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Factorization from another point of view: the OPE

‘1.Justiﬁcation ‘ consider the inclusive DIS
Iz X scattering amplitude ./ = a(k')y, u(k);—z2 (Py | J*(0) | P)
4 P phase space dR = 2m)* (P + q — Py) d*Py d*K’
k p cross section do L|./% 1> dR
k’ 2
q Ju
i P




Factorization from another point of view: the OPE

‘1.Justiﬁcation ‘ consider the inclusive DIS
2
Iz X scattering amplitude ./ = a(k')y, u(k)é (Py | J*(0) | P)
4 P phase space dR = 2m)* (P + q — Py) d*Py d*K’
k p Cross section do J | M > dR
X
k’ 2 \, / L, =2kk, +2kk, — Q? o leptonic tensor
q Ju optical :
theorem w _ | g4 4 Sl
k p JH JEGEl Jd e 5(PAX Find) hadronic
X (P|J*0)| Px) (Px|J*(0)|P)  tensor

Px

cut-diagram notation:
cross section = product of (amplitude) x (amplitude)*
particles entering cut are on-shell




- Operator Product Expansion

Factorization from another point of view: the OPE
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Factorization from another point of view: the OPE

‘1.Justiﬁcation ‘ consider the inclusive DIS
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Factorization from another point of view: the OPE

‘1.Justiﬁcation ‘ consider the inclusive DIS
2
: : . e
Iz X scattering amplitude ./ = a(k')y, u(k)a (Py | J*(0) | P)
q " phase space dR = 2n)*8(P + q — Py)d*Py d*k’
4
k p Cross section do Ll/% |2dR = éLﬂy WH d*k’
k’ . 2 \ \/ L, =2kk,+2kk, — 0%g, leptonic tensor
Ju tc}:ptical . > > 4 4
eorem MY — — P —
k p MV W Jd Px @m) 5(PAX P=q hadronic
Px X(P|J*(0) | Py) (Px|J*(0)|P)  tensor
matrix element of bilocal operator = [df e < (P| [ﬁ‘(é) ,f”(O)] |P) alhe o
HOMEWOR
dominated by time-like short distances £§2 — 0, but ill defined ! J =yt

parton e.m. current
%@C\ check! Jwvt = ju




- Operator Product Expansion

DIS regime: W = | dée't= (P| [f”(f) ,jy(o)] | P)
0> o
0’ 0’

X = — f‘
2P gl 2mp X€C

Target Rest Frame = UV —> 0




~ Operator Product Expansion

DIS regime: WH = de e (P| [f”(f) ,jy(o)] | P)
Q° — o0
0’ 0’ Riemann - Lebesgue theorem:
X = = fixed o .
2P-qlwgp  2My for |g-&| — oo, large oscillations and cancelations;

Target Rest Frame = V>0 integral is dominated by terms with |g - £| < K constant




DIS regime: WH = Jd«f e (P| [f”(s&) ,JAV(O)] | P)

Q% > o
. @ _ o e Riemann - Lebesgue theorem:
2P q g 2Mv for |g-&| - o, large oscillations and cancelations;
Target Rest Frame - V= integral is dominated by terms with |g-£| < K constant
K UV — &0
Then, &, =vE®<Kk = &<— —0

space-like distances £ < 0 are forbidden bl;' causality;
for time-like distances £2> 0, £2=("2—2>0 => (02> & 7

The integral is dominated by short time-like distances £ — 0, but in this limit the bilocal

operator is ill defined. Example: free neutron scalar field ¢(x) with propagator A(x-y)




Operator Product Expansion

DIS regime: WH = de e (P| [f”(f) ,JAV(O)] | P)
0? - oo

_ 0’ Riemann - Lebesgue theorem:
x fixed

2P q g 2Mv for |g-&| - o, large oscillations and cancelations;

Target Rest Frame = V>0 integral is dominated by terms with |g - £| < K constant
0 0 K - o
Then, (q-9|, =vE<K = &<— —0

space-like distances &2 < 0 are forbidden bl;' causality;
for time-like distances £2> 0, 2= (92— >0 = (02> 7
The integral is dominated by short time-like distances £ — 0, but in this limit the bilocal

operator is ill defined. Example: free neutron scalar field ¢(x) with propagator A(x-y)
d4p e~ (=)

£ I N : S :
(0] T 1p(x) p(»]110) iA(x—y) z[ o e, for x —» y, the integral is divergent :

K, <m\/—(x—y)2+ie> .
m l 2\ X =y K1 modified Bessel
= §((x—y?) == :
funct. of 2° kind

472 V-G —y)?2+ie 4r




‘2. Definition ‘ A(x) B(y) = i C(x—y)O,
=0

<X T ) local operators,

2 — regular for x - y,

\ typically Op=1

Wilson coefficients, singular for x — y,
ordered in decreasing singularity




Operator Product Expansion_:7

. A UBN - WA (XY local operators,
‘2. Definition ‘ A(x)B(y) = % C(x—y)O; < 5 ><_ regular for x — y,

\ typically Op=1

Wilson coefficients, singular for x — y,
ordered in decreasing singularity

Example: the Wick theorem  1im 7 [¢p(x) ¢(»)| = : px) p(»): + (01 T |p(x) ()| 10)
=1-0,4 Cyx—1I

X—=Yy




- Operator Product Expansion

‘2. Definition ‘

VPSR A fXTY local operators,
A(x)B(y) = Z Cilx =) O, < ) ) — regular fOAI‘ X =Y,
=0 \ typically Oo=1
Wilson coefficients, singular for x — v,

ordered in decreasing singularity
Example: the Wick theorem

}Cl_f)l; T [0 d»)] = : ) () : + (01T [p(x) ¢()] 0)

