22nd International Spin Symposium
September 25-20, 2016 at UIUC

Di-hadron production in p-p collisions
and
the universality of transversity

(G oo INFN - Pavia Tl R

in collaboration with based on Master th. of
- A. Bacchetta (Univ. Pavia) A.M. Ricci (Univ. Pavia)
- A. Courtoy (Univ. Guanajuato - Mexico)

- A. Mukherjee (IITB - Mumbai - India)



leading-twist TMD map == PDF map

nucleon polarization

T

h:

h: transversity distribution



Transversity poorly known, but how much ?
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Tensor Charge

B 1st Mellin moment of transversity = tensor “charge”
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V== / ki W G (. )
0
tensor charge not directly accessible In Lsm
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First extractions of transversity: the Collins effect
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di-hadron fragmentation (DiFF)

Collins, Heppelman, Ladinsky, N.P. B420 (94)

\iR Y a——
azimuthal 2R = Pi-P,

correlation between quark pol. St and 2Ry
— azimuthal asymmetry
survives even if polar symmetry (| dPh7)
equivalent to take Pp|lk = no kr




di-hadron fragmentation (DiFF)

Collins, Heppelman, Ladinsky, N.P. B420 (94)
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the Pavia fit

» parametrization at Q¢ = 1 GeV?

zh$ (z) = tanh [z (Ag + Bg@+ Cyz° + Dyz°)] [z SBy(z) + 2 SBg(z)]
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Airapetian et al., Adolph et al.,
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Braun et al.,
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history of upgrading fits

Bacchetta, Courtoy, Radici,
PR.L. 107 (11) 012001

Bacchetta, Courtoy, Radici,
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Radici et al.,
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error analysis : the replica method

alter data with random noise and fit them

100 replicas

proton deuteron
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comparison with Collins effect

— Kang et al. 2016 <-> Pavia 2015
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comparison with Collins effect

« B Kang et al. 2015 <-> Pavia 2015
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collinear factorization in hard processes

Artru & Collins, Z.Phys. €69 (96) 277 DeFlorian & Vanni, PL.B578 (04) 139
Boer, Jakob, Radici, P.R.D67 (03) 094003 Ceccopieri, Radici, Bacchetta, P.L.B650 (07) 81
(see also

Zhou and Metz, PR.L. 106 (11) 172001
for Mn—evolution of DiFFs)

|

electron
e standard DGLAP
evolution eq.s
= opions g
positron

lepton lepton Vs ,
e proton o <— 2 pions

\(k 2 pions proton =
proton i ¢
actomzaﬂon
‘SIDIS‘ factorization ‘pp‘

Bacchetta & Radici, PR. D70 (04) 094032

Jafte, Jin, Tang, P.R.L.80 (98) 1166
Radici, Jakob, Bianconi, PR.D65 (02) 074031
Bacchetta & Radici, PR. D67 (03) 094002

12



collinear factorization in hard processes

Artru & Collins, Z.Phys. €69 (96) 277 DeFlorian & Vanni, P.L.B578 (04) 139
Boer, Jakob, Radici, P.R.D67 (03) 094003 Ceccopieri, Radici, Bacchetta, P.L.B650 (07) 81

(see also
IECHI factorization

Zhou and Metz, PR.L. 106 (11) 172001
for Mn—evolution of DiFFs)

electron
e standard DGLAP
evolution eq.s
= opions g
positron

lepton lepton 2% ,
O proton o <~ 2 pions

< = 2pions proton ~ R
SiDis] Lop |

Bacchetta & Radici, PR. D70 (04) 094032

Jafte, Jin, Tang, P.R.L.80 (98) 1166
Radici, Jakob, Bianconi, PR.D65 (02) 074031

Bacchetta & Radici, PR. D67 (03) 094002 Rogers & Mulders,
i3 P.R. D81 (10) 094006



the process p+p' = (zn) + X

Bacchetta & Radici,
PR. D70 (04) 094032

B beam polarized
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the process p+p' = (zn) + X

Bacchetta & Radici,
PR. D70 (04) 094032

B beam polarized

{

forward
polarized particles
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Our prediction: asymmetry given by same mechanism active in SIDIS



the process p+p' = (zn) + X

Bacchetta & Radici, PR. D70 (04) 094032

B beam polarized

do ~ do? + sin(Ps-dr) dour l
forward
polarized particles
atn<o0
do ! daja dCEb da—ab—md
—21Pr| 30 [ S fo(ea) fhlm) 22 DE( M)
dn d|Pr| dM a;d 8m2z 1 : dt : f=tz,/7
doyr dx, dxyp . AAG Lyt oty
== 8 sin 0 a) T H<IC M
ey = Serl2IPA T guo 3 [ e poa) hian) S0 (o )

a,b,c,d




the process p+p' = (zn) + X

Bacchetta & Radici, PR. D70 (04) 094032

B beam polarized

do ~ do® + sin(®s-®g) dour ]

forward
polarized particles
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the process p+p'— (nm) + X

