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Outline Part |

® Introduction: e Factorization Examples

® Factorization Violation ® why use an EFT?

® Modes & Operators in SCET

® SCET Glauber Operators & Forward Scattering

® Proof of a Power Counting Theorem (all orders, all powers)

® Matching Results for: e Wilson Lines
® Mid-rapidity Soft Operator

® Compete Glauber Interaction Lagrangian

® interactions between 2 or 3 rapidity sectors

® One-Loop Graphs e Rapidity Regulator, Subtractions, Matching



Outline Part |

® Reggeization from Rapidity renormalization

® Forward Scattering and BFKL

® Forward Scattering Collinear and Soft Functions
® BFKL equation from RGE

® Glauber Exponentiation, eikonal phase

® Glauber’s in Hard Scattering e The Cheshire Glauber

® One and Two Loop results

® Glauber Effects with Spectators

® Summary



Hard Scattering Factorization: J,

=

QCD

HH
/ ++ a
A I /
— g Y
time > = 4 - Hy, LB
p . N — \\\ ps
J
3
0
PDFs partonic Hp
Nonperturbative: do = fafb X o R F\
hadronization
:up = AQCD (In some cases by Operators,

or is power suppressed)

eg. Perturbative: Opyot = LoLy @ H @ H ,,;Jq; ® 5

Used to Sum
Logs



Hard Scattering Factorization: J. QCD

@
>

HH
| o+
@ 1% ./ Ve pHs = Eisort /
Hp = AQCD = SCET
time ) < g Hi, B
P Nup = pr \\\ 7
3
HH = MHiggs 0~
fp

Nonperturbative: do = fafb X o R F\

hadronization
p = AQop

eg. Perturbative: 0ot = Lo Ly @ H HZ’J?Z ) 5 Used to Sum

Logs

HB H L LS

Universal Functions: beam hard jet pert. soft



Hard Scattering Factorization: J. QCD

EAMH
/ * al
@ P Ly L / / J,
o> > SCET
time g = - N Wiy, LB
. < \ 1s
J3
pa
In SCET: Hp

factorized Lagrangian: cé‘é%ETH,S,{ni} =LY (¥s, As) + 3 L (En,, An,)

factorized Hard Ops: O ® (B, 1) (B, 1) (Bny 1) (Xna) (Xng ) (S0, S0 St 500900 )

quark & gluon operator building blocks:

== factorized matrix elements defining jet, soft, ... functions



Examples of Factorization:

® Inclusive Higgs production pp — Higgs + anything
B d&, d&p | | el mge’ mpge ¥
do = /dYZ/ ga gb fl(gamu)fj(gbﬂu) HZ] (Ecm€a7 Ecmgb 7mH7:u>

(PDFs, Glaubers cancel & Softs cancel)

e Dijet production e

thrust 7 <1

e — 2 jets

soft particles

d /
d_U = oo H (Q, 1) Q/dz dt" Jp(Q*1 — QU p) Sr(0— 0, ) (1)
-
hard jet functions  perturbative
function soft function

(No PDFs, No Glaubers, Softs contribute)



Berger, Marcantonini, IS
Tackmann, Waalewijn

® Higgs with a JetVeto
Banfi, Salam, Zanderighi
Becher & Neubert

I1.S., Tackmann, Walsh, Zuberi

(anti-kT jets, radius R)

a'o(p%Ut)ZHgg(mH) X [Bg(mH9 p%ut, R)]2 jet t
pr <pr K< mg
X Sgg (pg“mv R) b
t
By =Zyi(mu,pr", R) @ f; Aqep < p7
V
Soft by
Jet “ Jet
—————— .
p — 3 p
veto anti-kT [
° \ — 4
jets here v mo s

(PDFs, Softs contribute, Glaubers?)



e Hard Amplitude Factorization (Quarks)

(Xa| Wi |0)  (Xn|Wie|0)

XYYy |0
tr (O] VI, [0)  tr (0 W]T\,YN|()>< Y- Y [0)

(X1 Xy Xl) = C(P)

Proof with well separatec:I (Feige, Schwartz)
Final State Collinear Particles

o =0 (10)) = 1[5t @~ n- iz 0] o 1{ [z} Simple in SCET
i=1 if we assume

Xm — {X’nm J_}
" Glaubers are absent

® Exclusive Factorization 1
(Dre|(¢b) (ad)|B) = N £(v- ') / 4z (2, 1) n (2, 1)

(Bauer, Pirjol, IS)

soft <D(*)\OS|B> = &(v-v')
n-collinear (w|O,(x)|0) = frod(x)




“Factorization Violation” Phrase can mean different things.

