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® Show certain LHC observables should Soft Jet 1
be thought of as colliding partons in \

initial jets rather than in protons

itial jet a
- . . = ——
® Universal Beam Functions describe ; — F——= .
this effect L
® Allows factorization to be applied |
away from threshold and inclusive
Jet 2:: Jet 3 ““’SOft

regions, eg. for  ~ 10™! with
identified “exclusive jets”

® Sums large logs for initial state
radiation

e Improve the accuracy of our
description of LHC physics by
deriving suitable factorization

theorems B(x,s, 1) = /dx’ T(s, 2" —x,pm) f(2',pw)

initial state jet
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Outline

® [inal State Factorization:

® Precision QCD with Hard, Jet, and Soft Functions
® RGE, Sum large double logs

® Simult. describe nonperturbative & perturbative eftects

® Smooth transitions between regions

® Initial State & Factorization:
® Parton Distributions ® Drell-Yan, Kinematics, & Scales

® Jet Production with Beam Functions

® Relation to Experimental Uncertainties at CDF (LHC)
(underlying event)

® Beam Function

® ]R divergences and matching
® UV divergences and RGE
® quark, gluon, antiquark mixing
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4
Final State Q% > m% > X > Aoep s

Q? "~
Uhard > [Jet > Usoft 2 AqQeD

SCET

Q = my Bauer, Fleming, Pirjol, Stewart

modes pt = (+,—, 1)

Jet Invariant Mass ultrasoft n-collinear Q(A%, 1, \)
— . 2
5 5 A M n-collinear Q(1, A, \)
my < @ Guss Ayss Mo usoft Q(\2, N2, \2)

~y

(talk by Tackmann here)

e V4 o ! 6{ = — . e *
o= w (g | = 7 77; "’,/ ,:‘— ;7 7 = ~
n-collinear = — ~ S——— n-collinear
5 / q jet —_ T jet
Q gn : A/’)’LL usoft particles g_ Al_l’
A% n
L
Q = 14 to 207 GeV GQus > Ay
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. . Korchemsky,Sterman;
e — 2 JetS Bauer,Lee,Manohar,Wise; Lee,Sterman; Mantry,Fleming,Hoang,1.S.;
Schwartz; Becher, Schwartz; Gehrmann et al.; Weinzierl;
Abbate, Fickinger, Hoang, Mateu, L.S. (talk by V. Mateu here)

IR safe observable: T =Thrust , 7=1—-1T 7 =0 (dijet)

>0 singular non-singular T = % (multijet)

%2—3 — Za?lnT ! -|—Za?lnm7‘—|—2()z?fm(7')

+ f(r,Aocn/Q) nonpertur’bative N (AQCD)"C’ (AQCD)k

power corrections 2 <

et

Energetic dijets logs are ratio of kinematic
, My = @ scales (from RGE in SCET)

Q> > mi > 5 2 Ao LL, NLL, NNLL, N3LL
Q%> Q*r > Q*r2 > AéCD w Power Corrections:

” Agep  Aqep s
Uhard > et > Usoft 2 AQcD ps 0 opn 0 pg

\ Multiple Regions:

i) peak: pn > g > s ~ AQep
i) tail: pr > g > ps > Aqep
i41) multi jet: pun ~ g ~ ps > Aqep
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Leading Order | 7 « 1
ractorization | p.quction Current:

A0 BT o (6 W) TH(WER) o (8 WV, L YITY, (W*£n>w
SR

| Ji SCET (\(/w /
Y (z) = Pexp (z’g /Ooods n-AuS(x+ns)) ?{{7

Pl

Shemi (€7, 7, p) = WZNW — kF)0(0 — k3){0]¥ 7 Y (0)| X.) (Xa|Y; ¥7,(0)[0)

/ ST( ) symmetric projection
1
¢ X — —

usoft Wilson lines
Jet Function symmetric
/ projection

SN0 Dlsc/d4:1: e " (0T Xn.0(0)fixn(z

(,)
T ) =

/'\
3||
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L.O Thrust Factorization Theorem: all orders in o,

Y o 0H(Q,1)Q / a0 77 (Q* — Qb ) Sr(t. 1)

dT
pQNQQ p2NQ27_ p2 NQQTQ

o2 2 2
Sum Large al® K s
Logar ithms To minimize large logs we want to evaluate

these functions at different scales

Match & Run: HQ match QCD to SCET
1 run H
HJ integrate out Jet Modes
l run J
s soft function OPE
Aqep
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Factorization Thms relative size of important terms is region dependent

