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proton-proton

Inclusive Jet Production pp — jetX

* Large theoretical uncertainties especially at high pr

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

e Determination of o,

* High prjets are a promising observable for the search of BSM physics at the LHC

* Jet quenching studies in heavy-ion collisions
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Inclusive Jet Production pp — jetX

pQCD MC or NJA NLO ~ Aln R+ B + O(R?)

Ellis, Kunszt, Soper 90, Aversa, Chiappetta, Greco, Guillet " 90, —
Jdger, Stratmann,Vogelsang "04,
Mukherjee,Vogelsang " | 2,

de Florian, Hinderer, Mukherjee, FR,Vogelsang " | 4 X

Dasgupta, Dreyer, Salam, Soyez " 15, " 16

Currie, Glover, Pires " 1 6, ~ a"In" R
e

.
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Inclusive Jet Production pp — jetX
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SCET for exclusive jet production e"e™ — di — jets, pp — Z + jet

Ellis,Vermilion, Walsh, Hornig, Lee " 10,

Chien, Hornig, Lee " 15

Becher, Neubert, Rothen, Shao " 16

Kolodrubetz, Pietrulewicz, Stewart, lackmann, Waalewijn " | 6
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Inclusive vs. exclusive jets

® Few jet substructure calculations so far

Kaufmann, Mukherjee,Vogelsang " 1 5,
Dai, Kim, Leibovich " 1 6,
Neill, Scimemi, Waalewijn " | 6

® Rather insensitive to non-global logarithms,
# of jets. E.g. soft function in threshold limit

de Florian, Hinderer, Mukherjee, FR,Vogelsang "1 4,
Dai, Kim, Leibovich “ 17

® e.g.jet quenching in heavy-ion collisions

® Many substructure observables have been
calculated. High precision calculations for
e*e , often MC methods for pp

® Sensitivity to non-global logarithms,
# of jets in the event

Dasgupta, Salam "01, Larkoski, Moult, Neill " 15 ...

In(A/pr) O(A/pr)

® e.g.search for BSM physics
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Recall Inclusive Hadron Production pp — hX

Factorization

do.pp—>hX

2pT b da, /1 day, /1 dz. d6°, (3, pr, i, 1)
— a\Las E— , a Dc .
dprdn 5 Z /333““ La fala 1) zpin Lb folaw, 1) Zmin 22 dvdz (ze, 1)

a,b,c

timelike DGLAP for FFs

d h . O‘s(:u) b de < h/_t
/”L@Dz (Z,,U)— T Z/z —sz (?7”) Dg(zau)

hadron, pr,n Aversa, Chiappetta, Greco, Guillet "89,
Jager, Schdfer, Stratmann,Vogelsang " 04
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Inclusive Jet Production pp — jetX

Factorization Kang, FR,Vitev " 16

do-pp_ﬁietX 2p 1 dCCa 1 dx ! dzc do¢ §7ﬁ 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_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

timelike DGLAP for semi-inclusive jet function

7

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

—% resummation of ~ (asInR)"

jetaPTﬂ?
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Operator definition in SCET

Semi-inclusive jet function:

Z

Tyl = s 000,0) = 53T | 008 0= 2 P) Xa O X)X 010

2N,
Tola = wyw,w,0) = =53 018 (@ = - P) Bu ()T X)X B} (0)]0)
Fragmentation functions:
Dz =1 f,) = g Te | 5016 (= 7 P) xa O)IRX) (X [% 0)10) |

Dy (2 = By w,1) = =537 —1y (018 (0 = - P) B O)1RX) (X | B, (0)[0)
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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

A
° IRAIamos

NATIONAL LABORATORY




proton-proton

Semi-inclusive jet function in SCET at NLO

Leading order I3 (z,wg) = 6(1 - 2)
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Semi-inclusive jet function in SCET at NLO

Leading order I3 (z,wg) = 6(1 - 2)

Next-to-leading order

q
£—q
(A) (B) (C)

(D)

;\
A . R
: where: anti-kr: Ok, =0 (a:(l — z)wy tan 9 ql)
(A) 2
qu(m, e) = Cr [11+ = - e(1 - m)]
xr = -
= —
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Semi-inclusive jet function in SCET at NLO

Leading order I3 (z,wg) = 6(1 - 2)

Next-to-leading order

q
£—q
(A) (B)

