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Review of Quarkonium Production Theory

Heavy Quarkonium Fragmenting Jet Functions

New Tests of NRQCD Using Jet Observables

Cross sections for e*e-, pp collisions

LHCb measurement of J/i in jets

Other Observables, Future Work



Color-Singlet Model (pre-1995)

olpp — J/Yv + X) = fa/p © Jg/p
20(gg — ce(*S1V) 4+ X] [10ee(0)?

cc pair produced with same quantum numbers as |/

Predictive Formalism

olgg — 65(359)) + X| calculable in QCD perturbation theory
1cz(0) | fixed by D[J /1) — 4707

Suffers from theoretical inconsistencies when applied to XcJ

[[xes — hadrons] = |4/, (0)| (o (cc(*P{") — gg)) «—— Not IR Safe




do/dpy (nb/GeV)

J/Y production at Tevatron (1996)

CSM badly underpredicts J/\p and P’ production at large pt
Jp P’
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Non-Relativistic QCD (NRQCD) Factorization Formalism

(Bodwin, Braaten, Lepage)

o(99 — J/Y +X) = ZO g9 — c&(n) + X)(O7/¥(n))

n_

double expansion in ag, v

NRQCD long-distance matrix element (LDME)

<OJ/¢ (SSP]» ~ v CSM - lowest order in v

(O3S (O (ASEN) OV EPE) ~ 0T

color-octet mechanisms



p) do(pp ~» I/9+X)/dp. (nb/GeV)

Br(J/¢ > p”
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Global Fits with NLO CSM + COM
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da{ep—JAap+X)/dz [nb]

NLO: CSM + COM Required to Fit Data
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Vs = 300 GeV
Q<1 GeV* ;
pf =1 GeV® -

do{ep—=JAp+X)/dp% [nb/GeV®]
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Status of NRQCD approach to |/ Production

NLO: COM + CSM required for most processes

extracted LDME satisfy NRQCD v-scaling

(O©77¢(381)) = 1.32 GeV3

(O (SENY | (4.97 +0.44) x 1072 GeV3
(0¥ (3518)) | (2.24 £ 0.59) x 103 GeV?
(O71%(3PEYY | (=1.61 £0.20) x 1072 GeV?

X2, = 857/194 = 4.42
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£ ]fragmentation at large pr predicts transversely polarized |/, Y’

Polarization Puzzle
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Polarization of J/y at LHCb

ELHCb (s=7TeV. '\\{s\'\j
" F @NLO NRQCD(1) NS ——
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Polarization of Y(nS) at CMS

- CMS pp Ns=7TeV L-49f"

B
: Y(18), Iyl < 0.6

- ¢ Stat uncert 683%CL = CS

| e Tot. uncert., 68.3 % CL o HX

: Tot. uncert., 95.5 % CL o PX

- Tot. uncert. 997%CL
U I B

Y(18), 06<Iy|<12

Y(25),08<lpi<12 f

Y(3S), Iyl <0.6 |

¥(35),08 <l <1.2 |

P, [GeV]
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do/dp, (nb)

do/dp, (nb)

Recent Attempts to Resolve J/P Polarization Puzzle

simultaneous NLO fit to CMS, ATLAS high p: production, polarization

lo?
: NLO Total I
10 NLO Total II
ATLAS Data
lo :
Jjr producticn
{1
0
: VS =7Tev
103 ; lVJ/p'<0.75
lD—‘ ............. PUNEES SR S ST SN SN SH SHN SHN SHN SN S S T S N S T
0 10 20 30 40 50 o0 70
pr (GeV)
10°
o NLO Total 1
10 NLO Total II
' CMS Data
1.
i Jji producticn
10~
10~
: VS =7TeV
10 lyss1<0.9
lo—‘ | PSP UN WU WU U (U U WU U U W SV WU _—"U_—_— W_—_—
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Chao, et. al. PRL 108,242004 (2012)

