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. 1-h class vs 2-h class

ete” - HX (T~1)

H

Dy
-h g > (: DVV
crucial difference! :

/ \ H2
> Ho\ )
o N4
g plays the role of a » The soft transverse momentum
hard real emission IS washed out in integration

J. Collins, Foundations of perturbative QCD.
Cambridge University Press, 2011.
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. 1-h class vs 2-h class

ete” 5 HX (TNl)
H

5 DH% ;%

% crucial differencel! Hj

g plays the role of a » The soft transverse momentum

hard real emission IS washed out in integration
The CSS 2-h | | |
. . J. Collins, Foundations of perturbative QCD.
SOft faCtor IS Un|ty Cambridge University Press, 2011.
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. 1-h class vs 2-h class

Tem 5 HX (T~1)

&

_|_

e ee - H{ H X

H,

&
< &
£

K, It includes SOFT and BACKWARD radiation, but their
contributions are totally predicted by perturbative QCD

(-

W\
S

final state tensor

Partonic version of the

24/11/2020 Andrea Simonelli 7147



. 1-h class vs 2-h class

ete” - HX (T ~1)

Bl = PERT.
Bl = NON PERT. , DIRECT PHENO
Il = NON PERT. , INDIRECT PHENO

W~ W Dy

2

24/11/2020 Andrea Simonelli

8147




. 1-h class vs 2-h class

ete” - HX (TNl) €+6_—>H1H2X
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Bl = PERT.
Bl = NON PERT. , DIRECT PHENO
Bl = NON PERT. , INDIRECT PHENO

Hy

A brilliant solution!
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. 1-h class vs 2-h class

ete” - HX (T ~1)

ete” — H{ Hy X

O

Bl = NON PERT. , INDIRECT PHENO

A brilliant solution!

W~ W Dy

1
H . H,
D : i Dy,
I ()
:
W | v : > %
: o o
: A
BN = PERT. : Dy,
1
Bl = NON PERT. , DIRECT PHENO ' H
:
:
1
:
1
:
1

W~V ViDSt p

J. Collins, Foundations of perturbative QCD.

Cambridge University Press, 2011.
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. 1-h class vs 2-h class

ete” - HX (TNl) ) €+6_—>H1H2X

Different objects!

Universality breaking effects
iInduced by the 2-h soft factor

M. Boglione and A. Simonelli
arXiv:2007.13674v2

W~ (D) W v VDD
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. Two different definitions for TMDs

——» 1-h class TMD FFs

/// .

2-h class sqrt x
(usual) TMD FFs {DHl/f — Dl,H/f Vi\@

/

Function describing the long-distance behavior of the 2-h Soft Factor

— NEW ingredient! <

All quantities predicted by pQCD
= Non-perturbative — » (Wilson Coefficients, perturbative Sudakov)
are the same in both definitions!

= It encodes information The square root def. is optimal
abc_)ut soft radiation ~ » for the 2-h class but it lowers
typical of the 2-h class the degree of universality of the TMDs

M. Boglione and A. Simonelli
arXiv:2007.13674v2
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. The BELLE Cross Section

Cross section of eTe™ — H X (1-h class), differential in:

Zh T Pr
Fractional energy of Topology of the Transverse
the detected hadron: final state: Momentum of the
oP.q  2E S g ﬁj detected hadron with

=g = = I'=Max==7=7  respectto the

q Q i |Di thI’US j aXIS S
Q = 10.58 GeV 0.5<T <1
Assumptions:

B Thrust axis = jet axis

m2-jetlmit T ~1

® Spinless hadron (charged pions 7=)

BelleCollaboration, R. Seidl et al.,
Phys. Rev.D99(2019), no. 11 112006

24/11/2020
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. The BELLE Cross Section

Naive structure (1-h class): og~T® D

Actual structure, resulting from CSS factorization procedure:

da'\] power
dzp, dT dPZ2 WZ / e /z dT D ”i/ﬂ(’z Pr) [1 * S“%Ei’ffied}
o o
Partonic Cross Unpolarized TMD FF, includes: Suppressed
Section, B Perturbative contributions corrections
totally predicted (NLL) of order
by pQCD (NLO) B Non-Perturbative contributions P2/Q?and
(phenomenological models) M2 /()

Still not the final version:
B Subtraction and Renormalization mechanism (Partonic Cross Section)

