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* Data is categorized into jet bins.
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LHC data grouped by jet bins

b

b

\

* The background composition depends on the jet bin.

* Jet binning can enhance signal over background.
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Jet veto logarithms

(a) Inclusive Drell-Yan production. (b) Drell-Yan near threshold. (c) Isolated Drell-Yan.

Jet 1

Jet 2 Jet 2

(d) Dijet production near threshold. (e) Isolated dijet production.

* Veto on additional jets introduces sensitivity to soft and collinear emissions.

* Jet veto Sudakov logarithms arise and can affect perturbation theory.

. . 3 . cut
Higgs + 0j : gO(pCTUt):gB(1 @ 21n2pT | )
s ™M g
* Resummation of jet veto logarithms is needed.
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Jet vetoes atfect theoretical uncertainties

(Stewart, Tackmann)
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* Accidental Cancellations between large K factors and jet veto logarithms:

Ctotal ~ 0B |1+ a5+ a: + O(ay)]
o>1(p™) ~oplas(L* + L+1) +a(L* + L° + L? + L+ 1) + O(a L°)]
* Uncertainties in total and |-jet inclusive cross-sections are uncorrelated:
Af = Afotal + Azzl
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Jet algorithm dependence

* Jet algorithm dependence begins at NNLO for two emissions:

o \/A?J?jJFA?b?j n =1 kr
dij = mln(pTiaij) R

> n = 0 Cambridge-Aachen

d’iB — p%zy n = _]- anti—kT

* Jet algorithm dependence begins at NNLO for two emissions:
(Banfi, Salam,Zanderighi;

2 2 Becher;Neubert;
2 echer,Neubert;
fgg]g) ( ) In )\ / aSR lIl )\ Tackmann, Walsh,Zuberi;
Liu,Petriello; ...)
A= p/mpy T~ o In R In \

* Jet algorithm dependence can make analytic control difficult. Going to
higher orders in perturbation theory or resummation becomes more
challenging. Often numerical methods must be employed.
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Event Shape Analysis
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Event Shapes

* Event shapes are theoretically cleaner and allow for better analytic control.

* Thrust:
soft particles
|‘E ~ | 111 n-colli
. ° . n-collinear n-collimnear
T — max;, 2=i/t P
: p@ — — ———  thrust
___——— ——— axis
hemisphere-a hemisphere-b

* Two jet configurations obtained in the limit:

1T — 1

* Thrust acts as a jet veto.

* Thrust resummation corresponds to resumming Sudakov jet veto logs.
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N-Jettiness
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N-Jettiness

(Stewart, Tackmann, VWaalewijin)

Jet2 2 Jet3 3 a

/ \

(c) pp — leptons plus jets.

* N-jettiness allows for an event-shape based analysis of multi-jet events
(generalization of Thrust)

24
e 1

* Limit of N infinitely narrow jets is given by (Jet Veto)

TN — 0
SONNY MANTRY, NU & ANL




N-Jettiness

* Jet reference vectors can be obtained by minimizing:

7 Jeta 2 7 "
= 5 TN:ZIIliIlZ'{ quk}
L 1

=

(Stewart, Tackmann, VWaalewijin)
b \\\ o+ 1 Jet 1

* No jet algorithm dependence.

Jet2 2 ,’/ Jet3 3 . a
(c) pp — leptons plus jets.

* I[mplementation with a jet algorithm:
- Use a standard jet algorithm to find N-jets.

- The momenta of the N-jets and the beam directions give reference vectors.
- The reference vectors are the only information used from the jet algorithm.
- Calculate value for the N-jettiness global event shape.

- Select events with N narrow well-separated jets and impose veto on

additional jets: ™ — 0

* Jet algorithm dependence is power suppressed.
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N-Jettiness

(Stewart, Tackmann, Waalewijin)

b \ o+ 1 Jet 1 ///

Jet2 2 ,’/ Jet3 3 . a
(c) pp — leptons plus jets.

* “Jet” momenta given by sum of momenta in jet regions

Pl =) v 11003 pe— i -pi)

k jAi
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N-Jettiness

(Stewart, Tackmann, Waalewijin)

Soft Function: S b ooyt b et~ Jet function:]
) . Jet a
Beam function: B —> \ /.
D < P
/’// e_
] | Hard Function: H
Jet2 2 ,’/ Jet3 3 . a

(c) pp — leptons plus jets.

* Physics dominated by the soft-collinear limit of QCD.
* Naturally described by the Soft-Collinear Effective Theory (SCET)

(Bauer, Fleming, Luke, Pirjol, Stewart,...)