— as [(ple’E\° 4 d
D oo @) = 5 (45 Pulerd) [ 0

where: eami_k.l, =0 (q_l_ — (1 — z)wJ tan %)
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Semi-inclusive jet function

MS scheme, anti-kr

#
\ 1 3 1 1 3 13 372
Jq(z,wJ)=5(1—Z);—;CF [6_2+_+EL+—L2+—L+ B 7r]

2¢ 2 2 2 4

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

2
h — H
where L =1In (w3 tan2(R/2))
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Semi-inclusive jet function

MS scheme, anti-kr

of) o 1 3 1. 1., 3 13 3x2
Jq(z,wJ)=5(1_Z)iCF [6—2+£+2L+§L2+§L+ 5 " 4 ]

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))

. . . . 2
Exclusive cross section: double logarithmic dependence In” R
multiplicative renormalization
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Semi-inclusive jet function

MS scheme, anti-kr

#
\ 1 3 1 1 3 13 372
Jq(z,wJ)=5(1—Z);—;CF [6_2+_+EL+—L2+—L+ B 7r]

2¢ 2 2 2 4

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

2
h — H
where L =1In (w3 tan2(R/2))

2
__‘% Jq(z’wJ) =g—;6(1 — Z) |:—€l2 — %L - %L2 -+ %]
: o [/1 . 14 22 o1 + ;2 In(1 — 2) 1
? (e () -0
(B)
Q) ... > Los Alamos
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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:‘} ta,n2(R/2))

» only a single logarithmic In R remains

» Los Alamos

NATIONAL LABORATORY
EST.1943

19
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Semi-inclusive jet function in SCET at NLO

MS scheme, anti-kr

Jél)(z, wJ) =Jq—>qg(z) wJ) + Jq—)q(g) (z,wy) + Jq—)(q)g(Z, wJ)

=" (l + L) [qu(z) + qu(Z)]

€

_ ;—;{CF [2 (1+ 2% (ln(l —z))+ +(1 —z)] — 6(1 — 2)d%™

1—2

+ Pye(2)2In(1 - 2) + sz}

e 13 272
where ~ d§*T = CF( - = )

< S P

(A) (B) (C)

AAAAAAAAAAAAAAAAAA
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SCET vs. pQCD

SCET: : n

NJA: using a collinear splitting

» Los Alamos
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Renormalization and RG evolution

Bare - renormalized semi-inclusive jet function

1 /
dz z
Jz‘,bare(Z,wJ) — E / _z’ Zz'j (g,#) Jj(z,aw.l,#)
j z

RG equation #@Ji(z,wj, z / —Yii z,,u Ji(z',wy,p)
nomalous dimension Vii(2, 1) = — E T (Z) (;,,u) M@ij(z yJL)
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proton-proton

Renormalization and RG evolution

We find
(2, m) = = ('U)P i(2)
d " ld
> #d_Jl(sz a”’) aiﬂ)gl ZZ,P (z,nu)‘](z W],[.L)
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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proton-proton

Jet function evolution

d JS(Z,wJal-L) . as(/-”) qu(z) 2Nngq(z) ® JS(Z,WJ,#) 4 s
dlog IJ'Q Jg(Z,CUJ,,LL) 2m qu(Z) ng(Z) Jg(Z,wJaIJ')
initial condition contains distributions in 1 — 2 prg = plt
where Js(z,wr,pm) =Y Jo(z,ws, p) = 2Ny Jg(2,wy, ) (singlet jet function)
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proton-proton

Jet function evolution

d JS(Z, W_],ﬂ/) . Q‘S(M) qu(Z) 2Nng(I(z) R JS(z)stIJ’) 4 K
dlog ”2 Jg(Z,CUJ,,LL) 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)

» Los Alamos
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Jet function evolution

solve in Mellin space to LLp
JS(N) W, [L) — le QS(/J‘) —r-(N) e aS(IJ‘) —r+(N) JS(N) W, pU'J)
(JQ(N,wJ,u)) - l W (o) e (3 Io(N,wi ),

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

r+(N) =

280 [qu(N) + Pygg(N) \/(qu(N) Pyg(N))* + 4qu(N)qu(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

Mellin inverse

1

Jsg(z,wy, 1) = 2_m/C AN 27N Jgo(N,wy, 1)
N

» Los Alamos
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evolved jet functions

