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TMD fragmentation within groomed Jets: Factorization and
Resummation

- grooming procedure (soft-drop)

- factorization with groomed jets

- measurement

- resummation in momentum space

- resummation in impact parameter (b-)space

universal for all TMDs

- probing TMD evolution (e.g. proton TMDPDF)



Grooming algorithm: mMDT/soft-drop (3 = ()
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M IS IMmposed only on the jet constituents

oser in angle get clustered first

- Record clustering history in each step

A. J. Larkoski, 5. Marzani, G. Soyez, and J. Thaler arXiv:1402.2657



Grooming algorithm: mMDT/soft-drop (3 = ()
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Grooming algorithm: mMDT/soft-drop (3 = ()
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- Removes soft wide angle radiation sensitive to the cone boundary
and non-global effects (NGLS)

- |solates collinear-energetic radiation near the center of the jet

- Smaller sensitivity to underlying event



Factorization with groomed jets

do
— Fz 7R7 CU)ﬁvc ’]’L ) CU?R?E
5, dM E (@, R, Zcut,07,C) Ji (M, zcut J)

1=g,9q

Fraction of quark and gluon-initiated jets
INndependent of the measurement within
the jet

C : Additional phase space cuts (e.g. experimental constraints)

M Measurements on the jet constituents (e.g. jets invariant mass)



Measurement

jet algorithm grooming algorithm
(MMDT/soft-drop)

identified-hadron: h

-~
-
-
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Jet axis T

groomed-Jet axis

collimated spray of particles

Only the particles that pass the grooming process

. Ey, will determine the direction of the groomed-jet axis
Measurements: Prl1, 2 = ——




Factorization with groomed jet + identified hadron

do
dp; dk | dzy,

- Z FZ(Q’R7 ZCUt7ﬁJ7C) gi/h(szEJ_azcut,R, EJ)

1=¢g,q

Fraction of quark and gluon-initiated jets

k 1 1S the transverse momentum of jet with respect to hadron

EJ_ _ _PhiL

See also: 2n
- TMDRJF (measurement along the jet axis)

arXiv:1610.06508 (Reggie Bain, YM, Thomas Mehen)

- TMDFRJF (measurement along the winner-take-all axis)

arXiv:1612.04817 (Duff Neill, Ignazio Scimemi, Wouter J. Waalewijn)

- TMDFRJF (semi-inclusive)

arXiv:1705.08443 (Z/hong-Bo Kang, Xiaohui Liu, Felix Ringer, Hongxi Xing) 3



Groomed TMD fragmenting jet function
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Factorization of the TMD (FJF) in SCET

SOft pg ~ Zcth(la 17 1)

collinear-soft pchzcth()‘gm]‘?)\SC) Asc

DA —  colinear  pt ~ QA2 1,A) A,

Phl K Zctha Zeut K R~1

_ Phi
Zcut Q

Ph L
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Factorization of the TMD (FJF) in SCET
gi/h(zha EL) EJ) Zcut s ,UJL) — /d2EcJ_ /CZQES_Lé2 (EL + EC_L + EsL) SzJ_ (Esla Zcut) Dih (Zha ECJ_)

SO]O[ p’: ~J Zcth(l, 1, 1)

| 2 Ph L
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cut
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Factorization of the TMD (FJF) in SCET

gi/h(zha E_L7EJ7 ZCut;/J'L) — /dQE(Z_L /d2E8L52 (EL + ECL + ES_L) Sq,J_ (Eslazcut) Dj?h (Zha ECJ_)

i
2

. Zh,
Dy (2, ke, Er) =) N
X C

5(2E 1 — px)tr[ 2016 (Fer = PL)xa (0)| X h) (X | % (0)[0)]

Prh1=0
- collinear modes are energetic and always pass the grooming constraint

\\+ independent of the cutofff parameter (zeus)

- contains the non-perturbative information of the fragmentation process

. 1 . . . .
St (kors By ze) = 70 [(O1 TS} }(0)8) (K — PEP) T{S;,85}1(0)]0),

- describes collinear-soft radiation that can pass the grooming constraint

- universal to all light hadrons ——  independent of hadron’s
energy fraction (zp) 12



Matching onto collinear Fragmentation Functions

Although Dj/ » (2, kel , Ey) is afundamentally non-perturbative object for k, > Aqcp

can be matched onto the collinear Fragmentation Functions:

1
~ dx - Z
Dl (anFer Ba) = | S (wskien Ba) Dygn (2)

’ X X

short distance matching coefficients  collinear Fragmentation

H . . .
A calculable in perturbation theory  Functions
quh
po~ ki
A
DGLAP
Djp,
1w~ 1GeV
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Renormalization Group and Resummation

Rapidity regulator and Rapidity Renormalization Group (RRG):
J.-Y. Chiu, A. Jain, D. Nelll and |. Z. Rothstein arXiv:1202.0814

d
v G v) =76, v) 10
A
pE ~ Q
Virtuality Renormalization Group (RG): -
.......... o tSTHD Lo
) ARG
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NLL-Resummation in momentum space

Fourier Transform — Solve RGE — Inverse Fourier Tranform — Fix Scales

Gy (Zns ki Zeuti 1) = V(R zeuts o)A (1 10) Dy (s o) | -
0O—h~h1L
D®S(Nazcut)
U, = exp |27 In(as Qg
(1, 0) = exp |2 (o (o) /s ()

exp(—2vpws) I'(1 —wg) 1 (MQ )1—ws

V(kJ_azCUJHILL) — - F((JJS) ,LL2 ki

ws = a(p)Ci In (V—D)

™ Vs
traditional TMDs / \ groomed TMDFJF
Oé(k_]_)Ci kJ_ a(k Cz
— . In (5) — ( j_‘__) ln(Zcut)
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NLL-Resummation in momentum space

a(p)Ci | (V_D)

YS = s Vs
traditional TMDs / \ groomed TMDFJF
a(k,)C; k1 a(k)C;
— - In (a) — ( j_‘__) ln(Zcut)

N the perturbative region wg IS
small, therefore we can fix the scales
momentum space directly.