B Rapidity cut-offs

24/11/2020 Andrea Simonelli 14 /47



. Partonic Cross Section at NLO  axwiorsss

Lets consider a fragmenting quark of flavor f

B Virtual Emission

ki /"

= LoxVU(e)§(1-T)6(1 - 2)

B Real Emission " Gluon collinear to fragmenting quark
[1]
xJ ) (e1—=1T, z
K/ Q/q( )
2081 oot Gluon o« S (e 1 = T) 6(1 — 2)

topology

Gluon collinear to antiguark (backward)
L X JE] (6; 1 =T)0(1 — 2)

24/11/2020 Andrea Simonelli 15747



. Partonic Cross Section at NLO

Topology cut-off 7 =1—T < Tyax

0.8

(=
(=

k= coll. to ko

&
=

ALY

0.4 0.6 0.8 10 M1

ks coll. to ky

A
N
N
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. Partonic Cross Section at NLO

Topology cut-off 7 =1—T < Tyax

L> 2-jetlimit «—» 7yux >0 «—>» A =0

2
é“\
0.3% \
Z
Z
Z
? o
&6? TvAX I—N\)@/‘Z kT
2z I >
e &
= & L+
= %
8 %
£ 04l% R, -
¢ RN Power counting
é : IR scale
20
0_2/ //’,
Z %
Z 2
.
% 0.2 0.4 0.6 0.8 10 V1

§o| S

ks coll. to ky
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. Partonic Cross Section at NLO

gl

Tar = 78 #Ne e} 50— 2) (8 VI + SW(es 1) + 56 7)) +
(1], (A) .
Born cross section: T Jasa (6T Z)}
Ara?
S
B 3@2
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. Partonic Cross Section at NLO

ot
S —opzNoel [5(1 ) (5(7) VI (e) + 80 (e; 1) + T (e, T)) +

dz dT/
[1], (A) /. L (A)
Born cross section: Jq/q (€5 7, Z)_ZDq/q (€ 2, G)o(r )}
A7 o? i
OB — 3@2

Subtraction Term:

B Cancellation of all poles
(collinear, UV)

B Renormalization
B Cancellation of double counting

(overlapping between hard and
collinear momentum region)

24/11/2020 Andrea Simonelli 19/ 47



. Evolution and Resummation

Four energy scales: @, u, ¢ and A

[ d da—f(:ua A, C)

_ 2
0 da\f (:uv >\7 C) . 1 = 2 /32
 Blog e 8 dzar 2 K (s (), 17/ X°)

% doy (i, A) - 2 /12 2 2/42
Floan 8 ar . = O (as) w/Q% C/u, i/ X)

doy(p, A, §) _ doy
dz dT dz dT

Q /
ref. exp{/u Cibi/fyD (&S(MI), C/(M/)Z) }X

~ c !
X eXp{iK(&S(Q), 1) logé —A d)\i, G (&S(Q)v 1, C/sz Qz/(A/)Q) }
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. Evolution and Resummation

Four energy scales: @, /, ¢ and A

/ ~ RG-invariance
D da (11, A
31 log Ofcglu,dT’ 0) _ —vp (as(p), ¢/pu?) —» of the whole
08 H < Cross section
0 daf(/ia A, C) 1 = 2 /\2
| | = - K A
| dlogvC T dzdT y I (as(u), w7/ X%)

0 da\f(u, )\) B 5 9 5 5 o
8log)\ log dz dT _G(@S(M),M/Q,C/M,u/)\)

\\

oy, N, ¢) _ doy

Q@ du’
dzdT  dzdT| . P

/
ref. 2 H

as(u'), ¢/(1)?) }X

~ c !
X eXp{iK(&S(Q), 1) logé —A d)\i, G (&S(Q)v 1, C/sz Qz/(A/)Q) }
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. Evolution and Resummation

Four energy scales: @, /, ¢ and A

In the partonic cross section, the contribution associated to the radiation
collinear to the fragmenting quark is given by:

) A E
Jya e 2)i= 2D Ye 2 Q) 6(r)
0<kr <A 0<kpr <A Matched
1 | Z(k—l—)Z cye 1 | 2(k+)2 e
1o ol 1 .
dff\f% A, C) B do Q@ du’ / N
= mar| o0 s, )

~ c !
X exp{iK(aS(Q), 1) logé —f)\ d)\i, G (O‘S( ), 1, ¢/Q7, Qz/(X)Z) }
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. Evolution and Resummation

Four energy scales: Q, A, £ and A

In the partonic cross section, the contribution associated to the radiation
collinear to the fragmenting quark is given by:

) A E
Juja (67 2) =2 Dy 7 O 0(r)
0<kr <A 0<kr <A\ Matched
1. 2(k1)° 1. 2(k%) . Matched )
glog — 35— sy<s+ooi Slog C <y < +oo (1 = 0) « > (=A
db\f% A,,() B da\f @ dp’ / 1\2
Lal @zl P\ as(p'), C/(1')?) ¢

R 2 Q@ J\/
X exp{iK(aS(Q), 1) log% —/)\ d)\i, G (CYS( )7 1, )\2/Q2, Q2/<)\’)2) }
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. Partonic Cross

Section at NLO

do do 1 ~ \2 Q gy |
L rof eXp{Z K (as(Q)) log 55 - /,\ ~ G (as(Q), @*/(\)?) }
loop
N¢ g L exXp {_O‘Z(WQ) 3CF log? % o (aS(Q)Z)}

\\ —

—= 0B 6?’ NC (5(1 — Z) 5(7‘)_1_

as(Q)
47

+ 2CE {5(12)

<

+ 2

1 — 2 logz_log(l

B Suppressionas A — 0
® Not a rigorous resummation

9

2

5(7)(
_Z)+(

log (1 — 2)
11—z

L} 5(7)} +0 (as(Q)?) )

24/11/2020
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. Partonic Cross Section at NLO

do NL 9
- dfT y =2 o5 e No (5(1 — 2)8(T)+
as(Q) 9 7? 3/1 log T
+ ZW ZCF{5(1—Z) [5(7) (—§+?)—§(;)+—4( : )J+
r2 |- s st + (152) [+ 0 asia) )

Written in terms of 7-distributions ——» Pheno requires functions

E » Solution: RESUMMATION in both zand r
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. Partonic Cross Section at NLO

do NL 9
- dfT y =2 o5 e No (5(1 — 2)8(T)+
as(Q) 9 7? 3/1 log T
+ ZW ZCF{5(1—Z) [5(7) (—§+?)—§(;)+—4( : )J+
r2 |- s st + (152) [+ 0 asia) )

Written in terms of 7-distributions —— Pheno requires functions
E «P
Solution: RESUMJ\’\)\, N both zand 7

\0\?((
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. Partonic Cross Section at NLO
Ng() OB 6?«: NC (
ref.

+a15TQ)20F{5(1—z) { —g

do
dz dT

}w(asm)

Written in terms of 7-distributions —— Pheno requires functions
E » Solution: RESUMJ\’\)\, Y in both zand 7

\0\?((

E » Easy (and rough) shortcut: neglect 7 =0

24/11/2020 Andrea Simonelli 27 147



. Partonic Cross Section at NLO

do
dz dT

NLO

3+ 8l
— —O'BG?:NC o087

T

as(Q)
41

Cré1-2) | | +0(as(@?

ref.

B The limit 7" = 1 cannot be reached —» Phenointherange 0.7 <71 <0.9

B The z-dependence is compromised, especially at large T
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. Partonic Cross Section at NLO

do
dz dT

NLO

3+ 31
— —O'BG?:NC TooeT

T

as(Q)
41

Cro-2) | | +0(as(@?

ref.

B The limit 7" = 1 cannot be reached —» Phenointherange 0.7 <71 <0.9

B The z-dependence is compromised, especially at large T

Almost finished...we still have to fix A\l Remember: k- < A

But k&, is naturally constrained by kinematics: k7 < V7Q
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. Partonic Cross Section at NLO

do
dz dT

NLO

3+ 31
— —O'BG?:NC TooeT

T

as(Q)
41

Cro-2) | | +0(as(@?

ref.

B The limit 7" = 1 cannot be reached —» Phenointherange 0.7 <71 <0.9

B The z-dependence is compromised, especially at large T

Almost finished...we still have to fix A\l Remember: k- < A

Now we are ready for phenomenology! 4>< A= \/FQ>

But %k, is naturally constrained by kinematics: k7 < /7Q

24/11/2020 Andrea Simonelli 30/47



. Final Results
NLO NLL

dzthdPQ_WZ[ P th/ZdTDl wi/f(zy PT?Q? (1_T)Q2)

\/

Only fermions, i Tv
the fragmenting gluon r .

