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Introduction

Accessing Transverse Momentum Distributions

 SIDIS: JLab, HERMES, COMPASS
 Drell-Yan

* Electron-positron: BELLE, BABAR

TMD extractions in global fits

Bacchetta et al. "17,Kang et al. " 16, ...

* Factorization Boglione et al." 17 Kang et al (2015)

04— L Anselmino et al (2013)
* Test of universality

e TMD evolution

Collins FF
Kang et al. " 16




Introduction

Jets in proton-proton collisions

* PDFs and a; are constrained by collider jet data
* High pr jets are a promising observable for the search of BSM physics at the LHC
* Baseline for jet quenching in heavy-ion collisions

e Jet substructure
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Introduction

Hadron distributions inside jets
h jet

e Study hadron distributions inside a reconstructed jet

dapp—>( jeth) X d 0.pp—>jetX

F _
(noPr) = = dndzn |~ dprdn
F . do.pp—)(jeth)X dapp—)jetX
(2h. 91, Pr) = dprdndzpd?jy /' dprdn
, pp — (jeth) + X
2 = pp/Pr

j1 : hadron transverse momentum with respect to the (standard) jet axis

* Longitudinal momentum distribution probes collinear FFs
* Transverse momentum distribution probes TMD FFs

* Collins azimuthal asymmetries



Introduction

Recent measurements at the LHC and RHIC
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Introduction

Analogy of hadron and jet cross sections

Factorization

do.pp—)jetX
Jet
dprdn
Hadron dg?P—h A
dprdn

-3

a,b,c

a,b,c

Zfa®fb®HcCLb

( )
fao® foy ® Hy,

- W,

® Je

® D"

Evolution

d
M@ z:Zsz@)J]

d
p——D} =Y |P;i|® D}

Kang, FR,Vitev " [ 6




Introduction

Semi-inclusive jet function in SCET

* The siJFs describe how a parton is transformed into a jet
with radius R and carrying an energy fraction z

jet Wj = w

4

a
o

\/

/ N\

Reos? |
kNS
U/

initiating A i
I w I
Parton ! 1
(A) (B) (©) (D) (E)
LO NLO

1
where Z=wy/w momentum sum rule: / dzzJi(z,wR,u) =1
0

see also: Kaufmann, Mukherjee,Vogelsang " 15
9 Dai, Kim, Leibovich "1 6



Introduction

Semi-inclusive jet function in SCET

® NLO result

Uv
2 P
Jfgl)(zan) = (;;_@ In (#)) [Paq(2) + Pgq(2)] MS scheme

— O‘S{CF [2 (1+ 22) (ln(l — Z))+ +(1- z)] — §(1 — z)d%™e

11—z

+ Pyy(2)2In (1 — 2) + C’Fz},

® RG equation
timelike DGLAP for semi-inclusive jet function

uy =prR

d
N@Ji :%:sz'@)z]j

resummation of o, In" R

see also: Dasgupta, Dreyer, Salam, Soyez " 16
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Comparison to LHC data
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The jet fragmentation function pp — (jeth)X

® First reconstruct a jet and then identify hadrons inside that jet

dapp—)(jeth)X dapp—)jetX

F —
o Pr) = = inden |~ dprdn

zn = P /pr

z = pr /DT

® Similar factorization to inclusive jet production

dapp—>(jet h)X

— Z fa(xamu) ® fb(ajb7/’b) %Y Hccbb(a:a7xb7napT/Z,,&) 039 g?(z, Zh,wJalu)

a,b,c /

Semi-inclusive fragmenting jet function

dprdndzp,

Procura, Stewart " 10, Liu "I 1, Jain, Procura, Waalewijn "I |,
Arleo, Fontannaz, Guillet, Nguyen "1 4, Kaufmann, Mukherjee,
12 Vogelsang " 15, Kang, FR,Vitev " 16, ...



Introduction

Semi-inclusive fragmenting jet function

* Fragmenting parton Wh 7 WJ Wh = W
< , > <_ ,\ _,.> Zn = Wh /Wy
,
.

