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Tools for QFT computations

Expansion
In the interaction
strength:
perturbation
theory

Expansion In

scale ratios:

effective field
theories

Toy models:
solvable models
SUSY theories
AdS/CFT

Numerical
methods:
lattice simulations




Many scale hierarchies!

\/g > p?et > MJet > Eout > Mproton ™ AQCD

— Soft-Collinear Effective Theory (SCET)

Bauer, Pirjol, Stewart et al. 2001, 2002; Beneke, Diehl et al. 2002; ...
Introduction: TB, Broggio and Ferroglia 2015



Outline

* |ntroduction

o Collider physics...

e ... and effective field theory
e Physics of soft gluons
 Recent developments in SCET

 Resummation for jet processes and non-global
logarithms

e Hadron colliders: Glauber gluons and super-leading logs
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This picture can be misleading: it depends on the

observable to which aspect of QCD one is
sensitive!

For inclusive observables, sensitive only to a
single high-energy scale Q, we have

1
g = Z dx1dxs &ab(Q, L1, L2, :uf) fa(xla :uf) fb(an :uf) T O(AQCD/Q)
a,b 0



This picture can be misleading: it depends on the

observable to which aspect of QCD one is
sensitive!

For inclusive observables, sensitive only to a
single high-energy scale Q, we have

1
g = Z/O dx1dxo &ab(Q,CCl,mZan) fa(xlmuf) fb(m2muf) T O(AQCD/Q)
a,b

partonic cross parton distribution

sections: functions (PDFs):
perturbation theory nonperturbative




W/Z total, H total, Harlander, Kilgore
H total, Anastasiou, Melnikov

H total, Ravindran, Smith, van Neerven

WH total, Brein, Djouadi, Harlander

VBF total, Bolzoni, Maltoni, Moch, Zaro

WH diff., Ferrera, Grazzini, Tramontano

y-y, Catani et al.

Hj (partial), Boughezal et al.
tt total, Czakon, Fiedler, Mitov

Z+y, Grazzini, Kallweit, Rathlev, Torre

jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires

ZZ, Cascioli et al.
ZH diff., Ferrera, Grazzini, Tramontano

WW, Gehrmann et al.
tt diff., Czakon, Fiedler, Mitov

/Z-y, W-y, Grazzini, Kallweit, Rathlev

-

Hj, Boughezal et al.

Wj, Boughezal, Focke, Liu, Petriello
"\"‘\""““--~‘~§§N‘§§N‘§§N‘ﬂL Boughezal et al.
VBF diff., Cacciari et al.

2002 2004 2006 2008

I
2014

2016

Zj, Gehrmann-De Ridder et al.

ZZ, Grazzini, Kallweit, Rathlev

Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
WH diff, ZH diff., Campbell, Ellis, Williams
y-Y, Campbell, Ellis, Li, Williams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann

WW, Grazzzini et al.

MCFM at NNLO, Boughezal et al.
Pz, Gehrmann-De Ridder et al.

CERN Courier April 2017

Theory

The two-loop
explosion

During the past two years there has been a
burst of activity in next-to-next-to-leading
order calculations to ensure that theory
keeps up with the increasing precision of LHC
measurements.

Studying matter at the highest energies possible has transformed
our understanding of the microscopic world. CERN’s Large
Hadron Collider (LHC), which generates proton collisions at the
highest energy ever produced in a laboratory (13 TeV), provides a
controlled environment in which to search for new phenomena and
to address fundamental questions about the nature of the interac-
tions between elementary particles. Specifically, the LHC’s main
detectors — ATLAS, CMS, LHCb and ALICE — allow us to meas-
ure the cross-sections of elementary processes with remarkable
precision. A great challenge for theorists is to match the experi-

mental precision with accurate theoretical predictions. This is
necessary to establish the Higgs sector of the Standard Model of
particle physics and to look for deviations that could signal the
existence of new particles or forces. Pushing our current capabili-
ties further is key to the success of the LHC physics programme.