IS suppressed by O(1 — T) RG-invariance

The TMD FF acquires
l a dependence on

thrust through its

rapidity cut-off
Computed at NLO:

NLO —0p e?: N¢ &S(WQ) Crd (1 — %) [3+810§(2211_ T)] X

X exp {—0‘54(7?) 3Cr log® (1 — T)}
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. Final Results
NLO

NLL

do

Dl,wi/f(zv Pr, Qv (1

- 1) Q%)

dzthdP2 _sz > den/zdT

Collinear FFs, NNFF10NLO

Fourier transform of:

~ 1
Dl,ﬂ'i/f(za bT7 Qv TQz — _2 S:

dwi/k
k
TQ2 dp’ [
X eXx —
{ /ﬂ !
(Mp), -+ (2, bT)

exp { log (

NLO
——

1 ~
4Klog

T

2
Zh

A42

2

X gr (br

/
/

N——"

19K

NNPDFCollaboration, V. Bertone, S.
Carrazza, N. P. Hartland, E. R. Nocera, and
J. Rojo,A,Eur. Phys. J. C77(2017), no. 8 516

& Ck/f} (tp) X

2

21
)

Non-Perturbativé functions (pheno)

24/11/2020 Andrea Simonelli

32/47



. Final Results

A

Universal,
The very soul independent of the
of the specific TMD FF TMD definition used

/
/

Non-Perturbativé functions (pheno)

2 )2
X (Mp) s o+ (vaT) eXp {—EQK([?T) log (TZ]}\L;;% )}

24/11/2020 Andrea Simonelli
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. Final Results

Non-perturbative functions:

=  gr(br) =a b3 > Quadratic behavior (common choice)

In general 0.01 GeV? < a < 0.1 GeV® —» Our choice: a = 0.05 GeV?

92-p
I'(p—1)

A

m) (Mp)j r+ (2, br) = Mp(br) =

(br m)P~" Kp—1(br m)

~

Power-law model

L(p)  m*— Y
mL(p = 1) (k7 +m?)”
Common sense:

: ——
Simplest choice: Mo}

no dependence on the
fragmenting quark flavor,

detected hadron, { m =1 GeV generic hadronic mass

p=2 propagator squared

24/11/2020 Andrea Simonelli 34 /47



. Final Results

Non-perturbative functions:

~a=0.05 Gey/?/

—

~ Only three parameters,
here fixed to sensible values

/m—l Ge\x
\p—2 /

///

24/11/2020 Andrea Simonelli 35/47



. Final Results

M. Boglione and A. Simonelli
arXiv:2011.07366

NO FIT, this is a PREDICTION
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M. Boglione and A. Simonelli
. . arXiv:2011.07366
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. Final Results

M. Boglione and A. Simonelli

arXiv:2011.07366

NO FIT, this is a PREDICTION
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. Conclusions and Future Remarks

B \We have factorized (CSS) the cross section of eTe™ — H X,

differential in z;,, Pr and 1.

B Incredibly good agreement with BELLE data (only three
parameters, fixed to sensible values — no fit ).

B Different definition of TMD FF:

~ t —_
# Dlsq?l}f = D1 g/f vVMs > Unknown
All the pheno of ¢
the past 20 years BELLE data
(2-h class) pheno (1-h class)

B Promising applications in SIDIS, ete™ — H; Hy X with back-to-
back hadrons.

THANK YOU FOR YOUR ATTENTION!
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. Definition of TMDs: Building Blocks

~(0), unsub
D, &

G

B Unsubtracted TMD FF:

(Zv bT7 Wy, Yyp, _OO) —

X outfd (—2/2) Wy(~2/2, 001 ma (1)) 1]0)

O\Wq&ﬂ oo; w_ )Yy (x/2)|P (H), X; out) |NO S.1.

Fourier conjugate space

B 2-h Soft Factor to transverse momentum
g(ch)th; Y1 —Yy2) =
TI'C — + —
— N_C (O|W (=br/2, 0o; n1(y1) ) W(br/2, co; n1(y1) )

W (br /2, 005 ma(y2) )t W (—=br /2, 005 na(y2))[0) [NO S.1.

24/11/2020
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. Definition of TMDs: Building Blocks

® Unsubtracted TMD FF: Rapidity Range: —o© <y < yp ~ +00

~(0), unsub
D, & (2

= - Z(P(H),X; out[ (—2/2) Wy (—2/2,00; ni(y1) )0)
X

O0IWy(2/2, 005 w— )by (x/2)|P (H), X; out) |NO SI.