°Jet Wy = Z:CUJ/W

* Initiating parton W w



Introduction

Semi-inclusive fragmenting jet function

* Fragmenting parton Wh 7 WJ Wh = W

w <\\*\é§> C o D o = w0

oJet Wy = CUJ#W . Z:CU,]/CU
! !
* Initiating parton W w
® Matching
dzh h [ #h
Q (2, 2n,wy, 1) Z «7@] z Zhan M)D Z—,,M
h

® |[n R resummation

d Qg L az 2
M@gzh(zazhawbﬂ> = (1) Z/ — Pji (—,) g?(zlazhanaﬂ)




Introduction

Semi-inclusive fragmenting jet function

* Fragmenting parton Wh 7 WJ Wh = W

w <\\*\é§> C o D o = w0

* Jet Wy = wy F W z2=wy/w
A A
* Initiating parton W w
H!, " K =PpPr
® Matching
th Dh Zh, h
Gl (2, 2k, W, 14) Z Zg 2, 2, W, ) z,u G " py =prR
D} 1 GeV

® |[n R resummation

d s (p L dz 2 / .. 2 DGLAPs now
M@gzh(zazhawbﬂ> = (1) Z/Z — Pji (—,) g?(z , Zhy W, )




Introduction

® The JFF is an ideal observable to constrain in particular gluon FFs

Process D? ? | Direct scan?
ete” - hX
ep — eh X
pp — hX
min _ % cosh
c NG n
h
) )] Dc (zC)
= h
: p
pp — (jeth) X |/ ot
Pr

|6

Slide courtesy of Tom Kaufmann
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Phenomenology
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Phenomenology
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Phenomenology s (et D)X
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* Light charged hadrons
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* Light charged hadrons s [ ' | | — ]
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* Light charged hadrons
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In-Jet TMDs

Outline

® |n-jet TMDs Kang, Liu, FR, Xing " 17

Kang, Prokudin, FR,Yuan " 17

23



In-Jet TMDs

TMD sensitive jet substructure observables

Kang, Liu, FR, Xing " 17
® Measure in addition the relative transverse momentum
of the hadron wrt. to the (standard) jet axis

jet

h

do.pp—>(jet h)X

— Z fo(Za, 1) ® fo(xp, 1) ® Hop(za, xp,n, p7/2, 1)

a,b,c

dprdndznd?3 |

®g?(zazh7jl7w(]7:u)

momentum fraction zj

transverse momentum j

Standard jet axis

Inclusive jet sample

Relation to usual TMD evolution and fits

Light charged hadrons
See also: Bain, Makris, Mehen "1 6

"4 Neill, Scimemi, Waalewijn " 17



Drell-Yan pp — [v* = 707X

Parton model interpretation

szijqu ~ /kolL d°koy d*Xy H(Q) f(z1,k11) f(w2,ka1) S(AL) 6% (k1y + kot + A1 —q))
i
/ 2b oo
— (271‘)26 1 H(Q)f(xl,b) f($2,b) S(b)
&b .,
= [ et H@F (@1.b) Flaa.b Qm R
Q"
Rapidity divergences B M
cancel in redefined TMD F(z,6) = f(x,b)\/5(b) ;i S) 3:

fxa,kay)
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Jet fragmentation function pp — (jeth)X

Factorization formalism

da.pp—)(jet h)X

— Z fa(waalu) %Y fb(xbmu) ) Hgb(xa7xb7nap’f/znu) X g?(zv ZhajJ_anmu)

a,b,c

dprdndznd?3 |

h jet

where for |7, | < prR

hard matching function

l

g?(zazhvjj_annu) — HC—H?(Z)C‘)JMM)/CFI{:J— d2>‘J— 52(Zh}\J_ + ki _jJ_)

X Dzh(zhakJ_::u?V) Si(AJ_aRa M V)

! !

TMD FF Soft function

26



In-Jet TMDs

Jet fragmentation function pp — (jeth)X

® Hard matching functions

Hyosg (2w, 1) = gq6(1 — 2) + 5qq [CF(S(l - z)( o §L + %) ' %g@
| !
+ Pyq(2)L — 2Cr (1 + 22) (mil_ zz)> —Cp(1 - z)] 5 ;
- (A) D)
: : L= ln( 2“2 )
® Evolution: modified DGLAP P2 R2

d
'ud,u z—>] Zy WR, W Z/ 777,16 Hk—m(z WR, )

2

Qg Qs 3

4 coupled equations with double logarithms. Characteristic scale 3 = prR

see also: Kang, FR, Waalewijn " 17
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In-Jet TMDs

Jet fragmentation function pp — (jeth)X

® Rapidity regulator 7 ,scale v Chiy, Jain, Neill, Rothstein " 12
® (In-jet) quark TMD

s 1 2\ 1te
D (zp, k1, pu,v) =6(1 — 2,)6% (k1) + ; CpT (1 + €)eT2e — (N_>

2 u2 \ 12
i (G o C o g
' »
B
' ?
(A) (IB)