In General: The anticipated form for a factorization formula
is invalid.

Reasons Factorization could fail:

e [Measurement doesn’t factor: no simple factorization for the functions,
or in SCET for the soft and collinear modes. (eg.Jade alg.)

® Hard-Collinear Factorization fails. Ho, H3 =~ back-to-back
examples studied by Collins, Qiu, Aybat, Rogers,... H;+ Ho — H3 + Hy+ X

SCET: matching fails, cannot find a finite basis of Hard operators.

e Divergent integrals, not controlled by usual regulation procedures.

(Requires more careful definition of functions.) 1 g
/ ) ¢7T(x7 M)
o <L
e Interactions that couple other modes and spoil factorization.
Glauber exchange T~ 7 spectator-spectator

iy~ i _  cancelin proof for Drell-Yan
g (CSS = Collins, Soper, Sterman)

——————®—<-

|0



More Examples of Factorization Violation

® Violation of Cross Section factorization, for example PDFs entangled
(CSS)

® Violation of Collinear Amplitude Factorization (Catani,de Florian,Rodrigo)
(Forshaw, Seymour, Siodmok)

MO (py,pa, . pn)) = SpW(p1,p2; Pips,... pa) IMO(P,. . p,))  2lso superleading logs,
+ SpO(py,po; P) IMO(P,. .. p)) . talk by Forshaw

for space-like collinear limits

® Violation of Regge Amplitude Factorization (Del Duca, Falcioni, Magnea,
Vernazza; Glover, Duhr)

s (5 _ (0),[8] t s s "
M IS (ILL2 ! ,LL2 ! Oés) o 27-‘-048 HTS CI‘ (?7 043> [A—I— <E7 as) + Krs A_ (%7 as) ] Cs (F, CVS)
2

o at) a(t) -\ 2
A (2100 = (S) n <S> violated at NNLL by 7). %

62

» all of these violations are related to Glauber exchange



Plan: Add Glaubers to SCET Focus here
0 0
E(S(%ETH - Lé(%ETII,Sy{Hi}_l_[’g)) (¢S7 AS? gm ) Am) on SCETH

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 ' derive when eikonal
Feyn. Graphs + Power Counting approximation is relevant

® Factorization violating interactions may 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.



SCET Fields for various Modes

J2 SHZ ) Al’rig
/

.-;’;__,;-FP_---

N/

p = N
o AX N 3 AM
¢, AH Ps, Ag Ens» Al
ny» ny ' .
M H 14
A
upd ew ot % ® dominant contributions from isolated
| L . regions of momentum space
Hs T kS 1 e ® use subtractions rather than sharp
| L, boundaries to preserve symmetry

0



Relevant Modes

Infrared Structure of Amplitudes (Landau eqtns, CSS, ..

Method of Regions (Beneke & Smirnov)

)

A<l large Q
mode ﬁelds p* momentum scaling physical objects
ng-collinear En,, A (Mg * P, Mg - Py PLa) ~ Q(N2, 1,0 collinear initial state jet a
ny-collinear Eny, A nb (np - p, 7 - P, p1p) ~ QA% 1, N) collinear initial state jet b
n ;-collinear Enys Al (nj-p, 7y p,p1j) ~ QAN 1,N) collinear final state jet in n;
soft s, Ag Pt~ QA A A) soft virtual/real radiation
Glauber = P~ QNN M), a4+b>2 forward scattering potential
hard — p? > Q? hard scattering
p'u:nz p?"‘nz p?"‘pi
2 _

n, =

_2

n; =




Principles used for Soft-Collinear Effective Theory

e Matching QCD & SCET must agree at long distances
short distance encoded by coefficients, giving