* Factorization of soft and collinear regions
(Jouttenus,Stewart, Tackmann, Waalewijin)

do
= [dx,dxy [ d*qd® /dCD My (P, 1) (27m)4 6% (qq — g1 — - —qN —
dT2dTh - dTY /3j xb/ qd®r(q) N{as}) My (PN, @) (27m)%0% (0 + @ — @1 qv —q)
N
X Z/dta By, (ta, Ta, 1) /dtb By, (ty, Tp, ) H /dSJ Je, (87, 10) (14)
K J=1
Skt S (e ta b Wb o S1 N SN . = e
XCN((I)N7(I)L7M)SN TN__aTN__7TN__7"'7TN _—7{Qz}7:u N(q)N7(I)L7:u)‘
Qa Qv Q1 QN
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Two Applications

Soft Jet1

Jet 2 Soft

Gauge Boson Threshold
Production with two jets

l

Background to new physics
searches

DIS with one jet

L

Mitt

1

Probe of nuclear physics




Gauge Boson Production with
multiple jets near threshold
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New Physics Processes

* Gluino pair production in SUSY

'Y
Y]
0
“““
Y
Y]
'Y

.

K

q

Y

: LSP
* Signatures involve jets and missing energy.

* Reconstruction of invariant mass peak not possible.
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New Physics Signal
Ky

Jet 1

Jet 2

Mg = Br + Zij

jets 7
* Signatures involve jets and missing energy.

* Such signatures also appear through SM background processes.
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Meff Distributions

* New physics signals can appear as excesses in Meff distributions:

Meg = Br + .Z.ij

SM

jets 7
> — — 1 T T T T T T T 1 T | 1 ]
Q 4 L -~ Data 2011 — Standard Model : __
o 10 = ATLAS [] Muttijets [ W+jets =
B L |Ldt=4710 =§féets E?"’" , ]
— = iBosons rell-Yan =
v — \s=7Tev 7 GMSB - A =50 TeV tanp = 40 -
§ 102 = ™ --- GMSB - A =50 TeV tan = 20 =
LL ~ =

’ e :.3, '
S 1l SUSY
Q [
= - +++l ........................... I
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* Precise SM predictions for Meff distribution required for interpreting
new physics.
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Fixed Order Calculations

* W,Z +2,3,4 jets known at NLO (Ellis, Campbell; Ellis, Melnikov,Zanderighi,Dixon;
Berger, Bern, Dixon, Febres Cordero,Forde,
Gleisberg,lta, Kosower, Maitre,...)

* Diboson+1-jet at NLO
(Campbell,Hartanto,Williams)
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Jet Production Near Threshold

/ s Jetd
estricted /
Radiation between /
P,

jets

Meff:ET_|_ Zij

jets 7
* Soft radiation between jets is restricted for large Meff.
SONNY MANTRY, NU & ANL



Jet Production Near Threshold

I

Threshold Effects?

Mg = Fr + Zij

jets 7

* Soft radiation between jets is restricted for large Meff.
SONNY MANTRY, NU & ANL



Drell-Yan at Threshold

(A more familiar example)

SONNY MANTRY, NU & ANL



Drell-Yan at Threshold

Soft

—

Soft

(Sterman,
Catani, Irentadue,...)

M? M? T
T=— , Z2=—= , T < z <1
S S L1I9 o o
e Hadronic threshold
T — 1
e Partonic threshold
z — 1

SONNY MANTRY, NU & ANL



Drell-Yan at Threshold

e Factorized cross-section near threshold:

d*c dron
dMQdY 3N M2s Z/d$1 dQZQC (:C17x278 M :uf) fZ/N1(5C1 :uf) fJ/NQ(xQHUf)

* NLO expression for the partonic cross-section

) 1 _ i 9 9 |
Con _ g1 — ) 2 £00 =0 | Cre (%L?LQ

e 2 _ T 2 3 3
o)+ — 1 M2(1—2)?
T 2 1 —=z % .

(Altarelli; Anastasiou, Dixon, Melnikov, Petriello)
SONNY MANTRY, NU & ANL



Drell-Yan at Threshold

e Factorized cross-section near threshold:

d*c dron
dMQdY 3N M2s Z/d$1 dQZQC (:C17x278 M :uf) fZ/N1(5C1 :uf) fJ/NQ(xQHUf)

* NLO expression for the partonic cross-section

_ 1 — ) )
C_‘éq — 5(1 _ Z) 5(y) + 5( y) 1+ Cra
e; 2 _ 7
Ay UL r1-2]
\ -

\

Aol (2 (] ) )]

(Altarelli; Anastasiou, Dixon, Melnikov, Petriello)

