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Inclusive Jet Production pp — jetX

* Large theoretical uncertainties especially at high pr

e PDFs are constrained by collider jet data, especially ¢(z), Ag(x)

* Determination of as

* High prjets are a promising observable for the search of BSM physics at the LHC
* Jet quenching studies in heavy-ion collisions

° N CMS preliminary, 60 nb’ \s=7TeV
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Recall Inclusive Hadron Production pp — hX

Factorization

doPP—=hX  op. L de L day, Y dz. doc, (3, pr, 1, 1)
_ axq (g, tLb 7 c a ) s M Dh .

b

timelike DGLAP for FFs

d (i) = (T4 2 N

D hadron, pr,n Aversa, Chiappetta, Greco, Guillet "89,
S Jager, Schdfer, Stratmann,Vogelsang " 04
. /A

S
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Inclusive Jet Production pp — jetX

Factorization Kang, FR,Vitev " 16

do-pp_ﬁietX 2p 1 dCCa 1 dx ! dzc do¢ §7Z§ 7/\7
~ S [ e e [ e hen [ LTIy o,

dprdn § S Jpmin Za min T min 22 dvdz

jetaPTﬂ?
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Inclusive Jet Production pp — jetX

Factorization Kang, FR,Vitev " 16

do.pp—>jetX 2p 1 dCCa 1 dx ! dzc do¢ §7Z§ 7/\7
~ S [ e e [ e hen [ LTIy o,

dprdn § S Jpmin Za min T min 22 dvdz

timelike DGLAP for semi-inclusive jet function

d as (1) Ldy 2
u@Ji(z,w,u) = Z/ — L (g,u) Ji(2,wy, 1)
j z

7

—% resummation of ~ (asInR)"

NLO ~ A+ Bln R + O(R?)
jetapTvn
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Semi-inclusive jet function in SCET at NLO

* The siJF describes how a parton (qgor g) is transformed into a jet
with radius R and energy fraction 2

jet wy =w Wy #F W Wy # w
initiating parton w b w |
(A) (B) (C)
1
where z=wyjlw momentum sum rule: / dzzJi(z,wR,p) =1
0
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Semi-inclusive jet function in SCET at NLO

Leading order I (z,wg) = 6(1 - 2)
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Semi-inclusive jet function in SCET at NLO

Leading order

Next-to-leading order

Jéo) (z,wy) =6(1— 2)

Tyl wg) = 6(1 - )% (u ) / doPyy(2,¢) / 20,

where: anti-k: eami_k.r =0 (:17(1 - -'L')UJJ tan % - q_L)

1+ z2
l—2x

P (z,€) = Cp [ —€(1 - x)‘
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Semi-inclusive jet function in SCET at NLO

Leading order I (z,wg) = 6(1 - 2)

Next-to-leading order

—— 2,7\ ¢ . d
- - as I‘l" (& q..L
J, — Pyy(2, —5.0
<“%;;g Q—W(Q)(z’w-]) T ( 47 ) QQ(Z 6)/ q_lL.+.2e alg
i R
' where: Oantik, = 0 (q_L — (1 - 2)wy tan 5)
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Semi-inclusive jet function

MS scheme, anti-kr

1 3 1 1 3 13 372
Jq(z,w.])=5(].—2’);—;0p [6_2+_+2L+—L2+—L+ B 7r]

2¢ 2 2 2 4

Ellis,Vermilion, Walsh, Hornig, Lee " 10

2
h — H
where L =In (w3 tan2(R/2))

_%s 1 1, 1, =
Jq(z,wJ)—27r6(1 z)[ = eL 2L +12]

[ 2 e (452), -0
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Semi-inclusive jet function

MS scheme, anti-kr

3 13 372
Jq(z,wJ) 1—Z —Cp ‘26 ‘§L+ 5 T 1 ]

Essentially the same result as in the exclusive case
Ellis,Vermilion, Walsh, Hornig, Lee " 10

2
h — H
where L =1In (w% tan2(R/2))

Jy(z,wy) —51—z L’12
1+2 ln(l—z)

+ 1-2). 1—2 )+_(1_z)]

» only a single logarithmic In R remains
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Renormalization and RG evolution

Bare - renormalized semi-inclusive jet function

1 !
dz z
Ji pare(2, W) = E/ 7Zij (g,#) Ji (2 wy, )
j z
RG equation d Hd? J
q #@Ji('%w.fa Z _,’Yzj ,,# J(Z UJ],[I«)

Anomalous dimension 723(7, 1) Z/ (Z)zk z"'“) #dd Zyi(Z', p)
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Renormalization and RG evolution