Peak: Tail: Multijet:

k 1Jd : kE1nd + /A 0,1 k 1J
1 do arIn’ 7 Aqep \? Qg 17T (AQCD afIn’ T
L QH QI @~ QL e Sty T (RAR) (o) e
oo dT T Q1 T T T
/A i . /A 0,1 :
+Hi(Q, wir, 1) ® Ji(ir, Q7 — QO) ® S (£, 1) fjr(T)ag In’ T( 3(;13) fi(T)a n’ T(%) fir(T)af In? 1
+Hi(Q,zir, ) ® Ji(wi, Q°7, Q1) ® S; (40, ) residual error 50(3‘3 " A%;D — 0.5%

o 200 Q2> Q% > (Q7)? ~ Adcp

%E : sum logs
st
[
R 1
10F" & sum logs
_ 02 2 2> N2
- - V> Q> Q7> Agen do NOT sum logs!
ST £ Q> ~ Q1 ~ (QT)? > Ajcpy
0.0 0.1 0.2 0.3 0.4

T
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Perturbative & NonPert. Soft Fn. Hoang & LS.

Ligeti, I.S., Tackmann
Factorization for Soft Function: simultaneously describe both

the peak region (nonpert.), and tail regions (pert. & nonpert.)

remove u = 1/2

Correct p renormalon
S(ﬁ, ,LL) = /CM’ Spart (ﬁ = f’, ,u) F(f’) — — dependence With gap A(R, p)
W W fOI' MS R_RGE
partonic soft function normalized model function (talk by Jain)
calculated at fixed order (exponential fall off)
Multiple Regions
sltl, prltl, poltl, Rl7]
7] B Profile functions,
‘j must satisfy
80 . 5
- (7)o Tt/ \ scales must be nuaellid reglon
6 equal for multijet COnstraints
7 s (1), R(1) ox 7 region

40 -
20 -

s [ Y Y N B
0.0 0.1 0.2 0.3 04 0.5 ;
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Cross section
components

Qo dr
AFHMS

1 dO'i

0.1

0.001

10-

10~7

1077 3

LO SCET, N3LL & (Aqcp/Qr)F
B / nonsingular & (Aqcep/QT)

black = total

Sample Fit results:
e 008 .
1 dO- 2r 0.06 | \\\
- ; - Z. data S
odr »
. % 08} | I ) .
n \\!\‘ Zi - ‘f\\i\\i\\i\\;\\‘\\‘\\‘\ 034 03 038 040 0.42
5} \\t\\\\ 0.15 0.20 0.25 0.30 0.35 3 parameters:
. e as(mgz), 1, ¢
0.0 0.1 0.2 0.3 0.4 (see talk by\/'_ Mateu)
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RGE Constraints on Factorization
top-down = bottom-up

HQ JH He lH
TA """ 2! S b o
HJ ) - JT
S S
s 1S

» U (Q, 1t j10)8(M2) = [ dl Uy (M2 — QU i, 110)Us (€, i, 110)

Non-trivial application: massive top jet production

Fleming,Hoang,Mantry,I.S.
HQ
H » U2(2, 1, 10)8(3) = [dl Uy, (3 — 20, 11, p1o)Us (€, 1, o)
T H Constrains type of objects that can consistently
B I 2 -m appear in the factorization theorem
Jm
g § = (m5x —mi)/my
s 5
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Initial State Hadrons & Factorization

For many processes of interest at the LHC there is no proof of factorization.

do = Zdapart Las Loy Ky - - ) & fi(aja? :u)fj(xbv ,LL)

K parton distribution functions

Strict interpretation: e d(f,?art should be computed in fixed order pert. theory,
7 behaves like a hard Wilson coefficient

e parton distributions are only nonperturbative input

part
v

Looser interpretation: e do, computed as best we can (log resummation,

further factorization,...)
e parton distributions are only nonperturbative input

Factorization Paradigm:

' hadronization

initial state hard scattering final state del
fixed order model,

do = parton = ® , X parton derlvi

h perturbative underlying event,

SGEL . showers |

computation QERT
(with parton

distributions)
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Dl"el I-Yan pp — X g—l—g - (Collins, Soper, Sterman)

e Factorization has been proven rigorously for inclusive Drell-Yan

. — EEF—— X
X = anything = hard (sum over all final states) P4 -
Q? = M? = (dilepton invariant mass)
do 7B X £
— —
AM 2 _/dxadxbz |:dM2 xaf7$b7/’é)i| fi(xanu) fj(xbalu) ~T——
pa, — 'CBG,PQ,
M2 + +
S = (Ps+ PB)2 = Egm o2 < z.rp <1 pb Z'be
® A different Factorization Thm holds near threshold M — E.,
Sterman;
Ex =F., — qo < FE.pn— M= ESOft X = soft Catani, Irentadue;
B Idilbi Ji, Yuan;
Tg,Tp — 1 Becher,Neubert, Xu
1 do M?
00 dM2 thresh B H(M’ ILL) /dxadxb 5 [M(l B .CUaCCbEgm),’u} f(xC“ Iu)f(xb, 'Ul)
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// Inclusive Drell-Yan

i > 3% < 5 d()‘:dé‘@f@f

o+ Threshold Drell-Yan
. do=H Q]
_ y =2

y =0 M?(GeV?)