1-0,+ Cyx — )1

‘3. Application to inclusive DIS ‘

=2
Q) ¥~ twist 7 = canonical dimension - spin

of operator O;

WHY = J'dfeiq'é (P| [fﬂ(é) ,jy(o)] it 2 Cla <M

{a)
{a}




VYR A [ XTY local operators,
A(x) B(y) = Z Cix—y) O, ( 7 ) +— regular fof X =y,
=0 \ typically Op=1
Wilson coefficients, singular for x — y,
ordered in decreasing singularity

‘2. Definition ‘

Example: the Wick theorem

}Cl_f)l; T [0 d»)] = : ) () : + (01T [p(x) ¢()] 0)

1-0,+ Cyx — )1

‘3. Application to inclusive DIS ‘

WHY = de e'd¢ (P| [fﬂ(é) ,jy(o)] it 2 Cla <M

) \ 0o
{a)

=2
Q) ¥~ twist 7 = canonical dimension - spin

of operator O;
: leading
perturbative order
R expansion LO NLO NNLO ...
eV)Zpansion 1 Ols sz ... OPE rigorous proof only for inclusive
leading twist 2 1 parton
model

to all semi-inclusive hard processes.

twist4  1/0?

> processes. It can be effectively extended
perturbative QCD
subleading twist 3  1/0
OPE




- Operator Product Expansion

‘4. Factorization ‘ By applying the same technique of Wick theorem, it can be shown
that the dominant contribution to the hadronic tensor of inclusive DIS
comes from the so-called “handbag” diagram:

Va?-\m

NS
9

WHY = [d§ eld:< (P [f'u(f) ,fy(())] | P) ™~ parton Pw | “p

—l_} D | —  “‘structure”
target p |

hard interaction

1




‘4. Factorization ‘ By applying the same technique of Wick theorem, it can be shown
that the dominant contribution to the hadronic tensor of inclusive DIS
comes from the so-called “handbag” diagram:

~Ly o
. . . Vbl * {\j\) hard interaction
W = [dcfe“f'f PO TO|IPY ~ oreon A T

— o '—_, “structure”
target p :

p

® bilocal quark-quark correlator: @,(p, P) = Jd4PX 8(P —p — P,) (P|y;(0)| Py) (Px|w;(0) | P)

Gl
=J(2ﬂ)4 e~ (P1(E) wy(0) | P)




‘4. Factorization ‘ By applying the same technique of Wick theorem, it can be shown
that the dominant contribution to the hadronic tensor of inclusive DIS
comes from the so-called “handbag” diagram:

~Ly o
. . . VI/I * {\j\) hard interaction
W = [dcfe“f'f PO TO|IPY ~ oreon A T

— o '—_, “structure”
target p :

p

® bilocal quark-quark correlator: @,(p, P) = Jd4PX 8(P —p — P,) (P|y;(0)| Py) (Px|w;(0) | P)

Gl
=[(2ﬂ)4 e~ (P1(E) wy(0) | P)

By taking suitable projections, one can extract from the “structure” the leading-twist part,
the subleading part at twist 3, at twist 4, etc..




‘5. Extract PDF ‘

® bilocal quark-quark ®,(p, P) = Jd4PX S(P — p — P) (P |(0)| Py) (Px|y0) | P)
correlator:

S

d* . |
= | e Pl o)1 P — o

By taking suitable projections, one can extract from the “structure” the leading-twist part,

the subleading part at twist 3, at twist 4, etc..




Light-cone variables

4-V€Ct0|’ au at = (ao, ay, ds, Cl3) = (a+, a_, al)

: : ag £ as
light-cone coordinates a. = 72 a, = (a,a,)
2
light-cone n;=0 a, =a-n.
basis n,on_ =1

inclusive DIS: target H absorbs momentum from y*
initially, target at rest: P«=0 P = (M,0,0,0)
ifqll2, P.=0 > P.=|q|>M l g =w00.]q])

78 S 2 (9 /
P = (\/M + P2,0,0,P)

P'~ (|ql,0,0,[q])

DIS regime = component “+” dominant

component “-“ suppressed

P'~(P,=+/2|q|,P.~0,0))




~ Operator Product Expansion__’-f;

‘5. Extract PDF ‘

® bilocal quark-quark o (p, P) = Jd4PX 5(P — p — P) (P|y,(0) | Py) (Py|w(0)| P) |
correlator: ¥ e pH ﬂp
] J o ¢ POy O1P) 2 =
o |
By taking suitable projections, one can extract from the “structure” the leading-twist part,
the subleading part at twist 3, at twist 4, etc..
b

DIS regime — P* =L (P’ + P?) dominant component; take partons collinear, p* = xP*, and

integrate other components. Let’s define sy Reg ielEdppdp

pr=xP+




‘5. Extract PDF ‘

® bilocal quark-quark ®,(p, P) = Jd4pX S(P — p — P) (P |(0)| Py) (Px|y0) | P)

correlator: i | e pH
=J(2ﬂ)4 e~ (P (&) wy(0) | P) —{'e =
oo =

By taking suitable projections, one can extract from the “structure” the leading-twist part,
the subleading part at twist 3, at twist 4, etc..