Bacchetta & Radici, PR. D70 (04) 094032

B beam polarized

do ~ do? + sin(®s-dg) dour ]

forward
polarized particles
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forward Aut(M): STAR data

n<0, V's=200 GeV

T T T
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0.00

run 2006 Adamczyk et al. (STAR), PR.L. 115 (2015) 242501
run 2012 K. Landry, talk at APS 2015
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forward Aut(M): our prediction vs. STAR data

Radici et al.,

PR. D94 (16) 034012
n<0, Vs =200 GeV

vvvvvvvvvvvvvvvvvvv

0.08/  run 2006 T {

PRELIMINARY » run2012 o
0.06[ |

:(5 0.04 ®

0.02}

0.00

band = prediction using central 68% of replicas from SIDIS fit

run 2006 Adamczyk et al. (STAR), PR.L. 115 (2015) 242501

run 2012 K. Landry, talk at APS 2015
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forward Aut(M): our prediction vs. STAR data

PRELIMINARY

0.08

n<0, Vs =200 GeV

vvvvvvvvvvvvvvvvvvv

0.06
2 0.04}

0.02}

0.00

» run 2012 g

run 2006 " { :

Radici et al.,
PR. D94 (16) 034012

band = prediction using central 68% of replicas from SIDIS fit

same mechanism produces asymmetries in SIDIS and pp collisions

21

= likely to be universal

run 2006 Adamczyk et al. (STAR), PR.L. 115 (2015) 242501
run 2012 K. Landry, talk at APS 2015



backward Aut(M)

Radici et al.,

PR. D94 (16) 034012
>0, Vs =200 GeV
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band = prediction using central 68% of replicas from SIDIS fit

run 2006 Adamczyk et al. (STAR), PR.L. 115 (2015) 242501

run 2012 K. Landry, talk at APS 2015
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Vs =200 GeV
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run 2012 K. Landry, talk at APS 2015
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band = prediction using central 68% of replicas from SIDIS fit
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Radici et al.,
PR. D94 (16) 034012
backward forward

n>0, V's =200 GeV
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band = prediction using central 68% of replicas from SIDIS fit

run 2006 Adamczyk et al. (STAR), PR.L. 115 (2015) 242501

PRELIMINARY » run 2012 K Landry, talk at APS 2015
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: K factor?

do ~ da? + sin(®s-dr) dout no data yet for unpol. cross section
da’: p+p = (mn) X

gluon channel unconstrained  only from
DGLAP

do” dx, dxy, A6 gp s
— e £k a ) b a > C D5 M
dnd|Pr|dM Fr| a;d/ 82z 11 (%a) f1(2p) Ee 1(z, M)

possible large K factor in dg®

n<0, Vs =200 GeV ( but not in dout!)
008 wn2006 1 1 ] !
- mn2012 { g uncertainty band
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Radici et al., PR. D94 (16) 034012



: K factor?

do ~ da? + sin(®s-dr) dout no data yet for unpol. cross section
da’: p+p = (mn) X

gluon channel unconstrained  only from
DGLAP

do” dx, dxy, A6 gp s
— e £k a ) b a > C D5 M
dnd|Pr|dM Fr| a;d/ 82z 11 (%a) f1(2p) Ee 1(z, M)

possible large K factor in dg®

n<0, Vs =200 GeV ( but not in dour)
z: un201a { g uncertainty band
. g | probably underestimated
S 0.04] 3
% e 1 o but no K factor can change
0.00 _ :
R S P sign and trend of Aut(M)

Radici et al., PR. D94 (16) 034012
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stability and saturation of Soffer bound

Q?=2.4 GeV?

e,
rigid & ;?

flexible ) i
extra-flexible

o0 ” stable results in range of SIDIS data

up

0.2f
01— =
down  oo——

-04[

~0.2}

901 005 010 ' 050 1

X

- data !

Radici et al.,
jusieEs 1505 (15) 123
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stability and saturation of Soffer bound

Q?=2.4 GeV?

up

down

X

- data !