(6707 rapidity y

tree level:

_ M Ly
xa} - Ecm 6
Tp = E]\fm e Y

Thursday, April 30, 2009

LHC parton kinematics

F X
L Q=M

TTTTIT LELLELLLLL T T TTTTT LELLELLLLL T T TTTTIT LELELELLLLL T TTTTT
I I I I I I

1,

= (M/14 TeV) exp(zy)

nr

M=10TeV

M =100 GeV
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/Xf " Inclusive “ Threshold
Drell-Yan / Drell-Yan

do

do® f R f do=H ®fQ/f

Add a rapidity cutoff, Tcut , and demand that no jets are observed with
small rapidities

:3(77 < 77cut) < Eg (softscale fug)

Can now have x < 1071

Large energy FE.pn(1 — )
goes into a cone around the beam

New scale is introduced, pp = e~ Teut ()

Q — M here
Neut — 0@ inclusive DY ( )

Neut — 00 ¢ threshold DY

do=Hx ®B®D~HB

Beam functions, B, describe proton and initial state jets

Thursday, April 30, 2009 15



P > % < 5 dg:dé‘@f@f

do=H Qf®f

Ugo = ®Uff

do=Hx ®B®DB

U/?6=" @Us

- can’t have just pdfs !

Thursday, April 30, 2009

- M,
2
RGE sums up
/ single logs in pdf
KA
Hh
"
R Y Y # RGE sums
double
f Sudakov logs
KA
Wh
H RGE
sums
IRE X B o double
B Sudakov
AA Wb 1
" 0gs
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Soft

E—l-

Thursday, April 30, 2009

do =H x QBB

Let’s add Final State Jets

17



Threshold Jet Production Kidonakis,

do = H R J R N R f R f Orderda, Sterman
MJJHEcm, .Cl?a’b—>1

Jet 2 Soft
. “Exclusive” Jet Production
Soft I.S., Tackmann,
\ 2 / do=Hx Q@JRJRB®B i
/=)\\\\ = — X Require:
e *~~---~n\Pb final state jets (defined by jet algorithm) are well
—n /.' cut
7 separated from each other, from the beam
Soft direction, and from soft radiation (pr™in, Esr<Eo)
Jet 2
¢ ¢ b
0% ..' ox™| ©
Pa
. [ 4
—11' OO —T]det —MNecut (I) Neut M 77dlet oo _f OO —T]det
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Comparison to concepts used at CDF/Pythia RD. Field

“Underlying event is everything but the
outgoing hard jets (and accompanying
radiation). It consists of particles
arising from the beam-beam remnants

""""" B Initial State
Rodisdion

“Calorimeter Jet™ #1

and multiple parton interactions.” ...

Direction

Firal Stk
Radiatwon

measured at mid-rapidity,
transverse to central jets

Multiple Parton Interactions / Ougping Parton

PT(hard) [This radiation should be described by

al S o
Proton —> oo SOft functions in Factorization Theorems.]
Underlying Ev aderlying Event

- Event generators such as Pythia implement initial state

showers & model the underlying event with a treatment of
the beam-remnants and multiple interactions.

[Consistent with soft radiation convoluted with the beam function.}

Thursday, April 30, 2009 19
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Derivation of Factorization Theorem
for Exclusive Jet Production

20



4 )

Energy Flow Operator

\_ J

» Lets derive the factorization theorem to see where B comes from

e » Most observables only depend on the
_ ‘.'\ energy distribution px (€2)
" - | » For example:
b Jet 4‘.%;‘ QWY 28N X has n particles with p; = (E;, D;)
Jet px(Q) =) E;§(Q— Q)

won » ENergy flow operator:

E(Q)|X) = px(2)|X)

[Korchemsky, Oderda, Sterman; Lee, Sterman, Bauer, Fleming;

We follow: Bauer, Hornig, Tackmann]

Thursday, April 30, 2009
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4 )

Energy Flow & Factorization

. J

» QCD cross section:
dO' ]. 2
— = M X)| 0|0 — X
dO 2E(22M ;‘ (pp — )| [ .fO( )]

x (27)*6*(P, + P, — Px)

