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Introduction

Hadron in jet fragmentation

Inclusive production of jets pr, 7

* ldentify the hadrons in the jet and measure additional
two variables:

Longitudinal momentum fraction =z, = pt/pr
Relative transverse momentum wrt. to a predetermined axis J

hadron(zs,7 )
jet(pT7 77)

. doPP— (jet h) X dapp—)jetX
F(zhajJ_; n,PT, R) —

dprdndzpd?j | dprdn

* Constrain (gluon) fragmentation function

* Test of universality and (TMD) evolution




Introduction

The longitudinal and transverse structure of jets

ATLAS, Nucl. Phys.A 987 (2018) 65
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Collinear FFs

The jet fragmentation function pp — (jeth)X

Kang, FR,Vitev " [ 6
* First reconstruct a jet and then identify the hadrons inside the jet

doPP— (jeth) X doPP— jetX

F — — ph
(2h,PT) dprdndn dprdn where  zp, = pp/pr

* Factorization for inclusive jet production

do.pp—)(jet h)+X

=Y fa® o HHRG!

abc

dndprdzy

where gh(z Zn, PR, ,LL Z._Z] z,2n, pT R, ,LL) ®Dh Zh,

zp # 1 z # 1
matching coefficients / / 5

standard collinear FFs

see also: Procura, Stewart " 10, Jain, Procura,Waalewijn "1 |, Arleo et al. " 14,
Kaufmann, Mukherjee,Vogelsang™ | 5 5



Collinear FFs

The jet fragmentation function pp — (jeth)X

Kang, FR,Vitev " [ 6
* First reconstruct a jet and then identify the hadrons inside the jet

doPP— (jeth) X doPP— jetX

F — — ph
(2h,PT) dprdndn dprdn where  zp, = pp/pr

* Factorization for inclusive jet production

do.pp—)(jet h)+X

=Y fa® e Hy®G!

abc

dndprdzy

where  G'(z,z,,prR, 1) = Z Jij (2, zn, pT R, 1) ® D;’L(thu>
j

= Zjij(Z,pTR, 1) X Jik(zns TR, 1) @ D (21, 1) + O(a2) zp 7 1 z#1

see also: Procura, Stewart " 10, Jain, Procura,Waalewijn "1 |, Arleo et al. " 14,
Kaufmann, Mukherjee,Vogelsang™ | 5 6



Collinear FFs

The jet fragmentation function pp — (jeth)X

Kang, FR,Vitev " [ 6
* Factorization for inclusive jet production

dopp—(jet h)+X

_ZfCL@fb@ b®gh

abc

dndprdzp

where gg(z, Zh,pTR, ,LL) = Z uZ](Za Zh7pTR7 :u) ® D?(Zh,/i)

J
matching coefficients / /

standard collinear FFs

* afIn" R resummation again via DGLAP i

ab N U = prT
d .
U@gi (2,20, pTR, 1) Zsz (2, 2n, T R, 1) G . pg =prR
D! 1 GeV
see also: Procura, Stewart " 10, Jain, Procura,Waalewijn "1 |, Arleo et al. " 14, 2x DGLAP

Kaufmann, Mukherjee,Vogelsang™ | 5 7



Collinear FFs

* Light charged hadrons ~.10"r
& 108 h* p+p {s=2.76 TeV anti-k,
Arleo, Fontannaz, Guillet, Nguyen " 14 N“.c ”_ o ATLAS R=0.4 Il < 1.6
Kaufmann, Mukherjee, Vogelsang * 1 5 ot il CMS R=0303<mi<2
Kang, FR,Vitev "1 6 107
Neill, Scimemi,Waalewijn "1 6 n
Makris, Neill,Vaidya * 17 101
 Heavy flavor mesons 10°
Chien, Kang, FR,Vitev, Xing “15 —
Bain, Dai, Hornig, Leibovich, Makris, Mehen "1 6 1 07 -
Anderle, Kaufmann, Stratmann, FR Vitev "1 7
S
e Quarkonia 10°F
Baumgart, Leibovich, Mehen, Rothstein " [ 4 10° :—
Bain, Dai, Hornig, Leibovich, Makris, Mehen "1 6
Kang, Qiu, FR, Xing, Zhang "1 7 10

Bain, Dai, Leibovich, Makris, Mehen * |7

e Photons 107!