* Two disparate scales appear in the partonic cross-section
SONNY MANTRY, NU & ANL




Drell-Yan at Threshold

e Factorized cross-section near threshold:

d’o Ao

AM2dY ~ 3N.M2s

Z / dzry dxy éij(xla Ta, S, M, ,Uf) fz’/Nl (561, ,Uf) fj/NQ(SEQ, ,uf)
©,J

* NLO expression for the partonic cross-section

L\
4 )

“a _| Threshold Logarithms
K log" (1 — =
o (e (1= )

'S 1 .y
L

+ -

\

.2|_L| o A y/JLl_Z \|_yJ+u Ll—yJ+/ )Z<1—Z>] ’

/
. (Altarelli; Anastasiou, Dixon, Melnikov, Petriello)
* Two disparate scales appear in the partonic cross-section
SONNY MANTRY, NU & ANL

\_




Dynamical Enhancement of Threshold Effects

(Appell,Sterman,Mackenzie;
Catani,Mangano,Nason)

100

| Hf = 8 GeV
ég 001F
=
=
10—4_
1078 ' ' ' ' '
001 0.02 0.05 0.10 0.20 0.50 1.00
Yy (Becher,Neubert)
M? M*? T
T=—, 2=—= T <z <1
S S L1I9 o o

* Threshold effects can be important even away from hadronic threshold

dothresh Ao Ldz
éz Clz, M, ps) f(7/ 2, piy)

AM?2 ~ 3N.M2s

* Parton luminosity function favors large z region enhancing partonic
threshold effects.
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Factorization for Drell-Yan at Threshold

(Sterman, Catani, Trentadue)
Soft A

Mh AU M —> Hard Scale

S S L1I9 o o
e Cross-section
dO.thresh

Ao Ldz
— — 'z, M
= s | 2 Ol Mg £ )

* Factorization of hard and soft scales (Belitsky; Becher;Neubert)
C(z, M, py) = H(M, i) S(V3 (1 = 2), juy)

SONNY MANTRY, NU & ANL



Dynamic Soft Scale

Relative contribution from NLO and NNLO soft function

05— _ 05
04] | 04}
g .0 g 03} - 5
£ S 02t g
S 02 S 02 :
S i< O'lf_ /
0.1:- 00} 0.01
0.06 ~0.13 '
do/dM* at M = 20 GeV (Becher,Neubert)
s ~ M (1 —7-) > Naive Choice

M(1—T1) M1 —T1)

MSN(2+bd+bJ)N 13

> Dynamical Choice
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Threshold Resummation for Drell Yan

Y
15F +/s=14TeV
14f
- T do do
L3¢ == = K(M?*, 1
< | == - dM? (M, )dM2 LO
12—
11f
10}
2 3 4 5 6 7
M [TeV] (Becher,Neubert)

* Resummation known to NNNLL accuracy.

(Mukherjee,Vogelsang; Bolzoni; Ravindran,Smith,van Neervan;Becher,Neubert)
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Multi-jet Production near Threshold

SONNY MANTRY, NU & ANL



Jet Production Near Threshold
Er

Jet 1

Pa / o

Jet 2

* Factorization and NLL resummation has been studied for dijet production.
(Kidonakis,Oderda,Sterman)

* The treatment of multiple jets usually requires jet algorithms to be
implemented.

* Dijet production at machine threshold was recently studied using event-
shapes. (Kelley,Schwartz)

* The structure of factorization with jet algorithms was studied in SCET.
SONNY MANTRY, NU & ANL (Bauer,Dunn,Hornig)



Jet Production N?Zar Threshold
T

Soft Jet 1

v _
74Nl

P,
Jet 2 Soft
N

Suin = (a+ > p0)%  ps = (pj coshny, pj, pj sinhn,)

S So
o fnzm,’ - mzn7 TSZSl
S S
* Hadronic threshold
T — 1
e Partonic threshold
z — 1
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Jet Produclgon Near Threshold
1

Soft Jet 1

»  Collinear modes

Pec ™~ \/§(>\27 17 )\)

PCI, Pb )\ Y \/1 - Z.
> Soft modes
, ks ~ VE(A2, 02 02).
Jet 2 Soft

* Physics dominated by soft radiation and collinear radiation of jets.