» Match onto SCET
M(pp — X) = (X|Q|pp)

» Use energy flow to do sum over the final states
do 1

d0 = 252, ;<pp|QT|X><X|Q|pp> 6(0 — folpx])

x (2mw)*6* (P, + P, — Px)

21*71%M / br / d*z (pp| QT (z) d[p — £]Q(0)|pp) (O — folpl)

Thursday, April 30, 2009
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4 )

Soft-Collinear Factorization

\ /
» SCET Lagrangian:
P11, P1
£=£na+Lnb+Z£'nz+
=/
» Decouple collinear and soft bo, O / bas Pa
€n9p(w) — gg)a)p(aj) |
) (0)pe P2, P2

» Energy flow factorizes

E(Q) =E.(2) + E(Q) + ) Ei(Q) +

/ Dpd[p — £] = / Dpa dlpa — £a1Dps 3w — £ ] Dpi dlpi - &)

X

Thursday, April 30, 2009



Step ||

\- y,
d
d‘(’, 2E%M / Dp d*z (pp| Q' () 5[p — £]9(0)|pp) 5[0 — folpll
— /d4ba,b Dpa,b CI4191,2 Dp1,2 0[O — folpll

X H(3,...) B(ba,pa) B(bs, pv) J(p1, p1) J (P2, P2)
X (27)*6*(Po + P, — bo — by — p1 — p2 — ki)

. / P1s P1
with
H(s,...) = hard function /4
C : —— > <
B(b,, po) =beam distribution
: : . : bb7 Pb y ba,a Pa
J(pi, p;) = jet distribution |
= soft distribution ~ D, P

» These distributions are not inclusive, they depend on p;

Thursday, April 30, 2009
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[ Jet Kinematics ]

» P! [p] = P¥(7;, R)[p] = momentum in cone of radius R around #;

P1

P{" = P{_[p]
= P{_[p1]+

Pa

» Expanding:

Thursday, April 30, 2009
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[ Factorization ]

do = /d4ba,b Dpa,b d4p1,2 Dp1,

X H(8,...) B(ba;pa) B(by, pv) J(p1, p1) J (P2, p2)
X (2m)*6*(Po + Py — by — by, — p1 — p2 — k)

X
X dqi,b 5((];{,1, - P;[Pa,b]) dB:{,b 5(B:,b — q:,_,b - )
X dq;r,z 5(‘1{2 — P:zr[l’l,ﬂ) dPlJ,rz 5(P1J,r2 — q;r,z - )

X dPy, (P, — P [p1,2])

X deapdBg, B(p, (By —(, ), %a) B(p, (By =), )
X d4P1,2 J<(p1_,P1+ — )J<(p2_,P2+ — £;)
X H(iEa,CBb,pl_apz_)dO 5[0 — fO(maambaB;_aB(;l_apl_apz_)]

X (271')454(%330, Ecmng + %CBb Ecmny — p1 — p2)

Thursday, April 30, 2009
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Factorization Theorem Neubert, Becher,
Manohar}

. Same H as for threshold .
[ Final Formula ] [ Talks bhere by

do

do ~
X diBa,b dB;L'_,b B(p(;(B—I_— )73361) B(pb_(B;__ )7331))

X CI42?1,2 J<(p1_,P1+ — )J<(p2_,P2+ — £3)
X H(maa CEbapl—apz_) 5[0 o fO(wa’mb?B:’B;_’pl_’pz_)]
X (27‘&')454(%;130L Ecmng + %wb Ecmny — p1 — p2)

» Pick an observable, e.q. P!
P, P,
M.%J —_ 2P1 .Pz — 1_ 3 wa :Bb EéM PL E—— — _1,,, —
P1 P By —— B

Does not dependon B, but P} /

W Can only integrate up to upper cutoff given by Ncut restriction Vg
(Qe™"eut)
[ Bt Ban (B —t0),m)
0

Beam Function Factorizes: B(z,s,u) = /dﬂ?’ I(s,a" —x,p) fa',p)  (next)
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Beam Functions
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(Quark Beam Function B, (s, z, 1)
By(brw. ) = [ E o2 ()R la ) E [5w — P (0)
! " Py 4 R I XA "

initial state jet

like jet function in initial state, BUT also transitions to pdf

Quark Parton Distribution |  f,(z, i)

fo(2=1) = 0 (pa(P) RO [ = Phxa(0)] (P )

(Fourier transform of standard definition)