® Power Counting for fields, states, amplitudes with loops
Rigorously track expansions

Power counting theorems

e Symmetry  Gauge symmetry within sectors

Lorentz & Reparameterization symmetries

0

Lagrangians factorize
SOy = |£8) (0. A3) + L0 (6 An) | BT

at leading power

ng



Relevant Modes

Infrared Structure of Amplitudes (Landau eqtns, CSS, ...)
Method of Regions (Beneke & Smirnov)

A<l  large Q)
mode fields p* momentum scaling physical objects type
ng-collinear $nar A (Mo "D, Mg "D, PLa) ~ QAN 1, ) collinear initial state jet a onshell
np-collinear Eny > Al (np - p, - Py p1p) ~ QN2 1,0) collinear initial state jet b onshell
n ;-collinear Enyr Al (nj-p, 7y p,pis) ~ QA% 1,N) collinear final state jet in n; onshell
soft s, Ag pH o~ QN AN soft virtual /real radiation onshell
Glauber = P~ QAN N), a+b > 2 forward scattering potential offshell
hard = p? 2> Q? hard scattering offshell
Integrate out
these modes
11
B n“ ﬁ’u
pt =ny 'p?& + Ny 'pé + )
2 _
n; =
_2
n; =




SCET Operators & Hard Scattering:

LEERT " = Z Cit ® O ({&nis Ani} s, As)

O% :(an,w%xnl,wi’ o ) (an,wfj(nl wi )(BTJL} wllgi_l wl ) (Xng,wg o ) (XNQ,wS Y ) (B?J?/_Q,wﬁ . ) S

1

* (W ahy ) (D5l ) (BR B ) (Vs ) (0 - ) (B ) -

e Operator Building Blocks Xn = W), “quark jet”

1 ¢¢ o ’

Bi =—[WliD" W,] “gluon jet
Wilson lines generated by
integrating out offshell modes Bl =~ —— Wilin- Dy D [W,

0
W, = Pexp (zg/ dsﬁ'An(:B—l—ﬁs))

@)

or analogous for soft fields
W, :Pexp<—7jg/ dsﬁ-An(erﬁs))
0

Direction dependence often cancelled by 0-bin subtractions.
(Can be fixed considering Glaubers.)



Determine Glauber Lagrangian

0 0 O
£(S(%ETH — Lé(%ETH,S,{ni}—I_LE;) (¢S7 AS? fnz y Anz)



Construction: AL 1 large ()

will do calculations with back-to-back collinear particles for simplicity

mode fields p* momentum scaling physical objects type

n-collinear En, AX (n-p,n-p,p1)~ QN 1, n-collinear “jet” onshell

n-collinear &, AL (n-p,n-p,p1) ~ QN 1, n-collinear “jet” onshell

soft s, AL Pt~ QNN N) soft virtual/real radiation onshell

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

hard — p? > Q? hard scattering offshell

Integrate out
these modes

Glaubers are offshell and must be integrated out (despite having p* ~ \*)

Otherwise one has problems with simultaneously having
gauge invariant operators and homogeneous power counting



Construction: AL 1 large ()

will do calculations with back-to-back collinear particles for simplicity

mode fields p* momentum scaling physical objects type

n-collinear En, AX (n-p,n-p,p1)~ QN 1, n-collinear “jet” onshell
n-collinear &, AL (n-p,n-p,p1) ~ QN 1, n-collinear “jet” onshell
Glauber -~ P~ QAN N), a+b > 2 forward scattering potential offshell

(here {a, b} = {2,2},{2,1},{1,2})
hard — p? > Q? hard scattering

Need 3-types of Glauber momenta:

————————-
n . n

- « P~ QA2 N2, 0)

fwd. scattering

n-s T T e QO
fwd.scattering i

fwd. scattering ‘ pf ~ QA A7, M)
5 o<

offshell

Integrate out



Construction: A<l large
will do calculations with back-to-back collinear particles for simplicity

mode fields p* momentum scaling physical objects type

n-collinear En, AX (n-p,n-p,p1)~ QN 1, n-collinear “jet” onshell

n-collinear &, AL (n-p,n-p,p1) ~ QN 1, n-collinear “jet” onshell

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

hard - p? > Q? hard scattering offshell

Need 3-types of Glauber momenta:

————————-
n . n

n-n
fwd. scattering

TL-S
fwd. scattering | = .

n-S ey om
fwd. scattering

Integrate out

® - potentials

k7

® instantaneous in 27, x~ (¢ and 2)



Construction: A<l large
will do calculations with back-to-back collinear particles for simplicity

mode fields p* momentum scaling physical objects type

n-collinear En, AX (n-p,n-p,p1)~ QN 1, n-collinear “jet” onshell

n-collinear &, AL (n-p,n-p,p1) ~ QN 1, n-collinear “jet” onshell

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

hard - p? > Q? hard scattering offshell

Integrate out
Need 3-types of Glauber momenta:

n-n 277’“»—?“»%- 3 n-p2=Ncps forward
fwd. scattering 1__+__;_*_ﬂ_ A n-p;=mn-p4 conditions
n-S Yoo " nepy=mn-p3
fwd. scattering | 5 . n-pi1="n-p4

Nn-S n : " n-pa=n-p;
fwd. scattering n n

S
—_
|




Glauber Exchange
violates factorization:

=~ ~>~%75 couples n-collinear,

VAN

_ n-collinear, and
"y
//

VAN S | soft modes

23

Glauber’s dominate
Forward Scattering:

————————-
n ’ n

n-n
fwd. scattering

n-S :
fwd. scattering L

(small-x logs, reggeization, BFKL,
BK/BJMWLK, ...)



Construction: AL large ¢
mode fields p* momentum scaling physical objects type
n-collinear En, AP (n-p,n-p,pr)~ Q1)) n-collinear “jet” onshell
n-collinear &n, AL (m-p,a-p,pL)~ QAN 1)\ n-collinear “jet” onshell
Glauber E P~ QAN 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):

~ )\O

(gauge invariant)

§=6—N"—N"— N™ _ N™ 4 9

i Z(k — )WV + (k—4) (VP + VI + Vi2) + (k=3) (Vi + V) + (k—2) V"
: need ~ \° ~ )2

R/_/
standard SCET

24

Glauber

operators at leading power



Proof of Power Counting formula:

enumerate vertices from gauge invariant operators
of order ~ )\*

V' vertices with only n-collinear fields,

V" vertices with only 7-collinear fields,

VkS vertices with only soft fields,

V% vertices that have both n-collinear and soft fields but do not have @ fields,
V¥ vertices with both fi-collinear and soft fields but not n fields,

V'™ vertices with both n and 7f-collinear fields (with or without soft fields).

(includes scaling for external fields)

25



Proof of Power Counting formula:

count # Loops of various types, and # Internal Propagators
L™ : n-collinear loops with k¥ ~ Q(\?,1,\) loop momenta,
L™ :  f-collinear loops with k¥ ~ Q(1, A, \) loop momenta,
L° :  soft loops with k* ~ Q (X, A\, \) loop momenta,
L™ :  soft-collinear Glauber loops with k* ~ Q(A?, X\, \) loop momenta
L™ . soft-collinear Glauber loops with k* ~ Q(X\, A%, )\) loop momenta,,

L™ .  n-7n Glauber loops with k* ~ Q(A\?, A%, \) loop momenta,

I" .  internal n—collinear propagators,
I™ :  internal n—collinear propagators,
I° :  internal soft propagators.

