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Outline

® Introduction: Forward Scattering and Factorization (Violation),
why EFT?

® Glauber Interaction Lagrangian in Soft-Collinear Effective Theory

® Operators, interactions between 2 or 3 rapidity sectors
® Rapidity Regulator

® Subtractions

® One-Loop Graphs, Eikonal Scattering, Reggeization for Octet Ops.

® Forward Scattering and BFKL

® Rapidity RG equations for Collinear and Soft functions: BFKL
® Glaubers in Hard Scattering, one and two loop examples

® Summary
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In SCET:
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Collinear Wilson Lines in quark & gluon operator building blocks:
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wed factorized matrix elements defining jet, soft, ... functions



Hard Scattering Factorization: J QCD
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Factorization will be broken if:

® it is not possible to identify a finite basis of leading power operators
(examples studied by Collins & Qiu, Aybat & Rogers, ...)

® there are non-factorizable leading power Lagrangian interactions
between soft & collinear sectors
Compatible with violation of Collinear factorization (Catani,de Florian,Rodrigo),

Regge factorization (Del Duca,Glover,Falcioni,Magnea,Vernazza,Duhr,White),
Cross-section factorization (Collins,Soper,Sterman=CSS§,...), ...



Infrared Structure of Amplitudes (CSS, ...)

Relevant Modes

Method of Regions (Beneke & Smirnov)

A1 large ()
mode fields p* momentum scaling physical objects type
ng-collinear ner AL (Ng - Py Tig - DsP1a) ~ QA 1, A) collinear initial state jet a onshell
np-collinear Eny > Al (ny - p, 7y - pypiy) ~ QN2 1, ) collinear initial state jet b onshell
n ;-collinear Enyy Al (nj-p,nj-p,pij) ~ QA1) collinear final state jet in n; onshell
Glauber — P~ QNN N), a+b > 2 forward scattering potential offshell
hard = p? > Q? hard scattering offshell

Glauber’s (Coulomb gluons)
may break factorization:
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(small-x logs, reggeization, BFKL,
BK/BJMWLK, ...)



Plan: Add Glaubers to SCET

Focus in this talk

Y ¥ 0 SCET
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Goals & Possible Advantages for EFT approach

® Hard Scattering and Forward Scattering in single framework

® Operator based: Can exploit symmetries, Gauge invariant

® MS style renormalization for rapidity divergences
(counterterms, renormalization group equations, ...)

® Distinct Infrared Modes in
Feyn. Graphs + Power Counting

| derive when eikonal
approximation is relevant

® Factorization violating interactions also obey

factorization theorems

® Valid to all orders in g & clear path using this formalism to
study subleading power amplitudes (subleading ops & Lagrangians)

® Potential method to derive factorization results for less
inclusive collider processes, predict things about UE, etc.



Construction: ALl large @
mode fields p* momentum scaling physical objects type
n-collinear En, AP (n-p,a-p,pL)~ QAN 1)\ n-collinear “jet” onshell
n-collinear &y AL (n-p,a-p,pL)~ QN 1, n-collinear “jet” onshell
Glauber = Pt~ QA A N), a+b>2 forward scattering potential offshell
(here {a,b} ={2,2},{2,1}, {1, 2})
hard — p? > Q? hard scattering offshell

Power Counting formula for graph (any loop order, any power):
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operators at leading power



Construction: A< large Q)

mode fields p* momentum scaling physical objects type
n-collinear En, AP (n-p,n-p,pr)~QWA 1)\ n-collinear “jet” onshell
n-collinear &, AL (n-p,a-p,pL)~ QA1) n-collinear “jet” onshell
soft s, AL Pt~ QA A A) soft virtual /real radiation onshell
Glauber — P~ QAN N), a4+ b > 2 forward scattering potential offshell
(here {a,b} = {2,2},{2,1},{1,2})
hard — p? > Q? hard scattering offshell
N-S fwd. scattering (2 rapidity sectors) S >t integrated out
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Construction: A< large Q)

