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Useful references

¢ | ecture notes

e V. Barone - Cabeo School https://www.fe.infn.it/cabeo_school/2010/cabeo_school 2010.pdf
e A. Bacchetta - Trento School https://www2.pv.infn.it/~bacchett/teaching/Bacchetta Trento2012.pdf
* R.Jaffe - Erice School hittps://arxiv.org/pdf/hep-ph/9602236.pdf

e P.Mulders - GGI School http://www.nat.vu.nl/~mulders/tmdreview-vs3.pdf

* Books
* V. Barone, P. Ratcliffe - Transverse Spin Physics
* |. Collins - Foundations of perturbative QCD ~ |as

* R. Devenish,A. Cooper-Sarkar - Deep Inelastic Scattering

* T. Muta - Foundations of Quantum Chromodynamics

* Papers

* EPJ-A topical issue:The 3D structure of the nucleon
https://link.springer.com/journal/10050/topical Collection/AC 628286€999d9a60c9a780398df15f93d

e M. Diehl - Introduction to GPDs and TMDs https://inspirehep.net/literature/1408303

* A. Metz,A.Vossen - Parton fragmentation functions https:/inspirchep.net/literature/1475000
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e Why SIDIS?
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SIDIS e+e- annihilation

check universality of FFs

(simpler picture than hadronic collisions)




P inclusive DIS: - hard scale Q% = — ¢g* > M? to “see” partons
- no further scale to probe proton interior
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inclusive DIS: - hard scale Q% = — ¢g* > M? to “see” partons
- no further scale to probe proton interior

semi-inclusive DIS (SIDIS):

- hard scale Q2 = — g% > M? to “see” partons
- soft scale: detect hadron h with P}, ~ M? < Q?

with these two scales, the process is factorizable into a hard
photon-quark vertex and a quark—hadron fragmentation
PhT = ZkJ_ + PJ_ + @(ki/Qz) z = fractional energy of h

(analogous of x)
hadron Pt arises from struck quark ki and transverse

momentum P. generated during fragmentation
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inclusive DIS: - hard scale Q% = — ¢g* > M? to “see” partons
- no further scale to probe proton interior

semi-inclusive DIS (SIDIS):

- hard scale Q2 = — g% > M? to “see” partons
- soft scale: detect hadron h with P}, ~ M? < Q?

with these two scales, the process is factorizable into a hard
photon-quark vertex and a quark—hadron fragmentation
PhT = ZkJ_ + PJ_ + @(ki/Qz) z = fractional energy of h

(analogous of x)
hadron Pt arises from struck quark ki and transverse

momentum P. generated during fragmentation

measure Pht — get to ku
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chirality = helicity for a spin-1/2 object

chiral-odd structures mix quark helicities:
(+1.1=).(=1..1+)

hence, chiral-odd structures can appear

only paired to another chiral-odd structure

because cross section is chiral even

chiral-odd structures suppressed in DIS
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chirality = helicity for a spin-1/2 object

chiral-odd structures mix quark helicities:
(+1.1=).(=1..1+)

hence, chiral-odd structures can appear

only paired to another chiral-odd structure

because cross section is chiral even

chiral-odd structures suppressed in DIS

chiral-odd structures possible
by pairing with a chiral-odd
fragmentation function
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* A short recap of inclusive DIS

and collinear factorization




“Deep-Inelastic” kinematics

Internal hadron structure is best explored with a powerful “microscopic lense”
need a process with a hard scale; example: inclusive lepton-proton scattering
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- “Deep-Inelastic” kinematics

Internal hadron structure is best explored with a powerful “microscopic lense”
need a process with a hard scale; example: inclusive lepton-proton scattering
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Kinematic invariants scattering angle
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“‘Deep-Inelastic” kinematics

Internal hadron structure is best explored with a powerful “microscopic lense”
need a process with a hard scale; example: inclusive lepton-proton scattering
¢+ NP)—» ¢ +X

Kinematic invariants scattering angle

p2  — )2 P = (M,0,0,0) initially
= —¢*~2EFE'(1 - cosb,) = 4EE'sin%0, /2 A T at rest
P-q TRF ) P
V= T = E=E" transferred energy Q:ZIX> X
_ P-qTRF E—F' . SRR, /20202020 2=e=s===mams | q = 00.lq])
Yy = pg = E fraction of O<y=<I
2 2
T O A inelastic 0<x=| elastic ¢ transferred -
2P . q 2Mv T P’=(1/M2+P200P,)
W? = (P+q)*=M?+Q*1/x—1)> M? invariant mass L s
P =|q|>M
Q2 — 00 l
Deep-Inelastic regime: 0?
In this regime, only Zasop e P~ (1q],0,0,[q])

one single dominant

” : ; At
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collinear framework

inclusive Deep-Inelastic Scattering (DIS): 1 dominant direction of momenta

artons — all partons collinear to proton
ele% Lorentz [®\ =----
boost \e/ ===--

proton

Basics of Feynman parton model:

- DIS regime and relativistic corrections:
the virtual photon probes a frozen
ensemble of partons

- factorisation between hard collision
and proton structure
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inclusive Deep-Inelastic Scattering (DIS): 1 dominant direction of momenta
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ele% Lorentz [®\ =-----
boost \e/ ==--- \
proton parton \
Basics of Feynman parton model: fractional

- DIS regime and relativistic corrections: omentin
the virtual photon probes a frozen ki+:xi‘P+/
ensemble of partons

- factorisation between hard collision
and proton structure virtual

photon

P+
\ proton

momentum
hard

collision




collinear framework

inclusive Deep-Inelastic Scattering (DIS): 1 dominant direction of momenta

partons — all partons collinear to proton
elem Lorentz
boost \®/ ==--- \
proton parton \
Basics of Feynman parton model: fractional

- DIS regime and relativistic corrections: omeniim
the virtual photon probes a frozen ki+:Xi‘P+/
ensemble of partons

- factorisation between hard collision

and proton structure virtual
parametrised by collinear Farton P+
Distribution Functions- \ proton

momentum
hard

collision




inclusive DIS

More rigorously:

one photon-exchange approximation

2




inclusive DIS

More rigorously:

one photon-exchange approximation

optical theorem

P.S . PS

cut-diagram notation:
cross section = product of two amplitudes
particles entering cut are on-shell




inclusive DIS

More rigorously:

one photon-exchange approximation

2
optical theorem
>
P.S - P.S
cut-diagram notation:
cross section = product of two amplitudes
i azy particles entering cut are on-shell
= L, ¢, 4) W (g, P,S)
dxgdydgs  20*
leptonic hadronic
tensor tensor
) k* linear combination of all tensor structures with g, P, S, subject to

calculable in QED

Hermiticity, gauge-, parity- and time reversal- invariance
— parametrised with four structure functions
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Y*




Collinear factorization theorem

do a2

- AGIF gy + BOW gy + 2S,COF 1+ 2| Sr1DG)C0s fsFrr b each F. (2
dxgdydgs XB)’QZ{ XU,T /UU,L L IL T /S LT ( eac ny,(;Q)

Fyyp = F, = 2xgF) F..=0 /T\
) , LT = (7’)(81 + 82) %
connection to +OPF, e p Y

standard notation Fyyr = 2xgF, Frp = 2xpg; 26M target mass

+ @(),2) 2 4 Q correction




do a2

- AGIF gy + BOW gy + 2S,COF 1+ 2| Sr1DG)C0s fsFrr b each F. (2
dxgdydgs XB)’QZ{ XU,T /UU,L L IL T /S LT ( eac FXY,(;(Q)

Fyyp=F, — 2xgF| — \
connection to Frr=0(@()(g + &) / |T> v

+0(*F
standard notation Fyyr = 2xgF, ok Frp = 2xpg; , = M target mass
+@(y2)g2 Q correction
unpolarized: 1,=S, =0
do 27'[612 [A( )F ( Q2) 2F ( QZ)] Q2
= X, — X, = SsX
dxdQ?  xQ* ek YL g
1 2
¢ . x 0 i
Fi(x, Q2) = Z efzj —dai’f Pt ¢f(as, & up) = Z ef2 dUi,f X f/’f
7 i ¢ 5 HE 7

a
5. . = dé© + =% 46
usually p2=pu’= 0 dGz,f dUi’ T dal. G

W b




do a2

= > {A(y)F vur t BO)Fyy L+ A4S, CONF + 2, |Sr| D(y)cos ¢gF LT} each F. (x,Q?)
dedy d¢S xpyQ l g l / Fxyz

Fyyp=F, — 2xgF| — \

+O(y?)F.
standard notation Fyyr = 2xgF, P Frp = 2xpg; , = M target mass
+@()/2)g2 Q correction
unpolarized: 1,=S, =0
do 2ra’
= A®Y) Fy(x, 0%) — v* F,(x, O? Q? = sxy
dg ~ or AP 0 =P R, 07)
1 2
¢ . x 0 2
Fi(x, Q2) = Z efzj —dai’f Pt €bf(05s, & up) = Z ef2 dUi,f X ¢f
7 i ¢ 5 HE 7

a
dé; ;= d6) + = d6') + ...
> 1, 1

usually p2=pu’= 0 R s ST

QCD collinear factorization theorem at scale y., valid at all orders

Physics does not depend on fictitious scale ur : DGLAP evolution equations




Factorization from another point of view: the OPE

1. Justification consider the inclusive DIS
2
Iz X scattering amplitude .7 = (k) y, u(k)é (Py| J*(0)| P)
q J phase space dR = 2n)*8(P + g — Py) d*Py d*k’
u
4
k P Cross section do L | M |*PdR = é L, ww d*k’
k; 2 . / / 2 :
L, =2kk,+2kk,—0"g,, leptonic tensor
{ Ju optical
theorem w _ | g4 4 L

Px X (P|J“(0)| Py) (Py|J*(0)|P)  tensor




Factorization from another point of view: the OPE

1. Justification consider the inclusive DIS
Iz X scattering amplitude .7 = (k) y, u(k);—z2 (Py| J*(0)| P)
q 9 phase space dR = 2n)*8(P + g — Py) aZ‘PX d*k’
k p cross section do Ll./% I’dR = éLﬂy WH 3%

k’ 2 \% L, =2kk, + 2k k, — Q° 8w leptonic tensor
9 Ju optical %
theorem ; w — | g4 4 —p—
k P Mv W Jd Py 2m) 6(PAX P-9 hadronic
Px X(P|J“(0)| Py) (Px|J(0)|P)  tensor

matrix element of bilocal operator = Jd& eds (P [f”(é) ,f”(O)] | P)

=gy
parton e.m. current
check jut = ju




Factorization from another point of view: the OPE

1. Justification consider the inclusive DIS
Iz X scattering amplitude .7 = (k) y, u(k);—z2 (Py| J*(0)| P)
q 9 phase space dR = 2n)*8(P + g — Py) aZ‘PX d*k’
k p cross section do Ll./% I’dR = éLﬂy WH 3%

k’ 2 \% L, =2kk, + 2k k, — Q° 8w leptonic tensor
9 Ju optical %
theorem ; w — | g4 4 —p—
k P Mv W Jd Py 2m) 6(PAX P-9 hadronic
Px X(P|J“(0)| Py) (Px|J(0)|P)  tensor

matrix element of bilocal operator = Jd& eds (P [f”(é) ,f”(O)] | P)

. T : : P =gy
dominated by time-like short distances §2 — 0, but ill defined ! parton e.m. current

Q&é check jut = ju




DIS regime: WH = Jdcf e'* (P [f”(é) ,f”(O)] | P)
Q? > o

0’ 0’

X =

2P q ltrp N 2Mv fixed

Target Rest Frame > U—> 0




DIS regime: W = de e (P [f”(f) ,fU(O)] | P)
Q0% = o
0’ 0’ Riemann - Lebesgue theorem:
X = = fixed o .
2P-qlgp  2My for |g-&| - o, large oscillations and cancelations;

Target Rest frame = 1/ — 00 integral is dominated by terms with |g- £| < K constant




Operator Product Expansion‘}

DIS regime: WH = deeiq'g (P| [f”(f) ,fy(o)] | P)
0° -
.2 _ o ed Riemann - Lebesgue theorem:
2P-qlgp  2My for |g-&| - o, large oscillations and cancelations;
Target Rest frame = 1/ — 00 integral is dominated by terms with |g-£| < K constant
Then, (q-§)|0m=u§0§K = 5055 =%

space-like distances &% < 0 are forbidden bl;' causality;
for time-like distances 2> 0, =2 -22>0 = 2>& 70

The integral is dominated by short time-like distances £2 — 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 = deeiq'g (P| [f”(f) ,fy(o)] | P)
0° -
.2 _ o ed Riemann - Lebesgue theorem:
2P-qlgp  2My for |g-&| - o, large oscillations and cancelations;
Target Rest frame = 1/ — 00 integral is dominated by terms with |g-£| < K constant
Then, (q-§)|0m=u§0§K = 5055 =%

space-like distances &% < 0 are forbidden bl;' causality;
for time-like distances 2> 0, =2 -22>0 = 2>& 70

The integral is dominated by short time-like distances £2 — 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 (x=y)

(0] T[p@®) pN]10) = —iA(x —y) = lJ O for x — y, the integral is divergent :

= K, <m\/—(x —y)? + ie>

= s 5((x—y)2) =Y x

Ki modified Bessel
funct. of 20 kind

4m? V- —y)? +ie 4




2. Definition

Ax) B(y) =) Cx
i=0

_)’)Oi

N

<x +y ) local operators,

— regular for x — y,

2 !
typically Op=1

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




2. Definition

Example: the Wick theorem

A~ A 0 N +
AwBy) =Y Ce-»0; <x y) local operators,
i=0

2 ] € regular for x -y,
\ typically Oo=1
Wilson coefficients, singular for x — y,

ordered in decreasing singularity

lim &7 (@) ()] = : (0 p(): + (01T [px) p(3)] 10)

=1-0,+Cyx-yI




) < regular for x -y,

\ typically Op=1

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

Example: the Wick theorem }Ciin ¢ ¢ =: ) P(y): + (01T [p(x) d(»)] 0)
’ =1-0,+Cyx =1

2. Definition A) B(y) = i C(x—y) O, <x+y> local operators,

3. Application to inclusive DIS

=2
WHY = [d§ el<(P| lf”(cf),f”(O)] | P) Z Cio ( ) ¥ twist 7 = canonical dimension - spin
{a}

of operator O;




Operator Product Expansion.

