I—a,q—l

lim F%(z) o z

x—0 1 =
tensor charge §¢(Q?) = diifv e G
@

low-x behavior important

constrain parameters our choice
Lmin 1
- 1 %
5q finite => Aq +aq, >0 Aq 5= Gy > 3 /0 dx 1% of /xmin dx

for Xmin=10-¢ from MSTWO08

Other choices

“massive” jet in DIS = h; at twist 3 /
0

violation of Burkardt-Cottingham s.r.
Accardi and Bacchetta, PL. B773 (17) 632

—

1
dxgg(at)oc/ dx
0

. . L O sl Oﬁ.s(Q2)]Vc
small-x dipole picture g A e — at Qo -, ~ 1
Kovchegov & Sievert, arXiv:1808.10354



statistical uncertainty

the bootstrap method

- shift each exp. point by Gaussian noise within exp. variance

- create sets of virtual points to be fitted: 50, 100, 200 sets... until average
and standard deviation reproduce original exp. points (here, 200x3=600)

- exclude largest and smallest 5% => 90% band

ASP'S(x) proton
o110k m4mmm——r——nrr i ——

0.05"

0.00 —14
[

~0.05/ {

000 005 010 015 020 025
X

automatically accounts for correlations






Our first global fit

first ever extraction of transversity from
data of SIDIS and proton-proton collisions

Radici and Bacchetta, PR.L. 120 (18) 192001

010 ‘ f‘:‘ur X ‘proton ‘ ‘ 0.20. ‘ j ‘euteron‘ ‘
e 'A 0.15
= 0.05} I
SIDIS o, |
1 r 0.00 ¥ 0.05¢ 1
. 0.0
+
~0.05} ] _ 1
000 005 010 015 020 025 5 020 025
X

1 LA
18 data points 4 data points
.. |- run 2006 | o \///@ o BT B
0.02f {ooe | | | ool } | | | |
pp_collisions + isdm (52200 GeV2) nggg{ T BT
10 independent data points = v ¢ = /ZZZ§ bty
) u B (LI
probability density function of ::
X2 distribution for 22 d.o.f.
~ X¥dof=1.76 £ 0.11
(for x2/dof = 1 perfect overlap) \ X




the extracted transversity

At @P= 2.4 GeV?

G
: data \

ar
3
2:
: | Soffer

g | bound
0— :

~ 0.01 0.05 0.1 05 1 :
; h$~? Q*= 2.4 GeV?

uncertainty band from
90% of 600 replicas
= max uncertainty on D18(Qo)
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Comparison with other extractions

x hiY @?= 2.4 GeV?

.

\

X
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e
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X

Anselmino et al.,
PR. D87 (13) 094019

Torino

global fit

Radici and Bacchetta,
PR.L. 120 (18) 192001

TMD

Kang et al.,
PR. D93 (16) 014009
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sensitivity to th. uncertainty

x h¥-Y QP= 2.4 GeV?

001 005 010 050
X

iInsensitive to

uncertainty on
gluon D

0
D18 (Qo) ={D1U/4

global fit

Radici & Bacchetta,
PR.L. 120 (18) 192001
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sensitivity to th. uncertainty

- "
0.0¢

0
D18 (Qo) = {D1 u/4 7
—0.67

L | D u _0.2*

| L 1 1 | T | | | | | L 1 | | ‘ . | | | 1 1 | L 1
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X X

x h¥-Y QP= 2.4 GeV?

x h9-9 QP= 2.4 GeV?
0.6 S |

global fit
Radici & Bacchetta,
PR.L. 120 (18) 192001
iInsensitive to

uncertainty on
gluon D

sensitive to

uncertainty on
gluon D

p-p: u~d,gluon@LO but SIDIS: u~(8x)d, gluon @NLO

need data from target more sensitive to down (deuteron, 3He) and
need data from multiplicities in p+p = (TTITT)+X




The tensor “charge” of the proton

1st Mellin moment of transversity PDF = tensor “charge”

0q

q_/ld h4 2_h<j 2
Glop == - X [ i(z,Q7) i(z,Q )]

tensor Charge connected to tensor operator

(P, S,| o q|P, S,) = (P*SY — PYS™) &g

/ — e ) /dx e

compute on lattice x

lattice Oq extract transversity from data with

transversely polarized protons
preferably the isovector gr = du-0d

(cancellation of “disconnected” diagrams) pheno 6C|

28




Results for our global fit

1.2 m gr = 6u-6d Isovector tensor Charge 1) “MILC” "19  Hasan et al., arXiv:1903.06487
= IAM{(Q2=2) e 2) PNDME 18 Gupta et al., PR. D98 (18) 034503
I gIObaI fit . . I 3) ETMC’17 Alexandrou et aI]; };}; %9956((]]77)) 10194;59104;,
0.8 O2=4 - lattice —» v
I OFSE, I‘_Q2:4 GeV/2 4) RQCD ‘14  Baliet al., PR. D91 (15)
0.6 - s ¢ 1 - 5) LHPC ‘12 Green et al., PR. D86 (12)
: SoLID (Q2=10)
P [ Torino (Q2=1) Ye et al., PL. B767 (17) 91
0.2 TMD [(Q2=10)
0.0' ‘ ‘