We find
Yz m) = = (u)P i(2)
d " ld
- o iz, 1) "fr")fjj/z B Py (2 ) Iy w0,
DGLAP evolution equation like for FFs. Resums single In R: LLr, NLLpg

see also
Dasgupta, Dreyer, Salam, Soyez " 15, "1 6
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Jet function evolution

d JS(Z, W_],ﬂ/) . Q‘S(M) qu(Z) 2Nng(I(z) ® JS(z)stIJ’) 4 s
dlog ”2 Jg(Z,CUJ,,LL) 2m qu(Z) ng(Z) Jg(Z,wJaIJ')
initial condition contains distributions in 1 — 2 prg = plt
where Js(z,wy,p) =Y Jo(z,wr, 1) = 2Ny Jg(2, w1, 1) (singlet jet function)
q.9
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Jet function evolution

d JS(Z, (.U_],Ill) . aS(/j’) qu(Z) 2Nng(I(z) R JS(z,wJa/J’) 4 K
dlog “2 Jg(Z,WJ, ,U,) 2m qu(Z) ng(Z) Jg(z’wJaIJ')
initial condition contains distributions in 1 — z pg = phit
where Js(z,wy,p) =Y Jo(z,wr, 1) = 2Ny Jg(2, w1, 1) (singlet jet function)
q.9
1
solve in Mellin space: F(N) =/ dz 2V 71 f(2)
0

(f®g)(N) = f(N)g(N)
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Jet function evolution

solve in Mellin space to LLp
JS(N’ W, lu') — |e Qg (/J‘) —r-(N) o QS(IJ‘) —r+(N) JS(N) W, l/'J)
(JQ(N,wJ,u)) - l W (o) e (3 Io(N,wi ),

see
where eL(N) = ! (P ag(N) ~7=(N) - 2N;Fgq(N) ) Vogt *04 (Pegasus),
r+(N) = r£(N) FPyg(N) Pyg(N) — r=(N) Anderle, FR, Stratmann " |5

re(N) = [qu(N>+ng(N ) 1/ (Paa(N) — Py (IV))? +4qu(N)qu(N)]

280
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Jet function evolution

solve in Mellin space to LLp
Js(Nywrp)\ _ |, as(p) \ 7 as(w) \ TN (Js(N,wg, )
(JQ(N,wJ,m) - l (o) e (G) Io(N,wi ),

see
where eL(N) = ! (P ag(N) ~7=(N) - 2N;Fgq(N) ) Vogt *04 (Pegasus),
r+(N) = r£(N) FPyg(N) Pyg(N) — r=(N) Anderle, FR, Stratmann " |5

r+(N) =

- [qu(N>+ng(N ) 1/ (Prg(V) — Pyy(IV))? +4qu(N)qu(N)]

Mellin inverse

1 _N
JSg(z Q)J,[.L) _/ dN z AJS,g(NstaP‘)
N

27t Jo
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evolved jet functions

20

LLr DGLAP
evolution
ry K = PT
py =prRR
see

Vogt "04 (Pegasus),
Anderle, FR, Stratmann " 15
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evolved jet functions

1= 250 GeV JS(IO)
0.01 O.Zl 1
da.pp—)jetX .
Pran a,b,c

® Resummation of a”In" R

® Adopt a prescription used for quarkonium fragmentation functions

Bodwin, Chao, Chung, Kim, Lee, Ma " 6
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Inclusive Jet Production in SCET pp — jetX

pp 5.43 pb (2.76 TeV)
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Inclusive Jet Production in SCET pp — jetX
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Inclusive Jet Production in SCET pp — jetX

Data/MC
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The jet fragmentation function

Outline
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The jet fragmentation function

Jet fragmentation function pp — (jeth)X

* Jet substructure observable studying the distribution of hadrons inside a jet

* Provides further constraints for fits of fragmentation functions
e Possible studies include spin correlations and TMDs
* Differential probe for the modification of jets in AA and eA

hadron, pij’%

D jetapT
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The jet fragmentation function

Jet fragmentation function

hadron : 2z

do.pp—>(jeth)X do.pp—)jetX

Definition: (zn,PT) dprdndz, dprdn _

Ji: R, y, pr

where Zh = p’%/pT

The JFF describes the longitudinal momentum distribution
of hadrons inside a reconstructed jet

Procura, Stewart " 10; Liu "I I; Jain, Procura,Waalewijn "I |

and ’| 2; Procura, Waalewijn " | 2; Bauer, Mereghetti " | 4;

Baumgart, Leibovich, Mehen, Rothstein " 14,

Chien, Kang, FR,Vitev, Xing " 15,

Bain, Dai, Hornig, Leibovich, Makris, Mehen "1 6,

Bain, Makris, Mehen " | 6,

Arleo, Fontannaz, Guillet, Nguyen " | 4, ﬁ)
Kaufmann, Mukherjee,Vogelsang " 15 ... - Los Alamos
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The jet fragmentation function