Underpinning the prediction of LHC observables at the highest
levels of precision are perturbative computations of cross-sections.
Perturbative calculations have been carried out since the early days
of quantum electrodynamics (QED) in the 1940s. Here, the small-
ness of the QED coupling constant is exploited to allow the expres-
sions for physical quantities to be expanded in terms of the coupling
constant— giving rise to a series of terms with decreasing magnitude.
The first example of such a calculation was the one-loop QED cor-
rection to the magnetic moment of the electron, which was carried
out by Schwinger in 1948. It demonstrated for the first time that QED
was in agreement with the experimental discovery of the anomalous
magnetic moment of the electron, g -2 (the latter quantity was dubbed
“anomalous” precisely because, prior to Schwinger’s calculation, it
did not agree with predictions from Dirac’s theory). In 1957, Som-
merfeld and Petermann computed the two-loop correction, and it

>

Next-to-next-to-leading order (NNLO) Feynman diagrams
relevant to the LHC physics programme. (Image credit: Daniel
Dominguez, CERN.)
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= Note: Many computations based on effective field
theory (gr and N-jettiness subtractions):
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The right way to look at this formula is (sSoft-
collinear) effective field theory

a:Z/ dr1dry Cop(Q, 1, T2, 1) (P(p1)|Oa(21)|P(p1)) (P(p2)|O0s(22)| P(p2)) +O(Aqen/Q)
a,b 0
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The right way to look at this formula is (sSoft-
collinear) effective field theory

o= Z/ dx1drs Cop(Q, 1, T2, ) (P (P1)|Oa(21)|P(p1)) (P(p2)|Ob(22)|P(p2)) +O(Aqep/Q)
a,b 0

Wilson coefficient:
matching at u = QO

C
perturbation theory 9
D)
[e)
=
P
%ID low-energy proton power
matrix elements suppressed

nonperturbative operators



The matching coefficient Cyp Is Independent of

external states and insensitive to physics below
the matching scale .

Can use guark and gluon states to perform the
matching.

e [rivial matrix elements

(Ga (x,p)|0a (7)|qar (37, p)) = daa’ 5(x/ — )

e \Vilson coefficients are partonic cross section
Cab(Q,ZI?l,iEz) — (3ab(Q,$1,$2)

e Bare Wilson coefficients have divergencies.
Renormalization induces dependence on L.

10




If disparate hard scales are present, one
encounters large logarithms in the matching

coefficient.

e (Can spoil convergence of perturbation
theory

Solution: use a tower of effective theories.
Integrate out the contributions at the different
scales, one after another.

¢ Resummation by RG evolution

Challenges

e Need the EFT relevant for the given
Kinematics. By now, we know how to
nandle many kinematic situations.

e Need to compute and match the results

in different hierarchies, e.qg. for Q;—0>
11




Example: Z and H production gr <« Mzx

0.06} ' ' ' ' ' ] 0.035 ; ;
PP — Z+ X @Q8TeV NNLLANLO
0.05} + ATLAS (arXiv:1512.02192) ] 0.03  [8 NOLL+NLO B -
— CuTe 2.0 (¢° + N3LL + N2LO) . )
> 0.025 1HERA
© i\
HERA15 Axp = 0.2GeV = 0.02 L RadISH, 13 TeV, my, = 125 GeV
T_ ' i R = Uf = My, Q= my/2
& i PDF4LHC15 (NNLO)
% 0.015 W uncertainties with ug, K, Q variations (x 3/2)
©
2 o0t
0.005
0.00" : - : : - - 0
0 10 20 30 40 50 60 _
= I_ i i . . : , s 1.3
E 5 ANP =0GeV = 1.2
= 1 8 ‘11 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
S o e SR IE I I N SR o |
s @ R e E A S 03
S _5t ] = 0
g — . . . , L S 07
T’ 0 10 20 30 40 50 60 20 40 60 80 100 120 140
H
qr[GeV] Py [GeV]
CuTe 2.0 TB, Lubbert, Neubert, Wilhelm Bizon, Monni, Re, Rottoli and Torrielli, 1705.09127

Cannot use fixed-order computation in peak region, but need to match onto
fixed order at larger qgr.

NNNLL resummation using three-loop anomalous dimensions Li, Zhu '16;
Vladimirov, ‘16 obtained from three-loop computations of soft-gluon matrix
element.

Experimental precision for Z is fantastic! Non-perturbative effects?

12



Relation of EFT to MC parton showers”?