DIS regime — P* =L (P’ + P°) dominant component' take partons collinear, p* = xP*, and

integrate other components. Let’s define dp~dp
g P [rl( ) = [ éﬂ)f r’<d>f(p,P)>._ (F),-j]
Jji

pr=xP+

project with I' = y* = - (¥’ +7°) : leading twist @1 = g(x) unpolarized PDF
similarly for gluons

=] subleading twist 3 (I)[I] = — e(x) connected to N scalar form factor

similarly for polarized PDFs
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® open problems




Outline

The Nucleon mass




ass | =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? o
arge | % % % [
- @O |-@® ([ @
up charm top L gluon
7
=4.7 MeV/c? =96 MeV/c2 =4.18 GeV/c? o )
-% -1 -% 0 p
‘@9 |O || @
down strange bottom t photon
A \ \ y
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
-1 e =k &l ] ‘
¥% % ) ¥ T 1
& i v
electron muon tau L Z boson
m v
Z <1.0 eVic? <0.17 MeV/c? <18.2 MeV/c2 =80.433 GeV/c?
O o 4 [} +1
Ve Vp Vi ‘
¥ % ¥ y 1
E -4 o W
w eIectl:on muon tau
| neutrino neutrino neutrino W boson J

=124.97 GeV/c?

o
[

GAUGE BOSONS

VECTOR BOSONS

H

higgs

origin of Nucleon mass

2

_ . | A
Zocp =WW) |iy" D, —m l//(x)—z F,,

Standard Model: gluons in Fy are massless; quark mass m
comes from interaction with Higgs field;
no other mass scale




Zocp = P(X) [iy” D, - m] w(x) —% (Fﬁy)z

Standard Model: gluons in Fy are massless; quark mass m

e J e J[( e [ o) 22 comes from interaction with Higgs field;
v® Lo e |fe |t no other mass scale
U | ot J|_ommo J(_noemina | (W boson | &2

Nucleon = ensemble of quarks + gluons 'S

Quarks &

Mass =1.78x10%6 g

\_ Proton
'\\ Mass =~168x1028 g
A\

mn ~ 1 GeV gluons massless
~ 168 1026 g mq~ 10 MeV ~1.78 1026 g ~ 1% mn

Where does the N mass come from ?




Zocp = P(X) [iy” D, - m] w(x) —% (Fﬁy)z

Standard Model: gluons in Fy are massless; quark mass m

e J e J[( e [ o) 22 comes from interaction with Higgs field;
v® Lo e |fe |t no other mass scale
U | ot J|_ommo J(_noemina | (W boson | &2

Nucleon = ensemble of quarks + gluons o \
Ouarks~ * b i, N N
mn ~ 1 GeV gluons massless | d T

~168 1026 g  mq~ 10 MeV ~ 1.78 1026 g ~ 1% mx
Where does the N mass come from ?

99% of N mass comes from the energy of
quark-gluon interactions that bind them
inside the N

We don’t understand this
highly nonlinear dynamics




Outline

The Nucleon spin




switching on polarization: lepton helicity |S,|=h, =+ 1

N spin such that P - S, = 0 and normalized.
Since P? = M* time-like = space-like Sy = — Sy =—1

S]|\|,= |§N| COS Y = COS Y/

Sy = |§N| siny cos ¢ = siny cos ¢

Scattering Plane




switching on polarization: lepton helicity |S,|=h, =+ 1

N spin such that P - S, = 0 and normalized.
Since P? = M* time-like = space-like S5 = — S5, = —1

S]|\|,= |§N| COS Y = COS Y/

- 2
Sy = |Sy| siny cos¢ = siny cos ¢ ;= ” DIS
Scattering Plane v
inclusive DIS: unpolarized + polarized parallel (y=0) or transverse (y=m/2)
do 2ra? dAoc 8ra’® dAc 8ra’y
= A(y) Fy(x, 0% — y2 F,(x, 02 L _ |G 2 L —_p =
e = e A0 R 09 -y Ry 07 L —h (1 L) 606,09 o b o 2L T

F,=F,-2xF, X % 7 (216, 00 + y(x, 09




switching on polarization: lepton helicity |S,|=h, =+ 1

N spin such that P - S, = 0 and normalized.
Since P? = M* time-like = space-like S5 = — S5, = —1

S]|\|,= |§N| COS Y = COS Y/

- 2
Sy = |Sy| siny cos¢ = siny cos ¢ ;= ” DIS
Scattering Plane v
inclusive DIS: unpolarized + polarized parallel (y=0) or transverse (y=m/2)
do 2ra? dAoc 8ra’® dAc 8ra’y
= A(y) Fy(x, 0% — y2 F,(x, 02 L _ |G 2 L —_p =
e = e A0 R 09 -y Ry 07 L —h (1 L) 606,09 o b o 2L T
F, = F,—2xF, x %7 [81(x, 02) + g>(x, 02)]

T T

D . - Gl
7 TG

oiptoy, F

, A« <«— V¥ polarization A=
v* - N cross section: ¢/ : , :
J. 4= y*Ntoual] ¥ _ N asymmetries: e

A 20 s
e =7 —= < A

T T
Oip + 03 F




Spin Plane

switching on polarization: lepton helicity |S,|=h, =+ 1

N spin such that P - S, = 0 and normalized.
Since P? = M* time-like = space-like S5 = — S5, = —1

S]|\|,= |§N| COS Y = COS Y/

- 2
Sy = |Sy| siny cos¢ = siny cos ¢ ;= ” DIS
Scattering Plane v
inclusive DIS: unpolarized + polarized parallel (y=0) or transverse (y=m/2)
do 2ra? dAoc 8ra’® dAc 8ra’y
= A(y) Fy(x, 0% — y2 F,(x, 02 L _ |G 2 L —_p =
e = e A0 R 09 -y Ry 07 L —h (1 L) 606,09 o b o 2L T
F, = F,—2xF, x %y [81(x, 02) + g>(x, 02)]

T T
& AN G .