mode fields p* momentum scaling physical objects type

n-collinear En, AP (n-p,n-p,pr)~QWA 1)\ n-collinear “jet” onshell

n-collinear &, AL (n-p,a-p,pL)~ QA1) n-collinear “jet” onshell

Glauber E P~ QAN N), a4+ b > 2 forward scattering potential offshell
(here {a,b} = {2,2},{2,1}, {1,2})

hard — p? > Q? hard scattering offshell

n-n fwd.scattering S > 1

. B
O(\?) : S oF L pBc 1 jc same (O

(3 rapidity sectors) 1,7=4,9 anak)gous O,ﬁ

must allow for soft emission from between the rapidity sectors:

BC 2 ¢BC (v San s
OF¢ = 8ra, P16 D
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Gluon Operators include Compton graphs in fwd.limit:
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Wilson Lines in the operators are obtained from Matching:
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Full Leading Power Glauber Lagrangian:
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Soft O Operator OFC =8ra, Yy C;0FC

basis of O()\*) operators allowed by symmetries:

O1 = PSSPy, Oy = PHSES, Py,
O3 = P -(gB% ) (STSn)+(STSh)(gBE ) Pr, O4="PL-(gB% ) (SES,)+(SES,)(9B%.)-Pu,

O5 = PH(SESR) (9B ) +(gBe ) (SESR)PE, O = P(SES,) (9B, )+ (9B, )(SES,) P,
O7 = (9B )ST Sn(gBL ), Os = (9B} )SESn(gB%, ),

Oy = 8Tn, 7, (igGH* ) Sa, O10 = SI'n, 7, (igGH)S,,
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Matching with up to 2 soft gluons fixes all coefficients



One Soft Gluon:

EFT
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Form is unique to all loops since there are no hard g
corrections to this matching (more later)



One Loop EFT graphs

® QCD topologies appear more than once (soft, collinear; ...)

® Each dominated by one invariant mass scale & one rapidity

® Require invariant mass regulator (dim.reg.)

Requires rapidity regulator for Glauber potential [2k%|" 70"
and for Wilson lines

. w z|—n/2 -
Sn= > exp{n.‘?)[ ‘2::7‘/; n-As]} (use Chieu et.al., works like MS)
1

W= 3 e { L] P 4 ) . In(v)

® ero-bin subtractions, avoid double counting IR regions

|-loop graphs: §=235- 5 (construction ala
C, =C, — ¥ _ o6 L oGS Manohar & [S)

|5



eq. One Loop (@ scattering

QCD graphs with leading power contributions, s >t
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eq. One Loop (@ scattering

Leading Power EFT graphs (Glauber, Soft, & Collinear Loops)
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rapidity divergent
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One Lo op Results Snn — [anTATB %un ;’UnTBTA%vn] , St — O [ﬂnTAgun} [@ﬁTA%vﬁ} ,
& Matching 57 = Cafont G [ Gea] 817 = Ty i G o7 G

m = gluon mass IR regulator

- 9 B
Glauber Loops = Zi"” S [8i7r In (_t)]
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2 2 2 2
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m2 —t 3 37—t 9 .
2 2 (after coupling
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Total SCET = % S lsm In (_—t)] + % S [ ~ 41n? (22) ~12In (T—z) _ 14]

ot s —t 22 u? 170 272
+ S3 { A ) n( ) T 3 " —t + 9 + 3 } I”apldlt)’ dlvergences

t
0y enm | _ 8 (7Y _ 40 cancel
T 34[ S (1) 9]

Total SCET = Total QCD (s > t)

IR divergences are all reproduced

no hard matching here  (no loops with momenta ~ s )
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Eikonal Scattering

k+ kn+
(LN PN I L
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Rapidity regulator consistent with eikonal phase
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Consider separate rapidity renormalization

Gluon Reggeization of soft & collinear component operators

c8g- 0,’ O = Vo, - O} (v, 1)

|-loop: i, = —(vd/dv)sVi!