28

proton-proton

LLr DGLAP
evolution
Y H
pg = pk
see

Vogt "04 (Pegasus),
Anderle, FR, Stratmann " 15

» Los Alamos
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evolved jet functions

1= 250 GeV Jg(lo)
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

» Los Alamos
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proton-proton

LLr DGLAP
evolution
2 I I I I I
R=0.1, |n <05 NLO I
NLO+LLg E
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

NATIONAL LABORATORY
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proton-proton

do / dot,0

1.5

0.5

NLO ——
NLO+LLpg
1 I 1 1 1 1 I

Vs =8 TeV, |n| < 0.5
P T T T PR |

500 1000 1500

500 1000 1500

pPT
31

LLr DGLAP
evolution

» Los Alamos
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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

] L Ll L L2 ] Ll Ll Ll L2 | L L Ll L

e

@) : NNPDF systematics
=
I :
(4] el
D I 1 )
0300750 200 250 100 150 200 250 100 150 200 250
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P
—
CMS data arXiv:1609.05383 - Los Alamos

EST.1943
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Inclusive Jet Production in SCET pp — jetX

f Ty T Tl T/ g ———reerererTer—_———T———
T+

Data systematics #z: NNPDF systematics I 2% CT10n systematics
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Outline

Proton-proton
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proton-proton

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, p'

jetva

A
° IRAIamos

NATIONAL LABORATORY
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Jet fragmentation function

hadron : 2

-I- Jl . R: Y, Pr
do™ do e

dydprdz/! dydpr

Definition: F(z,pr) =

where z = p,_’}/pf_r

It describes the longitudinal momentum distribution
of hadrons inside a reconstructed jet

» Los Alamos

NATIONAL LABORATORY
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proton-proton

Jet fragmentation function in pp

hadron : 2z

. . . .y -— I N Ji: Ry, pr
* Fragmenting jet function studies within SCET -\

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

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

Baumgart, Leibovich, Mehen, Rothstein "1 4,

Chien, Kang, FR,Vitev, Xing 15,

Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6, v J>2
Bain, Makris, Mehen 16 ...

* Jet fragmentation function studies at NLO for pp

Arleo, Fontannaz, Guillet, Nguyen " | 4,
Kaufmann, Mukherjee,Vogelsang " 15

A
° L/c;ZAIamos
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Semi-inclusive fragmenting jet function

gq(z, 2mw.1) where 2=, Zp=—"

Leading-order,e.g.  G(z,2p,wy) = 6(1 — 2)5(1 — z,)

NLO
 fragmenting parton  wnp #F wy Wh = Wy Wh = Wy
If _—u‘;éeg? \‘\‘f'—
* jet Wy =w . wyFwW Wy Fw
- A A
* initiating parton W W W

» Los Alamos

NATIONAL LABORATORY
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Semi-inclusive jet function

q
£—q
(A) (B) (C)

quark-quark:

g 1
o hs1) =3(1 = )60~ ) + 5 (=1 - 1) P(an)é1 -

+ % (1 + L) Pyq(2)0(1 — 2)

+6(1 - z) A [2cp(1 22) (lnil_‘zf")) + Cp(1 = 21) + 2Pyq(z1) In z,,]
v/ +

~8(1 - z,,)z—’ [2c,~(1 + 2% (“‘(1 - z))* +Cp(1 - z)] ,

l1—-2

MS scheme, anti—k

> Los Alamos
NATIONAL LABORATORY
EST.1943
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proton-proton

Semi-inclusive jet function

q
£—q
(A) (B) (C)

quark-quark: IR

q, 7.bare(%s Zhs Wiy ) =6(1 — 2)6(1 — z) + g_; @ Fyq(2n)(1 — 2)
Uv
+ Equ(z)é(l — zp)

+6(1 - z) A [2cp(1 22) (lnil_‘zf")) + Cp(1 = 21) + 2Pyq(z1) In z,,]
v/ +

~8(1 - z,,)z—’ [2c,~(1 + 2% (“‘(1 - z))* +Cp(1 - z)] ,

l1—-2

MS scheme, anti—k

> Los Alamos
NATIONAL LABORATORY
EST.1943
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proton-proton