Semi-inclusive fragmenting jet function

. . do.pp—)(jeth)X
Factorized cross section: => fa® [ ®HG®G)
dprdndzy
a,b,c
dzh n Zh
where Gl (2, zn,wy, 1) Z ._713 z zh,wj,,u)Dj ok
h
NLO: z=wy/w Zp = wp/wy
* fragmenting parton  wp # wy Wh = Wy Wp = Wy
if "—.,;éég@ . éié’ii"
* jet wj = w . wyFw wyFw
A A
* initiating parton W w W
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The jet fragmentation function

Semi-inclusive jet function

<f> <;ﬁ <f>

I I
A A
I I

MS scheme, anti—kr

Quark-quark:
gg’bare(z,zh,w,],u) =0(1—2)0(1 —z) + g—; (—% — L) Pq(z1)0(1 — 2)
+o2 (% + L) P,y(2)8(1 — zp)
+6(1 — z)ﬁ [20F(1 22) (lnil__zih))+ Cr(1 — zn) + 2Pg4(2p) In zh]
— (1 — zh)g—s [20}7‘(1 + 2%) (lnil_—zz))—i_ Cr(1— z)]
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The jet fragmentation function

Semi-inclusive jet function
G4 C D g D
\\f »‘ééég? \\f

Quark-quark: IR
G ore2s 20y, 18) = 8(1 — 2)6(1 — 23) + ;l_w qu(zh)6(1 —2)
uv
VA

L 5(1— 2) o [201:(1 25) (lnil__zih))+ + Cr(1 — 21) + 2F4¢(2n) In Zh}

MS scheme, anti—kr

51— ) = [20;:(1 +22) (1“51__;))+ +Cp(1— z)]

Matching;

dz Zh,
gh Z ZhyWJ, K Z/ h\7ZJ Z Zh,CUJ, ) h (_/hu)

» Los Alamos
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The jet fragmentation function

Semi-inclusive jet function

Q\f <x\¢?€€ . \(gi> 1= pr

>

1y =prR

1 GeV
Quark-quark: IR
G, pare(#s 2nsws ) =6(1 — 2)6(1 — 2) + ;X_; qu(zh)é(l — 2) ... 2 DGLAPs now
uv
4

L 5(1— 2) o [2&:(1 %) (lnil__zih))+ + Cr(1 — 21) + 2F4¢(2n) In Zh}

51— ) = [2CF(1 +22) (1“51__;))+ +Cp(1— z)]

Matching;

dz Zh,
gh Z ZhyWJ, K Z/ h\z&.] Z Zh,CUJ, ) h (_/hu)
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The jet fragmentation function

In-jet fragmentation

* Light charged hadrons
Arleo, Fontannaz, Guillet, Nguyen " 14, hadron : 2z

Kaufmann, Mukherjee, Vogelsang * | 5 I

Kang, FR,Vitev " 15
Ji: R, y, pr

* Photons
Kaufmann, Mukherjee,Vogelsang "1 6

* Heavy flavor mesons
Chien, Kang, FR,Vitev, Xing " 15 B
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6

e Quarkonia
Baumgart, Leibovich, Mehen, Rothstein " | 4
Bain, Dai, Hornig, Leibovich, Makris, Mehen "1 6

Kang, Qiu, FR, Xing, Zhang - in preparation
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The jet fragmentation function

~_10" Comparison to ATLAS and CMS

p+p (s=2.76 TeV anti-k, data at \/5 — 2.76 TeV
e ATLASR=04ml<1.6
+ CMS R=0303<hli<2

o

Light charged hadrons A =7+ K +p

10

107"

I

10~ Using DSS FFs

de Florian, Sassot, Stratmann -’07

l] II II lI II ll lI I] II II II Il II ll II Il II II ll ll 1

10—5 1 | lllllll | 1 I I

1072 107! 1
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The jet fragmentation function
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D-meson
jet fragmentation function

Comparison to ATLAS data
and PYTHIA simulations
at /s =7TeV

Using FFs from

Kneesch, Kniehl, Kramer, Schienbein - '08

ZMVNFS, ete” — DX
Ky gy g 2> Q)
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The jet fragmentation function
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Kneesch, Kniehl, Kramer, Schienbein - '08

ZMVNFS, ete” — DX
Ky gy g 2> Q)
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New global fit of D-meson FFs:

Anderle, Kaufmann, FR, Stratmann, Vitev
- in preparation
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The jet fragmentation function

Quarkonium-in-jet fragmentation

® Quarkonium-in-jet fragmentation proposed in Baumgart, Leibovich, Mehen, Rothstein " 14
Bain, Dai, Hornig, Leibovich, Makris, Mehen "1 6