0 Ee /17/* <« Y™ polarization Al = - e
v* - N cross section: o & . ol,+0l, F;
J. <« v*N total]  +*_ N asymmetries:

Xl +
A, = =;7—g1 2 < A,

T T
dAG” 0-1/2 + 63/2 Fl

A=
||
helicity asymmetries: jz:l combinations of A; and Az by measuring A, A, , get g,(x, Q%)
A




the “Spin crisis”

1
Define 15t Mellin moment: TI,(Q? =[ dx g,(x, 0%

1 o : :
in parton model =— Z [ [ T(x) — l(x)] =_ Z €f2 Af < lfyc;;‘atloi?n carried
f

1 |4 1 1
=— |—Au+—Ad+— As
2 19 9 9

i (Au—Ad)+% (Au+ Ad -2 As) +é (Au+ Ad + As)




the “Spin crisis”

1
Define 15t Mellin moment: TI,(Q? —[ dx g,(x, 0%

= — Z J [ T(x) — gl)l(x)] == Z e} Af < % of N spin carried
f

in parton model

using info from weak decays of
baryon octet (Cabibbo theory).

“reduced Wigner-Eckart theorem”:
all matrix elements depend on two
parameters F' & D, fitted to data.
F=042%+0.004,D = 0.73 £0.003

1 [4 1 1
=— |[-Au+—Ad+—As
219 9 9

1 1
= (Au—Ad)+£ (Au+ Ad -2 As) +

/ 1

isovector As octet As from
from [-decay hyperon decay
Az = F+D Ag=3F-D

Assuming perfect SU(3)r symmetry and 4s=0

by flavor f

1
— (Au+Ad+As)

\

singlet Ap = AX

Ao=3F-D




the “Spin crisis”

1
Define 15t Mellin moment: TI,(Q? —[ dx g,(x, 0%

in parton model = Z J dx [ T(x) — l(x) = — Z 2‘4_ Z:c:c;‘ N ss[in carried
y flavor

1 [4 1 1
=— |[-Au+—Ad+—As
219 9 9

using info from weak decays of
baryon octet (Cabibbo theory).

1
“reduced Wigner-Eckart theorem”: / T \ % of N spin

all matrix elements depend on two isovector A3 octet As from singlet Ao
parameters F' & D, fitted to data. from [>-decay hyperon decay

F=O.4210.004,D=O.73io.003 A3=F+D A8=3F-D A0=3F-D
Assuming perfect SU(3)r symmetry and 4s=0

— (Au—Ad)+% (Au+ Ad -2 As) +é (Au+ Ad + As)

carried by

all quarks




the “Spin crisis”

1
Define 15t Mellin moment: TI,(Q? =[ dx g,(x, 0%

in parton model = Z J dx [ T(x) — l(x) = — Z 2‘4_ Z:c:c;‘ N ss[in carried
y flavor

1 [4 1 1
=— |[-Au+—Ad+—As
219 9 9

using info from weak decays of
baryon octet (Cabibbo theory).

1
“reduced Wigner-Eckart theorem”: / T \ % of N spin

— (Au—Ad)+% (Au+ Ad -2 As) +é (Au+ Ad + As)

all matrix elements depend on two isovector A3 octet As from singlet Ao carried by
parameters F & D, fitted to data. from [3-decay hyperon decay all quarks
Assuming perfect SU(3)r symmetry and 4s=0
: 1 1 1 1 1
Theory: Ellis-Jaffe sum rule e A e S (F s D) = 0.170 £ 0.004

AT = Ay = 0.60 +0.12




the “Spin crisis”

1
Define 15t Mellin moment: TI,(Q? =[ dx g,(x, 0%

in parton model

1 |4 1 1
=— |—Au+—Ad+—As
2 [9 9 9 ]
using info from weak decays of
baryon octet (Cabibbo theory).
“reduced Wigner-Eckart theorem”:
all matrix elements depend on two
parameters F' & D, fitted to data.

F=0.42%0.004,D =0.73 £0.003
Assuming perfect SU(3)r symmetry and 4s=0

1 1
= (Au—Ad)+£ (Au+ Ad -2 As) +

/ 1

isovector A3 octet Ag from
from [-decay hyperon decay

Az = F+D Ag=3F-D

e il gy
123 8 0~

F1
36 9 2

Theory: Ellis-Jaffe sum rule

AS = A, = 0.60 £ 0.12
Ashmann et al. (EMC), PL. B206 (88) 364

‘the ‘Spin crisis’ ‘

Experiment: EMC (°88) 1

I (Q* =[
Bs Ll

at 0?=10.7 GeV2

dxg,(x,0% =0.126 £0.010 = 0.015

AY =0.12 +0.17

——Z J « [#)00- gl = 22'4_

singlet Ao

1
— (Au+ Ad + As)

@

Ao=3F-D

1 1
(F o D) = (.170 £ 0.004

% of N spin carried
by flavor f

carried by
all quarks

% of N spin

le— ELLIS-JAFFE SUM RULE)

015

>< 0.12p- |

Qv—

(2K
3009

) ' | 1
0.01 0.02 0.05 0.1

Xm

1
0.2 0.5




N

f Nucleon sp

origin o

(quarks give the N spin)

AY =1

Parton model




AYX =1 (quarks give the N spin)

Parton model

Ellis-Jaffe sum rule AY = 0.60 £0.12

EMC exp 0%=10.7GeV2 AX=0.12%0.17
result confirmed by other exp’s

l;élAZ
D)

Q)

02 [

0.18 3 Ellis-Jaffe prediction

016 S
0.14 |
012 |
0.1 —
0.08 ~

0.06 |-

[ #K%;%w gg% e

L L !

R

SMC + +

EMC/SLAC

.t .
0.04 2

Therefore, quarks carry only a small fraction of N spin

W
£

0, ., 12
Qi(GeVH)



13 7(0%) |
Parton model AX =1  (quarks give the N spin) 001: il fafe prodiction .
. : :”; ”?ff)"mfﬁ’%“ R S R R

Ellis-Jaffe sum rule AY = 0.60 £ 0.12 me g ; )

012 | 7 WORLD +
EMC exp 0%=10.7GeV2 AX=0.12+0.17 | EMOsLAC

0.08 Draliminar

result confirmed by other exp’s ..}
T S S S TP
Q,(GeV?)

