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The study of the hadron structure is (again) a hot topic

The 3D mapping of hadrons is still challenging...

|

Let us use jets to investigate hadron structurel!



TMDS WITHOUT JETS
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TMDS WITH JETS
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Factorization theorem for SIDIS
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We want to study the non-perturbative part of the evolution kernel:
We consider the possibility to reduce non-perturbative effects in final states using jets.
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TMDS WITH JETS

Questionsj\\\ \

” Can we write TMD factorization ™\
theorems for processes with |
jets?

Can we write factorization
theorems for jets regardless

Non-perturbative effects for jets are in principle more suppressed than for nuclear TMDs!

This would be a clean channel to measure non-perturbative effects in the initial nucleon

Hadronization effects should be considered (ungroomed/groomed jets)



* Building a jet
* Radius and jet algorithms
« Jet axis
« TMD factorization
e Factorization: ungroomed/groomed jets. Phenomenology

* Ungroomed jets: Factorization for dijet decorrelation and SIDIS
processes

* Groomed jets: Factorization for dijet decorrelation and SIDIS processes

e Conclusions



JETS



RADIUS AND JET ALGORITHMS

Standard kt-type algorithms
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Building a jet...

Step 1:
Set a size
(Radius)

Step 2:

Run a jet

algorithm z( j




J ET AXI S Larkoski, Neill, Thaler *14

arXiv: 1401.2158

Standard jet axis (SJA) Winner-take-all (WTA)
The sum of the momentum of collinear It always follows the direction of
and soft particles is zero the most energetic particle
Introduces soft-sensitivity to the Recoil invariant. It is not sensitive to
axis definition. Important with unintegrated soft radiation

transverse momentum

o recoil-free axis
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INTERESTING PROCESSES TO FACTORIZE

ete” — dijet + X SIDIS with jet

€

jet-2 .-




UNGROOMED JETS

The factorization depends on jet axis definitions

v

Dependence on the radius

Small jet-radii: / \ Large jet-radii:

Standard/WTA WTA

Even if NP effect are reduced from
hadronic TMDs

v

Final state NP hadronization
effects




GROOMED JETS

SOFT-DROP : Removes large angle (soft) radiation

1. Construction an angular tree of the jet

2. Removal of branches that fail an energy requirement

Only narrow energetic core remains from
the original jet

v

NP hadronization effects

are highly reduced!

Hadronic/Partonic
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Q = 100 Geva Zeut = 02: €cut = 001, R=1 ]
—— Standard Jet Axis (SJA)

T

—— Groomed Jet Axis (GJA)

Hadronic/Partonic

185 []Q =50 GeV, ze = 0.2, €eu = 0.01, R=1 -
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FACTORIZATION:
UNGROOMED JETS



FACTORIZATION:
UNGROOMED JETS

Dijet decorrelation
ete” — dijet + X

P1
21 29
0 ~ tanf = 2|q|/Q

/ In all cases \

<1 )

q:

competes with [}




FACTORIZATION:
UNGROOMED JETS

Dijet decorrelation
ete” — dijet + X

Py
q p—
<1 )
0 ~ tanf = 2|q|/Q

/ In all cases \

<1

competes with [}

Most interesting case for
current and future experiments!



FACTORIZATION:

UNGROOMED JETS

0~R<K1

TMD semi-inclusive
Jet function

!

Refactorized!

Rkl
NNLO TMDFFs Coefficients ® Coll. jet Function
Echevarria, Scimemi, Vladimirov “16 Kang, Ringer, Vitev "16
arXiv:1606.06732
The wide angle soft radiation does not resolve The soft function is the same

individual collinear emissions in the jet : Than that for TMD fragmentation



FACTORIZATION:
UNGROOMED JETS

vl U i WITA axis

The soft radiation does resolve the jet
boundary, but this fact does not affect to
the position of the axis

\

No distinction between soft radiation

inside and outside the jet!

\

TMD Soft function is conserved!
And factorization holds!




FACTORIZATION:
UNGROOMED JETS

0 |- i Standard Jet Axis

The SJA is aligned with the total
momentum of the jet

'

Hard splittings with typical angle R
are allowed inside the jet, generating
additional soft radiation

}

Factorization broken!