5= k (Vk” R e Ve +Vk”ﬁ)
k

L AL AL+ ALS 5L L5 LS L 6L AT AT 4TS

26



Proof of Power Counting formula:
Simplify with topological identities:

overall Euler: 1= (VP + V2 + V2 + Vi + Vs 4 v
k

count disconnected N NS =S (A VE+ VS 4 VIS V) 4 L+ LS+ LS — [ — 19,

k
components when TV NS =N (VP VE+ VS + VIS + VI + LY+ LS+ L™ — 17— 15

we erase modes: N _ - o _
S NT=N (VP+VI+ VI + VIS V) + L+ L+ L™ = 1" — 1"
L-
n) n NS:Z(VkS+anS+VkﬁS+anﬁ) +LS—IS,
k

k

S, M N'=) (V' + VP +vem) + Lt =17,

» final result:

§=6-N"=N"=N"—-N"4> "(k=4) (V" + V' + Vi7) + (k=3) (V" + V%) + (k—2)V}"
k

27



Proof of Power Counting formula:
Simplify with topological identities:

overall Euler: 1= (VP + V2 + V2 + Vi + Vs 4 v
k

count disconnected N NS =S (A VE+ VS 4 VIS V) 4 L+ LS+ LS — [ — 19,

k
components when TV NS =N (VP VE+ VS + VIS + VI + LY+ LS+ L™ — 17— 15

we erase modes: N _ - o _
S N"=N (VI+VI+VIE+ VP V) L L L - I - T
L.
n) n NS:Z(VkS+anS+VkﬁS+anﬁ) +LS—IS,
k

k

S, M N'=) (V' + VP +vem) + Lt =17,

» final result for SCET, and SCET;;:

§=6—N"—N"—N" — N"™ 42y
+ ) (B =8V + (k=) (Vi + Vi + Vi) + (k=3) (Vi + V) + (k—2) 1"
k

28



Construction: AL large ¢
mode fields p* momentum scaling physical objects type
n-collinear En, AP (n-p,n-p,pr)~ Q1)) n-collinear “jet” onshell
n-collinear &n, AL (m-p,a-p,pL)~ QAN 1)\ n-collinear “jet” onshell
Glauber E P~ QAN 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):

~ )\O

(gauge invariant)

§=6—N"—N"— N™ _ N™ 4 9

i Z(k — )WV + (k—4) (VP + VI + Vi2) + (k=3) (Vi + V) + (k—2) V"
: need ~ \° ~ )2

R/_/
standard SCET

29

Glauber

operators at leading power



Construction: AL 1 large ()

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,n-p,pL)~ QA1) n-collinear “jet” onshell
soft Vs, Al o~ QN A N) 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 > 1 integrated out
1 1
2 2
calculate tq A q
S S
S < < S
" 1 1
M=-<1
S

30



Construction: AL 1 large ()

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,n-p,pL)~ QA1) n-collinear “jet” onshell

soft Vs, Al o~ QN A N) 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 s> 1 integrated out
IR s st FIRER St e
t
N=-<1
S s L s S S s L s S S
i . Yy OF0n .
determine  O(x%): p nop2 s (2 rapidity sectors)
,J=4,9
. . )\2 )\—2 )\3 Jr
with bilinear octet operators Yl = Sl
ON°): o1F = ynTB% Xn s O(N?): 0P =8ra, (@Zg Tngg) ,
n nB _ L .BCD pnC " +\ pnD
OB — fBCD BSL, - (P PBY OB — §ra, (5]" B, 5 - (P+PhB; “)

31



Construction: AL 1 large ()

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,n-p,pL)~ QA1) n-collinear “jet” 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-n fwd.scattering S > 1

. | , B
mlght (9()\2) : Z O%B% O%B same OZ’I
guess 1LI=0, + analogous O2°

32



Construction: AL 1 large ()

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,n-p,pL)~ QA1) n-collinear “jet” 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-n fwd.scattering S > 1

aCtua”)’ O()\Q) : Z OZB 7)12 0307312 O]C same O:LB
(3 rapidity sectors) =29 analogous (9%0

DRAD D CHD Wl ¢

must allow for soft emission from between the rapidity sectors:

BC 2 ¢BC n=> st > "
OS — 87TO€S7DJ_5 qff o
qhr:

33



Feynman Rules (so far): horthand  ® ?
shorthan =
&

7\1\*{? E o
Rl Y _ —OT0g — A — A
m = Tk [un§T un} [?}3§T vs}
;L\:k\ A /I’/’]:L 871y fABC ;7.
Y o¢ — -8 = A L MY / w4k nfn”
il ~
w v,C
_ 8ma O _ 0k arat (= s
= SF S [Pkl — e — g+ SR [0 T
_ 8mia, fABC fAPE T _ _ 0, -k AMAY
(0 k)2 [n-k;g_/t’/ — Y — VR }
LA A N g/_k/nAnT
x[n K g\ — nMT —nTkD + =5 }

34



Feynman Rules (so far): shorthand @ - H
é

—871'@3 ABC B B B E ko aln B _
; ABC rADE . = b=V
1=h1
V2 n)\nT
A A A LMl
x[n-k’g[—n 7 —n"kT + = }

35



Feynman Rules (so far): shorthand @ - H
é

ungTAun} [n-k’ g — M — vtk +

> not purely |

V' -k ntn¥
n-k’

_8ﬂ'as ABC . . . € .k A AV _ _
- (h—/%lﬁ {n-kgi’j — A — YR+ = 52 . } [Uﬁ%TA/Uﬁ}
; ABC rADE . = b=V
1L=h1L
0 -k n*nT
A A A 1 vl
x[n-k’g[—n 7 —n"kT + = }

36



Matching with arbitrary polarizations:

A’Mpzﬁ np/vB’V n . , . n................
QCD | EFT ;
a) : Mon . L L E —ﬁ——(———i——(-—ﬁ—
remove
. 1 1
QCD calculation 0=prAulp) = on P n-A(p) + on P n-A(p) + pL-AL(p)
/ used equations of motion
A n n B,v
P> jiad 2 fABC ~ )
n Mmoo T : {12 [ﬁﬁchvﬁ} {2 n-p2 g =20y, — 2p5, 0" —n-(p2 +p3)ﬁuﬁy}
a)
n n n n — g2f‘zBC [@ﬁﬁfcvﬁ} { - _q2 }ﬁuﬁv
n n n 7 q 2 n - p2
n n n n

sum & use equations of motion: ¢’ +n-pa2n-(p2+p3) = —2pa1 P31

292 4PC anb70,) {n,m P +p2¢'p3Lnuny} same as Glauber
’ operator

n - p2

37



Wilson Lines in the operators are obtained from Matching:

eg. W1 in y,,
p2n > > p?m pn > > pn pn > > pn
QCD ks k> 2 - %M 3 : qm% - 3
A n n n n
g A > ) pmi(_%_z% ) o Pr 2% _4’%_) Py
plﬁ_) < < p4ﬁ k‘n\ w,A k'n\ WA
offshell glauber offshell hard offshell hard
onshell collinear onshell collinear onshell collinear
. . n & wA _g;k & fromW
= ~ J—
SCET nW,A T P n Wilson
. T n_« ~<n p A lines
’ p—

has onshell collinear

—_—— —— ——

just offshell Glauber potential

® This calculation differs from hard scattering Wilson lines

due to onshell term on EFT side

® Similar for other operators
38



II(O) > >J OZB_OBCLOJC+> >J O%BPTOM

n 7)2
n,n v,j=q,9g n 1,7=4q,9
T (3 rapidity sectors) T (2 rapidity sectors)
. sum on all
sum pairwise .
collinears

on all collinears

® |Interactions with more sectors is given by T-products

® No Wilson coefficient ie. no new structures at loop level. [more later]

_ ) n

o7 =x, 77y, 047 = L fPOPBYL S (PP
) n

018 — XﬁTB% X 03 = §fBCDBg¢H 5 (P+PHB !

2

'rL n ¢
,u v SZ ’I, g,u,ys }
Og”B = 8T <?Eg / —ﬂwg) (’)g" 8T <2f ¢ ESJ_,LL;L (‘ / T)‘ESJ_ )

_ i 1 ac T n
51 ”) 09P = 8ra, (ifBCDBSfH 5 (7>+7>T)Bsf“)
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Are there differences between n-n and n-s forward scattering?

Yes. Consider: N> ——>—-70

w I — rn"u T: k.
¢ =qp —n-(kitky) o T S 1
>

nt nt
¢ = <QL_k2L)M‘|’n’k17 —’ﬁwkz?f S
nk e
¢ =g 4n- (k) AL S ko
N———8———<-7

Scattering is forward in one light-cone momentum at each soft vertex!

