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Abstract: Final states involving hadronic jets are an important background to new physics processes in colliders, as well as a probe of QCD over a
large range of energies. Because the physics of jets involves multiple energy scales, they are both complex theoretically and ideally suited to study
using effective field theory techniques. In thistalk | will discuss some recent progress in using effective field theory to describe the physics of jets.
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Jets in QCD
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All collider QCD problems are inherently multiscale.
Traditional QCD approach relies on factorization theorems
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All collider QCD problems are inherently multiscale.
Traditional QCD approach relies on factorization theorems
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(Feynman, Bjorken)



All collider QCD problems are inherently multiscale.
Traditional QCD approach relies on factorization theorems

o(p(P) + p(P;) — tt + X)
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All collider QCD problems are inherently multiscale.
Traditional QCD approach relies on factorization theorems

o(p(F1) + p(P2) — it + X)
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(Feynman, Bjorken)



All collider QCD problems are inherently multiscale.
Traditional QCD approach relies on factorization theorems

o(p(F.) + p() — t + X)

- / dzydzs Y (Fr(x1) F7(x2) )G (a5 (21 P) + Gp(x2P) — td)
: f ~
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All collider QCD problems are inherently multiscale.
Traditional QCD approach relies on factorization theorems
]
= / dfﬂl dﬂl‘-g ’
0

Tr(z) fr(x2)p U(Qf(mlP) + qs(z2P) — tt)
7
SHORT DISTANCE: cross section for free quarks
(and gluons) - can calculate in perturbation theory

LONG DISTANCE: f£(z1) :probability to find
parton f with fraction x. of longitudinal momentum

of proton ("parton distribution function”) - property
of the PROTON - can't calculate ... but
UNIVERSAL (can measure in another process)

o(p(F1) + p(P2) — it + X)

Factorization: short and long-distance contributions are separately
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well-defined (IR, collinear safe)






... but the physics is simple: ‘Separation of Scales '

» top quark production is a short-
distance process, hadronic physics is
long-distance - - x1--"-"—-——-=-=--73-

» hadronic physics cannot resolve detalils ‘l'
of short-distance physics - _
hadronization is independent of detaills e
of scattering (so parton distributions
are universal)
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With restrictions on the final states, there are more scales in the
problem, and factorization gets more complicated:

A Energy
ex: e'e — jets

Q> A
E_-TN I.QL <
PJ,]‘.-U ?\ 4(5"]'_ )\ZQ
I‘DJ.‘“ Q( I,A‘i A) (at least) 3 scales
=1

(+ AGC D) Page 19/87

irsa: 10010006



[ Yala) Effective field theory - Wikipediz, the free encyclopedia
|_ - | = Liﬂ'l ]_+—_‘I.I.-'hﬁp:.r.-'en_wliumma.mg;‘m{iﬁmm_mm

article discussion edit this page

Effective field theory
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With restrictions on the final states, there are more scales in the
problem, and factorization gets more complicated:

A Energy
ex: e'e — jets

PJ. ~Q(I , A A) (at least) 3 scales
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Multipole expansion:

q DP-T 1 LT,
= =} T % 1)
T 73 2 7o

V(r) =

(4.7.0...

q. P;, Q)E y ee. short distance quantities (depend on details of
4 charge distribution)

<1> : <$_;> . <$“? > ., --- :long distance quantities (independent of
X = F short distance physics)
FACTORIZATION!

higher multipole moments <-> new effective interactions from
“Integrating out” short distance physics .. effects are suppressed by
Eewess Of L/r page 27167



Field Theory generalization: Effective Field Theory

-at low momenta p<<A\, a theory can be described by an effective
Hamiltonian where degrees of freedom at scale A have been “integrated

2 S

out:

C;
Heg = Hg + E ;
A
/ i
L= o
Hamiltonian in SN
A== limit corrections determined by matnx elements of

operators O; - power counting determined by
dimensional analysis

C n,S : short distance guantities (in QCD:
perturbatively calculable if A >>Aqcp)

(C)n) /g : long distance quantities (in QCD:
nonperturbative ... need to get them elsewhere)
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EFT has some advantages over traditionally pQCD approach:

» systematically improvable - can look beyond leading order
« simplifies proofs of factorization

» conceptually simpler framework, unifying pQCD ingredients of
power counting, gauge invariance, RG evolution

* turn-the-crank!

OQur goal (long-term): understand factorization in jet production in
lepton and hadron colliders using SCET.

Simple “warm-up” question: can we use SCET to sum large
logs in dijet rates?
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Simple “warm-up” question: can we use SCET to sum large logs in dijet
rates?