A crucial tool for detailed simulation / modeling of
collider processes

e pased on soft and collinear limit of
amplitudes

e cvolution parameter, similar to RG scale

® resum some large logarithms

e exclusive events, by adding successive
emissions (lbranchings)

e 50 far restricted to large Nc limit. No
Interference, no phases, ...

13



Improved parton showers?

e Aot of progress in matching showers to fixed order: automated

matching at NLO, some results at NNLO, some based on SCET
(GENEVA by Alioli et al.)

e Recent papers incorporate some higher-order effects into the
shower Nagy, Soper '16; Hoeche, Prestel, + Krauss '17

But theoretical underpinnings of shower resummation are murky

e QFT derivation”? Work in this direction Bauer, Schwartz '07; Nagy,
Soper '07-‘17

e [or which classes of observables does one obtain full LL or NLL?

Resummation of subleading logs”? Study using CAESAR: Hoeche,
Reichelt, Siegert, ‘17

| will show that for a certain class of olbservables we can derive parton
shower equation from RG evolution in EFT.

e (Qperator framework: clear what is needed for NLL accuracy.

14



The physics of soft gluons



Soft limit

When particles with small energy and momentum are
emitted, the amplitudes greatly simplity:

_ p+KE+m
)k. > %pg(k’)\)a
;|jp+ p " (p) ...

Soft emission
e factors from the rest of the amplitude.
e only depends on the direction p¥/E

® sees charge, but not spin of emitting particle



Wilson lines

Multiple emissions can be obtained from

- O

S; = P exp Z.9/ dsn; - AZ(sn;) T
0

ni“=p#/E Is a vector in the direction of the energetic
particle, and T4 is its color charge. P indicates that the

color matrices are path ordered.

Wilson line can be obtained by considering a pointlike
classical source moving along the line x# = sn

0 XU = sk 00



Soft emissions in process with m energetic particles
are opbtained from the matrix elements of the operator

S1(n1) S2(n2) ... Sm(nm)| Mm({p}))

soft Wilson lines along the directions hard scattering amplitude
of the energetic particles / jets with m particles
(color matrices) (vector in color space)

To get the amplitudes with additional soft partons,
one takes the matrix element of the multi-Wilson-line
operators:

(Xs|S1(n1) ... Sim(nm,)|0)



Soft-Collinear Effective Theory (SCET)

Implements interplay between soft and collinear partons on
the operator level into an effective field theory

Hard } high-energy
Collinear fields
St fiolds } low-energy part
hard
jet

Factorization of cross sections and perform resummations
of large Sudakov logarithms using effective field theory.



78

f Y <

/ ¥ =
e -4 g < - . |

, L - T

w s ‘ _— w

Resummation for jet processes:
theory of non-global logarithms

20



The standard factorization

hard

soft

involving a soft function with two Wilson lines applies to
many event shape variables

e thrust, total broadening, C-parameter, heavy-jet
mass, N-jettiness, ...

but fails for many others, in particular for all jet
observables and other “nonglobal” observables

21



Characteristic feature of these non-global”

O
P

unrestricted Ein ~ Q

nservables Is unrestricted radiation In certain

nase-space regions

— large logs as" In"(Eout / Ein)

22



Dasgupta and Salam ’02: soft gluons from emissions inside
the jets source lead to complicated pattern of logs as" Inm(G)

e Even leading logarithms do not simply exponentiate!

o At large N; logs can be obtained with parton shower
(Dasgupta and Salam ‘02) or by solving a non-linear
integral equation Banfi, Marchesini, Smye '02.

e Also some finite N results Hatta and Ueda 13 +
Hagiwara, ‘15 based on Weligert ‘03

23



Soft emissions In process with m energetic particles are
obtained from the matrix elements of the operator

S1(n1) S2(n2) - .. Sm(nm)|Mm(ip}))

soft Wilson lines along the directions hard scattering amplitude
of the energetic particles / jets with m particles
(color matrices) (vector in color space)

soft particles can be inside or outside  energetic partons must be inside



For a jet of several (nearly) collinear energetic particles, one
can combine

S1(n) Se(n) = Pexp (igs / dsn - A%(sn) (T} + T;))
0
iInto a single Wilson line with the total color charge.

For non-global observables one cannot combine the soft
Wilson lines = complicated structure of logs!

e For a wide-angle jet, the energetic particles are not
collinear.