Therefore, quarks carry only a small fraction of N spin

At RHIC (BNL), measured spin asymmetries access to gluon helicity Ag(Q?) = J
s 0

1= sl
—=—AX+Ag ?
2y n?)

PR.L. 115 ('15)
PR. D95 ('17); D98 ('18)

- - N
pp—>nm+X PH ENIX
PR. D90 ('14)

dx Ag(x,0?%) at tree level




Parton model AY =1

Ellis-Jaffe sum rule AY = 0.60 £0.12

EMC exp 0%=10.7GeV2 AX=0.12%0.17

result confirmed by other exp’s

(quarks give the N spin)
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Therefore, quarks carry only a small fraction of N spin

At RHIC (BNL), measured spin asymmetries
:‘ \Wr

PR.L. 115 ('15)
PR. D95 ('17); D98 ('18)

pp —jet(s) + X

el % pnden but large
pp — 7w+ PH "ENIX uncertainties
P.R. D90 (’14) at x < 0.05

access to gluon helicity Ag(Q?) = [

1
dx Ag(x,0?%) at tree level

0
- [ | L I LEELER U L L N UL |
> ;
B0, [ ¥ NEWFHIT | | 1
g 1 90% C.L. region’ i P
. 5_ [ emEpssvs 1 J dxAg(x, QO = 10)
S™E [ . pssv | 0.05
s | = 0.218 + 0.027
""""""""""""""""" — first clear evidence of
: ., 1 ] Ag > 0 for x > 0.05 at
05 - Q*=10GeV? =1 - Q2 =10 GeV2
Lo by by v v v by by |
02 01 0 01, 02 03
| dx Ag(x)

DSSV14 fit PR.L. 113 ('14); arXiv:1902.10548
NNPDFpol1.1 fit N.P. B887 ("14); arXiv:1702.05077




Parton model AY =1

Ellis-Jaffe sum rule AY = 0.60 £0.12

EMC exp 0%=10.7GeV2 AX=0.12%0.17

result confirmed by other exp’s
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Therefore, quarks carry only a small fraction of N spin

At RHIC (BNL), measured spin asymmetries
:‘ \Wr

PR.L. 115 ('15)
PR. D95 ('17); D98 ('18)

pp —jet(s) + X

el % pnden but large
pp — 7w+ PH "ENIX uncertainties
P.R. D90 (’14) at x < 0.05

1 1 -

orbital motion ?

access to gluon helicity Ag(Q?) = [

1
dx Ag(x,0?%) at tree level
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: ., 1 ] Ag > 0 for x > 0.05 at
05 - Q*=10GeV? =1 - Q2 =10 GeV2
Lo by by v v v by by |
02 01 0 01, 02 03
| dx Ag(x)

DSSV14 fit PR.L. 113 ('14); arXiv:1902.10548
NNPDFpol1.1 fit N.P. B887 ("14); arXiv:1702.05077
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Going beyond collinear




~ Evidences to go beyond collinear

Example #2: elastic p-p scattering

doT — do¥
Ay =
doT + do?
p'p = pp versus ptp — pp

correlation between spin of the proton
and kT of partons

< orbital motion

for a review, see
Krisch, E.PJ. A31 (07) 417

I " T Y T

- 24 GeV CERN
=28 GeV AGS _
31 @24 Gev AGS * |

PQCD = A, =0at: |
High P.*and high energy

A ‘*%?%ff Wymg .

-] _

<l [ a4

| ! | 1 |

2 . 4, 6 8
P (GeVic)” of scattered
proton




/idences to go beyond collinear

Example #3: semi-inclusive p-p collisions

plp—mX

do! —do* single-spin

An = do! 4+ dg! asymmetry
perturbative - ﬂ a. ~ 0(1073)
QCD Do

Kane, Pumplin, Repko,
P.R.L. 41 (‘78) 1689




vidences to go beyond collinear

Example #3: semi-inclusive p-p collisions

pT p—o1X ZGS-ANL AGS-ANL FNAL RHIC
Vs =4.9GeV /s = 6.6GeV Vs = 19.4GeV \/s = 62.4GeV
60 PRL 36, 929 (1976) 60 PRD 65, 092008 (2002) 60: PLB 261, 201 (1991) 60 PRL 101, 042001 (2008)
a0l ® 40k §+ 40l PLB 264, 462 (1991) + 40 | BRAHMS
+ ¢ d : [ ]
:520-;77%_ b.. 20 . 20 O 20} o®
i’z 0f-------- - 0f------- - 0 ---ié ----------- o----o-g -----------
20 C} 20} ooc} -20 ©o o 20 o
40} 40} {) -40f °<% 40} O%)
dO_T _ dO-J/ Single-spin _60 ....l..6l.i--I.-6f2ul..6ié.-I--6t.éul....1 _60 ....l..al.a..l..6:3.-I-.618“l--ol'énl.---1 _60 -uul..al'.z...l..ai;..luai.e...l.-615..1..“1 _60 ....l-.aiéul..6fz'..l..6:éuIuaiéuluu1
AN — T l XF XF XF XF
do! 4+ dod asymmetry " :
perturbatve ™ 0104 of o ot
QCD D Wl . Persisting also up to
Kane, Pumplin, Repko, ) JZI:FHFHHH ———————————————————————————— \/E = 200 GeV
PR.L. 41 (78) 1689 < ol .
. 20 |- \/E =20 GeV, - b
Instead, large asymmetries observed. ~ | 07=Pr=2Gev +- e
. : - U E704 it
Evidence of correlation between -~ 0. ... . . .. .. .. Iy Adams et al. (STAR),
; 0 01 02 03 04 05 06 07 08 09 1
spin of the proton and X PRL 92 (04) 171801

kT and flavor of partons
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Chiral-odd structures




leading-twist projections

[I'] —
O f (x) =

1

dp~dp

Pt

quark polarization

spin-1/2 hadron (Nucleon)