® J/v-in-jet measurement from LHCb arXiv: 1701.051

0.3

D ! ! ! | ' ! ! | ' ' ! | !
< : - > 20 GeV
IS I . Data (syst) LHCD ] b )
! | (5 =13 TeV - 20 <1<
- — Pythia 8 Prompt - R=0.5
02 —
i . :. 2 | L L 5 | L L N | L L L |
% 0.2 04 06 0.8 1
z(J/y)
® Semi-inclusive in-jet fragmentation pp — (jet J/¢)X ﬁj
Kang, Qiu, FR, Xing, Zhang - in preparation ? !,7\93 A‘&',Qﬂ)%%
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The jet fragmentation function

J/psi fragmentation functions

x 1072

Single-parton FFs:

e L L e
_N W e

pr = 2m. — 100 GeV

evolved J/vy FFs

o

A J
Disie(z) =Y masd;qam (2) (OU% )

/ NRQCD LDMEs

perturbatively calculable

|
© © o o o
R N W s

)

J(}I/lb

w/ evolution
w /o evolution

e
-

|
o o o
W =
| L

0.1 |
... evolution again with DGLAP 0 F e
in Mellin moment space —0.1 — SN -
LDMEs: Butenschoen, Kniehl " 14
A
Braaten,Yuan "93, Kang, Qiu, Sterman " 12, Ma, Qiu, Zhang "13 ... > Los Alamos

NATIONAL LABORATORY
EST.1943

37



The jet fragmentation function

J/psi siF|F

dopp—(etJ/¥) X
_ ; HE h
h ' dzj, / h [ %h
Where g@ (Z,Zh,UJJ,,u) — Z o \Zij(zazhvaalu)Dj Z_/“u
j zZn “h h

\ evolved FFs

» Los Alamos
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The jet fragmentation function

J/psi siF|F

dopp—(etJ/¥) X
_ ; HE h
h ' dzj, / h [ #h
Where g@ (Z,Zh,CUJ,,u) — Z o \Zij(zazhvamu)Dj Z_/“u
j Zh h h

evolved FFs

Take Mellin moments wrt zj :

1
/ dzp Z}]l\[_lg?(zazhanau) :Zkﬁj(zvNanaﬂ)D? (N7/'L)
0

» Los Alamos
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The jet fragmentation function

Quarkonium-in-jet fragmentation

® semi-inclusive in-jet fragmentation pp — (jet J/¢)X
Kang, Qiu, FR, Xing, Zhang - in preparation

103 ——————— . —
pp — (jet J/) X, /s =T TeV BK LDMEs:
102 [ ) Butenschoen, Kniehl " 14
: 100, 200] x 10* :
10" | \ __
100k :
& . [50,100] x 102
§:1O -
“10-2 |
1073 L 125, 50] ]
1074 |
| R =0.6, anti-kp, |n| < 1.2
107° S - L
0.1 1 A
Zh )
- Los Alamos

NATIONAL LABORATORY
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Outline

Kang, FR,Vitev "1 6
Kang, FR,Vitev "1 6
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® Conclusions Kang, Qiu, FR, Xing, Zhang

- in preparation
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Conclusions

* (Semi-) inclusive jet observables in SCET
* L ongitudinal hadron-in-jet distribution
* New constraints for global fits of FFs/ LDMEs

* TMDs, spin-asymmetries inside jets ...

A
° IRAIamos

NATIONAL LABORATORY

42



LLr DGLAP
evolution
2 I I I I I
R=0.1, |n <05 NLO I
Vs =8 TeV
1.5 i Vanishing, unphysical
scale dependence
g Note: same at NNLO (large-Nc)
< 1 F Currie, Glover, Pires "1 6
~
B
g
0.0 -
™~ Additional final state
NLO: pr/2 < pp.r < 2p7 factorization
NLO+LLg: pr/2 < pr,r < 2pr
O | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800
pr
see also
Dasgupta, Dreyer, Salam, Soyez " 15, " 16 > Los Alamos
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The jet fragmentation function

Inclusive D-meson production in pp

NLO + ZMVFNS FFs from

Kneesch, Kniehl, Kramer, Schienbein - '08

| NLO, ZMVFNS S | o " NLO, ZMVFNS mmmmmm |
108 | ATLAS ——— - 10° CMS Preliminary ———— 7
107 | In| < 2.1 . 107 Inl <1
. ' _ Vs =5.02 TeV |
06 VESTToV _10° ¢ pb/GeV ;

¥ 10° | pb/GeV i &
S S105 | ]
£105 | ] 8 q
2 =104 '
o S i j

©10* | .
J 103 | ]
3
10 ¥ ] 102 [ ]
102 i PR | I L " n " " PR l_: 101 i " " " " " PR | L " " " L PR l—q
10 100 10 100
pr pr

Kang, FR,Vitev " 16
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