Thursday, April 30, 2009
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Beam Function Factorization perturbatively calculable

initial state jet coefficient
» B factorizes (matching SCET; — SCET) /

B,(btw, z; u) = Z /dz Zyi(bTw,z — 2" ) fi(2'; 1)

q,9,q
Yw,—bT Yw,—bT Jw Jw
® ® ® Q ® 3
K ' A 4 SN 14
p < + , v oF e = qq R PR + oosess oo e
D, “pp,/ P P, “p D/ N

Beam Function at Tree Level

partonic matching:

)& (a=n/2) 2 560~ P16 (0)] a0)) = 50) Eulp) 7 "2 80— p) = €7/ 61 — )

Tree level results
not effected by
beam vs. pdf
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IR divergences and One-Loop Matching

. 0 xzF¥W,— + 0 == w,_b+ 0 :c/w,_b+ 0 a:/w,_b+ 0 w/w7_b+
Renormalized ,® @/E ’ , © \'/ X ® B ®\ ,
Beam Function daoescacss P 493 . g N s

p/ p—t \p p/ P7tNp p Pt p p,&%—ﬁ \P pf op %p
Graphs ) g ’ ) o
: Cros(p) 1 p? o\ (1422
Bl = 5(s)6(1 — 5(s) | 5 In (=) ( ) o]
1 S z
+—2£0( 2)[ +} +}  10(2) In"(2)
p2 O\ 2 (1= 2), 2 Lalw) = [Z2==]
A —Olg >
Bc[lg](s, Z, 1) = O:LW('M)9(z)9(1—z)(1—22—|—2z2){5(5) In igR + ... }
Renormalized 0 2, y 2 B
PDF Graph fooa: A £ I
rapns FRR0008 £ \ \ .-
P p, P—¢ \p p, Pt \p p, o Dp—L\Dp pf £-p %p
a) b) C) d)
: Cras(u) [1. /12 [1+ 22 IR
4.1 ras() 1) (M)( (1= 2001 2) + ..
fa (=, 1) - [2 U\ 1=2 ), (L =2)p(=)6(1 = 2) Matches up
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Difterence gives matching results:

quark pdf into quark beam function,

( nontrivial corrections
Zaq(s,1 =z, 1) =06(s)0(1 — 2)

N Cch:(u)H(Z){(;(S) [251(1 — 2) +] + % %%(%)(1 +2%) Lo(1 — 2) +}

Too(s,1— 2, 1) = () o1 - 2) [[(1—2)2+z2]i250 (%) T

dm v [
‘ gluon pdf into quark beam function (!)
0 m/w,- b*
® &
. b Wt
These mixing effects and pf 'é‘é"%%
L : - p
radiative corrections are not

accounted for by PDF evolution
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. at 1y the proton breaks apart
UV divergences and RGE| producing an initial state jet

Wn
H |
N JR—— |
B : - .
A A Uy KA x Evolution [Mp s Evolution Hh
/ single double
logs logs
LA
d o B, / / diagonal, no mixing
T By(s,2,p) = | ds y7i(s, s, 1) By(s', 2, 1)
[ 0 at one-loop
Constraints on invariant mass of the real radiation yield
vP(s,8's ) oc In(p/s) + ..., which sum double Sudakov logs

LL solution: | By"(s,z 1) = sz R"(s/1?) fo(2, 1)

compare to pdf: fq z, 1) —Py(= )@ .1  mixing at one-loop
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Full RGE for “Exclusive” dijet production in pp

h
——&—A—--u ; i ~ scale of hard interaction
H 1; ~ inv. mass of final state jet
f B vy FEE g 1y, ~ inv. mass of initial state jet
; | b ~ energy of soft radiation
upa ~ low scale (Aqcp)

KA
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® Phenomenology, work in progress
® Compare RGE to Initial State Shower

® agree on strong ordering,
space-like shower,
single branch

o ”
® RGE’s aim to sum Z?/y /\’ ~
. S] ~ <
different large logs. S,

Needs more study. !

Thursday, April 30, 2009
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Conclusions and Outlook

® TFactorization Theorem for “Exclusive” N-jet production at the LHC

® Depends on initial state radiation, described by universal
Beam Functions for quarks, gluons, antiquarks

Allows
r < 1071
o =BBR( Y HN®J®..-®J® 5 ) in fact.thm.
N jets N times

» PDF f replaced by B
» H as in threshold resummation

AN

® Beam function factorizes at scale iy >~ (Je™ "eut
By(x, s, 1) = /CW Lyi(s, 2" —x,p) fi(z', )

® Lvolution in x below up; Evolution in s above py,

Parton distributions enter at up < Q
Mixing below u (pdf rge), at pp (matching), but not above up (beam rge)

* new classes of factorization theorems
* ] initial h M Carlo?
improve initial state shower Monte Carlo:
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