PERTURBATIVE CONVERGENCE: LARGE RADIUS

nb/GeV]

ete” — dijet, Belle II

Vs =10.52 GeV, R=0.5, z>0.25
I \ | \ | I \ ‘ \ | |

1. 1.5

qr [GGV]

[—

2.

[nb/GeV]

do
dgr

ee” — dijet, LEP

Vs = 91.2 GeV, 1‘-‘5 =0.5, z>025
| | | | | [ | | |

o 10 15

qr [GeV]

As the large-R jet function does not depend on radius or z, we can predict the

two loop jet function by RG + Numerical constant (Event2)

increased!

We use an improved NLO + NNLO large-R jet functions
Resummation up to N3LL!

Theoretical errors are reduced when the perturbative order is




FACTORIZATION: UNGROOMED JETS
SIDIS

Factorization in SIDIS with a jet is analogous to the one already studied!

.
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Factorization for SIDIS with jet in hadron/jet Breit frame

daeN—)eJX 2 2 / db —1ibg axis
10 dadzda =5 e o (@ by I (2, b, QR/2, 1, O)

a

TMDPDF TMD jet function

It has dependence on the jet radius. For all R we use WTA axis



PHENO RESULTS FOR SIDIS WITH UNGROOMED JET

ep — ejet X, EIC
0.8

------ 0.20 <y < 0.50

0.6 E===z 0.01 <y <0.20

T T T ‘ T T T 1T 1
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R=0.5 z>0.25 N°LL

0.5 1. 1.5 2.

qr [GGV]

2.5

We include an effect of the two-loop jet

function

Most of the cross section comes from

low elasticity region

Theoretical errors from the Hard scale

and the OPE scale are shown and are

small

ep — ejet X, EIC

N\III[I j

B Variable Byp, 0.018 < ¢y <0.030

= Fixed

Bxp, 0.030 < ¢g < 0.044

Relative difference
]

Vs =100 GeV, 10 < Q < 25 GeV, N’LL

R=0.5, 2> 0.25, 001 <y<0.95

11 | 1 lll

1. 1.5 2. 2.5 3.
qr [GeV]

Non perturbative model for the TMDPDF taken from

Bertone,

Scimemi, Vladimirov 19

arXiv:1902.08474

pr(a:, b) = exp (—

(A1 — z) + doz + A3z(1l — ))b?

V14 Axdsb?

But the cross section is dominated by non-
perturbative parameters of evolution (BNP, c0)

)



FACTORIZATION:
GROOMED JETS



FACTORIZATION: GROOMED JETS

Grooming S min{E;, E; } <. t<9ij
cu

Two extra scales parameter I Sl U R
for groomed jets 2
Jetimast s i
2F 5
Remove
contaminating = Independence on —p,  Pythia
Soft radiation the radius check

New modes in factorization!

Soft: p/; o QT(L 17 1)
Collinear: p’é o Q(Aga 1, )\ )
Soft-collinear: pé‘c P QZcut( sca

Collinear-soft: p&, ~ chut( cs

PyTHIA : Had. ON
Zewt = 0.2, Q = 100 GeV, e = 0.01

R=038

0.05

0.10
2(]T/Q

0.15

0.20




FACTORIZATION: GROOMED JETS

The cross-section is factorized as

== HZJ(Q7/1,) X jf(el,Q,zwt,qT;M, CA) X %;(QQ,Q,Zcut,qT;/L,CB)

do
del d62 d2 qr

Groomed jet function

u7iJ_ (e, @, zcut, b 11, ¢) = V S(b) t7iJ_ (e, @, Zcut, b)
Energy needed is higher!

Soft radiation absorbed
same as TMDs



FACTORIZATION: GROOMED JETS

The cross-section is factorized as

== HZJ(Q7/1,) X jf(el,Q,zwt,qT;M, CA) X %;(QQ,Q,Zcut,qT;/L,CB)

do
del d62 d2 qr

Groomed jet function

u7iJ_ (e, @, zcut, b 11, ¢) = V S(b) t7iJ_ (e, @, Zcut, b)
Energy needed is higher!