Solution:

Fix scales In coordinate space
and take Fourier transform numerically

Common choice: zZeyt = 0.1

Also:

D. Kang, C. Lee, V. Vaidya | . .
arXiv:1710.00078 wg ~ 1:Onlyin the non-perturbative

regime
M. A. Ebert, F. J. Tackmann

arxiv:1611.08610
10




arXiv:1712.07653: YM, Duff Nelll, and Varun Vaidya

NLL-Resummation in momentum space

do
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arXiv:1703.10157 A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A Signor
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Resummation in b-space

Fourier Transform — Solve RGE — Fix Scales — |nverse Fourier Tranform

v
A
pH ~ Q
M K
Vo () = =2 / dlnp'Th g los (W] +4"(1/bo) |- .“S—“D—“L”l/bow
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Vs = Zcth Vp = Q v
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Rapidity anomalous dimension
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Resummation in b-space

b gK(b7 bmax) — 0
b/bmax b—0

S
v — Yo | — b; bmax b*
Vi () = vy () * gx ( ) i

Universal component of TMD olbservables:

- Groomed OR Un-groomed
- Fragmentation or PDFs

WH

Uit ) = B[~ | g o (0] + 2o f I Tpls (097 (1)) |

___— Rapidity anomalous dimension
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Resummation in b-space

b gK(bv bmax) — 0
b/bmax b—0

S
V.1 — V.1 | T b; bmax b*
Vi () = vy () * gx ( ) i

Universal component of TMD olbservables:

- Groomed OR Un-groomed
- Fragmentation or PDFs

WH

Uius, ) = Bsp = [ il ] -2 (i plpfon ) 1/0))

/ Rapidity anomalous dimension
variations of the cutoff parameter give as direct d [ N (o) do }
access to the rapidity anomalous dimension: dIn zeyt " dppy

Normalized

Cross section



Non-perturbative TMD evolution

b
b; bypax) —— 0O
\/1 OLE QK( )b—>0
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Non-perturbative TMD evolution

b
S S o . b; bmax 0
R A R L Vv A"
CSS:
1
Model:Fits go bmax [GeV_l] bNP [GeV_l] gK(b7 bmax) — QQZ(bmax)bz
CSS:BNLY 2003 | 0.68 0.5 n.a.
CSS:KN 2006 0.18 1.5 a.
, e AFGR:
CSS:Pavia 2016 | 0.12 1.123 n.a. 2 2
bmax b b
AFCR: n.a. 0.10 0.5 2.0 g (b: by ) = 224 : Jbxp 1 (1+ b%_p)

BNLY: arXiv:0212159 F Landry, R. Brock, P.M. Nadolsky, C.-P. Yuan
KIN: arXiv:0506225  A. V. Konychev, P. M. Nadolsky

Pavia: arXiv:1703.10157 A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A Signori

AFGR: arXiv:1401.2654 C. A. Aidala, B. Field, L. P. Gamberg, T. C. Rogers 55



d/dIn zey [Nda“/”/dpﬂ
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Proposed observable

arXiv:1712.07653: YM, Duff Neill, and Varun Vaidya

. CSS, Fit : BLNY 2003 -
. €SS, Fit : KN 2006 -
. CSS, Fit : Pavia 2016 |
. AFGR, Fit: n/a _

3 4 5

p1 |GeV]

< : >
Non-perturbative region: Perturbative region:

Good discriminating power ;| Model independent

over various models

dln z.ut

N (zews)

dpn1
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Summary

Study fragmentation within groomed jets:

- Use EFT (SCET) for factorization and resummation of large logarithms
- No logarithmic enhancements from boundary effects (NGLS)
- Can easily extended for hadrons + jet substructure (e.g. jet mass, in preparation)

In the perturbative regime:

- Groomed TMD fragmentation can be studied directly in momentum space

In the non-perturbative regime:

- (Good discriminating observable for extracting non-perturbative TMD evolution



NLL-Resummation in momentum space

gluon-initiated Jet quark-initiated Jet
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NLL-Resummation in b-space vs momentum space

| ,t“\ — Model : CSS, Fit: BLNY 2003
K U Model : CSS, Fit : KN 2006
----- Model : CSS, Fit : Pavia 2016
\ Model : AFCR, Fit : n/a
0 5 10 15 20 25 30
kr |GeV]
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d/dIn ze[Ndo"/™ /dp, ]

Probing non-perturbative TMD evolution

031
027
0.1r

0.0

Il \\
\
“‘\
do —— Model : CSS, Fit : BLNY 2003
' 0
R Model : CSS, Fit : KN 2006
“‘ ----- Model : CSS, Fit : Pavia 2016
\
‘ Model : AFGR, Fit : n/a
2 4 6 10
1 [GeV]
> >
Non-perturbative region: i Perturbative region:

Good discriminating povveré Model independent

over various models