1 2 3 4 5
Torino, TMD, JAM from SIDIS data only



Results for our global fit

1_2m gr = 6u-6d Isovector tensor Charge 1) “MILC” "19  Hasan et al., arXiv:1903.06487
= JAM (Q2=2) I 2) PNDME 18 Gupta et al., PR. D98 (18) 034503
0 e .
Wbhalne . - i 3) ETMC 17 Alexandrou et al, PR.D95 (17) 114514;
g ey E PR.D96 (17) 099906
0.8 Q=4 ; 4) RQCD ‘14  Baliet al., PR. D91 (15
: Q2=4GeV2 ali et al., PR. (15)
0.6 - . s ¢ : 5) LHPC ‘12 Green et al., PR. D86 (12)
: SoLID (Q2=10)
b | Torino (Q2=1) Yeet al., PL. B767 (17) 91
o T™MD e shaded area = 90% C.L.
3 : ] | \ \ \ \ u—d / H \
0:0 1 2 3 4 5 1.2- ¥
Torino, TMD, JAM from SIDIS data only - 3) 0.2 -
1.0- . :IE ' -
JAM A
. 0.8 , i i 2)
Linetal., PR.L. 120 (18) 152502 s dla i e o

But If we look also
at Ou and od ...




Results for our global fit

1.2 m gr = 6u-6d Isovector tensor Charge 1) “MILC” "19  Hasan et al., arXiv:1903.06487
= IAM{(Q2=2) e 2) PNDME 18 Gupta et al., PR. D98 (18) 034503
I g|0ba| e I 3) ETMC’17 Alexandrou et al., PR. D95 (17) 114514;
! ; E PR.D96 (17) 099906
0.8- 024 - |<— lattice —» 4 RQCD ‘14 |
: Q2=4 GeV? Bali et al., PR. D91 (15)
0.6 - s ¢ 1 - 5) LHPC ‘12 Green et al., PR. D86 (12)
: SoLID (Q2=10)
P | Torino (Q2=1) Ye et al., PL. B767 (17) 91
02 TMD |(Q2=10) shaded area = 90% C.L.

0.0 | 1 2 3 4 5 1-2 / H '\.
| | 3) l "

Torino, TMD, JAM from SIDIS data only 0.2,
: : . 1.0 |
JAM includes constraint from “lattice gr” | ¥ ’Ihz) o
Lin et al., PR.L. 120 (18) 152502 o, - . a

No simultaneous compatibility
between

“pheno 0g” and “lattice 09"




pheno vs. lattice tensor charge

main problem of “pheno dq” is extrapolating outside data..

Lmin _ L'max e 1 ot
0q = / dr hi™? + / dehi ? + / dx by"
0 T 9

min max

constraining “pheno gr” with “lattice gr”

as JAM Collaboration did ? PRI 120 (1o REnetE
arXiv:1710.09858

. gr = Su-6d
EREER004 £ 0.057 4, EETERE

0.2

) e O

)



Constraining our global fit with “lattice gr”

12, gr = 6u-od
1.0 } IAM% Gagenyine
> I |<— lattice —>‘
0.6 s 7 3
2 ! SoLID
Fk | | Torino
0.2 global ™D 7
: fit & 0.2
MmO {2 3 4 5
. . ° . . 0.07
constraining global fit with lattice gr |7
-0.2 .-
confirm JAM results: Rl
constraining “pheno gt with “lattice g™
at the price of R
incompatibility for du and 0d e




Tension “pheno” - “lattice”

if we constrain our global fit with lattice results for all ~ gr'*=1.004 = 0.057
components of tensor charge (up, down, isovector) Sulatt= 0.782 + 0.03 1

) . b
the x2 clearly deteriorate Sdlat— -0.218 + 0.026

y2/dof = 1.76 + 0.11 yx2/dof = 2.29 + 0.25
X d

COO B o, | B 500
I 441 ] I

400 * f 400"

] 300}
159 ] 200
\ ; 100

O |
40 60 80 0

346

300

176

200

100 -

12 |
60 80

probability density function of

o x2 distribution for

statistically very unlikely ....



truncated tensor charge

truncated
6q[0.0065,0.35] QZ =10

5ul0-0065.0.35] 2 _ 10 GeV/2 5g0-0065.0.35] 2 _ 10 GeV/2 down

0.57 [
I 02*

0.4 :
: 0.0

03* ? 1 L [ ®
I —O.Zf ®

0.2 | } l l
| ~0.4'

a ‘
g 2 3 4 5 1 2. 23 SadEReEs
expect stability 1)
when integrating 2) global fit + constrain gr
on X—I‘ange ()f 3) global fit’17 Radici & Bacchetta,

PR.L. 120 (18) 192001
exp. data...