Kaufmann, Mukherjee,Vogelsang " 16

T

'

'

107° =
10—5_ L] L i
10~ 107" 1
ATLAS-CONF-2015-022 Zh

8 CMS, JHEP 10 (2012) 087 Kang, FR,Vitev * 16



Collinear FFs

Phenomenology

* Light charged hadrons

Arleo, Fontannaz, Guillet, Nguyen " 14
Kaufmann, Mukherjee,Vogelsang " 15

Kang, FR,Vitev " [ 6

Neill, Scimemi,Waalewijn "1 6

Makris, Neill,Vaidya " 17

* Heavy flavor mesons

Chien, Kang, FR,Vitev, Xing “15
Bain, Dai, Hornig, Leibovich, Makris, Mehen "1 6
Anderle, Kaufmann, Stratmann, FR Vitev "1 7

e Quarkonia

Baumgart, Leibovich, Mehen, Rothstein " [ 4
Bain, Dai, Hornig, Leibovich, Makris, Mehen "1 6
Kang, Qiu, FR, Xing, Zhang "1 7

Bain, Dai, Leibovich, Makris, Mehen * |7

* Photons

Kaufmann, Mukherjee,Vogelsang " 16

Theory / data

Theory / data

ATLAS, Nucl. Phys.A 987 (2018) 65
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TMD FFs

In-jet TMD distributions

* Overview of in-jet TMD distributions with
respect to a given axis

Standard jet axis Recoil free axis Standard jet axis
e.g.Winner-take-all

Bain, Makris, Mehen "1 6 Makris, Neill,Vaidya * 17

Kang, Liu, FR, Xing * 17 Neill, Scimemi, Waalewijn 17

Kang, Lee, Liu, Neill, FR Neill, Papaefstathiou, Waalewijn, Zoppi " 18

- in preparation
————— > see Yianni’s talk

Soft sensitivity, Collinear factorization only Grooming (soft drop)
related to standard TMDs




TMD FFs

TMD in jet fragmentation

Measure the relative transverse momentum of the
hadron wrt. to the jet axis

F(zhajJ_; n,pr, R) —

doPr— (et h) X doPP—ietX longitudinal and transverse
momentum z;, j,

dprdndzpd?3 | dprdn

Iz K1

gg(Z, zhapTRaj_La,u’) :HC—)i(zapTRa /-l') X Dh/i(zhajLa N’) & Si(.j_l_a Ra :U’)

Out-of-jet radiation / \

cf. jij(z,prR, 1) Standard TMD
Jet algorithm dependent fragmentation functions
as for SIDIS and ete™

* Test of universality and TMD evolution

* Azimuthal asymmetries at RHIC - Collins effect ———  see james’ talk

see also: Bain, Makris, Mehen " 16, Neill, Scimemi,Waalewijn " 17

Makris, Neill,Vaidya "1 7 12

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




TMD FFs

The soft function

2 2
+ Global soft function 8ib, ) =1+ 220, [é (_1 n (N_2>) P22y, (V_)
2 | m € T € € 2
2 2 2 2
1 —2In (M—2) In (V—Q) + In? (H_z) — W—]
x5, v = vRtan(R/2) My Hi Hi 6

* Soft function in the jet (b-space): S;(b, u, vR) =1+ ‘2’_8@. F (_1 “In (M_z» n 12 R (;ﬂ tan22(R/2))
T n € My € € iz

2 2 2 2 2
() ()
Ky Hp 2 My 12

v

Chiu, Jain, Neill, Rothstein "1 |



TMD FFs

The soft function

2 2
» Global soft function Sbp ) =1+ 20|t (“om (B + 2 2 (2
1Y My o 7 n € 'u2 2 p 2
b M
2 2 2 2
1 an()e(7) ()
x =, v — vRtan(R/2) My Hi Hy/) O
2 2 2
* Soft function in the jet (b-space): S;(b, u, vR) =1 + C F ( I (“_2>) + 12 R (u tan 2(R/2))
n € Ky € € iz

2 2 2 2 2
() ()
Hp My 2 My 12

* Proper TMD definition

o - Canceled by
* SIDISand eTe™:  Dyyi(zh, b; ) EDh/i(zh’b’“D’”D)\/S"(b”‘g’yé) evolution of H.—;

* In-jet TMD DfYs(2h, b; s) = Dii(2n, b, 1ip, vD) Si(b, pis, vsR) /

A b 2\
Dpyi(h; b5 18) = Dryi(zn, b i) exp [_/ : (FiuSpl (%) +7z)}
7

J

| 4



TMD FFs

TMD in jet fragmentation

Ge (2, 20, TR, 31, 1) = Hesi(2, 07 R, 1) X Dy (21,51, 1) ® Si(d 1, R, 1)

* Proper TMD evaluated at the jet scale

A _ 1 bdb _ . _qi _qi
Dh/’i(zhh?_L;/-LJ) — 22 / o JO(]_]_b/Z)C.ﬂ_Z X Dh/j(zha ’u,b*)e Spert(b*aNJ) SNp(b,NJ)
h