Renormalization and RG evolution

d _; Ld
Bare - renormalized: #ng(%zh,wh - —7;gk ,,u Qk(z Zhy W, )
Qg
where ¥ () = 228 by 2
as
#d Gi(2, zn,wy, 1) (# Z/ )QJ(Z Zhy W], 1)
.. same DGLAP RG equations as before, resums In R
d gg(z, Zh, W, 1) _ as(p) qu(z) 2Nngq(z) 2 Gfé(z, ZhyWJ, 1)
dlog p? Qs’]‘(z,zh,w.;, ) 2m  \ Py(2)  Pyy(2) Gh(z, zh,wJ,#)

+ non-singlet evolution
> Los Alamos

NATIONAL LABORATORY
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proton-proton

Matching

* onto standard collinear fragmentation functions

h ldzh h [ #h
g (Z zfqu,l") Z/ \71] Z, Zh,UJJ, )D ( #)

b
zh

FFs: D (2,) = 86(1 — 2) + 22 P2 (—1)

JQQ(z’zh’wJ’ ) = 6(1 - z)6(1 - zh) (21#{ [PQQ(Z)6(1 zh) - P‘IQ(zh)‘s(l - z)]

1 -2z

—8(1 — 2) [201:(1 +2°) (ln(l - Z))+ +Crll = z)] } |

l1—-2z

+6(1 - 2) [2Cp(1 + 27) (ln(l — z;,)) + Cp(1 — 2) +I§<l,g(zh)]

MS scheme, anti—k

pQCD: Kaufmann, Mukherjee,Vogelsang " 15 > Los Alamos

NATIONAL LABORATORY
EST.1943
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proton-proton

Matching

* onto standard collinear fragmentation functions " H
gh(z 2, Wy l‘l') Z/l thJ Z Z wJ )Dh (Zh #)
1 W ij \%Zs Zhy WJs 2’ " 15
FFs: Di(am) = 8561 - 2) + 32 Pi2) (~1) 1Gev

.. 2 DGLAPs now

JQQ(z’z'HwJ’ ) = 6(1 - z)6(1 - zh) + g’r{ [qu(z)6(1 zh) - PQQ(zh)‘s(l - z)]

+6(1 - 2) [2Cp(1 +23) (ln(l — z;,)) + Cp(1 — 23) +133,"(zf.)]

1 -2z

—.—

—6(1 — 1) [201-“(1 +27) (mil—_zz))+ rorts Z)] } |

MS scheme, anti—k

pQCD: Kaufmann, Mukherjee,Vogelsang " 15 > Los Alamos

NATIONAL LABORATORY
EST.1943
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proton-proton

Matching

* onto standard collinear fragmentation functions

h ldzh h [ #h
g (Z zfqu,l") Z/ \71] Z, Zh,UJJ, )D ( #)

b
zh

e at the hard scale

! dz, do¢ b(sap’l :77a/-1'

dvdz gg(zca ZhyWJ, /-")

dopp—(jeth) X 207 /1 dz,
z

dprdndz, s fa(@a, ) / e —fb(wb,u)

min zmm Z
a C c

a,b,c

» Los Alamos

NATIONAL LABORATORY
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proton-proton

24
~. 104
=% = p+p (s=7TeV
"_c: 1022 - . _
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Comparison to ATLAS data
at /s = 7TeV

Light charged hadrons h =7+ K +p

Using DSS FFs

de Florian, Sassot, Stratmann -’07
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47

Comparison to ATLAS and CMS
data at /s = 2.76 TeV

Light charged hadrons A =7+ K +p

Using DSS FFs

de Florian, Sassot, Stratmann -’07

» Los Alamos

NATIONAL LABORATORY
EST.1943




proton-proton

F(zhapT)
—
<

pp — (jet hF)X, /s = 2.76 TeV
R = 0.4, anti-kr, |n| < 1.6

NLO+LLg
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Vs=T7TeV, |n| < 1.2
60 < pr < 80 GeV