2. Definition

Example: the Wick theorem

PR < CNA [Ty local operators,
i=0 \ typically Op=1
Wilson coefficients, singular for x — v,
ordered in decreasing singularity

lim T [$(0) p0)] = : ¢ ¢(): + 01T |¢(x) (] 10)
' =10+ Cyx— )1

3. Application to inclusive DIS

-2
WHY = [dgeiq"f (P| lfﬂ(f),f’/(O)] | P) Z Cla < )

{a}

¥~ twist 7 = canonical dimension - spin
{a}

of operator O;
leading
perturbative| order
TR expansion LO NLO NNLO ...
expansion 1 Ols o 2 OPE rigorous proof only for inclusive
leading twist 2 1 parton >
model

subleading twist 3 1/Q
twist4  1/0?

processes. |t can be effectively extended
to all semi-inclusive hard processes.

perturbative QCD
lopE




4. Factorization

WA = [dfeiq'f (P| lfﬂ(é) ,j”(())] Py ~ parton kw +

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:

"22\‘@

O

: hard interaction

b

“structure”

target 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:

*

q
5
hard interaction

N
Y

Y — [ dE ¢4 (P [jﬂ((g) ,f”(O)] |P)  ~ parton kﬁ +

|k
i @ j — “structure”
P

target p

® bilocal quark-quark correlator: ®/(k,P,S) = Jd“PX 8(P —k—P)(P.S|y0)| Px) (Px|w;(0)| P,S)

i

=[L4fe-fkf<P S1FHE w0) | P, S)
2 S hSsd ot




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:

NS e
. N N Vb‘k {\j\) hard interaction
WH = [déequ <P| ljﬂ(é) ’JU(O)] |P> ~ parton kw +lk
—_— i D j — “structure”
target “p P

® bilocal quark-quark correlator: ®/(k,P,S) = Jd“PX 8(P —k—P)(P.S|y0)| Px) (Px|w;(0)| P,S)
ij

=[L4fe-fkf<P S1FHE w0) | P, S)
2 S hSsd ot

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




_ [
@k, P, S) = [(2 :

‘1
e (P, S| ) w0 | P, S) —{ @ —

)4

non-local correlator




- parton-parton correlator

_ [
@k, P, S) = [(2 :

)4

‘1
e (P, S| ) w0 | P, S) —{ @ —

non-local correlator

=) O(k, P, S) = linear combination of all tensor structures with k, P, S, subject to Hermiticity and
parity-invariance (see later about time reversal)




~ parton-parton correlator

_ [
@k, P, S) = [(2 :

)4

k |
e (P, S1gE) yy(0) | P, S) — @ —
non-local correlator

=) O(k, P, S) = linear combination of all tensor structures with k, P, S, subject to Hermiticity and
parity-invariance (see later about time reversal)

# DIS regime — P* dominant component; OPE on ®(k, P, S) — expansion in powers of M/P+

Caveat A A
canonical OPE on local operators O; expansion in twist = dim(0) - spin(0O)
Here, @ is non-local, but can be expanded in local operators of same twist
“working” definition of twist = 2 + powers of M/P+




parton-parton correlator

_ [
@k, P, S) = [(2 :

k |
e " (P,S | @&y (0)| P, S) T—[ P —

non-local correlator

)4

=) O(k, P, S) = linear combination of all tensor structures with k, P, S, subject to Hermiticity and
parity-invariance (see later about time reversal)

# DIS regime — P* dominant component; OPE on ®(k, P, S) — expansion in powers of M/P+
Caveat A A A
canonical OPE on local operators O; expansion in twist = dim(0) - spin(0)

Here, @ is non-local, but can be expanded in local operators of same twist
“working” definition of twist = 2 + powers of M/P+

#PJF dominant component — take partons collinear, k™ = xP*,and integrate other components:

4
D(x,S) = [dk+dk_dkT Sk, — xP,) J(;IT‘; e k(P S| (&) w(0)|P,S)
d .
= Jz—i e~ (P, S| (&) wi(0) | P, S)e g, —o

non-locality along “-* direction




_ [
@k, P, S) = [(2 :

k |
e " (P,S | @&y (0)| P, S) T—[ P —

non-local correlator

)4

=) O(k, P, S) = linear combination of all tensor structures with k, P, S, subject to Hermiticity and
parity-invariance (see later about time reversal)

# DIS regime — P* dominant component; OPE on ®(k, P, S) — expansion in powers of M/P+
Caveat A A A
canonical OPE on local operators O; expansion in twist = dim(0) - spin(0)

Here, @ is non-local, but can be expanded in local operators of same twist
“working” definition of twist = 2 + powers of M/P+

#PJF dominant component — take partons collinear, k™ = xP*,and integrate other components:

d* ,
@, 5) = [dk+dk_dkT d(k, — xP,) J(z—i e * (P, S|p(E)w(0)|P,S)  @(k,P,S)
dé : < expanded in
= J—z =" (P, S| PHE) w0 | P, S)e —g,—0 povei ol il
T

non-locality along “-* direction




OPE — PDFs

OPE on ®(k, P, S) — expansion in powers of M/P. — keeping only leading twist

D(x,S) = Jdk+dk_dkT 5(k, — xP,) ®(k, P, S)

B 1
—E[ﬂ(X)}’_ +

g1(x) Spysy_ +

o =L ] hy(x)ic_, yss;]




OPE — PDFs

OPE on ®(k, P, S) — expansion in powers of M/P. — keeping only leading twist

®(x, S) = Jdk+dk_dkT 5(k, — xP,) ®(k, P,S)

B 1
=3 lf1(X) y_ +
81(X) Spysy_ +

o =L ] hy(x)ic_, yss;]

: Let’s define
e 1
fix) = ETI‘ [(I) }/+] = Pl olM(x) = Fjdk_ dky Tr [(q)(k’ P, S))j,- (F)ij]

k+=xP+

1
S &) = S Tr[@r,p5] = @l

1 . .
(ST)i h](x) e ETF [(I) 1o }/5] = (I)["7+i 7]




OPE — PDFs

OPE on ®(k, P, S) — expansion in powers of M/P. — keeping only leading twist

®(x, S) = Jdk+dk_dkT 5(k, — xP,) ®(k, P,S)

1
= Elfl(x) y_ + unpolarized Parton Distribution Function (PDF)
81(x)Spysy_ + longitudinally polarized PDF (requires hadron long. pol. S;)
o =% 7] hy(x) io_, 755t ] transversely polarized PDF (requires hadron transv. pol. S7)
|

fHix) = ETF [@7,] = ol (fractional) momentum distribution

1
Sp o= ETr @y, 75| = O] helicity distribution

| .
(S7);i () = ETF |@ic,;ys| = PlowTs! transversity distribution




The PDF table

CS X PDFs (x; Q2?) at leading twist
P for a spin-1/2 hadron (Nucleon)
o quark e ° $
. 1/'5
O\,b‘\ Quark polarization
Q
Unpolarized Longitudinally Polarized Transversely Polarized

nucleon ) o m




The PDF table

CE X PDFs (x; Q2?) at leading twist
P for a spin-1/2 hadron (Nucleon)

o quark e * t
O cre e
o k probabilistic
Ca uark polarization 1 1
QO\ Quar poartat Interpretation
Longitudinally Polarized Transversely Polarized
nucleon 0 m

. probability density of finding
v =1 | an unpol. quark in an unpol. nucleon

long. pol. quark in a long. pol. nucleon

Ry ® probability density of finding a
T transv. pol. quark in a transv. pol. nucleon

¢
O" \ Gl = e e probability density of finding a
*
@




“observable” PDFs

connection of PDFs with
measurable structure functions

at leading order 6(a!) and leading twist

hard cross section d6 =1+ cja, + ...
produce F,Fir #0

Fyyr(xg, 0% = xg Z eg J{(xp, 0?) Fuy (x5, 0% =~ 0 /

q &
F(xg, 0% = XB Z eg 8 1q (X Q%) Frp(xp, 09 =0 £

'22\@

~
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“observable” PDFs

connection of PDFs with
measurable structure functions

at leading order 0y and leading twist
& Olay) & hard cross section dé =1+ cja, + ...

produce F.,Fir #0

Fyyr(xp, Q%) = xp Z 65 J{(xp, 0?) Fyy. (X, 0H)~0
q \ / -
Fri(p 0°) = xp Z eg glq(xB, %) Fp (x5, 0% = 0 kl R | k
i T

Transversity PDF does not appear in inclusive DIS cross section!
It happens because transverse polarization mixes quark helicities:
G ol e Callee =l oal =)
chirality = helicity for a spin-1/2 object; hence, hi(x) is a chiral-odd PDF and can appear in the
cross section only paired to another chiral-odd structure.
Transversity is not suppressed (as expected in perturbative QCD as mq/Q),
it can be extracted in processes with at least two hadrons




The gauge link

dz_
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this non-local operator is not color-gauge invariant under  y(x) = @y (x) = Ulx) w(x)




The gauge link

d :
(., ) = Jz—i e (P, S |HE WO P, S) e o

this non-local operator is not color-gauge invariant under  y(x) = @y (x) = Ulx) w(x)

' o | s

e (P S| O Ui O | P.SYe ey |1

d
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The gauge link

d :
(., ) = Jz—i e (P, S |HE WO P, S) e o

this non-local operator is not color-gauge invariant under  y(x) = @y (x) = Ulx) w(x)

' o | s

d .
0(.5) = | T2 R P S BOUggUO 1P e L

0000
0000

b
gauge-link operator U, = @expl — ig[ dn, A”('?)]

it transforms as Uy o) = U(&) Uz U'(0) so that ®(k, P, S) is invariant

®d(x, S) involves only the LC “-* direction: de_ e e 2o

trick: @(x,$) o< (P, S|@ (&) Uz qw(0) | P,S) = (P, S|W(€) Upg oo | Uioo WO P,S) =(P,S|{y ()} {w(0)}|P,S)

AT AT
4_ .....
@ »® P s = ® st
&- &-

{wx)} = U[oo_,x_] w(x_)




The gauge link

d :
(., ) = Jz—i e (P, S |HE WO P, S) e o

this non-local operator is not color-gauge invariant under  y(x) = @y (x) = Ulx) w(x)

' Y | s

aé_  _u. _ g9
D(x,S) = [2—7[ e~ (P, S| (&) Upeqwi0) | P, S)e —e o %g g

b
gauge-link operator U, = @expl — ig[ dn, A”('?)]

it transforms as Uy o) = U(&) Uz U'(0) so that ®(k, P, S) is invariant

®d(x, S) involves only the LC “-* direction: de_ e e 2o

trick: @(x,$) o< (P, S|@ (&) Uz qw(0) | P,S) = (P, S|W(€) Upg oo | Uioo WO P,S) =(P,S|{y ()} {w(0)}|P,S)

AT AT
factorisation
é el is preserved
® o—> - = ® R
E- &

{wx)} = U[x_,oo_] w(x_)
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Recap

hadron structure better explored in processes with a hard scale (much bigger
than involved masses, 02 > M? ) ; on the Light-Cone, it implies one dominant
direction — collinear framework natural choice

Example: inclusive DIS, cross section do ~ L, W* can be parametrised in terms
of 4 structure functions (including polarization)

OPE on W#¥ — factorisation of hadron structure in parton-parton non-local

correlator @. It can be made color-gauge invariant by inserting proper gauge
link

Expansion of ® in powers of M/Q (effective twist) contains operator-definition
of collinear PDFs, that can be extracted by suitable projections

Leading-twist PDFs have nice probabilistic interpretations, and can be
connected to structure functions (except the chiral-odd transversity PDF)




Outline

e Why TMDs ?




Evidences to go beyond collinear

Evidences of going beyond the collinear framework
Example #1: the “Spin Crisis”

Ashmann et al. (EMC),
PL. B206 (88) 364

® |n 1988, the EMC Collaboration at CERN measures the F. structure function in the
polarized inclusive DIS process 7' +p — u'+ X . Surprisingly, the sum of quark
helicities Aq contributes at most 25% of spin 1/2 of the proton (depending on Q?2).

® There has been an intense activity to measure the gluon helicity Ag, which is
currently known with a large error — there is room for contribution from the

orbital motion of partons

® Contribution from the orbital angular momentum of partons L9, L[¢ — need to be

sensitive also to intrinsic transverse components of parton momentum
Ad

1 1
o zq: <5Aq(Q2) + Lq(Q2)> + Ag(0%) + L4(Q?) La L

A& (~40% ?)




N:

pT

doT — dot

dot +dot
D= Dpp versus pYp — pp

for a review, see

Krisch, E.P.J. A31 (07) 417

T
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3L @24 Gev AGS i

o *MH _______

T g T

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

2

2 4 2 | 6 | 8
P (GeVic)” of scattered
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N:

pT

correlation between spin of the proton
and kt of partons

doT — dot
dot 4+ do¥

pP— PP versus P

p—Dpp

< orbital motion

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

T

- 24 GeV CERN ]
=28 GeV AGS
3L @24 Gev AGS i

8 #ﬁ #ﬂ}w _______

T v T

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

2

2 4 2 6 | 8
P (GeVic)” of scattered
proton
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perturbative e
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QCD Do

Kane, Pumplin, Repko,
P.R.L. 41 (‘78) 1689
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. single-spin
"~ dot +do!l asymmetry
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Instead, large asymmetries observed.

Evidence of correlation between

spin of the proton and
kt and flavor of partons
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Outline

* The “TMD zo0”

- factorisation theorem and general properties

(generalising same steps that lead to PDFs)

- specific properties




center-of-mass frame

photon

ky

hadron

Py

ky

proton

inclusive DIS: - hard scale 9 = — ¢> > M? to “see” partons
- factorisation — isolate PDFs
- no further scale to probe proton interior

semi-inclusive DIS (SIDIS):

- hard scale Q% = — ¢> > M to “see” partons
- soft scale: detect hadron h with P;, ~ M? < Q?

- factorisation — isolate TMDs Ji Yuan, Ma, PR. D71 (05)

Rogers & Aybat, PR. D83 (11)
Collins, “Foundations of Perturbative QCD” (11)
Echevarria, Idilbi, Scimemi, JHEP 1207 (12)

with these two scales, the process is factorizable into a hard
photon-quark vertex and a quark—hadron fragmentation

PhT = ZkJ_ + PJ_ + @(ki/Qz) z = fractional energy of h
(analogous of x)
hadron Pt arises from struck quark ki and transverse

momentum P. generated during fragmentation

measure Pht — get to ku




The TMD framework

ECG

l

cardio
MR

parametrised by
Transverse-Momentum
Dependent PDFs
TMD PDF(x, k1; Q?)

A new paradigm:
3D imaging of
hadron structure
(in momentum space)

parton

“longitudinal”
momentum

collision

P+ proton
momentum

parton
transverse
impulse




SIDIS

SIDIS

one photon-exchange approximation

Ph 2 \Z
X optical theorem

> q
P.S
same invariants as inclusive DIS plus
P-P, “energy fraction” of
= p.,  fragmenting parton
carried by final hadron
do a’y
= L(¢, ¢, ) W™(g, P, S, P})
dxgdydpsdzdd,dP?,  2z,0*

new dependence

(for unpolarized hadron, $,=0)




Example : SIDIS

. . SIDIS
one photon-exchange approximation
Ph 2
X optical theorem
>
P.S
same invariants as inclusive DIS plus
P.P,  ‘“energy fraction” of
= p.,  fragmenting parton
carried by final hadron
do a?
= =21 (&2, A)[W¥(q, P,S, Py
dxgdydpsdzdd,dP?,  2z,0*
leptonic hadronic
L
tensor tensor
new dependence ( parametrised with

8 structure functions at leading twist
(18 including subleading twist)

(for unpolarized hadron, $,=0)




SIDIS cross section

SIDIS
do B
dxpdydpsdz,de,d P,
a2 coSs 2¢;,
= 5 (A0 P + B0y cos 20, By

+S, sin 2¢p, Fyr 2%
+/1e SL C(y) FLL
+S7[A(y) sin(g, — ps) Ff};fﬁh‘%) + B(y) sin(¢, + ¢g) Fyn ™ 1 B(y) sin(3¢, — ibs) )

+1,57C(3) cos(dy — ¢) B @ | 10 <g>

each Fxyz

Flﬁk@,apfﬁﬂw(2z) /f TK\
A




SIDIS cross section

SIDIS
do B
dxpdydpsdz,de,d P,
a2 coSs 2¢;,
= 5 (A0 P + B0y cos 20, By

; in?2
+S,, sin 2¢, Fyr 2%

+)‘e SL C(y) FLL

+57[A(y) sin(gy, — ¢hs) Fp '™ + B(y) sin(ghy, + ) Fyp %9 +B(y) sin(3¢p, — ¢bg) FynChi99)]

+4,57 C(y) cos(gh, — ¢bs) Fo @09 ] 8 <%>

each Fxyz

Flﬁk@,apfﬁﬂw(2z) /f TK\
A




SIDIS : factorisation

OPE not possible, use diagrammatic approach (select dominant diagram by
counting powers of divergences)

s ]
_ F v+ higher twists (suppressed)
k| E Tk

OMWH(q, P, S, P,) = 2zh<g[Tr[cI>(xB, k., S) 7" Az P) 7Y ]

%[] = JazpldkL 5Ok, + P, —P,p) []




SIDIS : factorisation

OPE not possible, use diagrammatic approach (select dominant diagram by
counting powers of divergences)

_ =4 v+ higher twists (suppressed)
K i | k

ZMW/,u/(q, P, S, Ph) = 2Zh%lTr[CI>(xB, kJ_, S) }’” A(Zha PJ_) }/U] ] %[ ]_Jdp dk, 6Pk, +P, - P )[ ]
ERES 14K, L L SR/

non-local correlator:

3
; dési
from collinear d(x,S) = [2—57[ e (P, S|W (&) Uig o) w(O) | P, ), —¢,—0 5 /. &

dEdG s

to O(x,ky,S) = J (P, S|W(E) Uy w(0) | P,S); g

(2r)3 k




SIDIS : factorisation

non-local correlators

dé. d? .
AGz. k) = Z[ Bl Sr ke (01y(0) X, PYX, Py | 7E) 0)¢ -

~ |~ Qny
[‘ A )

a.