* The usual perturbative Sudakov factor

. K d,u/ . :U’2 .
Sf)ert(b*nu(]) — / R (Ffzusp In (—é + 7Z
Hb :u’ :U’

RG evolution

éb ™y U= PT
Collins, Soper, Sterman "85 DGLAP
G;' " pg =prR
* Non-perturbative input from Sun, Isaacson,Yuan,Yuan *14 Sudakov
D!'S, Ke,s




TMD FFs

Comparison to ATLAS data

35 ‘ ‘ ‘ R T T T ‘
L VE=TTeV, || <12, R=0.6 sITMDFF ——— | a5 [ VE=T7TeV, |5 <12, R=06 SiTMDFF ——— |
ATLAS ¢ 1 [ pr [400,500], < zj, >= 0.032 ATLAS ——e— |

30 L pr[25,40], <z, >=0.08

ATLAS, Eur. Phys.| C71 (2011) 1795



Comparison to ATLAS data

3

L V/s=TTeV, || < 1.2, R=0.6

———
siTMDFF

ATLAS +——e—

r Vs=T7TeV,|n <12, R=0.6
© pr [400,500], < 2, >= 0.032

—
siTMDFF
ATLAS +—e—

30 L pr[25,40], <z, >=0.08

ATLAS, Eur. Phys.| C71 (2011) 1795
Where is the discrepancy coming from?

* zp range of the ATLAS data 0 < 2z, <1
Underlying event, initial state radiation — effective grooming z; > 25"

Matching at large j
NLL — NNLL accuracy see Lee, Liu, Kang, FR "18
Non-global logarithms

Fit of the nonperturbative component



TMD FFs

pp — jet + X
Final state radiation
[ collinear J

do
dprdndzp,

|18 adapted from M. Schwartz " 17



TMD FFs

pp — jet + X

Final state radiation
[ coIIinear—soft)

Initial state radiation

/

Underlying event

i

)
L

(N

Y
|

Additional jets, non-global structure —— see Jet Shape results

Pileup

19 adapted from M. Schwartz " 17




TMD FFs

Dependence on the longitudinal momentum fraction

cut

Different z;

25 IIIIIIIIIIIIIIIIIII{'I""IIIII
i 0<z, <1
Shift of the peak location | —— 0.01 <z < 1
! 0.02 <z, < 1 |
20 -
- Vs=T7TeV, R=0.6 1
- 25 < pr <40 GeV, |n| < 1.2
—~ 15 - -
Cha
h PYTHIA 8
=~ 10 F
5 [
0 02 04 06 038 1 1.2 14
jT (GGV)

Effectively grooming the jet like trimming
Krohn, Thaler, Wang " 10



TMD FFs

Dependence on the longitudinal momentum fraction

25

Shift of the peak location :

20 |

(Zn, JjT)

= 10 |

cut

Different z;

15 |

— T
0<z, <1

0.0l <z, <1
0.02 <z, <1
MPI off 0.02 <z, < 1

Vs=7TeV, R=0.6
25 < pr <40 GeV, |n| < 1.2
PYTHIA 8

_\
Almost no sensitivity

to the underlying
event for

Ze" = 0.02




TMD FFs

Non-global logarithms

Dasgupta, Salam 01,
Banfi, Marchesini, Smye "02
Larkoski, Moult, Neill “15

* pp — jet + X at small jet radii Becher, Rahn, Shao "17 ...

Banfi, Dasgupta "04

o?1n*(j. /(prR)) contribution obtained jL < prR
in the strongly ordered limit

jet scale prR
* Include higher order corrections o} In"(j. /(prR))

Leading logarithmic, leading color accuracy

Monte-Carlo Dasgupta, Salam "01 .
boosted version of the

e"e” hemisphere jet mass case
Dasgupta, Salam "01

BMS equation  Banfi, Marchesini, Smye "02

Fixed order expansions Schwartz, Zhu " 14

Beyond leading color Hatta, Ueda "3

do = Z fao fo Hgp Hea 2ADd X S4,NGL
abced

22



TMD FFs

Non-global logarithms

ATLAS, Eur. Phys.| C71 (2011) 1795

"I Vs =TTeV, In| < 12, R=0.6 * NGL Monte-Carlo
+ pr [25,40], < 25 >= 0.08 Dasgupta, Salam "01
— 12} +
=
E ol NGL
= ~+
< 8l
C\] ““‘a
4t
2
%A(; 05 10 15 0 -
71 [GeV]

23
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The Jet Shape

The jet shape

Integrated R — Jet radius Differential * Data from
4 LEP, HERA, Tevatron, LHC ...
r = Subjet radius @ pp,pp,ete ep, AA
subJet
Zr = \ / * Constrain parton showers
v * Quark/gluon discrimination
* BSM searches, heavy flavor
[ q do i . o .
Y(r) = /0 Zp Zr dprdnda, > Derive factorization for a central subjet