Allowed because: 7 - k12 < n-pp there is an allowed routing
of soft momentum through

T_L°k‘172<<7_7,°pn . .
collinear lines

A AV
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Soft O°“ Operator OFC = 8ra, ) C;0F°

basis of O()\?) operators allowed by symmetries:
O1= PSSPy Os = P! Sp SnPiy,
O3 = PL-(9851)(S5Sa)+(Sy Sn)(9B851) P, On=PL(9B51)(SySn)+(S7Sn) (9B851) P,

Os = PH(STSn) (9B )+ (aBd)(SESR) P, Og = PiH(SES:) (9B ) + (9B )(SES,) P,
O7 = (9BY} ST Sn(gB%, ), Os = (9B} )SESn(gB%, ).

Oy = Sn,m, (igGh ) Sx, O19 = SEnun, (igGh)S,,,

™~ ™~

Restricted by:  Hermiticity O] .-=0; , oneS,, one Sy

’

operator identities: eg. [P!(S;Sx)] = —gB (Sy Sa) + (S, Sn)gBst
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One Soft Gluon:
EFT
QCD
> ?_[@6666\8 - (@@;‘;\S n->—-e—-—>--7n
s qf% qf% ) ar:  c
" < < P @ TTTOO00 g
ib q%% L q'A Z
R T gy Lipatov vertex

Two Soft Gluons:
QCD EFT

3l
3l

A

Y
<
>

3l
Sl

a
) i | s e
n c,_n)_s
§Lmv§§§: N 2
- 5
——> - L _
o e T n —(—_.. _(_
400000000, 8
S, s n - ———>—-T1] - —-——=—>—-17]
n S n n n .
S S
n n n S 8
S S S
s
i 7l 7l n — n . _
e ———=<-7 O ———=<-1N

i
+
|
s
“
|
‘.’

n

n = noog n n .

n g - .- 7 . S
[ ]

n S n n = n . —

i 8 . . Peo-———-7

%—(—n — <

S S

new vertex



Co=0y,=0C5 =05 =08 =C19g=0],

1
Cp=—-C3=—-C7=+1, 09:_5

OBC = sms{PﬁSE SiP1y— PrgBdi SISy — SLSngBu Pl — 9B SL SngBY, ,

__nuﬁy
2

N BC
St z’gGg”’Sn} .

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

43



More Feynman Rules:

,C
S n—>-—&—-—>>--71
\\ - qﬁ
n A\ Y N u,C
~a-- — 0’“0’6“0“0’0’0’0’\5
_ -~ —
n_«~  T~«0 qh:
~ S~ —_—
N-—<—o——<——"n
w12 = 72
rA 8mas ABC _ (R - S A n'qy _ gy s B,
_z{un T u H(ﬁwzgf (qLJrql n-q- 45 nq n-d ’UnQT (]
n__)_‘l___)__én
q'A e o, Oy _ 8mavg
Wiy i, = 3T 0] o3 T ()
qf: e k2, ua,Co qJ_ qJ_
_—a— O —<——- _
n B n

p1 M1\ 5 = =
2 £C1 AE fCoBE w27 HRYT)  (2¢f" —k{D)RM ptink? —ntiphe
X9 S Al + - +
n- ]fl n-k2 2
nTn (e Evt ko k- —Fo - — kot ko — Lk h - K
= qL-q) TRiL-RaitRi1q) —Ra1qL—35N-Kan-Ko—35n-kin-ky
n-kln-kg

_|_

qr ’fl'/@) - ( —q7 n°/€1)
M1 gy 12 ,Uln,UQ _|_
Fnin (nan2+2nk1 o ﬁ'klﬁ'q, Qﬁkg

g2 fCRAB pCiBE| _ g T (2417 —kb1) (24" +KD > | nmar —akini
I e n - lfl n - k2 9

nHLnH2 S R 5 5 ~, 5 . 1 3 1 3
ka7l Ky (QL'QL—Fku'ku—l-kﬂ'éh—ku‘(ﬂ—gn ko n - kz—gn k- k1)

qr ﬁ"ﬁ) o ( —q? n-k2>
M1 gy U2 K115 p2
T (n-qn-k1+2n-k2 e ﬁ-kgﬁ-q’+2ﬁ-k1

+

plus analogs
replacing collinear
quarks by gluons
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One Loop EFT graphs

® QCD topologies will appear more than once (soft, collinear, ...)
® Fach dominated by one invariant mass scale & one rapidity

® Require invariant mass regulator (dim.reg.)