5) “TMD fit” Kangetal, PR. D93 (16) 014009



Compass pseudo-data

add to data of our global fit
a new set of SIDIS pseudo-data for deuteron target

Asipis
comP 020 e == e 7
:,\ / Adolph et al., PL. B713 (12) A
010 1
Pl : :
+ f‘% pseudodata 0.05. -
\_..// arXiv:1812.07281 0_00#‘1 f ) 1 ¢

~0.05/ {

statistical error ~ 0.6 x [error in 2010 proton data ]
<A> = average value of replicas in previous global fit

study impact on precision of previous global fit



Adding Compass pseudodata

range [0.0065, x , 0.28]

uy

[ h1min <h1> h1max ]

<hi> | <hix ) <his

fit fit fit

deuteron target
— better precision on down

| |
N L - e T
] T

global fit
global fit + pseudodata




CLAS12 pseudo-data

add to data of our global fit
a new set of SIDIS pseudo-data for proton target

A
0,105 Al e S

y o :
e, Adolph et al., P.L. B713 (12) - { { ;

[ 4§ {.f g8 & @ ¢ 3 ! {

’A% Airapetian et al., : . ]

s JHEP 0806 (08) 017 800 ]

4 *
+ clasy® pseudodata C12-12-009  ~0-05
A 12 GeV Research Proposal to Jefferson Lab (PAC 39) 0.0 o ‘0.‘1 T ‘0.‘2‘ W, ‘0‘-3‘ =5 ‘0‘-4‘ = ‘0-5‘ |

Measurement of transversity with dihadron production
in SIDIS with transversely polarized target

0.15

T g | | study impact on precision
s 1 of published global fit

TR W +

A
0.025 | a*

o




Adding CLAS12 pseudodata

range [0.075, x , 0.53] ClaS

proposal C12-12-009

‘ [h1min <h1> h1max ]

<hi> | <hix ) <his

fit fit fit

proton target
— better precision on up

global fit

global fit + pseudodata




PRELIMINARY

add to data of our global fit
the set of STAR data at s=500 GeV2 5 5ra ivs sss

.
AZR(M, Pr=4.2) $=500 GeV? AJfH(My,Pr=5.1) s=500 GeV>
a a pOlﬂ S 0.05 St A 0.05 SRR bt At ST
0.04} ] 0.04}
0.03 0.03}

pp collisions run 2006 10 indep. e =

~0.01} 1 -0.01} 1 t ]
L (S:2 OO GeV2) data pOi ntS A )os.:—ssooi.?.“ev2 o M:J o o ::Mis—sni:-, —5::6 \:9 ’
S'{AR oss——— o == — o i Pres3) s-500Gev" 7
run 2011 32 indep. W & o 2 |
_ 2 . 0.01} 1 0.01} %{? ]
(=500 GeV?) - data points o e oo | L
| | o.zs ‘ -A'L’,'}(M,,,PT=.13) ‘s=500‘GeV2‘ 0_05- | AUT(M F’-T s.’:,)h- GeVz- |
I X2 S 0.04} 1 o.04f ]
557 | i | |
500; 7 Z:Z;— \% ] Z:Z;i % ]
400; | _OID;; l04 05 06 07 08 09 o 3 10.4 Ls 06 07 08 09 1‘07
300% ! "
200 | probability density function of
100, 0 X2 distribution for 54 d.o.f.
I 1
0 6 50 100 — 150 260

y2/dof = 2.12 + 0.09

(for x2/dof = 1 perfect overlap)



PRELIMINARY

basically not modified

x h®-9 @P= 2.4 GeV?
down |

0.1

4 Radici and Bacchetta,
global fit PR.L. 120 (18) 192001

0.0-

global fit + STAR s=500 data

-0.1-

-0.2

. ERE RS ofifeioeiind
0.01 0.05 0.1 0.5 1
X 12 g7-=5u—5d
more precise and fully positive 1.0 =
— positive 0d 038 o
— smaller gr = du-0d ! 06 A ;

unexpected opposite trend : MG).
0.2
need h for sea quarks ! N

A7 2 o



Conclusions

* global fit for hy is now possible as for f; & g;