0.1 1
Zh

> Los Alamos
NATIONAL LABORATORY
EST.1943




proton-proton

0.06
0.04
0.02

0.12

0.1
0.08
0.06
0.04
0.02

0.12

0.1
0.08
0.06
0.04
0.02

D** p+p \s =7 TeV

anti-k R=0.6 lyl < 2.5
25 <p, <30 GeV

o ATLAS
O PYTHIA

+

30 < P < 40 GeV

— theory

50 <p; < 60 GeV

60 < p, <70 GeV

03 04 05 06 07 08 09

1
7

03 04 05 06 07 08 09

Chien, Kang, FR,Vitev, Xing 15 ‘(exclusive FIF) 49

D-meson
jet fragmentation function

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

Using FFs from
Kneesch, Kniehl, Kramer, Schienbein - '08

ZMVNFS, efe” — DX
Ky gy Bg 2> MQ

A
° IRAIamos

NATIONAL LABORATORY
EST.1943




proton-proton

0.06
0.04
0.02

0.12

0.1
0.08
0.06
0.04
0.02

0.12

0.1
0.08
0.06
0.04
0.02

D** p+p \s =7 TeV

anti-k R=0.6 lyl < 2.5
25 <p, <30 GeV

o ATLAS
O PYTHIA

~
~
~
~
~
~
~

30 < P < 40 GeV

— theory
- gluon-enhanced

50 <p; < 60 GeV

60 < p, <70 GeV

25 < p, < 70 GeV

03 04 05 06 07 08 09

1
7

03 04 05 06 07 08 09 1
7

Chien, Kang, FR,Vitev, Xing 15 ‘(exclusive FJF) 50

D-meson
jet fragmentation function

D D
- === DP(z.1) = 2DP (2.1

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

Using FFs from
Kneesch, Kniehl, Kramer, Schienbein - '08

ZMVNFS, efe” — DX
Ky gy Bg 2> MQ

A
° IRAIamos

NATIONAL LABORATORY
EST.1943




proton-proton

0.06
0.04
0.02

0.12

0.1
0.08
0.06
0.04
0.02

0.12

0.1
0.08
0.06
0.04
0.02

D** p+p \s =7 TeV

anti-k R=0.6 lyl < 2.5
25 <p, <30 GeV

o ATLAS
O PYTHIA

~
~
~
~
~
~
~

30 < P < 40 GeV

— theory
- gluon-enhanced

50 <p; < 60 GeV

60 < p, <70 GeV

25 < p, < 70 GeV

03 04 05 06 07 08 09

1
7

Chien, Kang, FR,Vitev, Xing 15 ‘(exclusive FJF) 5l

03 04 05 06 07 08 09 1
7

D-meson
jet fragmentation function

D D
==== D/(z,u) = 2Dy (2, 1)

Comparison to ATLAS data
and PYTHIA simulations
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Heavy-ion

e SCETg

Kang, FR,Vitev "1 7

Chien, Kang, FR,Vitev, Xing -
in preparation
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SCETg - an effective theory for medium interactions

® Add medium interaction terms at the level of the SCET Lagrangian: SCETg Idilbi, Majumder *09
Lscerg (§ns An, Ac) = LscET(§ns An) + L (&n, An, Ac)

' k kN(lv)‘27)‘)

5 4 g~ (A%, 2%
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heavy-ion

SCETg - an effective theory for medium interactions

® Add medium interaction terms at the level of the SCET Lagrangian: SCETg Idilbi, Majumder *09
»CSCETG (§n, Ana AG) — ESCET(gna An) + »CG (fn, Ana AG)

Gyulassy, Levai,Vitev 00
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heavy-ion

SCETg - an effective theory for medium interactions

® Add medium interaction terms at the level of the SCET Lagrangian: SCETg Idilbi, Majumder *09
»CSCETG (fn, Ana AG) — ESCET(gna An) + »CG (fn, Ana AG)

e

Gyulassy, Levai,Vitev 00
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heavy-ion

SCETg - an effective theory for medium interactions

® Add medium interaction terms at the level of the SCET Lagrangian: SCETg

»CSCETG (fn, Ana AG) — ESCET(gna An) + »CG (fn, Ana AG)

e

+ 2Re

58

Idilbi, Majumder "09
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SCETg - an effective theory for medium interactions

® Add medium interaction terms at the level of the SCET Lagrangian: SCETg Idilbi, Majumder *09
LscETG (ény Any Ac) = LscET(ény An) + L (én, An, Ac)

@T§< \ ®_< @_Q@_®< —

Soft in-medium splitting function:

Gyulassy-Levai-Vitev (GLV) opacity expansion

s 1 dA 1 doBed 2k, - ki —qu)?
P;ged(x,kL): mily / © /dQQJ_ Tel L l—cos< L= du) Az

or "1—xz ) A(2) ool d?q1 ki (kL —q1)? (1 —x)pg
T Gyulassy, Levai,Vitev 00
A,
model dependence > Los Alamos
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SCETg - an effective theory for medium interactions