Radici et al.,

rigid ti‘ ‘f?
flexible

extra-flexible i

stable results in range of SIDIS data

but unusual saturation of Soffer bound
for down, due to 2 deuteron bins

0.6

0.4}
0.2}

0.0}
-0.2f
_0.4f
_0.6}

1072

JHEP 1505 (15) 123

20

bins #7,8



origin of saturation of Soffer bound

“reduced” SIDIS fit :

full SIDIS fit . . domp
no bins #7,8 with deuteron v
x h x b as(Mz) = 0.139
0.2 0.2
0.1} ot~
p. 0.0f 00—
’; o
0.2 0.2 ]
0.01 0. i f ' 001 005 010 050 1
X
Radici et al., Kang et al., more ﬂexi b| | |‘t>/
JHEP 1505 (15) 123 PR. D93 (16) 014009

for down

Anselmino et al.,

P.R. D87 (13) 094019 Nno appreciable difference
for up
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forward Aut(Pt) and Aut(n) with “reduced” fit

“reduced” SIDIS fit

n<0, Vs =200 GeV flexible, no D bins n.7,8

full SIDIS fit

n<0, V's =200 GeV

0.08 — ] 0.08; ]
0.06 { 0.06 {

- 0.04f ] 0.04 ]
o ] 4 L J
< | |

0.02} { { { 02} { { {
0.00 1 0-00: : I
4 8 8 10 4 6 8 10
Pr Pr
Vs =200 GeV Vs =200 GeV flexible, no D bins n.7,8
006 o 0.06
0.04} ‘} 0.04} ‘}
2 002 { j < 002 { {
0.00| { { 0.00| ‘[
—0027, -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
n n

“reduced’ fit . more flexibility = better compatibility

run 2006 Adamczyketal. (STAR), PR.L. 115 (15) 242501



reconsider in forward kin.

Aut(PT) 68% Aut(Nn)

n<0, V's =200 GeV \ Vs =200 GeV

08— ————————————] 006\

- run 2006 / . { |
0.06F run2012 i 0.04t i

| - g } :
0.04 { a] ] _
{ : 0.00| N £
1 _

_ Radici et al., PR.\D94 (16) 034012 |
2 8 8 10 1.0 _0.5 0.0 0.5 1.0
Pr n

some replicas outside the 68% band from SIDIS fit
show compatibility with p-p data in forward kin.

need global fit
work In progress

selectivity of p-p data on results from SIDIS fit »

run 2006 Adamczyk et al. (STAR), PR.L. 115 (15) 242501
PRELIMINARY —/8 run 2012 « Landry, talk at APS 2015
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neutron B-decay <—> isovector tensor charge

orvd affects tensor coupling in B-decay

g4 9 = 6u-6d (Q° = 4 GeV?)

1.2
1.0 ¢t g ¢ ! Q? =4 GeV?
| - *
08 =
0.6} s 1
oa | | |<—Iatt|ce—>‘
1 2 3 4 5 6 7 8 9

4) PNDME ‘15 Bhattacharya et al., PR. D92 (15)
5) LHPC ‘12  Greenet al., PR. D86 (12)
6) RQCD ‘14 Baliet al,,PR.D9I (15)
7) RBC-UKQCD Aoki et al., PR. D82 (10)

8) ETMC ‘15 fpdel-Rehim et al, PRIDIZEESS
PR.D93 (16
- 9) ETMC ‘15 ; &



neutron B-decay <—> isovector tensor charge

orvd affects tensor coupling in B-decay

g4 9 = 6u-6d (Q° = 4 GeV?)

1.2

1) Radici et al. 2015 ~_10) e | ¢ Q2 = 4 GeV?

A S *
A - 08 =
9\" 0.6} s 1

oa | | |<—Iatt|ce—>‘
P¥ 4 5 6 7 8 9

@2=1 GeV? 1 2 3
|

2) Kang et al. 2016

2R - s T
2 . 3) Anselmino et al. 2013

Q°=0.8

00 02 04 06 08 1.0
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neutron B-decay <—> isovector tensor charge

orvd affects tensor coupling in B-decay

gv % = du-6d (Q° = 4 GeV?)

1.2}
PN 2 - T
Q° =4 GeV 1ol } t g ¢ ! 10) SoLID 2016
: | * / pseudo-data based
2) Kang et al. 2016 8 on 2) Kang et al. 2016
- . X
Q2 i 10 \:\$ | A i Al 10
o 45 |<7 lattice _>‘ Ye et al., arXiv:1609.02449

i2'34567891o caveat:

SolLID acceptance
— x € [0.05,0.6]
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neutron B-decay <—> isovector tensor charge

orvd affects tensor coupling in B-decay

gv % = du-6d (Q° = 4 GeV?)