NaVAL A
hard cross section /: . I
do =1+ca+ ... :

— ® m—

F F /NAE
g
Gl e e X /'.
(D(X,kJ_,S)=JQTPTQ_lk§<P,S|W(5) U[g,O]‘//(O)|P,S>g+=o 4 P =
k, ok,




SIDIS : factorisation

non-local correlators

dé. d? .
AGz. k) = Z[ Bl Sr ke (01y(0) X, PYX, Py | 7E) 0)¢ -

3
| " 2n)
P e &P
et T
[ Al
a.
aVal YAVAW

hard cross section /: . L
dé =14+ca,+... ' |
! P

P

dé_d? ,
O(x,ky,S) = J% e (P, S|W(&) Uiy (0) | P, S)e o

T flipping LC-dominant

direction
&




SIDIS : factorisation

flipping LC-dominant direction

_k e TN 4T
p+ 57 op.g 2Ptg- p+

Definitions: X

Parton model — elastic kinematics — x & xp




SIDIS : factorisation

flipping LC-dominant direction

_k e TN 4T
p+ 57 op.g 2Ptg- p+

Definitions: X

Parton model — elastic kinematics — x & xp

initial parton k={k*.k"k } = { xP*,———=k, >~ {xP*,0,k, }

+ component dominant




SIDIS : factorisation

flipping LC-dominant direction

_k e TN 4T
p+ 57 op.g 2Ptg- p+

Definitions: X

Parton model — elastic kinematics — x & xp

o« e e + — + k2 + k%. +
initial parton k={k*k"k; } =4 xP ’W’kl ~ {xP*,0,k_ }
e e + component dominant
i AT
f 0"
momentum transfer — S e () = = P ,0
q=19"9",0r} e




SIDIS : factorisation

flipping LC-dominant direction

_k e TN 4T
p+ 57 op.g 2Ptg- p+

Definitions: X

Parton model — elastic kinematics — x & xp

o e, + — + k2 + k%. +
initial parton k={k*k"k; } =4 xP ’W’kl ~ {xP*,0,k_ }
e e + component dominant
T T
f o
momentum transfer — S e () = = P ,0
q=14q Q\ r} e
oE= ki —
Q2

final parton k'=k+qg=40, ﬁ’ki ~ {0,0.k, } - component dominant




~ parton-parton correlator

linear combination of all tensor structures with k, P S, subject to
Hermiticity and parity-invariance (see later about time reversal)

expansion of ®@ in powers of M/P+. At leading twist:

1 (k, xS;)-P
O k.. $) =S| fir —f——

k,-S;
+81L S VsV + &1t~ VsV
M
R ] L4 ] ki
o =5[7 7] +hypio_,ys Sy + hijio v75SLM

k 'ST kY kyl
o

Notations:




~ parton-parton correlator

linear combination of all tensor structures with k, P S, subject to
Hermiticity and parity-invariance (see later about time reversal)

expansion of ®@ in powers of M/P+. At leading twist:

1 (k, xS;)-P
N

M
k, -S;
+81. 5L V57— + &ir o -
B kl/
ot = é [ 7] +hypio_, ys Sh+ hit io_,ys S, —
k,-S kY kY
1 1 1o 1 ik Al
+hiy e 10_,¥s T hio_, 5V ]
. ( J_)‘/k;\ waited by k. t = f unpolarized parton
Notations: fix (x, J-) t = g longitudinally polarized parton
/ \ t = h transversely polarized parton

leading twist X =L longitudinally polarized hadron
X =T transversely polarized hadron




~ parton-parton correlator

linear combination of all tensor structures with k, P S, subject to } w * )
Hermiticity and parity-invariance (see later about time reversal)
@
T_[ ]T

expansion of ®@ in powers of M/P+. At leading twist:

1 (k, XS,)-P
k. $) == |y - ==

1
ETr[CD v.] = @7 — 2TMDPDFs for unpol. parton

M
k, -S;
+81. 5L V57— + &ir o -
B kl/
ot = é [ 7] +hypio_,ysSh+ hisio_,ys S, ML
k,-S kY kY
1 1 1o 1 ik Al
+hiy e 10_,¥s T hio_, 5V ]
. ( J_)‘/k;\ waited by k. t = f unpolarized parton
Notations: fix (x, J-) t = g longitudinally polarized parton
/ \ t = h transversely polarized parton

leading twist X =L longitudinally polarized hadron
X =T transversely polarized hadron




parton-parton correlator

linear combination of all tensor structures with k, P S, subject to } w + )
Hermiticity and parity-invariance (see later about time reversal) o ]
expansion of ® in powers of M/P+. At leading twist: ’ ’
1 k, xS;)-P 1
D(x,k,S) = Elfl y_ —fiz &y MT) v_ 5Tr[<1> y,| =@ — 2TMDPDFs for unpol. parton
k- Sy 1 [7:75]
+81. S, vs7- + &ir — 1l ETr[CD 7,75] = @1 — 2 TMDPDFs for long. pol. parton
i . . kY
e ot +hypio_, s Sp+ higio_, vs Sy ML %Tr (@ ic,, 5] = @l
o k- Sy, ki om ki — 4 TMDPDFs for transv. pol. parton along i
@ oo _]
M M M

: : L) ) waited by ki t = f unpolarized parton
Notations: fix (x, kJ-) t = g longitudinally polarized parton
/ \ t = h transversely polarized parton

leading twist X =L longitudinally polarized hadron
X =T transversely polarized hadron




parton-parton correlator

linear combination of all tensor structures with k, P, S, subject to } w + )
Hermiticity and parity-invariance (see later about time reversal) o ]
expansion of ® in powers of M/P+. At leading twist: ’ ’
1 k, xS;)-P 1
D(x,k,S) = 5 fil- —f &y MT) v_ 5Tr[<1> y,| =@ — 2TMDPDFs for unpol. parton
kJ_ * ST 1
@SL ysr—+ ip — 151 ETr[CD 7,75] = @1 — 2 TMDPDFs for long. pol. parton
Hy / KV ; v M kj/- 1
o = E [7/ ol ] 10_,7s5 ST + hlL 16_,7%s5 SL M E'|'r [q) i0+i },5] = pliosivs]
o k- Sy, kY VLA — 4 TMDPDFs for transv. pol. parton along i
@ oo _]
M M M

: : L) ) waited by ki t = f unpolarized parton
Notations: fix (x, kJ-) t = g longitudinally polarized parton
/ \ t = h transversely polarized parton

leading twist X =L longitudinally polarized hadron
X =T transversely polarized hadron

survive upon Jdkl — collinear PDF




The TMD PDF table

k. TMD PDFs (x, ki; Q?) at leading twist
< ' Q’X P for a spin-1/2 hadron (Nucleon)

& o * Mulders & Tangerman, N.P. B461 (96)
,b”{,\oo q ua rk ¢ ¢ Boer & Mulders, P.R. D57 (98)
3 p———
3
nucleon
€ 3 -0 ht= (1 - (4

an TN R '/h\\_» — o
(= L g1=(m - em | P =27 o 0

L b = -
— N — YR
| fir=0 - 9T = o - =
f hJ_ /}\\
lT_t\i/ - (\/

Each entry has a nice probabilistic interpretation

N.B. Using appropriate projections ®!!1 one can extract also subleading-twist TMD PDFs,
but no probabilistic interpretation




The TMD PDF table

k. TMD PDFs (x, ki; Q?) at leading twist
< ' Q’X P for a spin-1/2 hadron (Nucleon)

0% q ua rk ° o * Mulders & Tangerman, N.P. B461 (96)

’8.&\0 i Boer & Mulders, P.R. D57 (98)
\
O\fb'( Quark polarization
Q Unpolarized Longitudinally Polarized Transversely Polarized nomenclature
nucleon ) )
Q U fi= hi = (1) - (i) no-name  Boer-Mulders
N\ N J— f— '/h\\.» - (s I o« e . .
Q—p L g1 = (v~ (== | hip =2 1 helicity Kotzinian-Mulders
h _ /i\ /’i\ 8
* 1A . _ N 1= () - (1) transversity
1| fir=0) - (|7 = (=) - (=
@ Lo .
hir =, - (¢)| pretzelocity
Sivers worm gear

Each entry has a nice probabilistic interpretation

N.B. Using appropriate projections @]

but no probabilistic interpretation

one can extract also subleading-twist TMD PDFs,




The TMD FF table

TMD FFs (z, P1; Q?) at leading twist (and S, < 1/2)

° - {
’{\00 quar k o Mulders & Tangerman, N.P. B461 (96)
N4 Boer & Mulders, PR. D57 (98)
O\rb( Qua POoI3 atio
Q Jolb ed ong c a Pola
hadron

nomenclature

no-name Collins

4 .

1 - P Hl:_t
O T DlTO-O G;

A 4

polarising FF

Each entry has a nice probabilistic interpretation

N.B. Using appropriate projections @'l one can extract also subleading-twist TMD FFs,
but no probabilistic interpretation




The TMD PDF table

k. TMD PDFs (x, ki; Q?) at leading twist
< ' Q’X P for a spin-1/2 hadron (Nucleon)

0% q ua rk ° o * Mulders & Tangerman, N.P. B461 (96)

’8.&\0 i Boer & Mulders, P.R. D57 (98)
\
O\fb'( Quark polarization
Q Unpolarized Longitudinally Polarized Transversely Polarized nomenclature
nucleon ) )
Q U fi= hi = (1) - (i) no-name  Boer-Mulders
N\ N J— f— '/h\\.» - (s I o« e . .
Q—p L g1 = (v~ (== | hip =2 1 helicity Kotzinian-Mulders
h _ /i\ /’i\ 8
* 1A . _ N 1= () - (1) transversity
1| fir=0) - (|7 = (=) - (=
@ Lo .
hir =, - (¢)| pretzelocity
Sivers worm gear

Each entry has a nice probabilistic interpretation

N.B. Using appropriate projections @]

but no probabilistic interpretation

one can extract also subleading-twist TMD PDFs,




. o !

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
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il k?) probability density of finding a quark g with “longitudinal” (along “+” LC direction)
fraction x of nucleon momentum, and transverse momentum k




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon () (L m
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Bacchetta et al.,
PL. B827 (22) 136961,
arXiv:2004.14278

, & xSp-P

1T M

Sivers effect: how the momentum distribution of quarks is distorted
by the transverse polarization of parent nucleon
(“spin-orbit” correlation)

Sivers fllT — indirect access to quark orbital angular momentum

Burkardt, P.R. D66 (2002) 114005;
N.P. A735 (2004) 185

Bacchetta & Radici, P.R.L. 107 (2011) 212001

Jietal.,, N.P. B652 (2003) 383




Quark polarization

Longitudinally Polarized Transversely Polarized

(L)

. . L e (D
(- L g1 ===~ == | M =12 K

[N
h = v/l\ _
4 . 4 Iy 1 )
| fir=0 - Gler=o - o j \
hf_T = ‘/\V> - r({)
ST
1 (k ) P - #hk,
XSr) - -
ETr[q)i"HVs]—) +h1l Ll ST 'kJ_ <P

Boer-Mulders effect: “spin-orbit” correlation at partonic level
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~ Forbidden combinations

quark

Unpolarized

()

- !

Quark polarization

Longitudinally Polarized Transversely Polarized

(L) (1)

4
hf_T =(,r - é)

\_/ AN

Why?
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Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon (v) 0
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Why?
prohibited by
parity invariance

St ki xP S kixP=0

not enough
vectors for llL!

* similarly for “swapped” combination




" The chiral-odd TMD PDFs

o quark e o—> $
>
\
O\f& Quark polarization
Q Unpolarized Longitudinally Polarized Transversely Polarized
nucleon 0
€ u fr=1( hi= () - (L

4 s hy = é - d)

4 ,/i\ N — N\ N
T f].T =) - (o) | 91T = (=) — (—)

./ N N/

P A N
> L L= (- o | i = (2m = m

all TMD PDFs belonging to right column involve transverse polarization of quarks, hence
they are “chiral-odd” and are suppressed in perturbative QCD as m¢/Q.

Similarly to transversity h1, they can appear in the cross section at leading twist if paired to
another chiral-odd structure. For SIDIS, they must be paired to a chiral-odd TMD FF.




Transversity
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Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon (v) 0

¢
O»
4
@

- transversity is the prototype of chiral-odd structures

- the only chiral-odd structure that survives in collinear kinematics
1

- only way to determine the tensor charge 5%0? =J dx hi7(x, 0?)
0




Transversity properties

L A
both defined in
Infinite Mom. Frame & = @’ _@’ by = @ _®

( =) helicity transversity

boosted Nucleon
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Transversity properties

L A
both defined in
Infinite Mom. Frame & = @’ _@’ by = @ _®

( » helicity transversity

boosted Nucleon

Non-relativistic theory: » .
boosts & rotations commute Differences
=> info on relativistic motion of quarks
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Transversity properties

both defined in

Lo
Infinite Mom. Frame & = @* _@* by = @ _®

( » helicity transversity

boosted Nucleon

Non-relativistic theory: » .
boosts & rotations commute Differences
=> info on relativistic motion of quarks

In ‘a”spin‘—1/2 hadron,

no transversity of gluons singlet and only
non-singlet non-singlet
evolution evolution

In a spin-1 hadron, gluon transversity possible _ ' ‘ ’

because transverse tensor polariz. => AA=2

bUt higTT — hig is Only aTMD and T—Odd Jaffe & Manohar (1989), Artru & Mekhfi (1990), Bacchetta & Mulders (2000)
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Transversity properties

both defined in 4 4

Infinite Mom. Frame & = @* _@’ h = @ _®

( » helicity transversity

boosted Nucleon

Non-relativistic theory: » .
boosts & rotations commute Differences
=> info on relativistic motion of quarks

In ‘a”spin‘-1/2 hadron,

no transversity of gluons singlet and only
non-singlet non-singlet
evolution evolution
In a spin-1 hadron, gluon transversity possible _ ' ’ ’ ’
because transverse tensor polariz. => AA=2
but h8 = hig is only a TMD and T-odd Jaffe & Manohar (1989), Artru & Mekhfi (1990), Bacchetta & Mulders (2000)

1,TT —

Sbffer bound: || <= (fi+g) for any (x,Q?)

44



Transversity properties

e - (-0

helicity transversity

charges connected to hadronic matrix elements of local operators (calculable on lattice)

(P,S;1Gr'vsq|P,S) = S P*gl | (P,S|Go" q|P,S) = Plts“1590?)
axial current <=> axial charge | tensor current <=> tensor charge
1 1
= S, P* [ dx g*(x, Q%) = pleg¥ J dx hi~(x, %)
0 | 0
connected to C-even structure § connected to C-odd structure
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Transversity properties

-

helicity

transversity

charges connected to hadronic matrix elements of local operators (calculable on lattice)

(P,S.|qr*vsq| P, S ) =S Pgl

axial current <=> axial charge
1

=5, | dxgf i 0%
0

connected to C-even structure §

anomalous dim. Ay =0

=> gad IS constant

45

(P.S|go" q| P.S) = Pl 51540
tensor current <=> tensor charge

1
= pl gy J dx hi~(x, 0?)
0

connected to C-odd structure

anomalous dim. 5y = — C/2 X
N2 -1

. CF -
=> 04 scales with ()2 2N




Transversity properties

i IR Rt
helicity transversity

charges connected to hadronic matrix elements of local operators (calculable on lattice)

(P,S.|qv"vsq|P,SL) =S P'g! | (P,S|go" q|P,S) = Plt$159(Q?)
axial current <=> axial charge | tensor current <=> tensor charge
= S, P* [1 dx g*(x, Q%) = Pl g Jl dx hi~(x, %)
0 | 0
connected to C-even structure | connected to C-odd structure
anomalous dim. Ay(l)» = O ahbrﬁélous dlm 5}/(1)”: — C%/2 .
=> gad IS constant => 0d scales with Q2 R

helicity and transversity are very different!