9 N
[p[ ) k()ut p(l) Z(pg-l- k:_)}

1—227
S

SONNY MANTRY, NU & ANL



Mett Distributions
Mg = Fr + Z T

jets 7
Jet 1 Multiple Scales

/ Mefr > MeprV 1 — 2> mesp(l — 2) > Agep.
A L
‘ Hard Jet Soft Non-Perturbative

Jet 2 Soft

e Schematic factorization formula

do=HRJIRQRJy-- - QJNRKSKRX K|

N/ TN

Hard Jet functions;  Threshold PDFs
function jets defined by Soft function

jettiness event

shape
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Photon + 2-Jets

SONNY MANTRY, NU & ANL



Photon + 2-Jets

¢ Partonic channels

——/

qq — qq'7, qq — qq 7, qq — qq'
a9 — q9v, 49 — 49y, 97— 997, 99 — q7Y.

* Color structure of SCET operators

afvyd — o ga —Y qa .0
007 = (x5t X)) (XTIt x3),
aByo — _ 5
057 = (x5 1x)) (X7 1x3).
Shil (X5 11 xj) A% A
057, = (X5 t™t" xj) Al A
037, = (X5 0m™ x}) Am A,

* RG evolution of these SCET operators was studied at NNLL
(Kelley,Schwartz)

SONNY MANTRY, NU & ANL



Photon + 2-Jets

Soft

b 2 '/

/ meff > meff\/ 1 — 2 > meff(l — Z) > AQCD
/ \

J ’ Soft l l l
75

Hard Jet Soft Non-Perturbative

* Factorization formula differential in phase space and jettiness

do
do, 7 do®,d7

dd

QJQ

SONNY MANTRY, NU & ANL



Photon + 2-Jets

* Factorization formula differential in phase space and jettiness

do sInZ
= d d dsz, d dk° dr2_dry
dcp% d<I>qJ4 dd,d7, N Q4 / ~ /11n— y/ S Jy 5J4/ out/ To s UTg ¢

(49, TG, T
X52(qT _|_qT —|—qT)5<y—tanh 1( 2 4 ))
e qy, + 43, + 4

2 cosh s S
><5(1—z— Ay@ out)(S(TZ__—b_i_TQJi—TéL;)
\/g \/7 QJQ QJ4

< XHIJ((jhni?MS;MH)S (kouw 327 ,;»]47,u ) > Soft

% f(Xay i) F (@0, 105) T3, (835 b3 107) T4 (8.4, s pug) , fUnCtion

\/ N/

PDFs Jet
SONNY MANTRY, NU & ANL functions
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Photon + 2-Jets

7‘2_ /2 +72

* Factorization formula differential in phase space and jettiness

do sInZ
= d d ds;, d dk® dr?_ drs
d(I)qJ2 d(I)qJ4 d(I)qd7A-2 N Q4 / < /11n_ y/ S J 5J4/ out/ 7_2,3 7_2,8

(G, TG, T
X52(qT _|_qT —|—qT)5<y—tanh 1( 2 4 ))
J2 J4 q92 +q94 —I‘QO

2 coshy ) ( S S ; ;
X0 (1—2— Ty — 0] 0 F——2— = —n -
H d ( \/g f ! q.J, qdJ, . :
Y < xHu(@-,ni,us;uH 1K 7,7 JD »  Soft
function

X f (Ta, 15) [ (0 105) T (55 Fi5s Fir) 7, (5140 phss o), Tunetion

\/ N/

PDFs Jet
SONNY MANTRY, NU & ANL functions



Scale Choices

do=HQRJ1QJy- - QJINQISRQR R f

N/ L

Hard Jet function PDFs

functions
HH
* Optimal scale choices can be
determined by minimizing the
¢ HT NLO contributions of the hard
Y A [Lf function, jet function, and soft
* [ function.
Aqep
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Scale Choices

do=HRJ1®J- - QJINRSQfRf

N/ L

Hard funffc;cons function PDFS
@ * We made the scale choice
12y
T pT
Y ¢ HH ™~ \/ Py Py
s
Aqcp
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Scale Choices

do=HQRJ1QJy- - QJINQISRQR R f

N/ L

Jet .
Hard functions function PDFs
HH
uy ° Soft scale determined by see-saw relation:
Y ¢ (L
b4 ‘ y
() —— et
HH
Aqep

SONNY MANTRY, NU & ANL



Scale Choices

do=H®RJ1 Q- QISR f

N/ L

Jet .
Hard functions function PDFs
* Minimize NLO jet function contribution.
HH
do ™ EOsettoss (yr = pig = puz)
Ry =
@ Aot (g = py = ps = /457,
v¢ /JJ o.1oozllll —
* A f 0.095_—
s ;
. ) 0.085:—
Aqep _
0.080 — 2 TeV ot Tey
oovob— v v o e ey
SONNY MANTRY, NU & ANL 02 04 X 08 Lo
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Numerical Results: NLL Resummation