1.2}
Sy ol 2 - T
Q° =4 GeV 1ol ¢t g ¢ ! 10) SolLID 2016
: c T * / pseudo-data based
0.8 ¥
[ 2) Kang et al. 2016
2) Kang et al. 2016 — | o On2 ) Kang
@10 o6 [~ 1 1 @ =110
0 4 |<7 lattice _,‘ Ye et al., arXiv:1609.02449

'1121345678910

current most stringent constraints
on BSM tensor coupling from

t* = e*vey and neutron B-decay is  [leiisigliEINelINIo]RIDNe:IgN olglgle
precision to level of

| &rgr|=s 5% 107

modern lattice calculations

Bychkov et al. (PIBETA), PR.L. 103 (09) 051802
and B-decay measurements

Pattie et al., PR. C88 (13) 048501
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Conclusions

e transversity can be reliably extracted from data
using semi-inclusive di-hadron production

e di-hadron method works in collinear factorization
- cross-check of Collins effect in TMD factorization

- extension to p-p collisions = check universality
global fit in progress

e tensor charge useful for low-energy explorations
of BSM new physics

need more data at (very) large and (very) small x

“short run”: RHIC & JLABI2  “long run: EIC



Backup slides



reweighting the replicas

NNPDF Collaboration, N.P. B849 (11) 112; E B854 (12) 926, E B855 (12) 927; arXiv:1012.0836v4

* each replica hy (k=1,..,N) carries equal weight (important sampling)

effect of set of new independent n data by assigning

wk < probability for each replica hyi to agree with new n data (xx?)

(X2)2 (1) =3
N Zk 1<Xk;) 3(n=1) e~ 32X

Wi —

* IoJgleshveleENd replica k with very low w is statistically irrelevant
loss of efficiency quantifiable through Shannon entropy

eﬁexp{ Zwkln<wk>} <

o X*-profile of reweighted replicas

Psz{X2§xi<x2+dx2} = Z wy



X?-profile of reweighted replicas

w-/*% “reduced” SIDIS fit
)

& flexible param. ¥
4
50/
N=100 replicas 40}
2 : 20"
X>-profile 2
n=24 RHIC data 10} wﬂﬂrﬂﬁ‘ﬂ‘ﬂﬁ‘ﬂm :
Adamczyk et al. (STAR), fr()m run 2006 0.(') 2 a4 8 213-
PR.L. 115 (15) 242501
P[A,]
60: —
50}
40}
Nefi = 7 0}
0 : 20} i
X>-profile ol E
reweighted replicas  o—Lb

STAR data very selective on “reduced” SIDIS fit:

reduce the number of statistically relevant replicas by factor =10



statistically most relevant replicas

A
;g flexible param.

X i as(My) = 0.139 X % as(Mz) = 0.139

0.6~

reweighted replicas

Kang et al., Anselmino et al.,
P.R. D93 (16) 014009 P.R. D87 (13) 094019



reweighting replicas on deuteron bins #7,8

* “reduced” SIDIS fit: N=100 replicas with equal weights

 reweighting on STAR data (run 2006) = Nei =7 replicas with weights wi

Neii (=7) replicas
with weights wi

same probability distribution} N’ (=100) replicas

replica with large wi
with small w

(for N'— )

take it w'k times NNPDF Collaboration,

with equal weights

q q; N.P. B855 (12) 608;
IsCard It X0

* reweighting N’=100 replicas on bins #7,8 = N’ei=73 replicas

but X? profile of reweighted replicas not peaked at ~ O(1)

olobal fit of SIDIS and p-p data in progress...



back to tensor charge

Q? =10 GeV?
al (013) - e Radici et al. 2015 - —e— truncated to data range
x € [0.0065,0.35]

ol Q015) =g Kang et al. 2016 - -—

P PG extrapolation to [0, 1]

§ g [00065039 § g0 ¢

i i expect larger uncertainties

I Y it s (=
D
(2013) -~ —o—] —Q =08 = :
(2015) [ —c—] —— P | RQaglil ?t al. 2015
(2015) — : o : e I_. : Kang etal. 2¢*~
20
TR o5 5 S s e e
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precision of gy

current most stringent constraints on BSM tensor coupling come from
* Dalitz-plot study of radiative pion decay n* = e* Ve Y
Bychkov et al. (PIBETA), PR.L. 103 (09) 051802

* measurement of correlation parameters in neutron B-decay of
various nuclei Pattic et al., PR. C88 (13) 048501
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Goldstein et al., arXiv:1401.0438
Courtoy et al., PR.L. 115 (2015) 162001