F:}/+—)

L —>

T4

N polarization

4

d .
/. _ [ (2]54 e7iPE (P (&) y(0)] P)

Tr [(d)f(p, P))ﬁ (r)ij]

pr=xP+

unpolarized PDF



quark-quark correlator o — P
v | v = [ 54 e PSP g(&) y(0) | P)
[’ @n)
leading-twist projections olM(x) = : Jdp_dﬁ Tr [(CI) (p P)) (r)..]
f P+ Qo) N P J—
quark polarization
spin-1/2 hadron (Nucleon)
o
=y" - '§ uol f4 unpolarized PDF
C=y"y — ol o = g1 helicity PDF
| o
I'=ic™ys > ZD' T4 hi transversity PDF




it

quark-quark correlator o — P
v | v = [ 54 e PSP g(&) y(0) | P)
/’ @n)
leading-twist projections olM(x) = : Jdp_dﬁ Tr [(CI) (p P)) (r)..]
f P+ Qo) N P J—
quark polarization
spin-1/2 hadron (Nucleon)
o
=y" - '§ uol f4 unpolarized PDF
C=y"y — ol o = g1 helicity PDF
| 0
I'=ic™ys > ZD' T4 hi transversity PDF

I = y+ s 1/7}/""1// — R'TR+ L'L sum of right-handed / left-handed quark densities f,= @

C=y"y > wytysy— R'R—L'L difference “ ““ g = @* '@*

F=io"ys > wioc™ysy — L'y,R—R",L not diagonal on helicity basis » -} -(1)
“chiral-odd” structure




projector:  (#)’ =2t [P+, 7| =0
P+ P =1

“good” light-cone

given Dirac vector |y) = ¢ component (dominant)
X
V\ ) .,
bad” component
Plwy=¢ P ly)=yx
o : . 1 9, N
define helicity projectors: %, , = | P Z| =0

show that
1/7y+1//—>RTR+L7LL with R,L =%, ¢

wytysw— R'R—L'L

wictysy— L'y,R—R'y,L




QCD conserves helicity at leading order,
transversity does not
— transversity suppressed in inclusive DIS
it has no corresponding structure function
PDF fi < structure function F
PDF g1 < structure function g;

PDF i1 <& ? Need a process with another chiral-odd partner




QCD conserves helicity at leading order,
transversity does not
— transversity suppressed in inclusive DIS
it has no corresponding structure function
PDF fi < structure function F
PDF g1 < structure function g;
PDF i1 <& ? Need a process with another chiral-odd partner

Nevertheless, it’s a leading-twist PDF with very interesting properties:

il
Lo

in a nonrelativistic theory, gi=h; because would differ just by a rotation

s @ _@ — transversity contains info on relativistic motion of quarks

1




QCD conserves helicity at leading order, N ? L
transversity does not S t
— transversity suppressed in inclusive DIS ol +"lp
it has no corresponding structure function & F
PDF f1 < structure function F| —1;-_[ - S
PDF g1 < structure function g; |
PDF i1 <& ? Need a process with another chiral-odd partner

Nevertheless, it’s a leading-twist PDF with very interesting properties:
- @~ @~ it it .
T in a nonrelativistic theory, gi=h| because would differ just by a rotation

— transversity contains info on relativistic motion of quarks

in a spin-1/2 hadron, there is no gluon transversity

— evolution of transversity of quarks is decoupled from gluons
very different from helicity




world data for

thousands of data
hundreds of data

tens of data

|||||||||||||||||

0.5r

O

0.3 MJAMDIFF
- B JAM3D (no LQCD)

0.2
0.1F
0.0

0.00]
~0.05F

~0.10F

i Bl
-0.151 RBIS
o Soffer Bound

i

01 03 05 07

chiral-odd structures

proton g1

10 —
»=63I2E-5 0.000
/ /' ;null‘)nnl — LO QCD — x=0.0007
,“;’ ‘ J--llllllB] o ¥ 2000 £
| LAY o, —— x=00025
Skt /{ /o 10080612 %90
[ -'/ (# /s " prel) 99108 4+ x=0.0063 x = 0.0063
| Sy *=0.0011
.n: f/‘/‘f,‘l » LEUS 9697 et x= 0011 . = 0.0138
" MS
“y ‘,:f;' d =g e X =0.0257
ol e v :_,,_ b x=0.0245 xx-OOSB
eyt s x=0.0002 1 4‘—«"—‘* x=0.0346 .
Il s S x = 0.065
A X e * x=0/
& P = Ry + x = 0.099
AN (@) I x=0.0775
N 4T 0,008 + b & x=0.122 - x =0.151
L b4 by 8 S
> . i a4 x=0173 ‘7 x=0.196
r'// "DO'.M o q ,f . I OO <
foce”® 4"":.."'“""‘“' o X —1.«-;4—; =0.245 0, x = 0.276
L . o |
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[ 7;2;‘»4.——-"'0.-0'-“0‘ P \*\"\’\‘\
| e T ‘.r.u!;"'_'.‘. x=0.13 -
1 :_ww""‘qﬁ"—:l x=0.15 ® E155 + | XL
' MM,;;'J 4025 E143
| '\Mw.nw,' .y ‘1 =ad * SMC \\\ x=0735
S O—— R o HERMES !
ol wl i 0.01L o= ~~*1 : o . ‘3 - i il g g aun;
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2 72
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some phenomenological extractions using different mechanisms