Soft radiation absorbed
same as TMDs

New modes =P Refactorization!

k7z'J_ (67 Qa Zcut s b) sc z(chuta ) X /delscs,i(e T 6/7 chut)Ji(ela Q)

All at NLO! Soft-collinear Collinear-soft Jet

Integrate parameters
as in experiments

A

do ij d°b pilba)r 7L L
g (Cont) = HY(Qs 1) " T (€cuts Q; Zeut, b 11, Q) T (€cut, @ Zeus, b p1: €)
T



FACTORIZATION: GROOMED JETS
SIDIS

Factorization in SIDIS with a groomed jet introduces now the groomed jet function

Factorization for SIDIS with jet in Breit frame

Z=< a , ¢ a ,b, - i oot 7b7 7
dQ?dxdydq ZH (@7 1) (277)26 ) /N(ZE @ e e B 2 )

a

TMDPDF Groomed
TMD jet function



PHENO: GROOMED JETS. PERTURBATIVE CONVERGENCE
e = gl SIDIS with jet

I 201
0.20f e = 0.2, Q = 91.19 GeV Vs =100 GeV
_ Byp = 2.5, ¢o = 0.037 15 P
0. ol Y.
L 0.15 E \\\\\\\\\
g ------ E 1.0 I ': / \\ \\
S 0.10} S y S
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= _ U _ ' B S
0.05[ | | ] N el
0.00b o ] 00b o o
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Scale variations are reduced when we go to NNLL calculation

But they are somewhat larger e~/ €t Dot Profiles

for a NNLL calculation approaches to NP-regime Increase Pert. order



PHENO: GROOMED JETS. SIZE OF NP EFFECTS
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Non perturbative model for the TMDPDF taken from

Bertone, Scimemi, Vladimirov 19
arXiv:1902.08474

(A(1 — z) + doz + Asz(l — ))b?
V14 Mgzt b®

But the cross section is dominated by
nonperturbative parameter of evolution

"dy! .
D b= / 71“ + Dpert (140, b) + cobb
Ko

pr(ZE,b) = eXp <_

NP effects are smaller for groomed-

jets than for ungroomed-jets!



CONCLUSIONS



CONCLUSIONS

Our aim is to extract information about NP contributions to hadronic TMDs

v

We use jets, in order to reduce NP effects in final state with hadrons (TMDFFs)

TWO APPROACHES

UNGROOMED JETS (N3LL) GROOMED JETS (NNLL)

Factorization depends on the radius Factorization does not depend
of the jet on the radius of the jet

WTA axis election the Soft function New modes
is the same that for hadronic TMD Contaminating soft radiation is out!

\

We find a way to study big
radius jets

Due to grooming parameter
energy needed is higher

——

Hadronic TMDs and TMD jet functions ar TeMuDe —>» Pheno

share the same double-scale RG evolution

https://teorica.fis.ucm.es/artemide/ *

Needs future comparison with datal




BACKUP SLIDES



DOUBLE-SCALE RENORMALIZATION GROUP EVOLUTION

Same RG evolution for hadronic TMDs and for TMD jet functions!

i !

d .
(—=Di(2,b, 4;¢) = =D (1, b) Di(2,b, i, C)

ag

d

axis 1 ) axis
,uzd—IuQJz (Zaba QRmua C) & §7F(M7C)Jz (Z7b7 QRalLLaC)

d

5 d—CJ?XiS(A b OR (= =D b I e b.OR 1.0




DOUBLE-SCALE RENORMALIZATION GROUP EVOLUTION

They have a common evolution factor

(kg sCr) , . ¢ |
(Hi,Cs) . :

(g,Cr) ' ' d¢

J?Xis(zabaQRmuf)Cf) = €8P |:/ T (:uab)>:|Jz’aXiS(ZabaQRvui7Ci)
(15,63) M g

This fact makes phenomenological analysis simpler!

| —— S

arTeMiuDe

Scimemi, Vladimirov 17

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




TMD SEMI-INCLUSIVE JET FUNCTION AT NLO

Collinear radiation of typical angle ®  The collinear radiation is mostly inside the jet
sees the jet boundary infinitely far away l

v

Independence of the radius of the jet! The dependence on z is power suppressed!