104

10° —

Meff Distribution

pp — v + 2 jets

100 —

10~°

do/dmg, (107° fb/GeV)

10—4- 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I B

Vs =17TeV
ARU>O4

25 | T T T T | T

K—factor

pr > 100 GeV

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

05t 1000 2000 o 3000 4000 CTEQ6 LO PDFS
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Improved Scale uncertainties

Meff Dlstrlbutlon

2.5 I | I |

E%&LO pp%/y—l_z!]ets

2.0 _— @ NLL total
S
:ci: 1.5— |
¢
1.0
o5l 1o |
1000 2000 3000 4000
IX) ot
P do"® (1) Ky — do™" (pm, prg, ps)
LO = ’ —
doLO(pue = \/q§2q§4) do N (g = \/q,fzqh,u,],ﬂ%)
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Jet Veto Dependence

* Formula at NLL :

doe™E(pp — v + 2 jets)

d®,, do,, do,

d252 (47, + a5, +¢") Tr [HNLL(M ) S

X exp (

—20J2 ’Y(/’LJ ,US) MH _2CJ4A (/LJ,,LLS)
(qJ) ()

’ (QMquh s () ) )

* Cut dependence related to threshold condition:

Go)=max|1 — 5 AWAT 14— 4), rexp(2ly])]

Acut

2coshy T

/75

A=

SONNY MANTRY, NU & ANL

CJ2 + Cy)S (g, ps) — Ay, (g, prs) — Ay, (feg, ps))



Probing Nuclear Dynamics in
Single Jet Production in DIS

SONNY MANTRY, NU & ANL



Exclusive jet production in DIS

Jet
Beam l)
remnants

:; (_ NA
) / (iSoft Radiation
d’c(e” + Ny — J + X)
doy =

dy dPJT dTl

SONNY MANTRY, NU & ANL



Exclusive jet production in DIS

Beam l) /
remnants

:; (_ NA
) / (iSoft Radiation
d’c(e” + Ny — J + X)
doy = 1-jettiness:

dy dP JT >

SONNY MANTRY, NU & ANL

global event
shape



1-|ettiness Event Shape

* Configurations of large and small 1-jettiness:

A

< —

7-1f\JPJT T1<<PJT

* 1-jettiness distributions can be a probe of nuclear structure and dynamics.

SONNY MANTRY, NU & ANL



Jet Production as a probe of Nuclear Physics

o
‘ = %& )
'. ~~~‘~
@
—

A

=
1:

* Study jet distributions in e-A collisions.

* Probe of nuclear PDFs at leading twist.

* Higher twist correlations.
* Parton propagation through cold nuclear matter.

* Energy loss mechanismes.

* Nuclear medium effects.

SONNY MANTRY, NU & ANL



1 II
103k Current polarized DIS data:
_ o0 CERN ADESY ¢ JLab oOSLAC

Current polarized BNL-RHIC pp data:
® PHENIXT® ASTAR 1-jet

10 10 10

* High Luminosity.
* Wide kinematic coverage.

* Variety of nuclear targets.

SONNY MANTRY, NU & ANL

Future Electron-lon Collider

* Two US proposals

-eRHIC
-MEIC/ELIC

* European proposal

-LHeC
(/5 ~ 800GeV )



Event Shapes for DIS

* Event shapes have been studied before in DIS:

- Breit Frame
_ ThI"USt, NLL +NLO (Anyonelli, Dasgupta, Salam, 99)

- Broadening, NLL +NLO
- Non-Global Event Shapes

* 1-jettiness global event shape for DIS was first introduced about a year ago:

(Dasgupta, Salam, 01)
(Dasgupta, Salam, 01, 02)

- 1-jettiness factorization in SCET (2 Kang, SM, Qiu, 12)

- Proposed as probe of nuclear physics
- Proton target, NLL results
* More recently:

- NNLL resummation
- Variety of nuclear targets: Proton, C, Ca, Fe,Au, Ur

(Z. Kang, Liu, SM, Qiu, 13)

* Most recently: (D. Kang, Lee, Stewart, 13)

- Also, considered 1-jettiness with NNLL resummation
- Introduced two new variations of 1-jettiness and their factorization

- Analysis restricted to proton target

SONNY MANTRY, NU & ANL



Event Shapes for DIS

* Event shapes have been studied before in DIS:

- Breit Frame

-Th rust, NLL +NLO (Anyonelli, Dasgupta, Salam, 99)
- Broadening, NLL +NLO (Dasgupta, Salam, 01)

- Non-Global Event Shapes (Dasgupta, Salam, 01, 02)

* 1-jettiness global event shape for DIS was first introduced about a year ago:

- 1-jettiness factorization in SCET (ZKang, SM, Qiu, 12)
- Proposed as probe of nuclear physics

- Proton target, NLL £ 1is of this talk
* More recently: (Z.Kang, Liu, SM, Qiu, 13)

- NNLL resummation
- Variety of nuclear targets: Proton, C, Ca, Fe,Au, Ur

* Most recently: (D. Kang, Lee, Stewart, 13)

- Also, considered 1-jettiness with NNLL resummation
- Introduced two new variations of 1-jettiness and their factorization

- Analysis restricted to proton target
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1-Jettiness in DIS



Kinematics

¢ Electron momentum: 7\) %
poo_ 0 =
pe = (Pe, Pe) ;) SEELN

e
* Nucleus momentum:
©o_ 0 — S
P o A(pe7 _pe)
e
* Electron energy:
Bole” + N X
Qe oy = (e 4+ Ny — J+ X)

_ ‘pe‘ _

dy dPy.. dr,

2

* Center of mass energy squared:

S:(pe+PA> AQ

* Center of mass energy per nucleon:

Qe
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Energy Scales
d’o(e” + Ny — J + X) 7\) %
dO’A —
dy dPj.. dm B Na

e —

e
p =
* Hierarchy of scales: / (i

QS)AQCD SRS PJT e

| .

Nuclear o
| -jettiness Jet
scales transverse
momentum

* Jet-veto Sudakov logarithms:

Q@z? In2" (1, /pJD
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Tree Level 1-jettiness Distribution

d’c(e” + Ny — J + X)
dy dPj.. dr

do s, =

* Tree-level distribution in 1-jettiness:

43 (0)
i — )2
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Factorization

e Schematic form of factorization: |
et

>
Soft function
function €
;) > Hard

/ function

« = _
function —_ _

t r

3

Beam

~HQRQBAaRQRJR®S,

dyd Pyt 7 / \ \

Hard Beam Jet Soft
function function function function
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Factorization

* Schematic form of factorization: \L) %f\

~H®R®Bs®JKS,

N T

Hard Beam Jet
function function function function

* Separate physics of PDF and perturbative initial state radiation:
(Fleming,Leibovich,Mehen; Jouttenus, Stewart, Tackmann, VWaalewijin)

Ba~T& fa

Wilson Nuclear
coefficient PDF

Nuclear Initial state
PDF radiation
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Factorization

¢ Detailed form of factorization:

d’o o , {7
= — d d dt,
dydPJTdTl A ; eq ./() . / > /

Hard function —> x H(xAQ.Pj, e Y, ; ,UH)5[$ _

Jet function ~—

€yPJT ]
A(Qe — e_yPJT)

X JUs g, p; pwy)BY(x, ta, 1 uB) <«—— Beam function

ta  SJ .
XS |1 ——=— — —=—, ;s |, <«—— Soft Function

Qa QJ

* Beam function matching onto the PDF:

(Fleming,Leibovich,Mehen; Jouttenus, Stewart, Tackmann, Vaalewijin)

dz
Bq(xatanu;:uB) — / _qu( ) a):u /LB) f’L/A(Z :uB)

* Tree-level matching:

Bq(ZE, ta, :uB) — 6(ta)fq/z4(x7 /LB)
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Power Corrections

* Many different sources of power corrections.

* Dominant nuclear-dependent power corrections come from the OPE of the
beam function

dz

<

BY(x,tq, p; i) = /x — 77 (Z Lay 4 ,UB) fira(z 7MB)+O(Q%£A))

* Size of power corrections controlled by

Q3(A)  A"Agen
tCL 7_1 PJT |

-Higher twist correlations

-Nuclear medium effects:
energy loss, multiple
scattering,...

* Power corrections can be studied as a function of: {A, 71, PJT}
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Numerical Results: Proton
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Resummation

* Resummation achieved through renormalization group equations:

/LHNPJT

- pup ~ by ~ /11 Pj,.