* For a narrow-angle jets, we find that small-angle soft
radiation plays an important role. Resolves directions of
individual energetic partons!



Factorization theorem

1B, Neubert, Rothen, Shao ’15 16, see also Caron-Huot ‘15

Hard function.
m hard partons along
fixed directions {n1, ..., Nm)

Soft function
with m Wilson lines

/

o(8) =3 (Hm({n},Q, 1) ® Sm{n}, @B, 1)) .

2 I ,\
color trace mtegrat.lon Qver the m
airections

m

First all-order factorization theorem for non-global
observable. Achieves full scale separation!



1.) 2.) cone jets,
gap between jets

5.) isolation cones  1.) narrow cone jets

1.) 2.) TB, Neubert,
Rothen, Shao 15’16

3.) TB, Pecjak, Shao 16
4.) TB, Rahn, Shao '17
5.) Balsiger, TB, Shao, in

3.) light-jet mass 3.) hemisphere prep
4.) narrow lbroadening soft function

27



Resummation by RG evolution

Wilson coefficients fulfill renormalization

>

group (RG) equations

dld M (Q, 1) Z’Hz Qs 1) T (Q, 1) Hm__mQ

0

1. Compute Hm at a characteristic high 0

scale un~ Q %

=
2. Evolve Hm to the scale of low energy =

ohysics wi~ Of Sn—T Of

Avoids large logarithms ay In?(f) of scale

ratios which can spoil convergence of
perturbation theory.



RG = Parton Shower

e [ngredients for LL (VeRy 0 0 ...

7‘[2(,&:@):00 0 ‘/ESRS 0 ...

o | 0 0 V3, Ry ...
H,.(n=Q) =0 for m > 2 0 0 0 Vi
Sm(MZBQ):l \: : : : )

e RG
d Q) do o
L (t) = Hon () Vi + Hon 1 () Ronr . £ — /
" 1 1 a(u) Bla) dm

e cqguivalent to parton shower equation

t
Hon (1) = Hon (1)l / A Hoy 1 () Ry eV

t1

29



1-loop anomalous dimension

H,, o< | M) (M,
X [0 @, 1 M) (Mo
(25)
T;;:actson |M
—QZWZ iL Ly p — T g - Tj r)IL; LL | m>
) T:r: acts on (M,
R,=-4Y Ty TirgW"" Oum(nmi1)
% LR i Glauber phase, see later!

e Dipoles — dipole shower

ni-nj

k _
Wk =

product of two eikonal factors
Ty = N Mg - T

e Jrivial color structure at large N, :

Ne
TZTJ > 5 5j,z':|:1

30




Implementation of leading-log resummation

Balsiger, TB, Shao, in prep
e Use Madgraphd tree-level generator

e cvent file with directions and large-N¢ color connections
of hard partons

e provides lowest multiplicity hard function for given
Process

e Run our shower on each event to generate additional
partons

e oOpbtain reduction of cross section in the presence of of
veto on radiation, write result back into event file

e Analyze events, according to cuts on hard partons, obtain
resummed cross section for non-global observable as a

function of hard cuts and veto scale
31



Example: isolation cone Iin v production

L3F NNLO(14Agw) Campbel, Ellis, Wiliams 16
1.2F PeTeR (EW+N’LL)

E { 1k TB. Bel, Lorentzen, Marti, Schwartz '12-'14 . -
012:1.0+++l¢—.—4-| Q_,;"' ' B
09
0-8F e 18, Garcia i Tormo 13 Ein < E* = ¢, E,
-0 200 500 000
E7[GeV]

e [Experiments use isolation cone to separate photon from hard
scattering from photons due to hadron decays.

e ATLAS imposes EL. ~ 5GeV on hadronic energy in cone.

e largelogs of ¢, = EJ /E;, but suppressed by the angular size
R = 0.4 of the isolation cone.

e Scaling: R x a” In"e, In""" R see Hatta et al. 1710.06722
32



Effect of y isolation at LHC

Balsiger, TB, Shao, in prep.