08 E hel;city frame ,"
i _— -, 1
06 I/ polarization e NLO 382 .

-04 TSl s NLO Total
-0.6 \.‘-\‘; « CDFRunl
08 RN « CDFRunTl
_I.L.A PSR I S ST S S N S ' .\i\. PR SR S S S S S S
5 10 15 20 25 30
pr (GeV)
o8 (oS (o5 (o(PT))/m?
CeV? 1072GeV? 107 2GeV? 1072CeV?
1.16 89+ 098 0.30 £0.12 0.56 £ 0.21
1.16 0 1.4 2.4
1.16 11 0 0




Recent Attempts to Resolve J/P Polarization Puzzle

i) large p. production at CDF Bodwin, et.al.,, PRL 113,022001(2014)

ii) resum logs of p/mc using DGLAP evolution

i) fit COME to p: spectrum, predict basically no polarization

1.0

(nb/GeV)
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(O7/ (188N} = 0.099 £ 0.022 GeV?
(077 (38®))) = 0.011 £ 0.010 GeV?
(O (3P = 0.011 £ 0.010 GeV?®
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do / dprdy [nb/GeV]
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Recent Attempts to Resolve J/P Polarization Puzzle

Faccioli, et. al. PLB736 (2014) 98

Lourenco, et. al., NPA, in press

- ] ] = -
CME Iyl <07 ATLAS lyletz 3 ATIAS 12<lyl<22 % J a CME |y|<1.zj O CME12<iyl<153 ] @ ONS16<iyi<24 ], MGt 2l<y<dn
| | oz < ’ -
Y(35) - > s 10 . Vi2S) 1 r 0. IR
A, na] = 0 64 3 a £ 3 . o k - E )
. 7irdl =362 40 “o0 > ¢’ ,
z -
3 o -3 —
5 - 9 3
-
] ‘ 1!
F
= 104
—'_'_'—_'ﬁ - 3 -
0 & R 8 10 15 1 15 20 10 "3 20 B 10 12 11 16
: 1 cws
1 - B —————— ——lyl<CB
- — -
1 ' Yi35) ] P23 ——06<lyle 2
08— T { | ——12<lyl<15
R R ] q —T:hl
] | ; [ o
(3 — .
ol | L R | B g
J eEmEmm 89390909090 Ttrcisisisieceiecs q e m— 0
T ..95.5"&(1 R T R
. 99.7% CL
| L] 1 1] L 1] L 1 L]
Ic 20 3 a0 S0 10 20 ko 0 52
p, 1GeV]

argue for 1Sy’ dominance in both P(2S) & Y(3S) production



Fragmenting Jet Functions

M. Procura, |. Stewart, PRD 81 (2010) 074009
A. Jain, M. Procura, W.Waalewijn, JHEP 1105 (2011) 035
A. Procura,W.Waalewijn, PRD 85 (2012) | 14041

jets with identified hadrons

I R Jet Energy: E

+ _ ot
PH = ZPjet

cross sections determined by fragmenting jet function (FJF):

G"(E, R, u, 2)



inclusive hadron production: fragmentation functions

1 do™

aq dz

L
(e+e_ — hX) — Z/ Ci—l Ci(Ecm,:I:, /J,) D£I~(z/l‘-,u)

jet cross sections: jet functions

dO’(E,R) :/d(bNtr[HNSN]HJg
14

gg(E,R,,LII,Z) - Dzh(z/xvu) ; JE




relationship to jet function:

Z/(;ldzzl)?(z,u) =4

‘ . Ji(E,R,z, 1) = Z/ dz - 2GME, R, 2, p)

cross section for jet w/ identified hadron from jet cross section

do
e / d® ntr[Hn SN| HJg J,(E, R, 1)
‘ do /dCI) tr|HyS HJQhERZ,u)
dEdZ N NN 14 9



relationship to fragmentation functions

ot s = 2 [ %5 w008 () [0 (sprsiim)
i (B, Rz, 1) = ~J, # g\ T 2 I o 4E2 tan®(R/2)

matching coefficients calculable in perturbation theory

%q(f(;f) 1) —0(1—z2) + *(/;)CA [(LZ — ﬂ—) o(1 —z) + P (Z)L + Jgg( )