JAM3D — Collins effect

- agreement on valence UP
Gamberg et al., P.R.D 106 (‘22) 034014

- large uncertainty on

JAMDIFF, RBI3 valence down

— di-hadron production
Cocuzza et al., arXiv:2308.14857

Radici & Bacchetta, P.R.L. 120 (‘18) 192001




the tensor charge

I1st Mellin moment of transversity: the tensor “charge”
(not really a charge, since it scales — no associated conserved current in Zcp)

1
6q(Q°) = [ dx [hf(x, Q%) - hl(x, QZ)]

0




the tensor charge

I1st Mellin moment of transversity: the tensor “charge”
(not really a charge, since it scales — no associated conserved current in Zcp)

1
(PS¥ — P*S") 6q(Q%) = [ dx [, 0%) - W(x, 03] (Prs¥ — Ps¥)
V. 0

(PS|q0™ q|PS)

matrix element of
tensor operator - calculable on lattice with high precision




I1st Mellin moment of transversity: the tensor “charge”
(not really a charge, since it scales — no associated conserved current in Zcp)

1

(s P 0q@) = | dx [k 0= HiG 03] (PPt - Py

/4 0

(PS|goc" q|PS) ">~ extraction from data in range [Xmin, Xmax], problems
with extrapolation outside it

matrix element of tension ? discussion

tensor operator - calculable on lattice with high precision € in progress...




I1st Mellin moment of transversity: the tensor “charge”
(not really a charge, since it scales — no associated conserved current in Zcp)

1

(s P 0q@) = | dx [k 0= HiG 03] (PPt - Py

/4 0

(PS|goc" q|PS) ">~ extraction from data in range [Xmin, Xmax], problems
with extrapolation outside it

matrix element of A tension ? discussion
tensor operator - calculable on lattice with high precision in progress...

no tensor operators in £, at tree level ! ‘

Is transversity a low-energy footprint of new physics (BSM) at higher scale ?

SM particles

direct access to BSM at Mgsm footprint of BSM operators at low energy

energy

. : > 0% < M :
Example: weak CC interaction W e Fermi contact term




the tensor charge

tree-level SM Lagrangian

Lsm~ GpVygey, (A =ys)v, (pliay* (1 —ys)d|n)

‘1. n P-decay: n - pe v,

Ui e,
gV g
> W
2
d: 9 v
] GF ~N —
M,

effective BSM Lagrangian

e with tensor coupling
7~ SUSY, Z,
—_——— chafged ~ = = /,”/
* >< —:--:— Iep::i:rk, +geff GF Vud £.71 € 0//[1/ Ve gT <p | U o d | n)

-

BSM tensor coupling




tree-level SM Lagrangian

‘1. n P-decay: n - pe v,

Lsm~ GpVygey, (A =ys)v, (pliay* (1 —ys)d|n)

U; e
> w isospin symmetry implies
d G g )
a9
My,

S |L20'””u—a?6””d| .S
effective BSM Lagrangian P 5y P Sp)

2 2y — 2
o with tensor coupling o ou(Q7) — 0d(Q7) = g7(Q)
7~ SUSY. Z,

' X e Ie:Eg%:a‘jk, +geff by GF Vud €T e GI/‘V Ve 8T <p | ito™ d | n>
>-< i \

-

BSM tensor coupling isovector tensor charge

2
My,
2
Mgy

Er 87 N ‘ precision on couplings — bound on BSM scale

(0.1% — [3-5] TeV)




chiral-odd structures

‘2. CP violation (CPV): ‘ effective BSM Lagrangian CPV couplings related to fermion
Electric Dipole Moment (EDM)

Leom ~ € Y, Ao, rsy P Fr = gF AY — 9¥ A¥

f=u,d,s,c
l quark tensor charge
quark EDM /

Neutron EDM dy = d, ou(Q? + d;5d(Q?) + d, 65(Q?) + d_.5c(Q?)




chiral-odd structures

‘2. CP violation (CPV): ‘ effective BSM Lagrangian CPV couplings related to fermion
Electric Dipole Moment (EDM)

Lepm ~ € Z Jfl/_ff%y%l//fFW F* = ot AY — 0¥ A*

f=u,d,s,c
l quark tensor charge
quark EDM /

Neutron EDM dy = d, ou(Q? + d;5d(Q?) + d, 65(Q?) + d_.5c(Q?)

experimental N improved knowledge on 5 constraints on CP violation

bounds quark tensor charges encoded in quark EDM




Outline

Nuclear matter effects




YA N
¢l (x, 0 = " ¢l (x, 0 + " ¢l (x, 0%

Ph(x; 0?)
Rl(x; 0% = # 1
4 dl(x; 02)

Eskola etal., EPJ). C77 (16) 163
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the EMC effect

- nuclear PDFs are different from free-Nucleon PDFs :

Z N 1.4
¢l (x, 0 = " ¢l (x, 0 + " ¢l (x, 0%

f 2 1
R (x; Q%) = PAC) # 1 10

1.2

RA(z,Q3)

Phx; 02)

0.8

0.6

Eskola et al., E.PJ. C77 (16) 163 O3f

0.4

1.3F

- antishadowing maximum \

-l I = = = = = = = =N =N = = =/ = = -

071t

L EPPS16

~ small-x shadowing

- how do colored quarks and gluons interact with

nuclear medium and propagate through it?