1] < 0.6, B > 400 GeV S _

1.00

—~—
-
——
-
L S—— 1
—~————
-
t —— 1
e
L ~— N
. ~—
.
t S 1
_~—
e A T T L PO i

0.90¢

= L
= 0.85_—
© i NLO
0.80}
- NNLO
0.75}
— Global

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

t smaller Episo —

e \alue of evolution parameter for ATLAS isolation t = 0.05
e NLO: ~5% reduction, NNLO ~10%, resummed ~ 12%

e NGL dominates over global contribution: naive
exponentiation (dashed) not appropriate!
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Glauber Gluons & Superleading Logs

34



Glauber phase

P1
S+c divs.
i M » <
s 2 —°
= Cr (——2—§—|— M7
( g g e
Qs 1) 2 2 2
p i CF<_€_2“{IHM Im}j )
3 e 3 i

Glauber region k* ~ k'

35



Glauber Phase in Vi

Im [V, ]

=—21 Y (T Ty —Tir Tjr)IL;

(45) I

[1;;=1 If (ij) both Incoming or outgoing
[1;;=0 otherwise

Amplitudes conserve color charge > ; T; = 0

o |f al
van

partic

es outgoing I1;;=1 and the sum

shes. No Glauber phases in ete-|

e Butsumisnon-zeroforT:+ To—= Ts+ ... + Tm

36



Super-leading logarithms

Forshaw, Kyrieleis, Seymour '06 have analyzed the
effect of Glauber phases in non-global observables
directly in QCD

e Non-zero contributions starting at 3 loops

e (Collinear logarithms starting at 4 loops (in
observables, which are single-log in ete-)

We have veritied the gap-between-jets results of
Keates and Seymour '09 up to 5 loops by iterating
our anomalous dimension and evaluating the color
structures order-by-order using ColorMath (Sjodanhl
'12)

37



Effective theory of Glauber gluons

The Glauber effects discussed so far are part of
the hard anomalous dimension

’ SCETg

RG evolution must match up with low-energy
theory: SCET + Glauber gluons

Hp,

RG-evolution

o formulating the EFT proved difficult...

38



lechnical challenges

n

———— e —— - )
.  Glauber

(] ~
————————<———- -5

n

n

~
Sa \Glauber g

P

||
\

\ /
*
/ \

n

e Glauber gluons are offshell k" ~ k'

o kr>» E, like Cou
potential, not dy

omb gluons, must be included as

namical field In Les

e (Glauber region is not well defined without additional
rapidity regulator (on top of dim.reg.)

e gseparation among soft, collinear and Glauber
gluons scheme dependent

39



Glauber exchanges

. IR et (n -k,n-k, kJ_)
n-n 5 b2 )2
fwd.scattering , i 5 Pl QIS AT A
n-5 : ’ 4 ’ pt ~ QO‘Zv)‘v)‘)
fwd.scattering . i
_ ey
et P QNN

fwd. scattering

e [Exploratory studies by several groups (Liu et al., |dilbi
et al, Bauer et al., Donoghue et al., Fleming, ...).

e | ast year Rothstein and Stewart published an EFT
framework for Glauber exchanges [JHEP 1608 (2016)

025 (204pp!)]

40



Applications

Rothstein and Stewart 16 mainly focussed on the
construction of ZLes, but the framework has many possible

application

e [orward scattering, Reggeization (for quarks: Moult,
Solon, Stewart, Vita ‘17), BFKL, ...

e (ollinear factorization violation Schwartz, Yan, Zhu 17
e PDF factorization of hadron collider cross sections”

e (Collins Soper and Sterman ‘85 have proven this
for Drell-Yan; a proof for the general case is still
mIssing.

e Non-global logs at hadron collider; super-leading logs

41



Conclusions

e A lot of progress to extend Soft-Collinear Effective Theory to more
observables. Better understanding of soft physics was key

e multi-Wilson line operators for non-global observables

e Glauber gluons for hadronic collisions, forward scattering, ...

(Finite N¢) + Glauber + nonglobal = superleading logs

e [or non-global observables, we obtain a parton shower from
effective field theory

first-principles derivation of shower, based on RG evolution
not restricted to leading logarithms or large Nc

not a general purpose shower, but helpful to understand how to
extend showers to higher accuracy

flexible implementation of LL shower using LHE event files

e used to study photon isolation, gaps between jets



Diagrammatic Factorization

The simple structure of soft and collinear
emissions forms the basis of the classic
factorization proofs, which were obtained by

analyzing Feynman diagrams.
Collins, Soper, Sterman 80’s ...