45



Potential for BSM discovery ?

Tensor (and chiral-odd) structures do not appear
in the Standard Model Lagrangian at tree level.

Is it a possible low-energy footprint
of BSM physics at higher scale ?
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Potential for BSM discovery ?

Tensor (and chiral-odd) structures do not appear
/I/ SUSY, Z',

in the Standard Model Lagrangian at tree level. >< Y Z

—_———— leptoquark,

Is it a possible low-energy footprint
of BSM physics at higher scale ? é

neutron 3-decay Lsm ~ GV, ey (1 = ys)v, py,(1 —ys)n

n—pe Ve +Leg ~ Gp V., gy epec™v, po,,n
.. M: BSM coupling ¢
precision => BSM scale ~ grer &
Mism “—___ g, = ou—dd isovector tensor charge

PRI Ay
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Potential for BSM discovery ?

Tensor (and chiral-odd) structures do not appear ~__ )
in the Standard Model Lagrangian at tree level. >< -~ sustz,
Is it a possible low-energy footprint D
of BSM physics at higher scale ? >-<
neutron 3-decay Lsm ~ GpV, ey (1 = ys)v, pr,(1 = ys)n
n—pe- Ve + Lo ~ GV, 81 €recv, po,n

z o BSM coupling ¢

precision => BSM scale N g €r
Mism “—___ g, = ou—dd isovector tensor charge

s

PRI Ay

i adsa e s s g e

SMEFT with strong CP violation L. . - Z de Wy 0, ysyyp FH° 2
permanent Electric Dipole Mom. fRudse N quark EDM

neutron EDM d, = éud,+odd+osd, + ..

exp. data + tensor charge => constrain amount

of CP violation
46
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Quark polarization

Longitudinally Polarized Transversely Polarized

(L)

(1)

, & xSp-P
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T-odd TMD PDFs

Sivers and Boer-Mulders TMD PDFs vanish without gauge link U

dé_d? ,
(I)(X, kl’ S) = J % e_lk‘é (P’ S | l/_/(é) U[f,O] l//(O) | P, S>§+=O

b
Ulap) = g’exp[ - ig[ dn, A”(’?)]

| g
e

They are generated by interference of different channels.

(for example, f. can be reproduced by interference of model LC wave B w
functions with different orbital angular momentum)

2000
2000

000
000
91000

Gauge link U represents the residual color interactions that
generate the necessary phase difference for the interference.
As such, time reversal puts no constraints on these structures.

Sivers and Boer-Mulders TMD PDFs are conventionally named “T-odd” TMD PDFs

Boer & Mulders, P.R. D57 (98)




The gauge link

ey

O(x,ky,S) = [ o

<P9 S | l/_/(é) U[é,O] U/(O) |P’ S>§+=O

TMD factorisation for SIDIS process suggests a trick similar to collinear framework case:

U[oo‘f_,ooT] ; f

(P,S (&) U gw(0) | P,S) = (P, STY(E) U oot ] Uioot .c0p1 Uoopnco_] Utoo_ ot W(O) | P, S)

= (P, SH{w O} {w(0)}|P,S)




The gauge link

ey

(2x)3 (P, S1p &) U O P,S)e

O(x,k,,S) = [

TMD factorisation for SIDIS process suggests a trick similar to collinear framework case:

U[oo‘f_,ooT] ; f

(P,S (&) U yw(0) | P,S) = (P, S[Y(&) U oot ] Uioot .c0p1 Uoopnco_] Utoo_ ot W(O) | P, S)

= (P, SH{w O} {w(0)}|P,S)

In Drell-Yan process, TMD factorisation l ETA £
gives the following path for gauge link: L---» . -




The gauge link

deder .

D(x,ky, S) = [ o

<P9 S | l/_/(é) U[f,O] V/(O) | P’ S>§+=O

TMD factorisation for SIDIS process suggests a trick similar to collinear framework case:

U[oo‘f_,ooT] ; f

(P,S (&) U yw(0) | P,S) = (P, S[Y(&) U oot ] Uioot .c0p1 Uoopnco_] Utoo_ ot W(O) | P, S)

=(P,S[{w()} {wO)}|P,S)

[oo7,00_]

Uleo_0)
ot
Ly -
In Drell-Yan process, TMD factorisation :l e 4 £
gives the following path for gauge link: L"* - >®
...... < ® . b
E-

Notations: gauge link U+ for SIDIS;  Upg for Drell-Yan

Important result: T-even TMD PDF+; = TMD PDF;

T-odd TMD PDF+ = -TMD PDF < breaking universality!

(but in a calculable way)




Process dependence

Sivers llTHl — _ 1lT[—]
Boer-Mulders htH = — ptlo]
SIDIS Drell-Yan

Prediction of QCD based on interplay between time-reversal and (color) gauge symmetry
Intense experimental work to test this prediction

Intuition: in SIDIS, gauge link U+] describes color final-state interactions between
struck parton and spectators
in Drell-Yan, gauge link U] describes color initial-state interactions between
struck parton and spectators

P L+

h /
\ e initial state %W\ s
- Inal state A—_)

SIDIS P Drell-Yan




gluon TMDs

Gluon TMDs are phenomenologically unknown.
Why ¢

- gluons carry no electric charge — in SIDIS they appear only at higher orders

- gluons carries “two color charges” — in general, difficult to neutralise them all

- in hadronic collisions, gluons appear at tree level, but :
- factorisation theorem available only for Drell-Yan processes
- for Hi+H2 — h+X no factor. th. but also no counterexample disproving it

- useful processes under study:

Boeretal.,, PR.L. 108 (12) 032002
den Dunnen etal., PR.L. 112 (14) 212001
Mukherjee & Rajesh, arXiv:1609.05596
Boer et al., arXiv:1605.07934

Godbole et al., arXiv:1703.01991
D’Alesio et al., arXiv:1705.04169
Rajesh et al., arXiv:1802.10359

Zheng et al., arXiv:1805.05290
Bacchetta et al., arXiv:1809.02056
D’Alesio et al., arXiv:1908.00446
D’Alesio et al., arXiv:1910.09640

epl= e+)/P+X epl— et)/P+jet+X  eprejetjet X pp—J/by X pp—=neX
e p'— e+hi+hy+X .

gluon TMD

Qo
S
S
@'
®,
®;
@
O




gluon TMDs

&%gluon e O 4

- First classification given in o
o

Mulders & Rodrigues, Q
PR. D63 (01) 094021, arXiv:hep-ph/0009343 nucleon

- Factorization, evolution & universality

studied in

Jietal., JHEP 07 (05) 020, arXiv:hep-ph/0503015

Buffing et al., PR. D88 (13) 054027, arXiv:1306.5897
Boer & Van Dunnen, N.P. B886 (14) 421, arXiv:1404.6753
Echevarria et al., JHEP 07 (15) 158 [E: 05 (17) 073], arXiv:1502.05354

o ? »

T-odd TMDs

52



gluon TMDs

N
. AT : : WO gluon e @) 4
- First classification given in A 5

Mulders & Rodrigues, Q
PR. D63 (01) 094021, arXiv:hep-ph/0009343 nucleon

- Factorization, evolution & universality

studied in

Jietal., JHEP 07 (05) 020, arXiv:hep-ph/0503015

Buffing et al., PR. D88 (13) 054027, arXiv:1306.5897
Boer & Van Dunnen, N.P. B886 (14) 421, arXiv:1404.6753
Echevarria et al., JHEP 07 (15) 158 [E: 05 (17) 073], arXiv:1502.05354

o ? »

T-odd TMDs

gluons carry “two color charges” — intricate non-universality

_ fT__ e <, > £T__ . T_even: f[+,+] :f[—’_]

E , el Todd: fiFH= _pli=]

@
TMD PDF - TMD PDF =

A

two-jets SIDIS color structure [+,+]  gluon fusion to Higgs  [-,-]
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gluon TMDs
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- First classification given in A 5

Mulders & Rodrigues, Q
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- Factorization, evolution & universality

studied in

Jietal., JHEP 07 (05) 020, arXiv:hep-ph/0503015
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Boer & Van Dunnen, N.P. B886 (14) 421, arXiv:1404.6753
Echevarria et al., JHEP 07 (15) 158 [E: 05 (17) 073], arXiv:1502.05354

o ? »

T-odd TMDs

gluons carry “two color charges” — intricate non-universality

§ &r ) R
— !  ——— o = — T-even: f[+’+] =f1[ l
L[] I
p E @ ; < = ® ' T‘Odd f [ ] pies IT[ ]
MD PDF p TMD PDF &
WW-type TMDs

two-jets SIDIS color structure [+,+]  gluon fusion to Higgs  [-,-]
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gluon TMDs
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- First classification given in A 5

Mulders & Rodrigues, Q
PR. D63 (01) 094021, arXiv:hep-ph/0009343 nucleon

- Factorization, evolution & universality

studied in
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o ? »

T-odd TMDs

gluons carry “two color charges” — intricate non-universality

— " «——— -, Teven: gl =
TMBTEPDF ! é— ~ TMD PDF < ] é‘ o fl i ILT[_,_]
two-jets SIDIS color structure [+,+]  gluon fusion to Higgs  [-,-] WW-type TMDs
T "« Teven: f[+’—] - f[—’+]
TMDgPDF : é* i ) - T-odd: fl Eri= il fl[ Al
pp — et o e
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gluon TMDs

N
. AT : : WO gluon e @) 4
- First classification given in A 5

Mulders & Rodrigues, Q
PR. D63 (01) 094021, arXiv:hep-ph/0009343 nucleon

- Factorization, evolution & universality

studied in

Jietal., JHEP 07 (05) 020, arXiv:hep-ph/0503015

Buffing et al., PR. D88 (13) 054027, arXiv:1306.5897
Boer & Van Dunnen, N.P. B886 (14) 421, arXiv:1404.6753
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o ? »

T-odd TMDs

gluons carry “two color charges” — intricate non-universality

—  p— -, Teven: gl =
Kl . - b Trodd: fEli= S
TMD PDF e TMD PDF -
two-jets SIDIS color structure [+,+]  gluon fusion to Higgs  [-,-] WW-type TMDs
- &r —— L& .« T-even: f[+,—] =f[—,+]
g " — « - L [, = AR
TMD PDF & - Tcodd: —
pp — 7*+et e ke dipole-type TMDs
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gluon TMDs

many papers exploring useful channels at
colliders to extract WW and dipole gluon TMDs.
Handy pocket list:

Boer, talk at IWHSS 2020

(see also recent review on quarkonium physics)
Boer et al., arXiv:2409.03691

FE N pp sy X LHC
pp—> 7T X LHC
91 pp > yjet X LHC & RHIC
ho ep 5 e QQ X EIC
ep — € jetjet X EIC
pp = Nep X LHC & NICA
pp — HX LHC
R pp o % et X LHC & RHIC
f}g 4.4 epl e QQX EIC
epl — € jetjet X EIC
1LT9 (=] plp = vy X RHIC
LI gt A o 4 et X RHIC
p'A— hX (zp <0) | RHIC & NICA

53




gluon TMDs

many papers exploring useful channels at
colliders to extract WW and dipole gluon TMDs.
Handy pocket list:

Boer, talk at IWHSS 2020

(see also recent review on quarkonium physics)
Boer et al., arXiv:2409.03691

- TMD factorization &”X» UGD k; factorization

FE N pp sy X LHC
pp—> 7T X LHC
91 pp > yjet X LHC & RHIC
ho ep 5 e QQ X EIC
ep — € jetjet X EIC
PP —> Nep X LHC & NICA
pp — HX LHC
R pp o % et X LHC & RHIC
f}g 4.4 epl e QQX EIC
epl — € jetjet X EIC
1LT9 =] p'p = vy X RHIC
LI gt A o 4 et X RHIC
p'A— hX (zr <0) | RHIC & NICA

Ww- f¥ 4l 4 density of gluons in CGC

dipole f} =l Fourier Transform of color-dipole cross section in CGC

Dominguez et al., PR.L. 106 (11) 022301, arXiv:1009.2141
Dominguez et al., PR. D83 (11) 105005, arXiv:1101.0715
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gluon TMDs

HE pp =y Jjw X LHC
many papers exploring useful channels at I LHC
A ' T pp — vjet X LHC & RHIC
colliders to extract WW and dipole gluon TMDs. 1 -
S hot lep 5 e QQX EIC
Handy pOCket llSt- Boer, talk at IWHSS 2020 ep — € jetjet X EIC
pp = Nep X LHC & NICA
pp — H X LHC
(see also recent review on quarkonium physics) ha | pp et X LHC & RHIC
Boer et al., arXiv:2409.03691 LI et 5 QQ X EIC
epl — € jetjet X EIC
Lg[—,—] T
1T p'p—=yyX RHIC
Wi small x Y 7 p?l — ) jet X RHIC
- TMD factorization —— UGD k; factorization p' A= hX (zp <0) | RHIC & NICA

Ww- f¥ 4l 4 density of gluons in CGC

dipole f} =l Fourier Transform of color-dipole cross section in CGC

Dominguez et al., PR.L. 106 (11) 022301, arXiv:1009.2141
Dominguez et al., PR. D83 (11) 105005, arXiv:1101.0715

- small-x limit of T-odd gluon TMDs:
spin-dependent T-odd part of dipole amplitude

WW flLT, hla hllT - 0 describes the colorless C-odd t-channel 3-gluon exchange
: I i k%NC s 2 :
dipole xfi7 = xh; = xhj7 — — e O;+(x,k7) spin Odderon
a
1L, Boeretal., PR.L. 116 (16) 122001, arXiv:1511.03485

53



gluon TMDs : only models

- Available experimental information on gluon TMDs is scarce.

- Very few attempts of phenomenological studies:

Lansberg et al., PL. B784 (18) 217 [E: P.L. B791 (19) 420], arXiv:1710.01684
D’Alesio et al., PR. D96 (17) 036011, arXiv:1705.04169
D’Alesio et al., PR. D99 (19) 036013, arXiv:1811.02970
D’Alesio et al., PR. D102 (20) 094011, arXiv:2007.03353

- Many models on the market (list of references too long).