® Add medium interaction terms at the level of the SCET Lagrangian: SCETg Idilbi, Majumder *09

»CSCETG (fn, Ana AG) — ESCET(gna An) + »CG (fna Ana AG)

Ovanesyan,Vitev " | 2

® Use collinear sector of SCETg to derive collinear in-medium splitting functions  Ovanesyan, FR,Vitev " 15

Kang, FR,Vitev "1 6

1+ 22 dAz 1 dopedivm 'B /B, C.

Prned k — % / / 2 el . _
i (R =0 O TS NG ] Y oa ey BT \B: (%

C_]_ ( CJ_ A_L B_L

x (1 —cos[(Q1 — N2)Az]) + == (22 — 2L
e e e T

> (1 —cos[(Q1 — Q3)Az])

BJ_ C_L A_L (D_L A_L)
+—5—5(1 — cos[(Qy — Q3)Az2]) + . — 1 — cos|Q Az
Bici( [(Q2 — Q3)Az]) A2 \p? A?L( [QuAz])
A, D 1 B A B
_A_élL.D_éLL(l —cos[Q5Az]) + g B%.(Aéi — Béi) (1 — cos[(Q1 — Qz)Az])]
.fC,k_L
O M + O M
Ppoc(a, ki) = Pyg(w, k1) foq(x,k1; ) X N
)
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SCETg - an effective theory for medium interactions

® Add medium interaction terms at the level of the SCET Lagrangian: SCETg Idilbi, Majumder *09

»CSCETG (fn, Ana AG) — ESCET(gna An) + »CG (fn, Ana AG)

Ovanesyan,Vitev " | 2

® Use collinear sector of SCETg to derive collinear in-medium splitting functions  Ovanesyan, FR,Vitev " 15
Kang, FR,Vitev "1 6

® Factorization theorems for proton-proton observables derived within SCET
Pieces in factorization theorem written in terms of collinear splitting functions

Kang, Lashof-Regas,
Ovanesyan, Saad, Vitev " |14

Chien,Vitev " 15
Kang, FR,Vitev " 16
Kang, FR,Vitev " 17

® Applications: light hadrons, open heavy flavor, jets

A
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Outline

Kang, FR,Vitev 16

Kang, FR,Vitev "1 6

Heavy-ion

® |nclusive jets
Kang, FR,Vitev "1 7

Chien, Kang, FR,Vitev, Xing -
in preparation
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Jet quenching in AA

P, [GeV]

Jets as hard probes of the QGP - @ AT L A
R EEXPERIMEI\JST

Run Number: 169045, Event Number: 1914004
Date: 2010-11-12 04:11:44 CET

Nuclear modification factor

doPPPb—jet X

<Ncoll> do-pp—>jetX

Raa =

Heavy-ion cross section

using in-medium siJFs

A
AN
» Los Alamos
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Jet quenching in AA

® One of the most frequently studied hard probes C éﬁ;iﬁ%‘?&&?@fu"‘éhﬂ3’135§21:39201ocesn
Event: 151076 / 1328520
Of the QGP L:r:i sei?ion: 249

More sensitive to medium properties than hadrons,
constrain QGP models (e.g. hydrodynamics)

® Disentangle in-medium effects:

radiative and collisional energy loss,
CNM effects ...

® Mostly LO calculations available so far in AA Jot 0, pt 205.1 GeV

® Jet size parameter typically R ~ 0.4 - 0.2

consistent description of pp and AA

» Los Alamos
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Jet quenching in AA

Kang, FR,Vitev "1 7

dapp—)jetX

— . c ; J. — Jvac Jmed

a,b,c

vacuum si|F:

x\% & X L I
in-medium siJF: e.g. single-Born

» Los Alamos
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Jet quenching in AA

Numerical evaluation of in-medium siJF: cut-off scheme Kang, FR,Vitev 17

in-jet

4
—_——— - -

1 z(l—z)wtan(R/2)
o(1— z)/ da:/ dq1 Pyq(x,q1)
0 0 .