28



In-Jet TMDs

Jet fragmentation function pp — (jeth)X

® Rapidity regulator 7 ,scale v Chiy, Jain, Neill, Rothstein " 12
® (In-jet) quark TMD

s 1 2\ 1te
D (zp, k1, pu,v) =6(1 — 2,)6% (k1) + ; CpT (1 + €)eT2e — (N_>

’7T2 /,62 ki
22y, ( v )77 ] o o
X +(1-—€)(l-2
o (5) +a-aa-a e T @ép
. h
A .
b-space and expansion in 7, €: i H
1 (A) (B)
Dg(zha b7 M, V) Y 5(1 - Zh)
“h
Qg 2 (1 ©? 1 % 3
raeorls (em()) +e (om(2) +2) o=
Qg 1 ©?
+ %C’F _ - In (zle,ug) ]qu(zh)
i 2
Gs K- LA _ _ 9p—7E
e[ (1) (2w () +3) s+ -] o
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In-Jet TMDs

Jet fragmentation function pp — (jeth)X

® Rapidity regulator 7 ,scale v Chiy, Jain, Neill, Rothstein " 12

® (In-jet) quark TMD D{(zn,b,p,v) =i{5(1 — 2p)

2

® In-jet soft function Sy(b, R, pu, V)Z/d2>\L6_iM'b5q(>\¢,R,M, V)
2 2 2
(L ()] L Ly (Pt
n \e Hi S p

2 2t 2 2 1 2 2
(1 (L) (12
Hy Hy 2 My 12

Q
— 14+ -2=C
+27T E
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In-Jet TMDs

Jet fragmentation function pp — (jeth)X

® Rapidity regulator 7 ,scale v Chiy, Jain, Neill, Rothstein " 12

® (In-jet) quark TMD D{(zp,b, u,v) =%{5(1 — 2p)
+;—;C %+ln(5—§))+%(21m(£)+;)]5(1—zh)
+520p| - " —In (zg;ig) ]qu(zh)
+ ;—;C’F :ln (Z_;) (2 In ((%) + g) 5(1— zn) + (1 — zh)] }

® In-jet soft function Su(b, R, p,v) = /d2)\¢6_iM'b Sq( AL, R, p,v)

s 1 2 11 2 tan?(R/2
el ) ()
27 € [y € € 7

2 2t 2 2 1 2 2
(1 () (12
Hy Hy 2 My 12
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In-Jet TMDs

Jet fragmentation function pp — (jeth)X

® Renormalization
. D
Di,bare<zh7 b7 22 V) - Zz (b7 by V) Di,ren(zha ba 22 V)

Si bare(b, R, 1, v) = Z2(b,R, i, v) Siren(b, R, 11, V)

® Evolution

d d

u@Si(b, R, p,v) =7, (R, p,v) Si(b, R, pi, v) v Si(b, By, v) = i (b, 1) Si(b, R, i, v)
d D d D

M@Dz(zha ba 22 V) — /Yi,,u(w(]a I/) D’L(qu b7 22 V) VEDi(Zha b7 2z V) — in,y(b7 /L) D’L(Zha b7 2z V)

anomalous dimensions:

Fol %
SN—

Qs
/yé?u(bv ,LL) — _/yg:y(ba :u) — ?CF In (

32



In-Jet TMDs

Jet fragmentation function pp — (jeth)X

® Evolution

A
S Y "
redefined TMD Dh/z
and evolution to a common scale
Ho >
| | >
o 1%
Dh/z(zhnb) ,LLb) Dh/i(zh7b7 ND)VD)Si(b7M57VSR)
R . d,u ) IUZJ 7
— Dh/i (Zha b; :UJb) exXp | — Fcusp In ) T+
wy M K
. mdu (o [GAYN,
— Dh/i(zhab;,“'J) exXp | — 1_‘cusp In ) +
L w M Collins, Soper, Sterman "85
standard TMD at p extra evolution factor u; —
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In-Jet TMDs

Evolution
| ab M = PrT
[ 4 using modified DGLAP for H.—;
d
Hesi p=prR M@HC_”' = Yek © Hii
D} ©=
2. cb W= pT
@ 4 using DGLAP for siFJFs G"
d o h
- — Pz'c i
Gl =MD} . p=prR M e @9
1 — b
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In-Jet TMDs

b+ prescription

A . 1 bdb _ . i _ai
Dh/’&(zhh?lhu.]) — Z_2 / %JO(JLI)/Z)C](—'L ® Dh/j(zh7ub*)e Spert(b*’/'l'.]) SNP(b,/J'J)
h