Let me advertise our one, for first time providing systematically
all T-even and T-odd gluon TMDs at leading twist:

Bacchetta et al., E.P.J).C 80 (20) 733, arXiv:2005.02288  T-even

Bacchetta et al., E.PJ.C 84 (24) 576, arXiv:2402.17556  1-odd
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spectator model of gluon TMDs

- Nucleon = gluon + spectator on-shell
spin-1/2 particle

P P—p

- T-odd generated by gluon-spectator FSI via 1 gluon-exchange
- Spectator mass takes continuous range of values through a parametric spectral function
- Parameters fixed by reproducing collinear gluon PDFs f; and g1 from NNPDF3.0

Bacchetta et al., E.PJ.C 80 (20) 733, arXiv:2005.02288
Bacchetta et al., E.PJ).C 84 (24) 576, arXiv:2402.17556
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spectator model of gluon TMDs

- Nucleon = gluon + spectator on-shell
spin-1/2 particle

P P—p

- T-odd generated by gluon-spectator FSI via 1 gluon-exchange
- Spectator mass takes continuous range of values through a parametric spectral function
- Parameters fixed by reproducing collinear gluon PDFs f; and g1 from NNPDF3.0

Bacchetta et al., E.PJ.C 80 (20) 733, arXiv:2005.02288
Bacchetta et al., E.PJ).C 84 (24) 576, arXiv:2402.17556

N

xff + (p,/M) xf:8

zp,, (T, Pas Py)

" ” iy
propeller” h

1.0

(EhfL

&

N

py [GeV]

1.0

KN ;
S 1§

—0.5 4

0.4 0.5 1

py [GeV]

py [GeV]

0.0 A

pe=0 replica 11 xz=10""1 ~0.5 1 1 1

—1.0

—1.0 =

55



inclusive DIS: QCD corrections generate soft and collinear divergences

sum of real and virtual diagrams cancel soft divergences
collinear divergences reabsorbed in collinear PDFs
factorisation scale p determines what is perturbative

(calculable) from what is non perturbative (inside PDFs)
— scale dependence given by DGLAP evolution eq’s




inclusive DIS: QCD corrections generate soft and collinear divergences

sum of real and virtual diagrams cancel soft divergences

collinear divergences reabsorbed in collinear PDFs

[ factorisation scale p determines what is perturbative
ki (calculable) from what is non perturbative (inside PDFs)
St — scale dependence given by DGLAP evolution eq’s

SIDIS: soft divergences do not cancel anymore
new class of light-cone (rapidity) divergences

need to introduce a soft factor convoluted with TMD PDFs and FFs




ore on factorisation — evolution

inclusive DIS: QCD corrections generate soft and collinear divergences

sum of real and virtual diagrams cancel soft divergences

collinear divergences reabsorbed in collinear PDFs

Voot o factorisation scale p determines what is perturbative
ki (calculable) from what is non perturbative (inside PDFs)
2L — scale dependence given by DGLAP evolution eq’s

SIDIS: soft divergences do not cancel anymore
new class of light-cone (rapidity) divergences

need to introduce a soft factor convoluted with TMD PDFs and FFs

need to introduce a new that regulates the
rapidity divergences and splits the soft factor content between
TMD PDFs and FFs — new scale dependence

d log TMD d log TMD

DGLAP eq’s — v, o Yok
q o o, ) CSS eq’s dloz 2

= K(p)




TMD evolution from initial (o,Go) scales is better studied in position space bt (<> Pn1)

In fact, by Fourier transforming the complicate convolution between internal transverse
momenta gets broken

OMWH(q, P, S, P,) = 2zh%[Tr[CI)(xB, K, S) 7" Az PL)7Y] ]

%[] - Jazpldkl 5Ok, + P, —P,y) []

[deT e_ibT'PhT JdPL ePrPL [dkl eibrkL




TMD evolution from initial (o,Go) scales is better studied in position space bt (<> Pn1)

In fact, by Fourier transforming the complicate convolution between internal transverse
momenta gets broken

OMWH(q, P, S, P,) = 2zh%[Tr[CI)(xB, K, S) 7" Az PL)7Y] ]

%[] - Jazpldkl 5Ok, + P, —P,y) []

[deT e~ brPyr = JdPleibT'Pl b [dkl oibrky £

do = %SIDIS(Q2) L Jm de bT JO(bT, qT) fQ(x’ bZ; QZ) D“’q—)h(z’ b]2~, Q2)
dxdzdqrdQ 2m ), 1 1 o :
O 2 <0

hard part TMDPDF  TMDFF

hadron




ore on factorisation — evolution

For b, < 1/Ay¢p perturbation theory is valid

flebEund) = Evolund) « ()| it bEu &)

perturbative




For b, < 1/Ay¢p perturbation theory is valid

fiebEu )= Evo|(u.0) < (o )]

DGLAP+CSS egs. l

“dp V<
exp [ LO " Yo, &) + K(up)log ﬁ]

fCx, b7 o, &)

perturbative

0.0 0.5

1.0 1.5 20

br (GeV-)




For b, < 1/Ay¢p perturbation theory is valid

fiebzu, )= Evo [(u, §) < (uo, Co)] fCx, b7 o, &) small br (large kr) from
perturbative splitting
DGLAP+CSS egs. l \ OPE on PDFs ' Y Y T4 e
Hdy' V< .
exp)| LO 1ok )+ K log ﬁ] = X (G s &) O 10 0)

perturbative




For b, < 1/Ay¢p perturbation theory is valid

flebEund) = Evolund) « ()| it bE &)
DGLAP+CSS egs. l \ OPE on PDFs
"du \/Z .
exp [ LO " 7p(u: €) + K(pp)log ﬁ] = Z | C i, B g5 C0) ® f1(x, )|

For large bt perturbation theory breaks down; need to find a suitable function that smoothly
connects the two regions

0.8 non

0s perturiatily perturbative

0.0 0.5 1.0 1.5 20

br (GeV-)




For b, < 1/Ay¢p perturbation theory is valid

flebEund) = Evolund) « ()| it bE &)
DGLAP+CSS eqs. l \ OPE on PDFs
"du \/Z .
exp [ LO " 7p(u: €) + K(pp)log ﬁ] = Z | C i, B g5 C0) ® f1(x, )|

For large bt perturbation theory breaks down; need to find a suitable function that smoothly
connects the two regions

NAC o o . 26_7E
MS factorization scheme suggests the following scale: Ho=+/C =My =5~
b*(br)
=
bn = s SBFB S by =207
be of 0
12;* b

non
Q=2 GeV perturbative

Q=5 GeV
Q=20 GeV

L L
0.0 0.5 10 1.5 20

br  (GeV)




For b, < 1/Ay¢p perturbation theory is valid

flx, b $) = Evo [(,u, $) < (U, go)] S, b%; o, &)
DGLAP+CSS egs. l \ OPE on PDFs
" dy’ V¢ |
exp| [ O+ Kumlos | < PICRELETRALYE
fiGe, b7 1. 0)
# erbind) [, b¥(br); . 0)
: 106 b* (b p, §) ) !
fNP(X’ bz; Qg Qo = scale at which the nonperturbative
b 14f term is parametrised
1.2 b

max

non
Q=2 GeV perturbative

Q=5 GeV
Q=20 GeV

L L
0.0 0.5 10 1.5 20

br  (GeV)




For b, < 1/Ay¢p perturbation theory is valid

Fie b)) = EvOl(s.0) < (4,5

DGLAP+CSS egs. l

F06 (b))

\ OPE on PDFs

X Fyp(br Op)

- dy Z
exp | 7ot £+ Ko %]
0

Hp

26 —TE

" bu(by)

Hp

conventional choice: y=,/¢ =
b* 141

08f
06|
04f

02f

= 2 [Comin (b 1 £) ® Fi(xs )]

K — K‘l‘gNP(bT)

Co = Hp =

Q=2 GeV

perturbative

Q=5 GeV
Q=20 GeV

0.0




For b, < 1/Ay¢p perturbation theory is valid

b im0 = Bvolund) <« (o @)| 10 b* ()i s G0 X Fyp(by; 0)
DGLAP+CSS egs. l \ OPE on PDFs
"du’ \/Z .
eXp [ ‘;{h 7 YD(,M, C) + K(,ub)log ﬁ] — Z [Cq—>i(x’ b*(bT), s é’o) ®fi(xa /’lb)]
e VE \
Hp K — K+gNP(bT)

" b¥(by)
Final formula

0 du’ .
f1q(x’ b*; Q%) = eXPH TPf yp(Q) + K(y,) log <g) + gyp(br) log <Qg>] Z [Cq—>i ®fﬂ (x, 0%, ) Fyp(br, Qg)

1y Hp 0

i

Collins, Soper, Sterman, N.P. B250 (85)
Collins, “Foundations of Perturbative QCD” (2011)
Rogers and Aybat, PR. D83 (11)




ore on factorisation — evolution

others schemes possible:

Laenen, Sterman Vogelsang, P.R.L. 84 (00) CSS evolution formula for TMD
Bozzietal., N.P. B737 (06)
Echevarria et al., E.PJ. C73 (13) ...

/

0 d .
F96x, b%; 0?) =epo = 10(Q) + K log ﬂg + guplbr) log Qg | Y 6@ Al b ) iy, O
Hp b 0 ;
2e7 e

Hp

~ b*(by)




others schemes possible:

Laenen, Sterman Vogelsang, P.R.L. 84 (00) CSS evolution formula for TMD
Bozzietal., N.P. B737 (06)
Echevarria et al., E.PJ. C73 (13) ...

Cdu’ .
i, b*; 0%) = exp[ : 7p(0) +Klog bT) log Q% ] Z [C,_ ®f]x, b*T’ 0?)
l 2e7E
arbitrariness of nonperturbative components AT

- choice of bx(br) functional form
- choice of gne(bt) functional form
- choice of Fnp(bT,Qo) functional form

each one affects evolution: how ki-distribution changes with scale
— source of theoretical bias/uncertainty
need to be constrained by experimental data with large lever arm in Q2
EIC is the suitable machine for that




(e}

1 ~ ~
~ 75D 2—ﬂj dby by Jo(br,qr) Jixb*(bp); Q3 DIz, b¥(by); 09
0

do
dxdzdqrdQ

i

Q du’ _
JiGx, b¥; 0% = exp” _ﬂ, rp(Q)+K (1) log <g>+gNP(bT) log <Qg>] 2 [Cq—>i ® f1] (x, b*, 1) Fyyplbr, OF)

“y H \ Hp 0

dK
Y'p=7F~ Tk log(\/Z/,u) =—yx  cusp anomalous dimension

dlogu B




(e}

1 ~ ~
~ 75D 2—ﬂj dby by Jo(br,qr) Jixb*(bp); Q3 DIz, b¥(by); 09
0

o du’
[, b*;0%) = eXp” A (@+K (1) log <ﬂg>+ng(bT) log <Qg)] D [Comi ® 1] e 0%, 1) Fyyplbr, O)
b

0

do

dxdzdqrdQ

u, M \ i
_ dK
n Y'p=7F~ Tk log(\/Z/,u) ~Toan — 7k cusp anomalous dimension
perturbative, s : : g:ﬂ
accuracy | # and C Kand yr . yx PDFandasevol. FF
___________ O O N LT . DR TR D
N e S RSO S e ) M 2 Lo Lo .
_________ NLL 2 NLO i NLO
________ NNLL G2 S No G NLO
ERGININGIE Fiehe i, i 5 aigl (1 Sttt M i NNLO . NNLO
______ PRLEEG e 2t i@ s e e e NNLO i i ENLO
N3LL 2 3 4 NNLO . NNLO
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* Where to find TMDs




>

proton, deuteron,...




Unpolarized

(V)

u fi= ()

Quark polarization

Longitudinally Polarized

(L)

Transversely Polarized

proton, deuteron,...




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(V) (L) (T)

N

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized
(V) ()

proton, deuteron,...

L g1 = (o~ Com [ hip =27 (O each structure function ~
A2 2 2
. A | oh = (;\) . (10 F ~ d6(Q* € |TMDPDF(x, k?) , TMDFF(z, P?)]
| fir=00 - | OT= - = V
¥

hf—T — (/;t;\) B \/}\) %[] = [dPJ_ko_ 5(2)(Zkl e PJ_ B PhT) []




Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

target do ~
polariz. dx dy dz dey, dPjr

() A Fuy + Bly) cos2gy F0

+ C(y) Frr + B(y) sin2¢y innwh

( sin(¢n — ¢g ) Sln(¢h ¢s)

) sin(
+ B(y) sin(¢p, + ¢s) Fy. Sm<¢h+¢s>
+ B(y) sin(3¢yp, — )F;ln(3¢h_¢5)
)

Cly) cos(¢n — ds) Fz%ﬁi(¢h—¢s)

each structure function ~
F ~ d6(Q% € |TMDPDF(x, k3 ) , TMDFF(z, P?)]

.| = JdPldkl 5Pk, + P, — P, []




Quark polarization

do
Unpolarized Longitudinally Polarized Transversely Polarized target_ 5 ™
(v) (1) (M) polariz.  dxdydzdey dPyy
U o HY® -( Aly)Fy  +  B(y) cos 2y, F°%%

O" —I— C(y) FLL -|- B(y) sin 2¢h FEianSh

) sin(¢n—¢s)
Quark polarization + A( ) Sln(¢h = d)S) FT
. .. : . : sin(¢n+os)
Unpolarized Longitudinally Polarized Transversely Polarized + B(y) Sln(¢h s ¢S) FT
(V) (L) . sin(3¢n—ds)
+ B(y) sin(3¢n — ¢s) Fr
+ C(y) cos(dn — ¢g) Fos¥n=9s)
7
L @: = om |(hig ) (2 - (o :
each structure function ~
3 4
L \ 4| = d) - (v F ~ d6(Q% € |TMDPDF(x, k3 ) , TMDFF(z, P?)]
T flT == (/\u//\ — /‘o/) ng - (/\"/’/\ - (\":/\/
N ¥ 4
iy = (7 - /.f? .| = JdPldkl 5Ok, +P, —P,) []




Quark polarization

target do
Unpolarized Longitudinally Polarized Transversely Polarized a ge 5 ™
(v) (1) (M) polariz.  dxdydzdey dPyy
U ° Hi): -(¢ Aly)Fy  +  B(y) cos 2y, F°%%
| y o | | £ ‘
+ C(y) Frr  + B(y) sin2g, Fp 2o
sin(¢n—¢s)
Quark polarization e A(y) Sln(¢h - d)S) FT
Unpolarized Longitudinally Polarized Transversely Polarized 6 + B(y) Sin(¢h s ¢S) F;n(¢h+¢s)
(V) (L) . sin(3¢n—ds)
+ B(y) sin(3¢n — ¢s) -
+ C(y) cos(on — ps) Frp o' %)
L e\ .
\ each structure function ~
/ /L\ i\
- Gy 0 [BFE ] P ds() 6[TMDPDRG ). TMDRRG. Y
N/ \T/ N/ N ‘
hr)= () - @) %..] = JdPldkl 5Ok, + P, —Pyy) []




do fl 811

=Fyy+ R
dy,dprdqr
Pr.— P ILT'(¢ $5) LN
e i . _ sin(¢p;— o cos(¢p.—
qT = pTe + pT] < pT — u +ST Sll’l(d)j d)S) FUT s + ﬂeST COS(¢j ¢S) FLT i~ ¥s

2

Fyy ~ HQ)J(prR, Q) {f1(x, g7, O)}
hard  jet  “dressed” TMD

similarly for other F..

Kang et al., arXiv:2106.15624




TMDs with jets: SIDIS

“familiar” expression

e hi- 1 811 9,

= Fyy + cos(¢; — ¢y) F,C](();(¢j_¢h) + 2,8 Fy;
hig, 7y
+8, sin(g; — ) Fopp "
fir 9 ; 8119,

Pr. = Pry +S7 sin(¢h; — ) Fsm@g 9 4 2,5y cos(dy — tg) PP 9

- hy 7+ hJ_ L
S5 S0, — ) Fyh 9 1.5, Sin(aey — by~ ) Fon )

do
dy,dprdqr

qr = Pr. T P < Pr =

Fyy ~ H(Q) TMDIJFF(z,, prR, Q) { f1(x, 47, Q) }
hard  jet  “dressed” TMD

similarly for other F..

Kang et al., arXiv:2106.15624




electron

hybrid scheme:
- IMD framework for TMD fragmentation
- collinear framework for PDF

Factorization theorem for jr « Q
universality for TMD fragmentation

Kang, Liu, Ringer, Xing, JHEP 1711 (17), arXiv:1705.08443
Kang, Prokudin, Ringer, Yuan, P.L. B774 (17), arXiv:1707.00913




Outline
e Pause




Outline

* Phenomenology of TMDs




. o !