JE b BR p =012 4 (b ) [1 +0 (

where

1 :
/,L-WTA(ba,LLaC) = QNC(ﬁ'pJ) Tr{§<0|6_ZbPJ_ ( ) a\ﬁ\;TAM amTA

7
Not@ | e 3
e L ( 12 )

[1]WTA = , Fora ik :
AN Q{NZ LF [Ci s (lg QLM)] } o <13361 . %) = %nfTR Boln2




TMD SEMI-INCLUSIVE JET FUNCTION AT NNLO

We know the evolution of the TMD jet function and in this limit it does not
depend on radius or z

v

We can predict the log behavior of the two-loop jet function solving renormalization
group equations and the constant can be numerically calculated (EVENT2)

Predicted by RG equations Predicted by EVENT2

e t
VS ZZCkZLkll L3

k=1 (=0

anti-kp, 1 trillion events




TMD SEMI-INCLUSIVE JET FUNCTION AT NLO

The Soft function is the same that for TMDs in some cases for SJA and
in ALL cases for WTA

The Semi-inclusive jet function is renormalized as a TMD

We have a new definition of the operator only valid for WTA axis!

Collinear radiation of typical angle ®  The collinear radiation is mostly inside the jet
sees the jet boundary infinitely far away l

v

Independence of the radius of the jet! The dependence on z is power suppressed!

S b @R e s 7R (b ) [1 b (b2Q12RQ)]

where

fiWTA(b7 L, C) = QNC(;, : pJ) TI’{ % <O’€_ibPJ_ XN(O)‘Ja\JZIVgTA><Ja\,]1\;TA’Xn(O)‘O>}




TMD SEMI-INCLUSIVE JET FUNCTION AT NLO

The Soft function is the same that for TMDs in some cases for SJA and
in ALL cases for WTA

The Semi-inclusive jet function is renormalized as a TMD

The definition of the operator is
the usual one

TS SC o R e — 0l )

1

axis 1
JiH=e b QR, 1, ¢) = 2 (Z cjipjz-) [LR — L, —2I(l - 2) + 7|b*Q°R*(1 - 2)°
]

1 e
X o Fy ({1, it 2D o —Z|b|2Q2R2(1 — z)2> ] L Ol [QCQLR — C;L2 + 2C; L1 + 2d77° (bQR)

The dependence on the axis
is only here!




NUMERICAL RESULTS: LARGE RADIUS

The jet functions do
not depend on the

el radius size
The cross-section is simplified!

The dependence in z

is power suppressed

(cross-section is less
differential)

In the case of big radius factorization is only held for WTA axis!

dTee1IX o2, ) / > eo02 g TelBr ey 0 b i TR b (s G = (s )

dq (D)




NUMERICAL RESULTS

Ingredients to build cross-section

dO_ee db Ee g axis axis
- =H(Q2,u)/ e I bR, 0 O] 2 (2 b OR s CRRIbiGnst e (11, G )

dz1dzodq (27)2

Hard factor: Same that for DY. Known and introduced in arTeMiDe up to 2-loops.

Evolution kernel: Same that for TMDs. Known and introduced in arTeMiDe
up to 3-loops.

TMD jet functions: Calculated at 1-loop. New arTeMiDe module built.




VARY RADIUS: LARGE-R VS FINITE R

ete” — dijet, LEP, 2z > 0.25

Vs =91.2 GeV, N°LL (NLO jets)
l | l | ‘ \ | l | ’

5 10
qr [GGV]

The large radius approximation is a very accurate approximation for jet functions with
finite radius (but not so small)

This fact allow us to skip some of the technical complications of the
finite radius jet function




CHECKING WITH PYTHIA 8.2.

‘ I I I ‘ I I I ‘
Pythia 8.2, ete™, Q=91.2 GeV : Pythia 8.2, ete™, Q=91.2 GeV
Winner-take-all axis Standard jet axis

o
o
~

o
o
@

I I I

1
o dfdz; dzg

\\\\‘\\\\‘\\\\
do

/le 21 dZQ 29

Cross-section of angular decorrelation for different values of the radii of the jets

For small values of R the cross-section for both axis elections agrees!

For big values of R the cross section in SJA is inconsistent!
Factorization is broken

WTA axis solves the problems!