NB There is no unigue definition of a jet - lots of choices on the market.

ex: Sterman-Weinberg jet definition (“cone™ algorithm):

20

{ISCF

(—4In28Ind —3Ind +...)

(oxy) F 1}

for 0«1, jets are narrow and large logarithms can spoil perturbation

theory. Can these be resummed using EFT and renormalization
Prs{J00500pd [0 7
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Simple “warm-up” question: can we use SCET to sum large logs in dijet
rates?

NB There is no unigue definition of a jet - lots of choices on the market.

ex: JADE, kT, anti-kr, ... (“cluster” algorithms)

JADE: Calculate invariant mass of each pair of
particles. look at smallest:

=l = d- = ifﬂff} < $QF combine particles into a
e J_ pseudoparticle, repeat

\ = ﬂ,ft?-; > jQ? stop -> each pseudoparticle is a
jet

kt: same as JADE, but variable is

(These are "exclusive” jet definitions. relevant for e+e-

. . E; E;
machines. For hadron colliders, want "inclusive” jet Yi; — ﬂffij min =
definitions)

E, E,

faml4tasin®*j+a’ln*j+...

for j«1, jets are narrow - same problem page 33187






JADE at O(a?):

Hm‘: Mﬂ n:.. -
v
Hln{d%\}{m‘ Ql % AN

Individually, gluons 1 and 2 would form jets with the quark
and antiquark, respectively (this is the information in the O(as)
result)

BUT there are regions of phase space where JADE makes a
third jet out of the gluons ... this contributes to the rate at
leading log (O(a? In* 7)) but we don't see it from the one-
loop RGE! (kr was invented to avoid this).
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Soft-Collinear Effective Theory (“SCET”): the Essentials

What is the correct EFT to describe the dynamics of a very
LIGHT, ENERGETIC quark?

Interactions with soft
gluons don't defiect
the woridline of the
energetic guark

BUT ... the quark can also spliit into two hard, collinear partons

- get a JET of final state particles

- jet energy Is large, invariant mass is parametrically smaller
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energy

Soft-Collinear Effective Theory (“SCET”): the Essentials

“Soft” particles  p# = (pT,p~, L) ~ (A’Q,A?Q, A\?Q)

“Collinear” particles p* = (p7.p .P.) ~ (Q.\’Q, Q)

otnearguon 0900000 0000000, sotowon

collinear quark = —_—— =P — soft quark
A Q
- need a separate field for each momentum scaling (a hallmark of “postmodern”
EFTs)

- in situations with multiple collinear directions, need multiple collinear fields
- couplings are interesting, because each field “sees” the others in different

ways ..
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Soft and collinear modes FACTORIZE in SCET:
soft particle couples o

jet of collinear
particles
Jdo e +
collinear jet as a lightlike

soft particle can’t resolve jet - just Wilson line
sees a colour charge moving at
speed of light

Similarly, partons moving different collinear directions factorize:

coliinear particles couple
to other jets as lightlike
Wilson lines moving in
anticoliinear direction

“ollinear particles in this

jet can't resolve structure
of the other jet
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“hard” function

S e s ¥ cutoff/
I RGE

renormalization
scale

“let” function  “soft”

A2 Q

each of H, J and S depends on physics at a single scale -
choose renormalization scale appropriately, using RGE to evolve
b APpropriate scales sums large logarithms in perturbation thegQry,






Technical aside ... zero-bin subtraction

Describing different momenta of the same (in QCD) field with
separate fields can be subtle ... i.e. what is the difference
between a p — 0 collinear mode and a soft mode??

A: none! need to avoid double-counting

/ includes integraiion over soft region

(already accounied for in soft loop)
.f
-

"Uﬁ'u"u.

—jgr i —S_’%J:Eh{f
m/_J

“zero-bin”
In most examples before this work, the zero-bin integral was scaleless and vanished In
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dimensional regularization, but it will be critical to getiing phase space integrals right.









At Olas), a jet definition just determines the dijet region in 3-body
phase space:
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How do we do integrate over the 2-jet region in SCET?

v} (1) partEaPreseSRage? _
A - SCET has no hard cutoff on momenta

(2) 1 D
- particles carry momenta above the cutoff!
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Combine the results - reproduce QCD result

1Q

1
= 1
ﬁ | Z2|? o0 )

L0 2
i (—21;12_;5—3111_14—%—1
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Combine the results - reproduce QCD result

1Q

2
JADE __ |C 1 n
s — LS S (6FapE T 05ape + TJapE)
| Z2] oo
o

CF( T
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Comments:

(1) zero-bin is non-trivial and required

(2) UV divergences in soft and collinear phase space integrals
cancel ... demonstrate with explicit IR regulator

(3) the soft physics is more subtle than it appears ...

it appears we can use the RGE to renormalize H, J, S at the
appropriate scales and sum leading logs in the dijet rate ...