. i HI dy i N% i
® perturbative Sudakov factor: Spert (bx; g) = " [t usp I e + 7y
[,
where: . =277 /by, b =b/\/1+b2/b2.., bmax < 1/Aqcp
Collins, Soper, Sterman "85
® non-perturbative Sudakov factor:
b N
quark TMD ST = goln (_) n (ﬁ) N g_gbg Sun, Isaacson, Yuan,Yuan " 1 4
b 140 zj
C b y an Balazs, Berger, Mrenna,Yuan " | 4
gluon TMD Skp = ~—92In (_> In (—) + =5 b7 Balazs, Berger, Nadolsky,Yuan " | 4
CF b* MO 2y

Consistent with the fits of e.g. Sun, Kang, Prokudin,Yuan *16
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In-Jet TMDs

35 L L B — T T 1 T T "~ T T T T T T T T T T
L /s=T7TeV, |n| <12, R=06  SITMDFF 35 - Vs=T7TeV, g <12, R=06  siTMDFF 1
30 [ pr (25,40}, < zp >=0.08 ATLAS b pr [400,500], < 2, >= 0.032 ATLAS +——e—
| | 30 ¢ ;
25 f ] E E
a0 | 425 ;
82 ] %20 : :
S i : [ ]
ET:15 N ] E7:15 : |
. I - i B 7
~ | ] & :
10 | 110 ]
5t : 5 & ;

0 N RPN oL .. e .i L
2.5 3 0 0.5 1 1.5 2 2.5 3

j1 [GeV]

Comparison to ATLAS data

* Varying pu,py by factors of 2 * Still need to include NGLs

e Gluon contribution dominates at low pr
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Collins Asymmetries

Outline

Kang, Liu, FR, Xing " 17

® Collins asymmetries Kang, Prokudin, FR, Yuan 17
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Collins Asymmetries

Collins azimuthal asymmetries inside jets
h jet

® Transversely polarized pp collisions

pT(PA, ST7 ¢S) +p(PB) — Jet(napT) h(zh7j_l_a ¢H) + X

do
dnd?prdzpd?j

= Fyy +sin(¢g — ¢H)ng;(¢s—¢fz)

* Test of the universality of the Collins FF
as currently extracted in global fits to SIDIS and electron-positron data

e Test of TMD evolution effects

Collins azimuthal spin asymmetry

sin(s ) Fp 2~ ’%
AUT y " (zhaj_L;TlapT) — UT ST //,
Fuu >
Pa
Yuan "08
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Collins Asymmetries

Collins azimuthal asymmetries inside jets

h jet

A?}I;qus_qu) (zha j_l_; n, pT) —

sin(¢g— . 2 1 dx ! dxa j—L ;
Fop®s =) (2, 5.1) = fZ/ —1hi‘(w1,u)/ w—sz/B(sz)meh/c(zh’ﬁ?Q)

Collins FF

Global fits used for our numerical studies
* with TMD evolution Kang, Prokudin, Sun,Yuan 16

e without Anselmino, Boglione, D’Alesio, Hernandez, 5.
Melis, Murgia, Prokudin " 15 Srl. /

see also: generalized parton model
D’Alesio, Murgia, Pisano "1, " 17 39



Collins Asymmetries

-0.02
-0.04
-0.06
-0.08

Comparison to RHIC data

with TMD evolution

STAR PRELIMINARY p' p— (jet x*) X
| \s =500 GeV, (p ) =31.0 GeV
....... Vs = 200 GeV, (p! ) 12.9 GeV
m ', Vs=500GeV '
— O \E 500 GeV
o n+, s=200GeV ||
B o m,\s=200GevV .7
+ i*: _____ _i_ ..... /_/
I g
P I !
i o — [5_, . + Q L%\
O<n<i e : } .....
— (ip=13GeV
—  with TMD evolution
| | | | | |

0.1 0.2 0.3 04 0.5 0.6

pp — (jet 7T:|:)X

= 008

% = 0.06
<

0.04

0.02

0

~0.02

-0.04
-0.06

-0.08
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without
STAR PRELIMINARY p' p— (jet %) X
/s =500 GeV, (p_)=31.0 GeV
....... \E 200 GeV, (p) 12.9 GeV
o *, Vs =500 GeV '
0 m, Vs =500 GeV
e =, Vs=200GeV
o «,\s=200GeV /
L —
O<n<1
(jp=13GeV
without TMD evolution

0.1 0.2 0.3 04 0.5 0.6




Outline

Kang, Liu, FR, Xing " 17
Kang, Prokudin, FR,Yuan " 17

® (Conclusions
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Conclusions

* Inclusive jets and their substructure

* |dentified hadrons within jets:

light hardrons, photons, open heavy flavor, quarkonia

* TMD FFs within jets

* Y-term, non-global logarithms, global fits

e ece” — (jeth) X
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