* uncertainty on gluon channel in pp collisions
drives uncertainty on hydown need data on
deuteron/3He and on (Tr1T) multiplicities

* NO simultaneous compatibility with lattice for tensor charge
in up, down, and isovector channels

* it is possible to force compatibility but
it is statistically very unlikely
* adding STAR s=500 data gives puzzling results:
need sea quarks?

 adding Compass and CLAS12 SIDIS pseudodata
increases precision of down and up, respectively

e ultimate resource: EIC

x %&fé







Examples of direct access

- pp e Vv+X searchforW —= e v with W heavy partner of W

limits on cross section

= 10g L L B L B R IR
& C ATLAS 3
5t (s=13TeV, 36.1 fp!  —pectedlimit
é TE W' — ev . Expected = 1o 3
MW’ > 51 —52 TeV at 950/0 CI__ g [ 95% CL Expected = 20 ]
x 107 — Observed limit 3
% — Wissn ;
puts contraints on BSM operators £ \%‘""*‘i::@~theory 1 data
. . 10_3 ;_ \{:::::\\ _
including scalar (&s) & tensor (€7) A R  hackground
e L T S
0.002} g --c.lirff e ] m,, [TeV]
ol /NN Aaboud et al. (ATLAS), E.PJ. C78 (18) 401
wol NN | /S constraints reinforced including
v 7| Guptaetal. (PNDME), pp = Z — e et+ X
P.R. D98 (18) 034503

Z0.0004 -00002 0.0000 0.0002 0.0004

€T

44



et+e- cross section for (hh) from all hemispheres

hadron-pair production

S 7oy ggg
2 10 =]
N' . s N v @@ _
T 10 N v
S 10* O VVV@@@
% 10° -Br VV
10° ~
@)
ke

= ' data <> K" data

22

0.80 <z, <0.85

)

N e

o eN-%

N '3' % |

o ° Vg %Qﬁﬁﬁﬂoo@
— 10° ~ V4 % $ n 1] O O :ﬂ
gm 10° Nb \v/ VvV ¢ o 6 s E !
10 E ° Vv ¢ o @E‘Q
N 10 V -I- Y D’
N\bms“ | NP | | 1 |Y||
© 10 , 02 03 04 05 0.6 0.7 08 0.9
2™0.3 04 05 0.6 07 0.8 09 z,

gunar.schnell @ desy.de 2 ) 16 FF18 - Feb 20™, 2018

D (z2) @Qlow z1 # D) (z2) @high z;



e+e- cross section for (hh) in different hemispheres

‘> hadron-pairs: topol comparison
adron-pairs: topology compariso

@ any hemisphere vs. opposite- & same-hemisphere pairs

@ same-hemisphere pairs with kinematic limit at z1=z2=0.5
[Phys. Rev. D92 (2015) 092007]

107k T K K'K

opposite hemisphere
0<z1=2, <1

—_
o
>

2
dc / dz, dz, [fb]

same hemisphere
0<z1+z2 < 1
0<z1=22<0.5

2
dc / dz, dz, [fb]

| L L L 1
03 04 05 06 0.7 0.8 0.9
z,,2, 2,2, z,,2,
gunar.schnell @ desy.de 18 FF18 - Feb 20™, 2018

DIFF (z1,22) # D (z1) D1 (z2)

10 |||\ R TR

02 0.3 04 0.5 0.6 0.7 0.8 0.9

03 0.4 05 0.6 0.7 0.8 09 1




hadronic collisions in Mellin space

do (n,Mn,Pr) typical cross section for a+b'—c'+d process

d dad do s .
or o faesiin 5 [ 52 s e int e

a,b,c,d
to be Computed thousands times... usual trick: use Mellin anti-transform

Stratmann & Vogelsang,

hi(z, Q%) :/c IRl () NeC PR. D64 (01) 114007
N
dO’UT / / /d$adxb N do—abT—de g
d|P M,y 5 (7 eld prae(z
dr) - m | T ha,c,d 872z £ (x )xb dt (Z h)

pre-compute Fp only one time
on contour Cy

this speeds up convergence
and facilitates | dN , provided
that h¢VN is known analytically




break down of Mellin moment

1
54(Q%) = / dz hi(z, Q)

it 0.0065 0.35
«— data —
MSTW «——] CLAST2 —» v
, peudodata
Xin=10-6 Xmin _ 0.075 0.532 >1
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impact of CLAS|2 pseudodata at large x (>0.2)

oives ~50% of up tensor charge
relative error Agt/gr from 82% — 43%