. P (z)Inz z2<1/2
jgg(Z) — { 2(%9 z+22%)? (lngl z)) > > 1/2 @E t,d.Il R/2 /l"
2 -z )L —

scale for Ji;(E, R, 2z, 1)

sum rule for matching coefficients

1
Z/ dz 2 T35 (R, z, ) = 2(2m)° J;(R, p)
~ Jo
j



NRQCD fragmentation functions

Braaten,Yuan, PRD 48 (1993) 4230
Braaten, Chen, PRD 54 (1996) 3216

Braaten, Fleming, PRL 74 (1995) 3327

Perturbatively calculable at the scale 2m¢

Bi8) (. on \ _ TCs(2mc) 3 (8) X
Dy (z,2m,.) SAI?’ (0°(*8)7))6(1 — 2) %#
-mj.W

1] \ 3(2m,) (O (35 (147)/2
U;’,)(”(Z, wac) — ')(1 ( Tz ’ ( ‘ )) / / - 1 —
6487 My 0 (r+2 2)/2~ 1 -y (y —7)*(y* —r)?

i _ - 1 +r—2y Yy —r+ Yyt —r
= 20 =)V =1 y—r =y —r

DGLAP evolution: 2m¢to 2E tan(R/2)



FJF in terms of fragmentation function

', 1 C.iab Wz

Ca d z
A U yP y)L1—yDyse (J,u)

-
f g—iw( /v, ﬂ g—'v(z’ )

Liy
1 du | y z
16 (5 ) P +(y) In (1 — y) Dy .y (y’ N)]

2F / —z
Li_,=In (ZEtan(R' 2)(1 ))
/1

For large E, FJF ~ NRQCD frag. function (at scale 2E tan(R/2))

Go(E, R, pp = 2E tan(R/2), 2) — Dy (2,2 tan(R/2)) + O(cx,)




NRQCD FF’s (at scale 2m.)

360 (gluon)

‘ — 351(1) (c-quark)
- 3S§8)

| 1 o(8)
- A ;S O

0.0 0.2 0.4 0.6 08 1.0

(normalization arbitrary)

Evolution to 2E tan(R/2) will soften discrepancies



FJF’s at Fixed Energy vs. z

M. Baumgart, A. Leibovich, .M., . Z. Rothstein, JHEP 1411 (2014) 003
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FJF’s at Fixed z vs. Energy
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dominance predicts negative slope for z vs.E if z > 0.5



<z%s/<z3> <z3>/<z?%>

<z°>/<2z2%>
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Ftan(R/2) < p < 4F tan(R/2)
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Ratios of Moments

2

n—+1 > n—+1 >

(z (z

~/

>

15®  {2")

3S§8) <Z'n.> 5

c—quark




Gluon FJF for different extractions of LDME

fix z, vary energy
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Butenschoen and Kniehl, PRD 84 (201 1) 051501, arXiv:1105.0822

Bodwin, et. al. arXiv:1403.3612

Chao, et. al. PRL 108,242004 (2012)
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Recent Observations of Quarkonia within Jets

LHCb collaboration, Phys. Rev. Lett. | 18 (2017) no.19, 192001

b 0.3 vt | | L —r 1 1 1 71
[° . Data (syst) - DPS LHCb ]
© s =13 TeV _
— LO NRQCD SPS Prompt -
0.2 _

| | 1 1 1 1 I I | | |

0.1

0 0.2 0.4 0.6 0.8 1
z(JTy)
CUts: 2.5 < Mot < 4.0 prjer > 20GeV  p(u) > 5GeV



This result was anticipated in:

Jets w/ Heavy Mesons: NLL' vs. Monte Carlo

R. Bain, L. Dai, A. Hornig, A.Leibovich, T.M.Y. Makris JHEP 1606 (2016) 121

e e — bb
L5 B jet
eTe” — qqg

S J/Y jet



ete” — Jetsin SCET
S.D. Ellis, et.al., JHEP1011(2010) 101

dO':HXJq@Jq@Jg@S

» do=HxJ,®J;®G)Y® S
unmeasured jets:
E,R

measured jets:

. 1 l—a/2/. —\a/2
angularity: 7e = ;Z(Pf) Yo (py )

4

w=),P; S§=wTy



+

e e — Jets Formula (NLL)
@ . wWr(HH1R)
e =5 [t (22) sy
y ,ugtan g ws(e,pns)
X [5,-]-6(1—z/m)(l+fs(Ta,Ms))+fj(Tzsz/T§#J)] o1

g (2—a)wr(p.ps) 1 1
5 ( W ) Cl—wy(p, pr) — ws(p, ps)] plres (mpr)+ws@,ps)
+

X exp [KC(p; pu, R, pa, s, pa) +yep; pa, ps)] -



+

e e — Jets Formula (NLL)
0’1) w i (g wr(MHR)
0_30) ;qu_ E/ ,[_LJ)HQ(IJ.H) (#TH) e )Sunmeas(”A)Jw(”R) (M::I: ﬁ)
| 2
- tapl-a R ws(p,ps)
X { [5,-]-6(1 — z/2)(1+ fs(Tasps)) + £7 (72, 2/ 2 #J)] (#S o : )

_G)WJ (l—" N ) 1

Ll—w(p, ps) — ws(p, ps)] 1w (mpa)+ws e ps)

K(p; pm, er, pa, ps, pa) +yep; pa, ps)| -

RGE evolution



Importance of Resummation of Logarithms in Thrust

g o dr | | | |
1.4 _ _ . — T :
Q=my, Fixed Order ~ 1 Q=m, Sum Logs, no 8¢ 1

. 3 q
1.2 s Oa?) - 1. s N3LL ]
2 “ : 3 ]
10 s O(a3) i i I NYLL ]
) . 1.0} s NNLL 4
08 Ofa,) : | NNLL *
- 08 T NI
0.6 0.6 |
0.4 04 F
0.2 02+
0.0 3 Fa— .. TR R .l I T .l.l - ‘l I —1 'l .. T— .l W — : 0.0 [ 1 PO W N SR T SN (NN U TN T S SH S SN S SN S S S S W S S 1
0.16 0.1  0.20 0.22 024 026 0.28 0.30 0.6 018 0.20 0.22 024 0.26 (.28 0.30
T T

R.Abbate, et.al., Phys.Rev. D83 (201 1) 074021



T do Comparison with Data

o dTr
od—————7———7————7 7
N\ Fit at N3LL' for a.(mz) & Q,
031 theory scan error -
0.2 i
@ DELPHI
® ALEPH
0.1- ¢ orAL
| @ SLD
0.0"

...|....I....I.l..l....l..-
0.10 0.15 0.20 0.25 0.307-

as(My) = 0.1135 4 0.0022

R.Abbate, et.al., Phys.Rev. D83 (201 1) 074021



NLL vs. Monte Carlo (B mesons)

fixed 19, variable z

do(ry=0.0015, z) do(1p=0.0020, z)
! L ) T " " 1 " T 5F | L — T 7y r = T T]
5k E ]
. ——PYTHIA
4 — HERWIG

3 B NLL (y(T,2))

LE
0: r 1 s " M 1 M " " 1 " " M
0.2 .4 0.6 0.8
do(rg=0.0025, z)
af Monte Carlo Details
af ] | SISCone, R = 0.6, Nj.;, = 2
f f E.. —A
2._ n Ejet > - . Ec_m = QSOGQV
: ] Njets |
L 1 | A=230GeV
0 2 ) " 1 " N N 1 N : . 1 : . . :
0.2 04 0.6 0.8 1.0 z