2 + gluon w.fn. TTEEX A TEFEX e A
X ) + \ A
n\ /n n\N /M
qgq __
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I 99 _ ~99 q9 __ as(n)Ca —t
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(IR divergent since no real
emission graphs in Reggeization)

same factor from 7 23 soft: no large logs for v = \/—t



Forward Scattering & BFKL

Expand time evolution, do soft-collinear factorization term by

’1:2

T exp i/d4x Eg(o) () = [1 + 4 /d4y1 £g(0) (y1) + o1 /d4y1 d'ys Cgm) (y1)£g(0>(yz) + ...
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term:

As a traditional approximation, consider forward scattering with just

the first term (linearization which leads to BFKL equation):
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Consider rapidity renormalization for soft function that appears here:
, 5AA’&BB’
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(0[047,)(qL, d)|X){(X|0% 1T (a1, 41)]0)

X
gy 5 : :
: ) / 7y C A2k, k?
2 e =5 (@) e | ie = CA% M(ﬂ)/ _CELTE 5Ok, qf)
: : 8Ts\2 44 , at: m (k1 —q1)*qt
= (Z) 6 (2n 0%+ 7))
91
. % ;
] S . .
2 Nfo%’;% o + 2 S 0 = —CA(;S w2F(ﬁ)/d2hq fﬁ S& (aL. )
a4 s S kLhy —qu)?
qhr: |
) / Sc(qL,q1) = 4t Salar,d1) 41°
§G(q1, (ji, ) /d k| Z(qL, kJ_) Sbare(kL, ql) To cancel the 1/n divergence we require
P 2C qous(p)w?(v) 1 I d*k1 G}
d ~. / Z(qu, ki) =07 — k1) — . [(EJ__CTJ_)Q —52(@—/@)/2]}»2(@ —lql)2]
0= V_S (q 7QJ_) *

dv

d ~ ~
» Vd_SG(QJ_7QJ_7 ) /koJ_ /VSG(QJ_akJ_) SG(]CJ_,QS_,I/)

ZCAaS (/'L) /d2kj_

T2

evolution is

Salki div) 42 Selandi,v >] BFKL equation
(kL —qu)? k3 (kL — q0)?

(see also work by S. Fleming) 75



RGE consistency of linearized amplitude at LL order implies

v 2 ClqL.p V) = — R _ 4zt -
dv (g1,p7v) 2 ./ + [ (k1 —q1)? 2/@3(7@ —q1)? ] ) (BFKL)

same for C
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Hard Scattering &

Active-Active and Soft Overlap
a)

-n
@S 5= 550
“n

K N with physical

y . _ Q(G) _opy CFs (L directions for
8(/ . G G o S tnlvn 27 [<Z7T)(e 1n m2) . .

g soft Wilson lines

\vﬁ, Glaubers give (im) terms

in hard scattering

so we don’t see Glauber in Hard Matching

can absorb this Glauber into Soft Wilson
lines if they have proper directions

(see Bauer, Lange, Ovanesyan for analog in SCETT)
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This continues at higher orders:
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This overlap with the subtractions is the analog in the EFT of the

CSS statement that one can deform the contour from the Glauber
into Soft region for active-active graphs.
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Active-Spectator and the Collinear Overlap
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= 27 . . .
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rescattering phases can cancel
In cross section
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Conclusion

® Constructed an EFT for s > t, Fwd. Scattering & Fact.Violation
® Universal Operators that can be used for many processes & problems

® Reggeization, BFKL, Soft-Glauber & Collinear-Glauber overlaps, ...

Near Future

® Amplitude Collinear and Regge Fact.Violation
® Joint DGLAP(u) and BFKL(2) resummation for small-x DIS

® Reproduce classic CSS proof of factorization in Drell-Yan

Future Directions

® Study and prove or disprove factorization for less inclusive processes

® Improve theoretical description of Underlying Event