- which mechanism creates nuclear binding
from quark-gluon interactions!?

electron

Y

>MM" é:// nucle| as femtodetectors

two pillars of the EIC science case

hadron

2

2XMA



nuclear PDF

. . . doA=etX  2ra?
- inclusive DIS on nuclei A —
dx dQ? xQ*4

[AG) Fj(x, 0% = y* F(x, Q%)
- fitting F3, F?' on a large range in x — extract nuclear PDF (nPDF)

- nNNNPD F3O Abdul Khalek et al., arXiv:2201.12363
2151 pts (NC&CC DIS + DY + LHC + di-jet + prompt y & D)
72Npes = 1.09

1.75
u Lead 25Pb » i N s+
1.50r ~—— nNNPDF3.0 . 4
—— EPPSI16
1.25 nCTEQ15WZ+SIH 1.2F ok

- EPPS|16nlo Eskolaetal, EP). C77 (16) 163 3

.
1905 pts (NC&CC DIS + LHC) pram——

XZ/Npts = 0.896

0.50

1.75
150k ’ QZI?;?CESX 14 ¢ 1450
B 5 ) T e 1.2r 1.2F
- nCTEQ |5 Kovarik et al., arXiv:1509.00792 125 ,
3 - 1.0 o 1.0 LA

740 pts (NC&CC DIS+DY+T1 RHIC) “Z://\Y’ . %\ |
3Npes = 0.81 oro

0.50
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the EMC effect

nPDF determine the initial state of ion collisions

e.g., useful to determine initial
configurations that lead to

understand collective phenomena

currently, significant coverage
of phase space.

But still missing very low x \

Pb+Pb (60-70%)

104 -

100 -

NC DIS
CCDIS
DY
LHC
EIC

m RHIC

1073

p+Pb (High-Multiplicity) p+p (High-Multiplicity)

(3

SRS

““““““‘"‘“““" x
o\ oy

l 4 1" 'rt
L EPPS16 3 o |
A 1.3F : :
~> L :
b . . . .
8 L2 antishadowing nrammum\kE
E“ 1.1+ ............... Ya

I.O"-----------

ook LN o] ue

~ small-x shg

0.7 EMC minimum ]
iY.) | EESSSSNSUSTooi— - -
05k ]
0.4 [ 1 sl 1

10" 10° 10’ 10" I

terra incognita:  existing
does R4 saturate!  data
or keep falling?




Outline

Saturation: a new

universal state of matter?




Saturation

At low x, very surprising phenomena...

1 2
Zocp = W) [i;/” D, - m] w(x) — n (F;‘V> gluons carry color charge, can self-interact

. o . ARSI NN - ! W
high energy, low x : parton fluctuations time-dilated; long-lived gluons R PRSI o i tac A
. . . . " A AT SRy W A Vo S

radiate smaller-x gluons, which in turn radiate more... 'lk.j;' < "“"::@?P”‘” Ly

ﬁ boosted hadron




Saturation

At low x, very surprising phenomena...

1 2
Zocp = W) [i;/” D, - m] w(x) — n (F;‘V> gluons carry color charge, can self-interact

. . . . . IQ] VM "vmmh >
high energy, low x : parton fluctuations time-dilated; long-lived gluons R NPT s 12 M-
ur A AT SV WAV L
radiate smaller-x gluons, which in turn radiate more... ol o A
g — i sy =
boosted hadron
e g0 :
= a; Kgpgp, ® g(x, O°)

ﬁ : d log(1/x)

... rapid growth of gluon density at lower x

: MSHT20NNLO, Q% =10 GeV?

4.0 —————rrr————vr
CTEQ 6.5 parton
3.5} distribution functions
Q? =10 GeV?

-
NS
=

SW|

\J

Momentum Fraction Times Parton Density
N
o

0 1 I
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

T10 10°3 102 101 100




Saturation

The rapid growth of gluon density at lower x must
stop to preserve unitarity! Froissart bound: the total
cross section should grow as ¢ ~ log®s .

Gluons must recombine to balance the splitting:

CTEQ 6.5; parton
.5}~ distribution functions
Q% =10 GeV?

gluons

S 0 L
= 0.0001 0.001 0.01 0.1 1.0

Fraction of Overall Proton Momentum Carried by Parton




Saturation

The rapid growth of gluon density at lower x must ‘)
stop to preserve unitarity! Froissart bound: the total 540

CTEQ 6.5 parton

cross section should grow as ¢ ~ log*s .
Gluons must recombine to balance the splitting:

@w&ﬁw - dg(x, 0%

rﬁ‘: : % . :Z%‘W = a, Kppip ® g(x, 0°) 5

S 0 L
= 0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

dlog(1/x)
—a, g, 0]

”f;;??amm saturation




Saturation

The rapid growth of gluon density at lower x must
stop to preserve unitarity! Froissart bound: the total
cross section should grow as ¢ ~ log®s .

Gluons must recombine to balance the splitting:

%‘W e = a, Kppyp, ® g(x, 0%)
m@‘ﬁfmmv@g: s d log(1/x) o (e 03

- &
g b o saturation
£ T &
Where (= at which x and scale)
does saturation set in?

CTEQ 6.5: parton
I distribution functions

Q% =10 GeV?
gluons

es Parton Density

Tim

tion

22NN A e )
O . o »w o u o
R

um Fracf

men

t
o
&)

S 0 L
= 0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

New universal state of gluonic
matter at large densities?

implications for astrophysics

another pillar of EIC science case of neutron stars




Saturation

The rapid growth of gluon density at lower x must ‘)
stop to preserve unitarity! Froissart bound: the total P —
cross section should grow as ¢ ~ log*s . APV NCEEC S P

Gluons must recombine to balance the splitting: £

Qz%ﬂbmm 2 é 1.0}

s ™ ICY e WA &

@n@ﬁﬁnbw:: :?me d lOg(l/.X) ) 0.0001 0.001 0.01 01 ~a
— Uy [g(x, Qz)]

- < >
£ o saturation
Where (= at which x and scale) Color-Glass Condensate ;.

does saturation set in? model Iancuetal.,RL..B510(01) 133 ke 1
saturation scale (Q%(x)) ~ i

New universal state of gluonic not clearly seen at HERA
matter at large densities?

- 2RA NA1/3

2xM

implications for astrophysics

another pillar of EIC science case of neutron stars
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