(HQ FF from LEP data) Kniehl, et.al. Phys.Rev.D77 (2008) 01401 |



NLL vs. Monte Carlo (B mesons)

fixed z, variable 1y

do(1y, 2=0.4) do(t,, 2=0.6)
i —r r r r r 1 r r r r 1 T T T ¥ 13 250;l'llllll'llllll
i PYTHIA :
200 F
: ——— HERWIG : i
o EEENLL () ]
- ' 100}
50f |
[ sof
0000 0005 0010 0015 0020 T, 0000 0005 0010 0015 0.020 Tg
do (1, 2=0.8)
700 ———
: Monte Carlo Details
SISCone, R = 0.6, Nj.ts = 2
E..—A
Ejet > o ) Ecm — QSOGGV
Njets
A = 30GeV
0000 0005 0.010 0.015 0020 Tp

(HQ FF from LEP data) Kniehl, et.al. Phys.Rev.D77 (2008) 01401 |



Madgraph + PYTHIA

ete™ 5 bbee [3S§8)] ete” —wbbgce [15(()8)] ete” —bbggce [BS§1)]

Force Madgraph to create J/v from gluon initiated jet

PYTHIA: parton shower, hadronization



NLL vs. Monte Carlo

fixed z, variable g

do(tp, z=0.1)
]20'_-""'l""l--'-l----l.. ]40_.

do(ty, z=0.3)

100}

b d _. -
)

I

—— '-
i '
000 0005 0010 0015 002 Tp 0.000 0.005 0.010 0.015 0020 Ty
do(to, 2=0.5) do(to, 2=0.7)

os 8 5 8 8

150}
100}

sof

S -

0 1 1 1 1 1 L 1 1 1 1 1 1 | -lﬂ_- 1 1 1 1 1
0.000 0.005 0.010 0.015 0.020 Tp 0.000 0.005
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good agreement, some discrimination for large z



NLL FJF vs. Pythia

R. Bain, L. Dai,A. Hornig,A. K. Leibovich,Y. Makris, .M., JHEP 1606 (2016) 121

do(1=0.004, z) do(19=0.005, z) do(19=0.006, z)
331(8)
Us 1. 18
st 1
4l 55;
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Explaining difference between NLL vs Pythia

PYTHIA’s model for showering color-octet cc pairs:

2%Pqq splittings

S
2 2,

Physical picture of analytical calculation

S A8
Q- «\‘.
N QA

CO0000HLO000000000006L8000000 —,—-»—j/q)

) (/

& #
) <]
¢ "
o5 \

Gluon fragments

»

Pythia z distributions much harder than NLL calculations



Gluon Fragmentation Improved PYTHIA (GFIP)

Madgraph 5 PYTHIA + Convolution

ete” —bbyg

o S~
) 4Ry
n Q-
oonooo":;oooooooo.ooooﬂoooooooo
) &

Arbitrary gluon
fragments

shower gluon with PYTHIA down to scale ~2m¢, no hadronization

convolve final state gluon distribution w/ NRQCD FFs

42



NLL, PYTHIA, and GFIP

do(19=0.004, z)

do(7,=0.005, 2)

do(7,=0.006, z)

-,

331(1) .

"01 02 03 04 05 06 07 08
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GFIP and Recent LHCb Observations

R. Bain, L. Dai,A. K. Leibovich, Y. Makris, T. M., PRL 119 (2017) 032002

generate events with hard c-quark , gluons

LHCDb: pp collisions /s = 13 TeV cuts: 2<n<4.5

R=0.5
pTjeT < 20 GeV

evolve shower to scale ~2m. py <5 GeV
"35 R IIIIII llllll 1 I]I\II llllll 1 If
Vs = 13 TeV -
3.0 .
= — (Gluon v
2.50 T
" —_— Charm T
‘ti 2'0:: 1
S 15[ -
1.OF —:
%1 SERIINNENERERI RN TERENER] RN NERERI I ERRRNEE;

N <9 (Y A N £ 0 Q



convolve w/ NRQCD FF for ¢ quarks, gluons ~2mc

d
LHCb data is normalized so Z Az <—0) = Az

o2
compare 0.1 <z<0.9

Use following three sets of LDMEs

@ Esth) e e (o sE) (0 P mE

x GeV?| x107° GeV?| x10 *GeV® %107 *GeV"