25




The Jet Shape

Factorization

Cal, FR,Waalewijn " 19

* Relevant jet function

giet (Z7 ZT7pTR7 T/R7 :u’) NgL, ZHcd(zapTRa M)/d2kl Cd(zr,pT'f’, kJ—’ /L, V)
d

x S§ (kL,p,vR)SYC (]I?) [1 * O(%)]

«—— Same as for TMD hadron-in-jet

-4---» Jet axis
* First extension beyond LO + LL. Previous work, see Ellis, Kunszt, Soper "92
Seymour "98
Li, Li,Yuan "I |

Chien,Vitev " 14

26



The Jet Shape

Factorization

Cal, FR,Waalewijn " 19

e Relevant iet fiinction

giet (Z, z’rapTRa T/R7 :u’) NgL ZHCd(zapTRa lu’)/d2k"l‘ Cd(Z“pT,r’ kJ—’ s V)
d

x S (ki,pu, vR)SYC (%) [1 T O(%)]

 Collinear function ...

Cp [ 1/1 1 3 3L
CP<n = 2T / d¢ {6(1 — ) {—(— + L)+ = (Lo +5) + Lol + =2
0 n\e €

272 4 4
o~ _ -~ 3.~ .~ B
—1In (1—ﬂ)+2lnﬁln(1—ﬂ)—51nﬂ+2L12(1—ﬂ)—5—?+2]
~ o\ (In(1 — 27) zr(1—B)\ 1+ 22
+@(zr>ﬁ){—(1+z,~)( T )++1n(~ 5 )(1—zr)+]
+0(x >1_§){1+(1‘Z")2 ln( B )]}
o (1—-2)1-5)
6>r) _ _ascF _ 2 _ 1 —i—z,,% _ 1+ (1— zr)z} Prmax énin
cy>n = %S, [5(1 zr)(77 +2L,) . - /_¢maxd¢1n =

27



The Jet Shape

Comparison to LHC data

1

Purely perturbative result o S =T
- T — }
N B E
Y] 'II!II E
N C ]
Including a NP model —_oap 5 ATLAS :
09 — ------ NLL' )
“r / ~
C pr = 30-40GeV, R = 0.6 - NLL' + nonp i
0- C | T l | S | I 11 1 1 l 11 1 1 I | I T I | S ]
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T

1. ——
0.8 E
06 E
N i
B C i
041 ¥ ATLAS .
S —— NLL' :
021 / E
C pr = 110-160 GeV, R = 0.6 - NLL" + nonp ]
O. C L 1 1 1 | 1 1 1 1 I 1 | 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

0. 0.1 0.2 0.3 0.4 0.5 0.6

T

Include axis displacement

28

Cal, FR,Waalewijn " 19

1
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ATLAS, Phys. Rev.D 83 (2011) 052003




The Jet Shape

Comparison to LHC data

Cal, FR,Waalewijn " 19

lIIIIIIlIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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r CMS, JHEP 06 (2012) 160
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The Jet Shape

Non-global logarithms and Pythia comparisons

Cal, FR,Waalewijn " 19

1. —_l I | | | I | I | | | | | | | 1 | I | | | | I | I I I : 1. _|EICt]\I|_|’7 Tévl arlltll k IR |_ |0|6 ‘:’71] <I—2l8l- --—;_I:::l—-—-l;:-lﬂ_-‘—l--l T T :
08F E 0.8 [ -
06 B — 06 [ b
= - . - , .
= | NLL/ - = - Pythia 8.2 1
0.4 - —— Quark . 04 5/ e Partonic -
o s No NGLs 1 - ---- ISR -
0.2F —— Gluon A 0.2 - ---- ISR+MPI ~
C pr=500GeV, R=06  —mmee- No NGLs - ¥/ — ISR+MPI+had Z
0. | | | | | | | | | | 1 | | | | | 1 | 1 | | | | | I 1 1 1 | ] O. [ | 1 1 | I | 1 1 | I 1 | 1 1 I 1 | 1 1 | 1 1 | 1 | 1 1 | 1
0. 0.1 0.2 0.3 0.4 0.5 0.6 0. 0.1 0.2 0.3 0.4 0.5 0.6
r r

« Relatively small hierarchy of r, R e |nitial State Radiation

* Multi Parton Interactions/underlying event
* Hadronization

30
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Conclusions

* Longitudinal and transverse energy distribution of jets
* More work needed for one-to-one comparison
* Non-global logarithms

* Collins asymmetries in jets hadron(zp,j )
jet(PTﬂ?)

32