BUT this is known not to work for JADE! there are leading log
effects that are not captured by O(as) calculation (“non-global logs™).
Failure of factorlzanon’? (presumably) - need to understand further!

nm HIM Jn

WHMJQ Jﬂé /L:‘Qsi






Other jet definitions (SW, kt) are similar, but each introduces a new

twist:

SW: phase space for zero bin is different from soft phase
space

Enutsidc cone & EBQ -

1 . _eCr (1l 3 2 g g o 3?1'2+13)
—T — - -— — i11 - + _ — —_ 3
ﬂ'u SWW 27_. ( EZ 2E & 5 :_;_l 5 i'x"l z - 4 2 ‘w_ .-:-!- :Ir,-—--:I
1 O (A . §
gt = = F(—lnﬂ—4h125+81nﬁln i —W—)
oo 2 € 250) 3.,
5 80
SW CISCF ™ 5
—4In281Ind —31Ind — = + 2

PIRIBPBEE won't let us sum logs of deita in soit function! need a new EFT in soft sector?
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Other jet definitions (SW, kt) are similar, but each introduces a new

twist:

SW: phase space for zero bin is different from soft phase
space

e =t (- 2 P P By 3’”2;13)

= - - — in A —_ | s <

o O 2w (ei 2 € 00 50 4 @ 2 w_? O
1 . C 4 - i T

—Ogw = F(—lnﬂ—rlhlzﬁ_—l—ﬂlnﬁln ’L_ ——)

Th 2 - 236 =

= 5
—4In28Ind —31Ind — = = =

PIRIBPREE won't et us sum logs of delta in soft function! need a new EFT in soft sector?

3Q
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The story thus far ...

- we have demonstrated consistent power counting for phase
space integrals in SCET - nontrivial zero bins, cancellations of
UV divergences between soft and collinear sectors

- soft logs don't resum at this stage - failure of factorization?
presence of additional soft scales? - “non-global” logs

(Dasgupta & Salam): can we get a handle on these in EFT?

- kr may factorize, but appears dependent on UV regulator

To go further, we need to understand factorization theorems for jet
rates (in progress ...)
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Event Shapes in Jet production: S

r ]' [yl =] areE Sy
Taf_-j(-) — 5 Z |p?_E il 1—a) a = O: “Thrust

a — 1: "=t broadening”
% EX J 9

Ellis, Vermilion, Walsh, Hornig, Lee (arXiv:1001.0014) have
recently generalized this analysis to multijet final states:
defined distributions for shapes of individual jets in various
schemes, proved factorization (nontriviall) for jet shape
distributions and demonstrated renormalization group
running - still have an issue with “non-global” logs

scales: jet energies, cut on angular size of each jet,
measured values of jet shapes, other parameters introduced
by jet algorithm - difficult to do in traditional QCD approach
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LHC and hadron colliders: life is complicated by nontrivial
initial state - incoming collinear fields in SCET

The parton model is only strictly applicable for fully inclusive final
states ... less inclusive states introduce anything from large logs
(resummation required) to new NP information. SCET is being

used to study these more complex factorization theorems.

AN e oy T'-. TR
oo 4 I S Nl LS e =

irsa: 10010006 Page 83/87

— = el o ] ] i
. arANCEYT 046



LHC and hadron colliders: life is complicated by nontrivial
initial state - iIncoming collinear fields in SCET

The parton model is only strictly applicable for fully inclusive final
states ... less inclusive states introduce anything from large logs
(resummation required) to new NP information. SCET is being
used to study these more complex factorlzatlon theorems

swart. Ta

=i, T L e e e I AS T
[ EENNEL, SITEl L Bl ;.'II AN ; e Ak

= B

ex: Drell-Yan .

b) threshold: new soft
: : : P
function required

1 do 5 Tdfadfs T '

——— =@ Y% H;;(q;p) e (| T — o X fil&as 1) F5( &by 1)
g dqz Z : Ea. ‘Eb | )
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LHC and hadron colliders: life is complicated by nontrivial
initial state - iIncoming collinear fields in SCET

The parton model is only strictly applicable for fully inclusive final
states ... less inclusive states introduce anything from large logs
(resummation required) to new NP information. SCET is being
used to study these more complex factorization theorems.

swart, Tackman. Walle =

SRl Bmal g f i ¢

ex: diet production - conjectured

et 10010006 d) as (b), with leptons e) as (c), with leptons

replaced by jets replaced by jets b

sliay Xinv-091 (046
VN EREWIHTT, ERANCEITE &