B & K [5, 6] 1.32+0.20] 0.224+0.59| 4.97+0.44 —0.72 + .88
Chao, et al. [12] 1.16 £0.20| 0.30+0.12| 8.9+0.98 0.56 + 0.21
Bodwin et al. [13]| 1.32+0.20 1.1+ 1.0 0.9+ 2.2 0.49 + 0.44

Butenschoen and Kniehl, PRD 84 (2011) 051501 global fits to world’s data

Chao, et. al. PRL 108, 242004 (2012)

fits to high prt hadron collider data
Bodwin, et. al., PRL 113,022001(2014)



FJF and Recent LHCb Observations

combine FJFs with hard events generated by Madgraph

NRQCD FFs evolved from 2mc to jet energy scale using DGLAP

factorization theorem with tree level hard function,
trivial soft function, no NLL resummation

FJF is only term in factorization dependent on z(J/y)



do /o

Results
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0.15 . .8 0.15 .
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0'00:1111111111111111111111111111111111111 | 0001111[11111111111111111111111111

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
2(J/¥) 2(J/)

FJFs, GFIP consistent

LDME from fits high pt agree with LHCb



Results

030 TTITIT T T T T T T T T T
e B&K Vs =13 TeV E
S 4 LHCb| _
0.20 [V, .
Q -
_g 0.15
0.10
005/ ....GFIP ----FJF ——
U.Oolllllllll ||||||_|||
0.2 0.4 06 0.8
z(J/v)

LDME from global fits:
poorer agreement with LHCDb, better than PYTHIA



Future Measurements

polarization of J/{ in jets

Z.-B. Kang, .J.-W. Qiu, F. Ringer, H. Xing, H. Zhang, PRL 119 (2017) 032001

absolute cross sections

alternative jet definitions, e.g., soft drop

pT dependent FJFs



Jet Shapes in Dijet Events at the LHC

A. Hornig,Y. Makris, .M, JHEP 1604 (2016) 097
A. Hornig, D. Kang,Y. Makris, T.M, JHEP 1712 (2017) 043

boost invariant angularity

c QEJZI e~ (1= a)lvis]

2—a
= 0B on) ' Yl ) (1+000)

2E 2—a B
T = (—prj) T§+6 — O(r(f)

modified jet function

pT 2—a . T 2—a
o= (ag;) 7 (&) =)



Analogous Formulae for pp collisions

Soft Function ine'e

rotationally invariant cuts: E < Emin

Soft Function in pp

boost invariant cuts, observables: pT, rapidity

hard, soft functions are matrices in color space

prxizo 1
8B, N

do(1),72) = B(z1; p) B(@z; i) Tr{H(1)S (74,753 1)} @ [J1 (153 1) T2 (153 1)



pp — 2 jets with boost invariant soft function
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1500 -
10000 .
1000 -
5000 |- :
L S0 -
86‘3‘1; o < . i i " M P N 2 7u
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qq channel only

Study dependence on: a, R, pt cut, scale variation



Transverse Momentum Dependent F|Fs

R. Bain,Y. Makris, TM, JHEP 1611 (2016) 144

jets with identified hadron: hadron z, ptare both measured

R  JetEnergy:E

+ +
Py — zpjct

transverse momentum measured w/ rspt. to jet axis

jet axis ~ parton initiating jet if out of jet radiation is ultrasoft

w > po>> A > Agep



Application to Quarkonium Production

E; =100 [GeV], z = 0.3

6
- o 38108
5
- = = 155 x 108

DQ/J/'lﬁ(p-L’z)

36l x4 x10°

0 | 2 | 4 6 8
PiL K}éV]

E; =500 GeV, z=0.3

10 12 14 16 18 20

DQ/J/?/)(p-L’ z)

Dy/yp(p1, 2)

Dy/yp(p1, 2)

—_

—

e}

E; =100 [GeV], 2= 0.9

- N 35{8]