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

nucleon (v) 0

¢
O»
4
@

il k?) probability density of finding a quark g with “longitudinal” (along “+” LC direction)
fraction x of nucleon momentum, and transverse momentum k




Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | comPass | by prg’g U/Cion N of points | x2/Nooints
arXivF:)1V 7%%717 o157 | NLL v v v v 8059 1.5
arXivS:1V 7%%751 a73 | NNLL x X v v 309 1125
arxS:?\s;ozzCJ.Z)2474 NNLL X X v v 457 i1
arXivS:1V 9%021.(?6532 N3LL() = i v v 1039 1.06
arXivF:)1V 9%(;(?7550 NSLL % o ¥ v 3563 1.07
ZVQﬁEzﬂS‘Y ?c;?qﬁ% NSLL S X v v 309 <1.08>
arxivezos.07ees | NLLE) | v /i sl 2031 | 1.06
arXivé§g§%7473 N4LL X X v v 627 0.96
oo ttes | ML | v vl ey 2031 | 1.8
ar)h?iczl;oNz.ng 15 o6 | NLL X X v v 482 0.97

first use of Neural Networks
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Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | COMPASS | DY prg’g U/Cion N of points | x2/Nooints
arXivF:)1V 7%%717 o157 | NLL v v v v 8059 1.5
arXivS:1V 7%%7(;1 a73 | NNLL x X v v 309 1125
arxS:?\s;ozzCJ.Z)2474 NNLL X X v v 457 i1
arXivS:1V 9%021.(?6532 N3LL() = i v v 1039 1.06
arXivF:)1V 9%(;(?7550 NSLL % o ¥ v 3563 1.07
ZVQBZQHS‘Y %r?qﬁ% NSLL S X v v 309 <1.08>
axivezos.0ress | NLLO | v /i sl 2031 | 1.06
arXivé§g§%7473 N4LL X X v v 627 0.96
axivososises | VL |V vl ey 2031 | 1.08
ar)h?iczl;oNz.ng 15 o6 | NLL x X v v 482 0.97

Increasing accuracy & precision
67



Most recent extractions of unpolarized TMD f;

SIDIS
Accuracy | HERMES | COMPASS | DY prg’g U/Cion N of points | x2/Nooints
» arXivﬁY?%%YMS? NLL ¥ v v v 8059 lels
arXivS:1V 7%%7(;1 473 | NNLL X X v v 309 il.22
arXi5§g§§2)2474 NNLL X X v v 457 il 11
» arXivS:1V9%021.(?6532 NSLL(-) 7 v v v 1039 1.06
arXivF:)1V 9%(;(?7550 NLL < = v v 353 1.07
ZVQBZ;'S‘Y %r?qﬁ% NSLL e X v v 309 <1.08>
) | . oreorees | VLo | v Vi e e 2031 | 108
arXivé§g§%7473 NALL % & v v 627 0.96
m— | s | ML | v v 2031 | 1.08
ar%ﬁnggfgf T || INELE & X v v 482 0.97
only four global fits increasing accuracy & precision
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Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | comPass | by prc\)’g U/Cion N of points | x2/Nooints
arXivF:)1V 7%%717 o157 | NLL v v v v 8059 1.5
arXivS:1V 7%%751 a73 | NNLL x X v v 309 1125
arXis:?\s;ozzO.Z)2474 NNLL X X v v 457 i1
arXivS:1V 9%%1.(?6532 N3LL() = i v v 1039 1.06
arXivF:)1V 9?%7(?7550 NSLL % o ¥ v 3563 1.07
EYQB;Z;S‘Y .Oor701|e1€f NSLL S X v v 309 <1.08>
arxivezos.07ees | NLLE) | v /i sl 2031 | 1.06
arXiv:é?gg%M?S N4LL X X v v 627 0.96
axvodosiasss | NLL |V v | v | v 2031 | 108
ar)h?iczl;oNz.ng 15 o6 | NLL x X v v 482 0.97

MAPTMD24 : introduce flavor sensitivity of kr-dependence

67



The MAPTMD24 data sets

LTI YT T
Ndata after cuts o '
N> 103 3 3
233 fixed target ¢ {E —
— | —— 2
Yan : P
251 collider Do
10" g
F ATLAS
547 SIDIS { | = Compass
: Yo 10+ 108
2031 data points
kinematic cuts
Drell-Yan gr <020
(Q) > 1.4 GeV
02<z<07 SIDIS P, < min lmin [0.2 0, 0.5 Qz] + 0.3GeV, ZQ]

638



“Normalized” MAPTMD24 TMD PDF

fi(x, kt; Q)
f1 (X/ O/ Q)

— S

0.8.00 0.25 0.50 0.75 106 71.25 771;50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
ko] [GeV] k1| [GeV] ko] [GeV]

e very different kT behavior

th. error band = e L
68% of all replicas It changes with x

e potential impact on the extraction of W mass parameter

from collider data  Bacchetta et al., P.L. B788 (19) 542, arXiv:1807.02101
Bozzi & Signori, Adv.HighEn.Phys. 2019 (19) 2526897, arXiv:1901.01162
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Data-driven nonperturbative TMD

i
, i deuteron target
@ ; CA at given (x,Q?),
» % . .
COMPASS h~ g N N L different slopes for different z
2 kY L
02<z2<03 ¥V 04<z<0.6 ﬁ: 4 ﬂ'I'T:;
0.3<z<04 0.6 < z<0.8 = K Ta
01} T%ii N
N o
™,
o s N \-. L
E ! Tm. KT{-‘P \‘:. "°... \ T
4% iﬁfﬁﬁ % \-} TTT
— = cH A %, ! -
> ER T NN hﬁ\gj\N at given z
fob) 0.1p “-_u___ "“ﬁ.,“ \H‘Jun\ g ’
R . ( IO VNI A A different slopes for different x
Q) ""::g_'”:' ""n".' .“‘-.a. \'i_a‘ "\.h-- Pl/Q?
> L L L
ol S N ™
g Y+++TTT %ﬁ t %iiﬁ-g- ﬁiiix-!-.; “*"l'-]-
2 ™, N, N, e
w_ ".... L9 un !‘
0.1 T4 3 - | ""—__ T - . o
oo o om0 = == if we model nonperturbative TMDs
.,-r,T_' v._‘.‘ i) s :== .P,,ZT-/ e ) )
N - with Gaussians, we need
R | Tr, | g, | e [Ty .
R e e T x- and z-dependent widths!
3 5
= "v-..‘h_““ M "“ﬁ.._._\__ '*'-q._-__ )-""‘-..
e O o5 01 ojs- 0.05 0.1 0A‘1: 0.05 0.1 0f1: 0.05 0.1 o.i: 0.05 0.1 0-::
o P/Q* /@ /@ P/ Q?
0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4

95 70



MAPTMD22: validity of TMD region?

cut of baseline fit

l

ﬁ% 5
+\ /+ —‘—4_ i [} excluded bins
. ¢ i ] § ® included bins
fitted b g
ST L : l
- : . i
W predicted
N : $
8 1.3 < Q < 1.73 GeV
z, 0.02 < z < 0.032 ‘
=

CO.S <z < O.-i)

P 086 S qr/QS 15 —

Data / Pred
[
o
A |
< |
w1 —
R —
=
b —
-8
-
——
-
e

|Pur|/Q
- validity of TMD factorization seems to extend well beyond Pni/z << Q!
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Collins-Soper evolution kernel

universal flavor-independent  K(by, u;, ) = Kb+, p,) + gx(by)

drives evolution in rapidity C

Bermudez Martinez, Vladimirov, arXiv:2206.01105

— CASCADE e SVZES

— SV19 « ETMC/PKU

-== MAP22 o SVZ

-—-- Pavial9 v  LPC20

---- Pavial7 =  LPC22 \
TMD phenomenology Lattice QCD

perturbative  non-perturbative

(computed) (fitted)
Avkhadiev, Shanahan, Wagman, Zhao, arXiv:2307.12359
- — SV19 = BLNY — ART23
% 4l
O — Pavial9 —— MAP22 = N°LO
~ \ .

[l ]

= VI P24
_g'; ]

3 -1t

[

z,

z

a4 -2f

Bacchetta, ePIC 2025 general meeting
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The EIC impact at x=0.01

TMDa - <TMDa>

0100 [ MAPTMD24 s MAPTMD24 x=0.01
| UP m \APTMD24 + EIC | down g pmanas + IC <TMDa>
0.050 e o S . _d
01 ) MAPTMD24 2031
0.025 _ .
EIC # pts. lumi [fb-1]
o 5x41 127 2.85
oo 10x100 1611 5
~0.050 18x275 1648 10
—0.075
Q =2 GeV x = 0.01
—0.100
0.0 0.2 0.4 0.6 0.8 1.0 1.2 70'30.0 0.2 0.4 0.6 0.8 1.0 1.2 0.6 MAPTMD24
[k 1[[GeV] kL [[GeV] Sea MAPTMD24 + EIC
0.20
MAPTMD24 0.3 "

\ | MAPTMD24

o1s | ANEI-UD gy \iapTMD2A 1 BIC anti-down g 1\ prubos 4 EIC

0.2
0.2

0.10 , K a\ J
| _ 00 ?(e\\m\(\

0.05
—0.2

0.00

—0.05 —04
- ) S Q =2 GeV x = 0.01
—0.10 77/,,/'/ —0.6
—0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

—0.15 Q=2GeV  z=0.01 Q=2GeV z=0.01 [k1[GeV]
—0.20 + —0.3 : )

0.0 0.2 0.4 0.8 1.0 1.2 0.0 02 04 ; 08 10 1.2 L. Rossi, Ph.D. Thesis

Ik, [[GeV] Ik |[GeV] 73



The EIC impact with 10x100 at x=0.01

0.100

TMDa - <TMDa>
[ MAPTMD24

me MAPTMD24
up BN MAPTMD24 + 10x100 (6 [0} 't BN <TMDa>

x=0.01

0.075

0.050

MAPTMD24 2031
EIC # pts. lumi [fb-1]
10x100 1611 51.3

0.025

0.000

—0.025

—0.050 __

~oors (simulation campaign of May 2024)

—0.100

0.0 0.2 0.4 0.6 0.8 1.0 1.2 “0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.6 ‘
|k1|[GeV] k1 |[GeV] MAPTMD24
Sea MAPTMD24 + 10x100
0.20 ‘ 0.3 ‘ o4
] MAPTMD24 ) e MAPTMD24
015] ANI-UD g A pTADL £ 105100 anti-down gy 1\ pramos + 105100

0.2
0.10

0.0
0.05

0.00 —0.2

—0.05 —0.4

Q =2 GeV x = 0.01
—0.10
—0.6

0.0 0.2 0.4 0.8 1.0 1.2

0.6
-0.15 Q =2 GeV xz = 0.01 |kL|[GeV]

—0.20 -~ | :
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4

0.6
|k1]|[GeV] |k1|[GeV]

0.8 1.0 1.2

courtesy L. Rossi
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The EIC impact with 10x100 at x=0.01

TMDa - <TMDa>

mEE MAPTMD24
up BN MAPTMD24 + 10x100 dOWn g \ypraips + 105100 I <TMDsa>

x=0.01

0.100
0.075

0.050

MAPTMD24 2031
EIC # pts. lumi [fb-1]
10x100 1611 5

0.025

0.000

—0.025

—0.050

—0.075

(early Science conditions)

—0.100

0.0 02 04 0.6 0.8 1.0 12 “0.0 0.2 0.4 0.6 0.8 1.0 1.2 ] ‘
|k 1|[GeV] k1 |[GeV] o MAPTMD24
0.20 ‘ ‘ Sea MAPTMD24 + 10x100
0.3
£ MAPTMD24 ti-d e MAPTMD24 0-4
015 AINUI=UD gy \APTMD24 + 10x100 ANUI-AOWI) gy \IAPTMD24 + 10100

0.2
0.10

0.0
0.05

0.00 —0.2

—0.05
—0.4

Q =2 GeV x = 0.01

—0.10

—0.6

—0.15 Q =2GeV r = 0.01 Q =2 GeV z — 0.01 0.0 0.2 0.4 |kJ_|([)éeV] 0.8 1.0 1.2
—0.20 ‘ ‘ | g
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 08 10 12 courtesy L. Rossi
|kL|[GeV] |kL|[GeV]
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Early Science Conditions

Proposal for EIC Science Program in the First Years

Year -1
Start with Phase 1 EIC
Commission electron

polarization in parallel
Run:

heavy ion beams (Ru or Cu)
Physics:

10 GeV electrons on 115 GeV/u

Add your preferred science topic

Year - 2

Phase 1 EIC
+ electron polarization

Commission proton polarization
in parallel

Run:

10 GeV polarized electrons on
130 GeV/u Deuterium

Physics:

Add your preferred science topic

Run:

Last weeks 10 GeV electrons
and 130 GeV polarized protons
Physics:

Add your preferred science topic

Year -3

Phase 1 EIC
+ electron polarization
+ proton polarization

Commission running with hadron
spin rotators

Run:

10 GeV polarized electrons on
130 GeV transverse polarized
protons

Physics:

Add your preferred science topic

Run:

Last weeks switch to longitudinal
proton polarization

Physics:

Add your preferred science topic

Year -4

Phase 1 EIC

+ electron polarization

+ proton polarization

+ operation of hadron spin rotators

Commission hadron accelerator to
operate with not centered orbits
Run:

10 GeV polarized electrons on 100
GeV Au

Physics:

Add your preferred science topic

Run:

10 GeV electrons on 250 GeV
transverse and longitudinal
polarized protons

Physics:

Add your preferred science topic

Year -5

Phase 1 EIC

+ electron polarization

+ proton polarization

+ operation of hadron spin rotators

+ operation of hadron beams with not

centered orbits
Run:

p

10 GeV polarized electrons on 100 GeV

Au
Physics:
Add your preferred science topic

Run:

10 GeV electrons on 166 GeV transverse

and longitudinal polarized He-3
Physics:
Add your preferred science topic

Time to install additional ESR RF and HSR PS to

reach design Current and max. Energies

Electron-lon Collider
ePIC Collaboration Meeting, January 2025

E.C. Aschenauer & R. Ent
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Early Science Conditions

Proposal for EIC Science Program in the First Years

Year - 2

Phase 1 EIC
+ electron polarization

Year -3

Phase 1 EIC
+ electron polarization
+ proton polarization

Year -1
Start with Phase 1 EIC

Commission electron
polarization in parallel

Run:

10 GeV electrons on 115 GeV/u
heavy ion beams (Ru or Cu)
Physics:

Add your preferred science topic

Commission proton polarization
in parallel

Commission running with hadron
spin rotators

Run:

10 GeV polarized electrons on
130 GeV transverse polarized
protons

Physics:

Add your preferred science topic

un:
10 GeV polarized electrons on
130 GeV/u Deuterium

Physics:

Add your preferred science topi

Run:

Last weeks 10 GeV electrons
and 130 GeV polarized protons
S

Add your preferred science topic

Run:

Last weeks switch to longitudinal
proton polarization

Physics:

Add your preferred science topic

Year -4

Phase 1 EIC

+ electron polarization

+ proton polarization

+ operation of hadron spin rotators

Commission hadron accelerator to
operate with not centered orbits
Run:

10 GeV polarized electrons on 100
GeV Au

Physics:

Add your preferred science topic

Run:

10 GeV electrons on 250 GeV
transverse and longitudinal
polarized protons

Physics:

Add your preferred science topic

Year -5

Phase 1 EIC

+ electron polarization

+ proton polarization

+ operation of hadron spin rotators

+ operation of hadron beams with not

centered orbits
Run:

p

10 GeV polarized electrons on 100 GeV

Au
Physics:
Add your preferred science topic

Run:

10 GeV electrons on 166 GeV transverse

and longitudinal polarized He-3
Physics:
Add your preferred science topic

Time to install additional ESR RF and HSR PS to

reach design Current and max. Energies

Electron-lon Collider
ePIC Collaboration Meeting, January 2025

E.C. Aschenauer & R. Ent

17



Early Science Conditions

I ep Luminosity for Phase-1
5GeV e x 250 GeV p 9.26 pb! 6.48 fb1 5 GeV e x 250 GeV p 6.81 pb1 4.78 fb"
10 GeV e x 250 GeV p 13.12 pb1 9.18 fb1 10 GeV e x 250 GeV p 8.8 pb1 6.19 fb-1
5 GeV e x 130 GeV p 6.3 pb 4.36 fb-1 5GeV e x 130 GeV p 5.8 pb1 4.1 fb
(10 GeV e x 130 GeV p 7.6 pb 5.33 fb-! 10 GeV e x 130 GeV p 7.1 pb? 4.95 fb-1 )
Compare to HERA integrated luminosity 1992 — 2007: 0.6 fb-'
Remember: S SGeaacEarosacaracas EEC AT
high divergence: higher lumi, but reduced acceptance lllustration
for low forward particle pymn = 45
low divergence: lower lumi, but increased acceptance & ,
for low forward particle pymin 9‘3 High-divergence PSR
- important for exclusive processes 2 =
0 ........ YO TV SRS VO VA TR VO Vo Yo _-="’ IR T WV V-
. 100 200 300 400
pr™" [MeV/c]
Electron-lon Collider
ePIC Collaboration Meeting, January 2025 E.C. Aschenauer & R. Ent
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EIC impact in Early Science Conditions

Impact of EIC 10 x 130, lumi = 5 fb~!