Advantages of the the SCET approach:

Simpler to exploit gauge invariance on the
Lagrangian level

Operator definitions for the soft and collinear
contributions

Resummation with renormalization group

Can include power corrections

Collins and Soper ‘81




Im{ Vm|for 71+ To—= T3+ ... + Im

Y T - Tyl =2Ty - To+ Y T, (-Ty — Ty - T))
(i5) i=3

= 2T T2—|—(T1—|—T2) (T1 _|_T2)_ZCZ2
1=3

:4T1-T2—|—012—|—022—ZCZ-2
1=3

constants cancel in T - T;r — T r - TR
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_____ finite-N, (mean field approx.)

finite-N, (Sudakov only)

:\\ 0.7 _ ...................... ' .................... fini‘te-NC (exact)
B ] ) . .
E 0.6

©® 04

‘e
.
‘e
.

N 0.2 0.3 0.4 0.5

Fig. 2. Solid line (red): exact N. = 3 solution to (21). The band indicates the standard error. Dashed line
(blue): N. = 3, mean—field solution to (58). Dotted line (green): solution to the BMS equation (16) from
[22]. Dash—dotted line (yellow): result with only the Sudakov term.

Hatta & Ueda, 1304.6930



Gaps between jets, comparison to ATLAS ‘14
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Collinear factorization

When partons become collinear, the amplitude factorizes into a
lower-point amplitude times a splitting amplitude Sp.

¢ | eading contribution to the squared amplitude does not
Involve interference with the other particles!

e (Can be violated by Glauber phases for process with

collinear in- and outgoing particles. Catani, de Florian, Rodrigo
'11; Forshaw, Seymour, Siodmok ’'12; Schwartz, Yan, Zhu ‘17
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Have derived similar factori
global observables

zation formulas for many classic non-

e cone-jets, also for small cone angle 6 (collinear logs); isolation-
cone cross sections for photon production

e cvent shapes: light-jet mass, hemisphere soft function, narrow

broadening (soft recall,

rapidity logs)

Crucial element is always multi-Wilson-line operators sourced by
hard partons in certain phase-space regions.

¢ have tested that we reproduce the full logarithmic structure at
NNLO by computing ingredients up to o2

e compare against full NN

LO (using Event2 by Seymour) as well as

analytical results (hemisphere soft function by Kelley, Schwartz,

Schabinger and Zhu 11
"11)

: Hornig, Lee, Stewart, Walsh and Zuberi
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O

7(8) = > (Hm({n},Q, 1) ® Sm({n}, QB, 1))

m=2 /

T

High-E physics Low-E physics
Wilson coefficients EFT Operator

Renormalization of hard Wilson coe

ficlients

Hin({n},Q.0.¢) =Y  Hi({n},Q,6,1) Zi1,({n},Q,0,¢, )
[=2

e Same /-factor must render Sy finite!

e Associated anomalous dimension I'?

d
dln p
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Quite nontrivial that the low-energy matrix
element factorizes into a product

(P(p1)|0a (1) P(p1)) (P(p2)|Op(72)| P(p2))

One should be worried about long-distance
iInteractions mediated by soft gluons

/ standard soft gluon

Glauber (aka Coulomb) gluon

I

pt ~p|
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Factorization proof??

e |t is relatively easy to show that standard soft gluon
contributions cancel. Collins, Soper, Sterman '85. SCET:
Bauer, Fleming, Pirjol, Rothstein and Stewart *02

e (Glauber contribution is more delicate

e CSS showed that it is absent for inclusive Drell-Yan
Drocess.

e Examples where Glauber gluons do contribute in
perturbation theory: super-leading logs, collinear
factorization breaking, forward scattering...

o SCET formulation with Glauber gluons available since
last year Rothstein, Stewart '16, 204pp (!)
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Wilson line and elkonal interaction

Consider one-gluon matrix element of Wilson line

(e, A b| S |0) = ig. T* / ds (k. X, bln; - A%(s1;)|0) + O(g2)
0

=19, T / ds e F (kX bln; - A7(0)]0)
0

need small imaginary
isng -k | o patn-ksn-k+ie

o b, €
=19s T"n; - (k, \) p—"
0
_ T n; - e(k, \) _ _gspri - e(k, \)

eikonal interaction