- N 15([)8]
- . 35{1]

x 108
x 108
x 108

LTty

T
T

10 12 14 16 18

20

0 2 4 6 8
PiL [(}Eﬁf]
E; =500 GeV, z=10.9

ARR R R R RN AR R RN AR N RN AR AR A A RN RRRRARA R
i N 33{8] x 108 =
B - -
N o= 1cl8l 6 =
N / w\ = === SO X ].O —
5 ; .
i X .
i X .
i 1 -
il \ U 35l » 2 x10% 7
Hr \\ —_
H =
[ N -
;‘Z \ ‘\\ _

G b b i e e e L S W RN 4
0 10 20 30 40 50 60



Application to Quarkonium Production
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Application to Quarkonium Production

2 [dp. p. D (DL 2, 1)

(0)(z) ~ = [2(2)
\V S\ — Jw\”*
2w [ dp1 Dgsn(py, 2, 1)
20.0} ] 9 4%
17.5 E; =100 GeV _ g \;\\\
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b - <) - NN \‘::\\
% 1 2 . 5 i % 3 [8] \\\ \\:\\\
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Conclusions

measuring quarkonia within jets and using jet observables
should provide insights into quarkonia production

If 1S5 mechanism dominates high pt production
FJF should have negative slope for z(E), forz> 0.5

LHCb data on z(.J /v ) well-described by FJF, GFIP
improvement over default PYTHIA, consistent w/ NLL’ calculations

LDME extracted from high pr slightly preferred

TMD FJFs: p's, 6 discriminate between NRQCD mechanisms
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Scales in TMDFJF

rapidity
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o B Z ZNC(S(th 0P (px.,) Tr

Factorization Theorem

Dq/h(plazaﬂ') — H—I—(ﬂ') X [Dq/h X1 SC'] (P12 1)

H, (p) = (2m)2N, CL(1)Cys ()

£z

dx z A2
plezaﬂay):/ _*Z/](p_Lawﬂ'a )Dj/h (_eﬂ) + O( QCD)



Anomalous Dimensions for RGE, RRGE
RGE

Rapidity Renormalization Group
1 (P 1) = +(8m)asC; Lo(pL, 1)
T (PLs )+ (PL, ) =0

vy (pL, i) = —(87)sCi Lo(p s 42)

J-y. Chiu,A. Jain, D. Neill, 1.Z. Rothstein, PRLI108 (2012) 15160
J-y. Chiu,A. Jain, D. Neill, 1.Z. Rothstein, JHEP1205 (2012) 084



Solution to Evolution Egs. in Fourier Space

Din(pr,z,pm) = (2m)% po / db bJo(bp_L )Us (14, pSe, mse )Up (p, i, 1)
0

% Vse (b7 1Scs VD; VSc)]:T {’Dz'/h.(p_l_a Zy D VD) 1 Sé:’(p_l_? HSc> USC)]

L 4
IRERREE R LR LR LR LR R = wr
------- ‘-'"""""":‘ ,UD — ,USC — ,uc(b) — 26_7E/b
>
%4



fragmentation function (QCD)
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Jet function (SCET)
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Scales in Jet Cross section

unmeas

YJ

meas

“unmeasured” VI

jet scale

“measured”
jet scale
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Color-Octet 35| fragmentation function, FJF

M. Baumgart, A. Leibovich, .M., . Z. Rothstein, JHEP 1411 (2014) 003
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1
Dy/n(PLy2: 1) = Z 2N 0P (p, +pf) Tr [%<U\5 Bxn (0)|Xh)

(Xh|5)(0)[0)]

/dzp}j_ Dq/h,(pﬁ_a Z:ﬂ') — Dq/h(Z: ﬂ)



6/

Jet 1

Transverse Momentum Dependent FJFs

w > pir > A

Jet 2

R. Bain,Y. Makris, TM, JHEP 1611 (2016) 144

Pc ™ Cd()\Q, 17 >‘)

Pecs ™ pi_ (Ta 1/T7 1)
Pus ™ A(la 17 1)

A = pi/w




Profile Functions
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