@® @ © © @@ ®©@ @ © @ ®@ @ ® ® Flavour index
o
i@ ©® © @ ® ©® ® @ © @ ® ® ®
>
S'l®@®©® ©®®®®©® 0 ® ® ® @ Uty rhein
@ 0:92
‘@@ @ @ @ @ ®@ @ @ @ @ @ ® ’
| ® @ @ @ @ @ @ @ @ @ @ @ ®
©®® © ® ® ® ® ® ©@ ©® ® ® ®
888888888888 ¢
103 102 101
X

For each (x,QQ2) bin:
O from MAPTMD24, max. uncertainty of fi4(x,kr;Q) over all kt and all flavors g

@® including EIC pseudodata, color code indicates the flavor with max. reduction

in uncertainty over all kr
78



EIC impact in Early Science Conditions

Impact of EIC 10 x 130, lumi = 5 fb~!

@ @ @ @ @ @ @ @ @ @ @ @ f@\ Flavour index
nie® ®© © © © ® ®©@ © © ® ® @|®
>
O 8 A
(@) Uncertainty reduction
5 @ ©@ © 0O @ @ ® © © @ ® @|@®@
‘l®e @ @@ @ @ ® @@ @ @ @|@®
1./ ® ®©® © @ @ @ @ @ © @ @ ®@|®
o0 2o 0o - 50% reduction on
2%8 8%%% 8%%%@ down at large x

For each (x,QQ2) bin:
O from MAPTMD24, max. uncertainty of fi4(x,kr;Q) over all kt and all flavors g

@® including EIC pseudodata, color code indicates the flavor with max. reduction

in uncertainty over all kr
78



The EIC impact with 10x130 at x=0.16

MAPTMD24 2031 MDA - <TMDa>
EIC #pts.  lumi [fb-1] x=0.16, Q=1.77 GeV
10x130 B0 5 <TMDa>

(early Science conditions)

0.3

0.2 A

0.1 A

0.0

—0.1 1

_fld(JZ,ki,Q,Qz)—<_f1d(12,ki,Q,Q2)>
(fil(=,k%,Q,Q%))

—0.2 1

Q = 1.77 GeV r = 0.16

—0.3 T T i
0.0 0.2 0.8 1.0

|kL|[GeV]

courtesy L. Rossi
7



nucleon

1
ETI‘[(I))/_J - fi =

O u

— N\ VRN
gl — (o= — (~o

O»
4
@

Bacchetta et al.,
PL. B827 (22) 136961,
arXiv:2004.14278

, & xSp-P

1T M

Sivers effect: how the momentum distribution of quarks is distorted
by the transverse polarization of parent nucleon
(“spin-orbit” correlation)

Sivers fllT — indirect access to quark orbital angular momentum

Burkardt, P.R. D66 (2002) 114005;
N.P. A735 (2004) 185

Bacchetta & Radici, P.R.L. 107 (2011) 212001

Jietal.,, N.P. B652 (2003) 383




Most recent Sivers extractions

W/Z

forward

N. of

Framework] SIDIS | DY production| EM jet Y3 points x?/N
arXiL\J//:A\QI\gOZZO.32384 p%?tr;)erﬁywzoeddel v v v x v 51 ! 1 04
arwaszo%a?&ma LO+NLL 4 4 X b 2 1.08
ool | v (v | v X | x |226/452|0.99/1.45
arxS:Fz)\(;1220.gg135 e vV |V v X X 76 0.88
arXiv:2103.03270 | Prescription :
arXv:2101.03055 | aron model| ¥ x | v | x| 238 |10
arXi:J//:A\Zl\g()25().g(2)999 p%i%ﬁ?&éedda v v v X X | 255 1310
af)%r\r/] :azg%afzgezrs pga?tr:;rﬂéedda Vv X X X 732 1.66

lower accuracy and less data w.r.t. unpolarized TMD

SIDIS / +STAR

SIDIS +
reweighting

+ ANT data

first using
Neural Networks



Most recent Sivers extractions

first kT-moment ILT(I)(x)

fé\ 0.02 === Echevarria et al ‘20
& 0.00 — = 0.06
2. —0.02 > 0.04
_|qE—0.04 B —+= Anselmino et al ‘17 0.02
8 _0.06 F .u . Bacc:hetta, etlal ‘21 0.00 - | | . :
0.2 0.4 0.6 0.8 & 0.2 0.4 0.6 0.8 &

all parametrizations are in fair agreement for x-dependence of valence flavors

0.01 ’

PV 2020

0.06

kr-dependence is still much unconstrained

0.04

0.02

sea-quarks ~ O(10-3) smaller, large errors

. = PV 2020
= lmpaCt Of EIC ~0.06 E " mm
0.01 '
’é\ Bacchetta et al., PL. B827 (22) 136961 arXiv:2004.14278
E& 0.00 —
4o a=d
8

~0.01 e
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Sivers extraction using Neural Networks

first kT-moment ILT(D(x)

Q* =2.4 GeV? AN
_ — V14
g-gg* r=0.1 — TCI8 ]
107 107! 10°

Fernando & Keller, PR.D108 (23) 054007 arXiv:2304.14328

but limited analysis: - parton model => no TMD evolution
- no consistent knowledge of unpolarized TMD in
denominator of spin asymmetry
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Sign change puzzle

Aghasyan et al., PR.L. 119 (17) 112002
p L+ "- pT D rel I -Yan S R [ e COMPASS preliminary
. é% E _0.1[ DrellYan NH, 20152018 data
‘(%é / spin asymmetry /)< S — sign change
= L = S
N ATNfl,ﬂ®flT,p 0

L JHEP 02(2021)166

sin(

L — LFCQM
L - SPM .
A—_) P no sign change

4x1072 107! 2x10™!

<z 08 p+p > W @ {s=510GeV < :_STAFI preliminary p+p 510 GeV (L = 340 pb™) p-pT = W+X
o.6F- L, =350 pb’ - aary A7) 5<PZ <10 Gevie R
02 g 0 1:
F M : E J_
L e e e i P\/.D
- 0- 020 AN ~
_02f ? é _0-1; T \VZ fi,p ®f‘1T,p
~04f 2 HZ o Adamczyk et al., PR.L. 116 (16) 132301
F L. Adamczyk et al. (STAR), PRL 116 (2016} 132301 E [ arXiv:2103.03270
-6 _ —0.3" m arxiv:2004.14278
- Bury, Prokudin, Viadimirov, PRL 126 (2021) 112002 E
—()AS:I T TN TR T T —0.4: 1.4% beam pol. uncertainty not shown
-08 -0.6 04 -02 0 02 04 06 08 _1*_5' ‘ ‘_‘1' . '_'0-5 ' 6 . 0'5 EETE '1_5 ! BPV 2020
yW.rcco yZ° 0.12¢ 3.88 1 .OO
0.10F _—:
) L
0.08F - : 02
# 006fF : L 8.,
0.04} : R
still not enough to confirm sign change ¢ 0o} 1| jeugsung
1 [ —
1 - - 4

70
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quark e o }

Quark polarization

Longitudinally Polarized Transversely Polarized

(L) (1)

o e AR = - @
(- L g1 ===~ == | M =12 K
* 1 ,/i\‘ ™\ = 7/ i i

: T|JiT = - (7 NT == - =

- transversity is the prototype of chiral-odd structures

- the only chiral-odd structure that survives in collinear kinematics
1

- only way to determine the tensor charge 5%0? =J dx hi7(x, 0?)
0




of transversity at leading twist

| T Collins effect « hy(x, k) ® Hi-(z, P)) SIDIS
— @40 St -kxPht ——
o Collins, N.P. B396 (93) 161 TMD framework
di-hadron mechanism « 7,(x) H<“(z,R2 x M,%h )
St -PoxP1 =St -PhxRy > SIDIS
Collins et al., N.P. B420 (94) collinear framework pp!

hadron-in-jet Collins effect o h;(x) [C(z,u) @ HlL(zh, 7 P%etr)]
jr < Q* =Py T

Yuan, PR.L. 100 (08) hybrid framework SIDIS pp!
A spin transfer « hy(x) H(z) SIDIS
Jaffe, P.R. D54 (96) collinear framework pp!
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of transversity at leading twist

/iy~  Collins effect « hy(x, k) ® Hi-(z, P)) SIDIS
— @40 St -kxPh ——
o 5D Gollins, NP, B396 (93) 161 TMD framework
di-hadron mechanism « 7,(x) H<“(z,R2 x M,%h )
St -P2xPy = S1 -PhxRy © SIDIS
Collins et al., N.P. B420 (94) collinear framework pp!

mechanisms used so far
to extract transversity from data
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Most recent extractions

Framework e+e- SIDIS Drell-Yan An Lattice
P RA.rggelzm(i;1 3)21211%23 SESTIIMIOREl v v X X
P.eragg;(t%.) %211%09 TMD / CSS 4 v X X
P.R.LL.iqzeéa(ﬂi 82)011582502 DonImose o v X v g

T e R R R
PR. Dk1JAo|;/|?2Do_)2 854002 gefien gdel v v v X
PR. Dk1JAole\;/|C())2D2_)‘2 e pRilonimose A v v v g
BF?I?.”OBn:Sit (6;4)2?227(52) SEIION (100 v v rewe?;hting X

Dihadron mechanism Unpege;joo e+e- asymmetry SIDIS p-p collisions Lattice

Radici & Bacchetta 2018

P.R.L. 120 (18) 192001 PYTHIA (separately) | ' (separately) v v X
Benel et al. 2020
E.P.J. C80 (20) 5 PYTHIA (separately) | ¢ (separately) v X X
JAMDIFF 2024

PR.L. 132 (24) 091901 A v v v v u, 6d
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JAMDIFF (no LQCD) . o Hl 0.0
0.4fJAM3D* (no LQCD) v xdhy® 1 ™
0.3/ Radici, Bacchetta (2018)

1—0.05¢

0.2}
0.1} D {010 :
. > ....,\‘::A —0.15F

1 L !

102 01 03 05 0. 10-2 01 03 05 07

: - = D. Pitonyak, QCD Evolution 24
*JAM3D includes it = —d w.r.t. JAM22

consistency of phenomenological extractions from a variety of
exp. data with different approaches
(provided that no LQCD points are included in the fit)

0.2 0.4 0.6 0.8

88

xT



Pheno - lattice : tensor charge

gT:6u—6_d

ETMC24 | e - o
S A | green Ni=2+1+1 H > @/
PNDMEIS & b Oquark  Agluon
RQCD23 open symbols = no continuum extrapolation
QCDSF+23
xQCD22 | -
yamz22F  lattice - YeHOW Nf=2+1
NME21
B e —] tension between pheno and lattice ?
AMDIFF | — | |
! Radici |- ® i pheno
Kang - —— |
0.25 0.50 0.75 1.00 1.25
adapted from C. Alexandrou, QCD Evolution 24 O d [ TAVIDIER W/ALQCD) JAM3D* (w/ LQCD)
0.9 JAMDIFFE (no LQCD) JAM3D* (no LQCD)
01l p2 =4 GeV?

ol
—0.1} 340
—0.2¢ N!&—HF
—0.3

—0.19

—0.4/+ PNDME (2018) e +
0.5+ ETMC (2020) q» |

—0.21

Radici, Bacchetta (2018) : A
0.4 0.6 0.8 du
89 adapted from D. Pitonyak, QCD Evolution 24




Pheno - lattice : tensor charge

ETMC24
ETMC19
PNDME1S
RQCD23
QCDSF+23
xQCD22 g
a2t lattice - Yel low Ni=2+1
NME21 .

Mainz19
JAM3D*| —  ——— ‘ |
JAMDIiFF B

Rodiel | ——o— phenag

Kang - —— i

0.25 0.50 0.75 1.00 1.25

green N=2+1+1 H > s

Oquark  Agluon

open symbols = no continuum extrapolation

E§

tension between pheno and lattice ¢

Including lattice data,

adapted from C. Alexandrou, QCD Evolution 24 JAM finds com atlbillt O d [ TAVIDIER (W/LQCD) JAM3D* (w/ LQCD)
Y Y 0.9| JAMDIFF (no LQCD)| JAM3D* (no LQCD)
still under discussion... 0 12 = 4 GeV?
e Ot
Experiment Ngx With LQCD  No LQCD
Belle (cross section) [63] 1094 1.01 1.01 —0.1} 3'4 o
Belle (Artru-Collins) [92] 183 0.74 0.73 N
HERMES [94] 12 1.13 1.10 —0.2} -
COMPASS (p) [95] 26 1.24 0.75
COMPASS (D) [95] 26 0.78 0.76 —0.3}
STAR (2015) [96] 24 1.47 1.67 ol ]
STAR (2018) [64] 106 1.20 1.04 —0.4} y ' .
ETMC 6u [28] 1 0.71 1 ENENL (019) 020 1
ETMC 6d [28] 1 1.02 _ (.5} ETMC (2020) ol |
PNDME éu [25] 1 8.68 .
PNDME 6d [25] 1 ood Radlc?, Bacchetta (2018) i -
Total 724 (Nyx) 1.01 (1475)  0.98 (1471) 0.4 0.6 0.8 du

89 adapted from D. Pitonyak, QCD Evolution 24



Pheno - lattice : tensor charge

gT:6u—6_d

ETMC24 e T °
ETMC19 WAl | green N=2+1+1 H > @/
e _

PNDME18
RQCD23
QCDSF+23
xQCD22 g
yamz22F  lattice - yel low Ni=2+1
NME21 .