(B) T

as . 14+22 1
L] P p— —
vacuum: 2q(@,q1) = —Cp— L

virtual corr.

i

medium:

Pﬁ-‘ed(z, q1) = Pji(z,q1) fji(z,q1;8)
(SCETg)

(C)

:

collinear, not soft splitting functions needed

5

out-of-jet

—_——— - -

(D) ﬁj
) » Los Alamos
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Jet quenching in AA

Numerical evaluation of in-medium siJF: cut-off scheme Kang, FR,Vitev "1 7

1 z(l—z)wtan(R/2)
in-jet . 6(1— z) / d:v/ dq1 Paq(2,q1)
i 0 0

(B)
D
A

virtual corr.

—6(1 — 2) / daf:/ dg1 Peq(z,q1)

(C)

Ul
out-of-jet :
h

7
/ dq_Lqu(za(IJ_)

(1—2z)wtan(R/2)

(D)
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Jet quenching in AA

Numerical evaluation of in-medium si|F

Kang, FR,Vitev "1 7
*\
in-jet ¢,
.
(B)

w
: ®)+(C)+ D)= [ 4. Pug(2,01)
z(l—z)wtan(R/2) n
virtual corr. E
! jet,med 0 me
) dopppy, = Z U§)®Ji ¢

1=q,q,9

g

out-of-jet

where
(D)

1 1
/ dz £(2)[g(2)]s = / d=(£(2) — F(1))g(2)
0 0
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Jet quenching in AA
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Jet quenching in AA

CMS data arXiv:1609.05383
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Outline

Kang, FR,Vitev 16

Kang, FR,Vitev "1 6

Heavy-ion

Kang, FR,Vitev "1 7
® The jet fragmentation function
Chien, Kang, FR,Vitev, Xing -
in preparation
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Jet substructure in AA

Lots of experimental results but only few theory calculations

More differential probe of the QGP than inclusive cross sections

Disentangle in-medium effects:

CNM effects are expected to be negligible

|deally one would like to understand both the longitudinal and the transverse energy
distribution of jets in AA

» Los Alamos
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The jet fragmentation function in AA

Vs =276 TeV, R=0.3 CMS sys. [
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{ ]
* °
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CMS data arXiv:1406.0932
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enhancement of soft particles,
small-z region

attenuation of particles in the
large- z region
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The jet fragmentation function in AA

Numerical evaluation of in-medium siFJF

Chien, Kang, FR,Vitev, Xing -

in preparation
* ;
in-jet !

zp(1—2zp)w tan(R/2)
| 6(1 — 2) /
| 7

dq_Lqu(zha Q.L)
0
(B)

virtual corr.

o

1 I
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7

0

(C)

g

out-of-jet
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A
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The jet fragmentation function in AA

Numerical evaluation of in-medium siFJF

Chien, Kang, FR,Vitev, Xing -

in preparation
\
in-jet 1

7

Poq(z, QL)]
z(1—2z)w tan(R/2)

zp(1—2zp)w tan(R/2)
+8(1-2) / dq1 Pog(2, 1)
: Ko
A

+

+
virtual corr.

\
out-of-jet

- - -

(D) ﬁj
) » Los Alamos
75

NATIONAL LABORATORY
EST.1943




heavy-ion

The jet fragmentation function in AA

Numerical evaluation of in-medium siFJF

Chien, Kang, FR,Vitev, Xing -

in preparation
y %
in-jet !

7
A (B) + (C) + (D) = 6(1—2») / Paolz, qu]
(1—z)wtan(R/2) n
(B) zp(1—2p)w tan(R/2)
+6(1-2) / dq. Pog(e1, 1)
Ko +
virtual corr.
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vacuum FFs /

(hadronization outside the medium) ﬁj
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The jet fragmentation function in AA

46666 H /6666 H Chien, Emerman, Kang,
% : CX Ovanesyan,Vitev " 6
Kang, FR,Vitev "1 6
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The jet fragmentation function in AA

2 ! ! ! !
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Kang, FR,Vitev "1 7
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in preparation
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Conclusions

e (Semi-) inclusive jet observables in SCET
* | ongitudinal hadron-in-jet distribution

* SCETg splitting functions and si|Fs allow consistent treatment of hadrons and jets
* Jet substructure observables with hard-collinear factorization theorems

* Disentangle: radiative and collisional energy loss as well as CNM effects
* Develop soft sector of SCETg to address in-medium soft functions
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