Hs ~ T1
Ja Q.(A)

* All objects in factorlzatlon formula have well defined evolution equations:

H(Q% 1) = vu H(Q?, 1),

d / / /
B (o to) = [ dt (e —¥o) Bi(o.t ).
d

Lm J(s, 1) = /dsws—s ) J (s, ),

d / / / / /
T S(ka, ks, 1) /dk /ko volka — K. ks — K, 1)S (K., K, 1)
SONNY MANTRY, NU & ANL



1-jettiness and rapidity distribution

* One can study distributions in the space of :

{A7 Qea PJT7 Y, 7-1}

Proton target:
NNLL resummation

Q. = 90 GeV.
PJT = 20 GeV
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1-jettiness distribution for the Proton

1.0 1.5 2.0 30 50

7,[GeV]
Q. = 90 GeV
Pj. =20 GeV

y = 0
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Numerical Results: Nuclei
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Nuclear PDFs

* At leading twist, we directly probe nuclear PDFs

EPS09
u/A

EPS09
Jaja

EPS09
s,c,b/A

EPS09
g/A

(, 1)

(z, 1)

(z, 1)
(z, 1)

— Réc,b(xv :u) fSaQb/P(x’ 'u)’
— R;(CIZ,M) fg/p(xwu)v

(Eskola, Paukunnen, Salgado)

Z A—Z7

— _R’LI?(‘/E7ILL) fu/p(xvlu)—'_ A RZ?(SE,/L) fd/p(xnu)a

A
A A—7
_R?(Qjmu) fd/p(xmu)_l_ A Rf(xnu) fu/p(xvﬂ)a

A
EPSO9 PDF set

e Schematic behavior of nuclear modification factors

1.5 — antishadowing Fermi-
motion

I

Y ettt :

I

1.0

!

Yo T shadowing
| | lllllll | | lllllll | | llllll

107 10” 10" 1
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Nuclear Modification Factors for Uranium

04F

04F

04
02} 02 02
0ol | | | | | 0. | | | | | 0oL | | | | |
0.001 0.005 0.010 0.050 0.100 0.500 1.000 0.001 0.005 0.010 0.050 0.100 0.500 1.000 0.001 0.005 0.010 0.050 0.100 0.500 1.000
X X X
a) R p c)Ry
14- 14F 14F
12F 12F 12F
10F
08F
. 06-
04- 04 04k
02} 02 02k
0ol | | | | | 0oL | | | | | 0oL | | | | |
0.001 0.005 0.010 0.050 0.100 0.500 1.000 0.001 0.005 0.010 0.050 0.100 0.500 1.000 0.001 0.005 0.010 0.050 0.100 0.500 1.000

p = 3 GeV (Green)
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Ratio of Luminosity factors: Uranium to proton

14- !
12 Z 62 E/iSOQ (SE, IU)
10+ RL(QZ’,ILL) — 1 2q
Ri(x) " ; 22 Calasp( 1)
0.6 -
0.4
02
oot 0005 0010 005 0100 0500 1000

X
e Factorization formula:

d’o , [ dx
= — [ d dt,
dydPj..dT | EPS09 00;6‘1 /x T / i /
N
XH(§27M; MH)Jq(SJnu;:uJ)qu (z,ta,/ﬁ;/LB)
ta SJ ) EPS09

XS | 11— — — —, i ; x, :

(1 0. QJ#NS fija” " (x, puB)
* Lower limit of Bjorken-x integration:

Yy .
~_ P T Determines the
Q- e vy, S ~ Biorken-x region
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1-jettiness distribution for various nuclei

]

GeV?

do|

aet 7 7 wewn 7 NINLL resummation

Q. = 90 GeV.
PJT = 20 GeV

| 7;1 [GeV] “ | | | T.l [GeV] | | — O
(c)Ca and Proton (d)Fe and Proton y

‘z"l [GeV] | | | | 7;1 [GeV]
(e)Au and Proton (f)Ur and Proton
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1-jettiness: Nucleus to proton ratios

os} - dO-A(ThPJ 7y)
Ra(7, Prpyy) = -
%‘_g a g’go,gﬁ ( T ) dO_p(Tl,PJT,y)

r[GeV] " i jT[GeV] ’ N N L L resumm atl on

Qe = 90 GeV,
P Jpr = 20 G@V
T ey = ()

a7
do
do A
do,

o
do

T.l [GeV] | | | | T 1[GeV]
(e) Ur (f) C and Ur
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Jet rapidity distributions for various nuclei

(c) Proton and Ca

(e) Proton and Au

3k -
J—
N
2l%
o O 2k -
)
o //
7,
1k -
0 M M M M
=15 -10 -0.5 00 0.5 1.0 15

(b) Proton and C

(d) Proton and Fe

3k p
2 A
4
74
1k p
0 \ \ \ )
-15 -10 -05 00 05 10 15

(f) Proton and Ur
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NNLL resummation

Q. = 90 GeV,
PJT — 20 GeV
T] — 1.5 GeV



Jet rapidity: Nucleus to proton ratios

do A(11, Py, )

do
do

0'9-'—\ | ) | RA(Tl Py y) —
SISl \ s | i B doy(1, Pirs y)