Mainz19
JAM3D*| —  ———
JAMDIiFF ———

Radicif | L 4 | phen()
Kang - —— |

Oquark  Agluon

open symbols = no continuum extrapolation

tension between pheno and lattice ¢

0.25 0.50 0.75 1.00 1.25

Including lattice data,

adapted from C. Alexandrou, QCD Evolution 24 : TRIL O d [ TAVIDIER W/ALQCD) JAM3D* (w/ LQCD)
JAM finds Compat'bllltYr (. 2| JAMDIFF (no LQCD) JAM3D* (no LQCD)
still under discussion... | 12 = 4 Gev?
e Ot
Experiment Ngx With LQCD  No LQCD
But most data P Belle (cross section) [63] (1094 )  1.01 1.01 —0.1} 340
] B Belle (Artru-Collins) [92] 183 0.74 0.73 N
Insensitive to tensor Charge HERMES [94] 12 113 1.10 —0.2¢ e
COMPASS (p) [95] 26 1.24 0.75
I COMPASS (D) [95] 26 0.78 0.76 —0.3}
For data sensitive to 6U, od STAR (2015) [96] 24 1.47 1.67 ol ]
STAR (2018) [64] 106 120 1.04 —0.4t / ' :
)(2 = 203 i 239 ETMC 6u [28] 1 0.71 ig?ﬁl\clz(oé%lf) 020 q» +
) G ETMC &d [28] 1 0 —0.5¢ ’ ol |
7 /Ndat — e A EEBNNEEE gz Eg i Radici, Bacchetta (2018) L. -
Total 2 (Ngy) 1.01 (1475)  0.98 (1471) 0.4 0.6 0.8 ou

89 adapted from D. Pitonyak, QCD Evolution 24



00

Future

New data already available:

Compass SIDIS spin asymmetry on deuteron target with Collins effect

|- ' COMPASS Alexeev et al.,
& di-hadron mechanism s asatryan, ois 2024 SEUIESS e

updated Hermes SIDIS spin asymmetry Airapetian et al., JHEP 12 (20) 010
pl+p->AT+X

Compass T-p! Drell-Yan At asymmetry  aexeev et . anxiv2312.7379

STAR asymmetry in p' + p — jet + 2= + X hadron-in-jet Collins effect
X. Chu, DIS 2024

STAR asymmetry in p'+p — AT+ X A spin transfer star, pr D109 (24) 012004

STAR asymmetry In pT ol s #t 7~ 4+ X di-hadron mechanism
b Y
B. Surrow, DIS 2024



T JAM20 od e
JAM20 + EIC(ep) i
B JAM20 + EIC(ep+e’He) —0.10F | "
- T T T T
0.50 1 / 0.750.850.95 1.05
—0.15F
& 0.25
\‘_'/ Gupta et al (2018)
< . —0.20 [
S 000 /
b , exandrou et al (2019)
—0.25 1 ' \I_// r d 1 1 1 1
0.00 025 050 075 1. Gos T i D8RGy
x
0.8 x (%) 10
[ Pavial8 ] I 5
[ i B 4
0.6} Pavial8 + EIC (ep) q 0.8} 6
r Bl Favial8 + EIC (ep + e3He) 1 o1
0.4: 1 32 o06f
: _— >
02M——64 08 02 =04 00
od
: 1.2f
_g_iim ‘Ew e ‘E‘Hmi 100 ; I i IR
. U H 4,—-/'5’\/ ng 0.8 lattice
[ . . ] 3 06
1t : e " : Pavial8
i : AT Pavia18 + EIC (ep)
05; d : V) 02 )
b : : ] @ Pavial8 + EIC (ep + e3He)
0-11‘6—3 ‘ "‘1‘6-2 ot 00 T 2 3 456 7 8

di-

1
2)
3)
4)
5)
6)
7)
8)

Collins effect

+ 3He

(

)

Abdul-Khalek et al.
(EIC Yellow Report),
N.P. A1026 (22) 122447

proton

hadron mechanism

ETMC ’19 Alexandrou et al., arXiv:1909.00485
Mainz ’19 Harnis et al., PR. D100 (19) 034513
LHPC ’19 Hasanetal, PR. D99 (19) 114505

JLQCD ’18 1lamanaka et al., PR. D98 (18) 054516
PNDME ’18 Guptaetal, PR. D98 (18) 034503

4
ETMC 17 Alexandrou et al., PR. D95 (17) 114514; (E) PR. D96 (17) 099906

RQCD "14  Baii et al, PR. D91 (15) 054501
LHPC ‘12 Greenetal, PR. D86 (12) 114509




[0 JAM20
JAM20 + EIC(ep)
EEl JAM20 + EIC(ep+e’He)

y

T T T
0.00 025 050 0.75

0.8

xr

x hi(x)

0.6F

0.4+

Pavial8
Pavial8 + EIC (ep)

- Pavia18 + EIC (ep + e3He)

—0-2j‘“

0.5} ]
[ T\
1" L

05! //\

0.1 bt
1073 1072 1071 1

EIC impact on tensor charge

od

—-0.10

e —]
f—o—
]

T T T

=]
9T et

0.750.850.95 1.05

—0.15
Gupta et al (2018)
—0.20 F
exandrou et al (2019)
1 1 1 1
0.65 0.70 0.75 0.80 6,”
1.0
4 5
0.8} 6
|
2 06
oa V-
0264 =03 02 —04 00
od
1.2F
1.0 i oz
b
‘:Ig 0.8p lattice
3 oL
I i Pavia18
-
S 0.
Pavia18 + EIC (ep)
0.2 @ Pavial8 + EIC (ep + e3He)
0.0

"1 23 456 7 8

Collins effect

- (l )

proton + 3He Abdul-Khalek et al.
(EIC Yellow Report),
N.P. A1026 (22) 122447

expected precision close to
(or higher than) lattice

di-hadron mechanism

1)  ETMC’19 Alexandrou et al., arXiv:1909.00485

2) Mainz’19  Harrisetal, PR. D100 (19) 034513
3) LHPC’19 Hasanetal, PR. D99 (19) 114505

4) JLQCD ’18 Yamanaka et al., PR. D98 (18) 054516
5) PNDME "18 Gupta et al., PR. D98 (18) 034503
6) ETMC™7 o sndrou et al, PR D95 (17) 114514 (E) PR. D96 (17) 099906
7) RQCD 14 Buiietal, PR D91 (15) 054501

8) LHPC ‘12 Guenetal, PR D86 (12) 114509




Hadron-in-jet Collins effect

evo?liion /7/// R T+ °

Kang et al., P.L. B774 (17) 635 -0.02

TMD é%% sessss T 0,04
evolution ~

STAR 2012-15 4/s = 200 GeV

: + M. Grosse-Perdekamp, Transversity 2022
pl+p—jet+at+X £ i
2 o T e
— 7 - + £5 0.02F- Vs=200Gev [3] (2=0.14
o L pl+p—ojet+n +X Vs =500 GeV < oiE
g(l) 005 | 0< njet <1 <pT,jel> =31.0GeV/c ]-[+ 0%
£ E - | ® STAR2011n* =
n 2D B ) -0.01E
< L (O] sTAR 2011 -0.02F [N owpeao1z  SEEEE pRY:
- —0.032— -------------- DMP+2013 BX KPRY: x>0
0 = ;
L , L2 e 0.03E ° = (z)=0.24
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Future: EIC impact

hadron-in-jet Collins effect

electron - hadron-in-jet azimuthal correlations

| p%+ pi'| < | p&—pi'|/2 = factorization theorem

h

V5 =105 GeV, 100 b

15 0.15< z <0.20, y >0.1, Q* >50 GeV?
101
theory uncertainty ¢ %
o0
< -
bands from fg P theory, =+
= 10 —— theory, 7~ S~
$  proj. error "\..\
—19 ¢ proj. error K L1
—204 ¢ proj. error p

01 02 03 04 05 06 07 08
Zh = ’ﬁet : ﬁhadron| /’ﬁ}etlQ

Arratia et al., P.R. D102 (20) 074015

93



Summary

nucleon

@
(>
4
@

TMD PDFs (x, k1; Q2?) at leading twist

for a spin-1/2 hadron (Nucleon)
quark e

o

Quark polarization

!

Unpolarized Longitudinally Polarized Transversely Polarized
(L) (1)
— (D L Y
U fl — V) hl - \I/ (\D
— , 1 ) N
L g1 =(vm - (=m | Py =02m I
4
N s
J_ Ve i\ ™ — /”‘\ hl o ‘\\1// - r T>
T flT =(e) - (o 91T = (=) )
hJ_ _ /i\\ /t\
17 — ‘\{/ - (\f
Sivers worm gear

» very good knowledge of x-dependence of f; and g,

» good knowledge of kr-dependence of f;

nomenclature

no-name Boer-Mulders

helicity Kotzinian-Mulders
transversity

pretzelocity

« fair knowledge of x-dependence of /; and kr-moments of fIJ'T

* some hints about all others




Unpol. TMD MAP 22 arXiv:2206.07598, ART23 2305.07473, MAP24 arXiv:2405.13833

Helicity arXiv:24092.08110, MAP24, arXiv:2402.18078

Transversity arXiv:1505.05589, arXiv:1612.06413, arXiv:2205.00999

Sivers MAP20 arXiv:2004.14278, arXiv:2009.10710, arXiv:2103.03270, arXiv:2205.00999,
arXiv:2304.14328

Boer-Mulders arXiv:2004.02117, arXiv:2407.06277

Worm-gear g1T arXiv:2110.10253, arXiv:2210.07268

Worm-gear h1L

Pretzelosity arXiv:1411.0580

not mentioned pion TMDs, TMD fragmentation functions, nuclear TMDs




The Nanga Parbat fitting framework

Nanga Parbat: a TMD fitting framework

Nanga Parbat is a fitting framework aimed at the determination of the non-perturbative component of TMD
distributions.

Download

You can obtain NangaParbat directly from the github repository:

https://github.com/MapCollaboration/NangaParbat ‘
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The Artemide fitting framework

arTeMiDe

https://tecrica.fis.ucm.es/artemide/

News

12 Dec 2019: Version 2.02 released (+manual update). k

23 Feb 2019: Version 1.4 released (+manual update).

21 Jan 2019: Artemide now has a repository.

Archive of older links/news.

Download

Recent version/release can be found in repository

Articles, presentations & supplementary materials

Extra pictures for the paper arXiv:1902.08474

Seminar of A.Vladimirov in Pavia 2018 on TMD evolution.

Link to the text in Inspire.

Archive of older links/news.

About us & Contacts

If you have found mistakes, or have suggestions/questions,
please, contact us.

Some extra materials can be found on Alexey's web-page

Alexey Vladimirov Alexey.Vladimirov@physik.uni-regensburg.de

Ignazio Scimemi ignazios@fis.ucm.es
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The TMDLib and TMDPlotter tools

https://tmdlib.hepforge.org/

TMD plotter — Density as a function of k;

Home TMD PDF

Parameters

X-axis: min = max = GeV © log

Y-axis: min = max = log © lin
ratio: min = max = log © lin
Curves

1. |[down |  |PB-NLO-HERAI+I-2018-set" ~|

=2 ]oevx=

Luminosity

lin

New PDFs

ﬁ HELMHOLTZ

Publications HEP Links

down, PB-NLO-HERAI+I1-2018-set1, x = 0.1,p = 2 GeV

1 1
TMDplotter 2.2.2

k [GeV]
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The EIC impact at x=0.001

TMDa - <TMDa>
x=0.001

o100 | B MAPTMD24 dowr BN MAPTMD24 <TMDa>

0.075 up | EEE MAPTMD24 + EIC s OWIL s MAPTMD24 + EIC

e MAPTMD24 2031

| EIC # pts. lumi [fb-1]
0.000 5x41 1273 2.85
10x100 1611 51.3

o050 18x275 1648 10

—0ors Q=265+ — 0001 . (simulation campaign of May 2024)

0.0 0.2 0.4 |kJ—|([)éeV] 0.8 1.0 1.2 0.0 0.2 0.4 |kJ_|(Ec6;ev] 0.8 1.0 1.2 0.6 I\/IAPT]\/IDZLL
0.20 Sea MAPTMD24 + EIC
. MAPTMD24 * = MAPTMD24 04
TSI : 1173 £ 1 | o QU L EIC antl-dOWQ B \MAPTMD24 + EIC

0.2

0.10 \ "\/—/ > -

0.05

0.2

A\
P(e\‘\((\\(\

0.00 —0:2

—0.05 —0.4

Q=2GeV z=0.001

—0.10 D —
// G - —0.6
—0.2

0.0 0.2 0.4 0.6 0.8 1.0 1.2
—0.15 Q = 2 GeV x = 0.001 Q ? 2 GeV x = 0.001 |kJ_|[GeV]
_oa
~% %0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
k. |[GeV] kL |[GeV] L. Rossi, Ph.D. Thesis



The EIC impact with 10x100 at x=0.001

TMDa - <TMDa>
"’d’oivn [ MAPTMD24 <TM Dq>

o, Bl MAPTMD24 + 10x100

0.100

x=0.001

T 0 MAPTMD24
MAPTMD24 + 10x100

N T

0.075

0.050

MAPTMD24 2031

0.025 O
EIC # pts. lumi [fb-1]
10x100 1611 SHl )
—0.025
—0.050 ~ k
—0.075 _ - ) y K .
Q=2GcV o =0.001 Q=2GevV  x=0.001 (simulation campaign of May 2024)
—0.100 o -
0.‘0 0.2 0.4 0.6 0.8 1.0 1:2 0‘,0 0.2 0.4 0.6 0.8 1.0 1l2 0.6 \
|k |[GeV] |k1|[GeV] ' MAPTMD24
0.20 ‘ sea MAPTMD24 + 10x100
’ ‘ 0.3 T
. MAPTMD24 t'\\d\ e MAPTMD24 o
015 ANGI=UD o \ipTAD21 £ 10x100 ANCI=AOWI) gy (A pPTMD24 + 105100
0.2 \ S 0.2
w \_/\/
0.1 0.0
0.0 —0.2
—0.4
—0.1
7 Q=2GeV z=0.001
—0.2 //_/ —06
Q — 2 GeV r = 0'001 Q =/2 GeV r = 0001 0.0 0.2 0.4 |kL|([)éev] 0.8 1.0 1.2
—0.3
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 12 1 :
|k1|[GeV] k. |[GeV] L. ROSSI, Ph.D. Thesis



The EIC impact with 10x100 at x=0.001

0.100

0.075

0.050

0.025

0.000

—0.025

—0.050

—0.075

T, R MAPTMD24

MAPTMD24 + 10x100

s

=/G€V 220.001

—0.100
U.‘O 0.2 0.4 0.6 0.8 1.0 1.‘2
k. |[GeV]
0.20 ‘
. MAPTMD24
015 N61-UD g \iAPTMD2A & 105100

0.10

0.05

0.00

—0.05

—0.10

—0.15

—0.20 +

Q =2 GeV

x = 0.001

0.0

0.2

0.4 0.6 0.8 1.0

|k1][GeV]

MAPTMD24

down BN MAPTMD24 + 10x100

“0.0 0.2 0.4 0.8 1.0 1.2

0.6
|k1|[GeV]
“ s MAPTMD |
: / D24
antl-dOWQ BN MAPTMD24 + 10x100

0.2 /_
0.1
0.0

—0.1

—0.2

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|k.|[GeV]

TMDa - <TMDa>
<TMDa>

x=0.001

MAPTMD24 2031
EIC # pts. lumi [fb-1]
10x100 1611 5

(early Science conditions)

\
o6 MAPTMD24
sea MAPTMD24 + 10x100
0.4
0.2
0.0
—0.2
—0.4
Q=2GeV x=0.001
—0.6
0.0 0.2 0.4 0.6 0.8 1.0 1.2
|k1|[GeV]

courtesy L. Rossi



The EIC impact at x=0.1

TMDa - <TMDa>

0-100 \ MAPTMD24 " 0 MAPTMD24 X=O°1
- up BN MAPTMD24 + FIC down o \iprvnos + EIC <TMDa>
0050 MAPTMD24 2031
b EIC # pts. lumi [fb-1]
0.000 5x41 1273 2.85
o003 10x100 1611 5
—0.050 Y 1 8X2 75 1 648 1 O
—0.075
Q =2GeV z =0.1
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0.20
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0.05 ?(e
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0.00
—0.05 —0.4
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02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
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—0.3 g o
_0'200‘.0 0.2 0.4 N 0.8 1.0 1l2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 L' ROSSIJ Ph‘D' TheSIS

0.6
|k1|[GeV] |k1]|[GeV]



The EIC impact with 10x100 at x=0.1

0.100

TMDa - <TMDa>

mE MAPTMD24
up BN \APTMD24 + 105100 (6 [0 s N — <TMDa>

x=0.1
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0.050

MAPTMD24 2031
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k1 |[GeV] |kL|[GeV] L. Rossi, Ph.D. Thesis
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The EIC impact with 10x100 at x=0.1
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“Normalized” MAPTMD24 TMD FF

0.30 Q =2 GeV u w
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arXiv:2405.13833
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(P1),
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0.35

0.30

0.25

0.20

0.15

Average transverse momenta
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Flavor Independent FI 0.2 . -
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