<y bTa Wy, Yyp, _OO) —

B 2-h Soft Factor

S(zo)h(bT, W, Y1 — Y2) = Rapidity Range: ¥2 <y <
Tr - -
_ N—s (O|W (=br /2, 00; ny(y1))T W (bzr/2, 003 n1(y1))

W (br /2, 005 ma(y2) )t W (—=br /2, 005 na(y2))[0) [NO S.1.
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. Definition of TMDs: Building Blocks

B Unsubtracted TMD FF:

/ Dg/)H?JI”l (2, bri p, yp, —00) =

— % Z (P (H), X; outmf(—x/Q) Wq(—2/2,00; n1(y1) )'0)
X

O0IWy(2/2, 005 w— )by (x/2)|P (H), X; out) |NO SI.

B 2-h Soft Factor

| /g(zo)h(bT, s Y1 — Y2) =

,f’/ Tl"c - .‘. -

/ =N, (O|W (=br/2, 00; n1(y1))' W (br/2, o0; n1(y1) )

| . .

Need for UV W (br/2, 005 na(ya) )T W (—br /2, 003 na(y2))|0) [NO S.1.

renormalization
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. Two different definitions for TMDs

metee 5 HX (T~1) W ~ W Dy
El,H/f(Zv bT7 M yP—yl):
~(0), b
Dg)iljl/l;lsu (Zv bTa Hy Yp — yuz)

= Zi(ty yp —y1)Z2 (as(p))  lim
Yug 770 S(Q(i)h(bT: s Y1 — yu2)

B octe o H Hy X = W~V VDI pit
~sqrt
Dqu/f (Za bT7 s Yp _yl) —

lim E(O), unsub
yul _>+OO 1’ H/f
Y —> — 00

= Z;i(ps yp — y1)Z2 (as(p)) (%, 073 1t YP = Yusy) X

§2—h (bT7 Hs Yuqy — y1>
\ SQ—h (bT; Hs Yuy — yu2) SZ-h (bT; My Y1 — yU2)
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. Two different definitions for TMDs

metee 5 HX (T~1) W ~ W Dy
El,H/f(Zv bT7 Hy Yyp — Y1) —
|
| ~(0), b
ngzﬁ_fl/l;’lsu (Z7 bT; H, Yp — yuz)

vur =00 S (b, g1 — Yus)

mcte S HIH, X W~ VVIDET DI
— t h ‘\'t',,"fﬁffiiiiif:::———* 1 . < < ~
DS (2 by, yp — ) = Rapidity Range: yi <y < yp ~ Foc

lim E(O), unsub
yul _>+OO 1’ H/f
yuZ —— 00

= Z;i(ps yp — y1)Z2 (as(p)) (%, 073 1t YP = Yusy) X

§2—h (bT7 Hs Yuqy — y1>
\ SQ—h (bT; Hs Yuy — yu2) SZ-h (bT; My Y1 — yU2)
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. Two different definitions for TMDs

metee =HX (T~1)

Dl,H/f(Zv bT7 H, Yyp _yl) —

// -
/
/

/

B octe = H Hy X

Zi(ps yp — y1) 2o (os (1))

ﬁsqrt

Hi/f (Za bT7 s Yyp — yl) —

Zi(s yp — y1)Z2 (as (1))

W ~ W Dy

~(0), b
Dg)iljl/l;lsu (Zv bTa Hy Yp — yuz)

lim 0
Yup =0 Sz_h(bT; Hy Y1 — yu2)

= W~ v VDEt piIt

1 H

lim E(O), unsub

Y- — 00 1,H/f (Zv bT: M, Yyp — yUQ) X
ug

|/ yU2—>—oo
) ~

uUv o SQ_h (bT; Hs Yuqy — yl)
renormalization \ So_k (b7 1y Yur — Yus) So_py (b7 1 Y1 — Yus)
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. Cross Section Structure

do aZ [ T dWeY (zpn, T, Pr)
= Zp — d df L, (0) —H———5—
dzpdTdP2 ~ " 1@ /O ¢ /O v (0) dP2

Leptonic Tensor (LO in QED):

LF @) =101 + 1501 — gt iy - g

Hadronic Tensor:

WhE” (zn, T, Pr) =47* > 6 (px + P — q) x
X

x (0| 7#(0)| P, X, out )y 7(P, X, out|5”(0)|0) =

1 .
:E Z/d4zezqz<o|]u<2/2)|P7 X, OU-t>TT<P7 X, OU—t‘jy (_2/2)|O>
X
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