7 NNLL resummation

(a)Cy
o - Qe = 90 GeV.
gg::;—_\ " - Pop =20 GeV
T e = 1.5 GeV

[
€ PJT
Qe o e_yPJT

r, € 0.2,0.7]

(e) Ur (f) C and Ur
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60

10 1.2 ].4 1.6 ].8 20 10 1.2 1.4 1.6 ].8 20
P;,[GeV] P}, [GeV]
(a) Proton (b) Proton and C

P; [GeV] P; [GeV]

(c) Proton and Ca (d) Proton and Fe

10 1.2 1.4 1.6 1.8 20 10 1.2 1.4 1.6 1.8 20
P},[GeV] P},[GeV]
(e) Proton and Au (f) Proton and Au
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Jet pT distriﬁbu_tions_ f(_)r various nucleil

NNLL resummation
Q. = 90 GeV
y = 0

T1 — 1.5 GeV



Jet pT: Nucleus to proton ratios

o> \
&1 8o
¥
o
P;,[GeV]
(a) C
1.0 T T T
0.9\
<>
| & osh
)
o
PJT[GGV]
(c) Fe
09F E
o |>
& 8 os} ;
)
o
07F E
P;.[GeV]
(e) Ur

09k E
N
08F

1.0 T T
09k E
N
08
TF E

P},[GeV]
(b) Ca

P Jr [GGV]

(d) Au

P;,[GeV]

(f) C and Ur
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RA(Tla PJT7 y) —

dUA(Tla PJT7 y)
dO_p(le PJT7 y)

NNLL resummation

Qe = 90 GeV.
y =0
T1 — 1.5 GeV

Y
€ PJT
Qe o e_yPJT

Ly —



Jet pT: Uranium to proton ratios

- doa(11, Py, y)
Ra(m, Py, y) =

::\ A(Tl J y) dUp(Tl, PJT, y)

NNLL resummation

— : 71 = 1.5 GeV
. . Qe —

(¢) Qe = 140 GeV (d) Qe =300 GeV {90, 120, 140, 300, 800} GeV

dO'A
do,
° o o =
dO'A
do,
e
~

12 14 16 18 20 6 8 10 12
PJT PJT

(a) Qe = 90 GeV (b) Q. = 120 GeV y

drs
do,
do A
do,

10f ] eyPJT
- Q.0.9' h x* S—
gl 0_8'_ _ Qe — G_yPJT

Py, Py,
(e) Q. = 800 GeV (f) Q. = 90,120, 140, 300,800 GeV
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Non-perturbative Region

* Hierarchy of scales:

d’o
dydPJTdTlNH®BA®J®S’ PJT > \/TlPJT >>T1
* Soft function becomes non-perturbative for: 7\) % S
71 ~ Aqcp = —

* Soft function model
(Ligeti, Stewart, Tackmann)

S(ka ko pis) / aK, / 0K Spar k;,kj—k},us)@(k;@

perturbative ld |
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Soft Function Models

Uranium

0.30 0.50 0.70 1.00

T1 [GCV]

(a)

1.50

2.00

dO'A

do,

1.0

0.9

0.8

0.6

0.7

Ratio: Uranium to Proton

\

\
N

0.30 0.50 0.70 1.00 1.50

T [GGV]

(b)

* Model dependence in the non-perturbative region.

* Models converge to perturbative result.

* Model dependence largely cancels in the ratio.
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Jet Shape analysis

°* Jet momentum:

204 - Pr 247 - P
PJ — E Pk 9( )
L QCL @ —%

3T T T T T T T
Sf L. Seomeme REIL N, 5 Can act as jet shape
: ‘ parameter
1F
AS O— —
N QJ — 2/0(R7 UJ) EJ
3 * Choice can affect geometric shape of jet.
—3h.
R * One can exploit this property to also employ
]7 °
(b) Anti-ky and geometric R for R = 1. jet shape analyses to study nuclear
(Jouttenus, Stewart, Tackmann, Waalewijin) modification.
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Conclusions

* Studied factorization of gauge boson production in
association with multiple jets near threshold.

e Used N-jettiness event shape formalism that avoids jet
algorithm dependence.

* Numerical results obtained for photon + 2jets at NLL level
of accuracy.

* Significant K-factors obtained in the large meff region.



Conclusions

* Event shape based analysis of exclusive jet production can be
a useful tool to probe nuclear dynamics.

* Allows for jet shape analysis while also giving information on wide-angle
soft radiation.

* Probe nuclear dynamics through distributions in the space:

{Av Qea PJT7 Y, 7_1}

e Leading twist results given with NNLL resummation for various nuclear
targets.

* Many directions can be pursued along these lines...
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