Requires rapidity regulator for Glauber potential [2k*|™"v"
and for Wilson lines

Use Chiu, Jain, Neill, Rothstein works like MS:

B —g [w|2P?|7/?
Snpezrr:nsexp{n-P[ /2 n- A 1 ID(V)
2P !
B —g | w?|n - -
Wn_pe;nsexp{n'P] v ! An]} 1
1
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® ero-bin subtractions, avoid double counting IR regions

| -loop sraphs: - (C) (construction ala
P 8hap S5=5-5 Manohar & [IS)
/ glauber limit of soft graph

naive soft graph

naive collinear graph glauber limit of collinear graph
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eq. One Loop qQq scattering

QCD graphs with leading power contributions, s > 1

)

éjﬁ:fﬁ;@; Y y% .
o e R RN

zmgwu




eq. One Loop qQq scattering

Leading Power EFT graphs (Glauber, Soft, & Collinear Loops)
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—> o —>—o—>-

noo., n
GG
e ; / 392k, ak* dk
o ‘. _ GCbOX — — — . — 5 _ i . nd N .
TR 2R3 (Ri+d1)? (Kt +pf = (FL+d1/2)?/p; +i0) (+k~+p7 = (F1+71/2)>/pf +i0)
—€—o—€—v—<-

Must regulate light-cone singularities.

— > ———p—— & —>--
n . . n
‘ ‘ di2k, dk* dk~
G G. labox = [ ——————— T —— o o ot
_ .+ _ 2(k7)(kL+q1) (k++p3—(k¢+cu/2) /P3 +20) (—k—+p4—(kL+qL/2) /i +zO)
(f T
—€———<€—0—<-
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IGcbox

n . . n IGbOX

Same for other Glauber
boxes (softs, gluons, ...).
Just replace color.

a2k, dkO dk k|2 (1)2)%

B /(/Zj)(/z’ﬁcﬁy (et = A1 (k1) +i0) (k== As (k1) +i0)

= ()

kY poles on same side

} / d4=2k, dEO dk* k7|72 (1v)2)2"
(E2) (k1 +q1)2 (k+—A1(kL)+z’0) (—k— —A2(/ﬂ)+¢o)

_24/dd%ﬂ%4ww%wMW7
(k2)(k1+71L)> 2k — A+i0)

—1 d_d_QkJ_

A S (B2 (kL4702

[(V/Q)Qn (—2im) csc(27n) sin(mn) (@'A)—Qn}

dd_2ki

- (;_7:) /(;;E

Fra L om
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Rapidity divergences from Pure Wilson line terms

49 nn, 2 2/d—d |kz|_nV?7
€ € k
> Sz WL 2 —m2|(n - k) (n- k)

- —— o ——— L \

g — ¢ _ g(G)  Subtraction in Glauber limit
makes +:0 irrelevant.

g) h)

T AL /y’/n n\\x\ y n

e “~ell T_a”T TN

//k It St * ) 2w /d—dk QE‘n k‘ nyn) (k _|_p3)
(k% — m?]|(k + p3)?(n - k)

) m)

~ -° ~ - 26

s _rn N _»- N /Jdk n-k|T) - (K + pa)

P SO S —m?|(k +pa)?(n - k)

n_-A< ~N n_ A~ N

~ 77)/ ~ ~ 772/ ~
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More Rapidity divergences from Wilson lines - .
rapidity divergent
/ 2 2

" : n 105 ani [ 8 2 4 4 e H F 2
_ 1% & {;g(e,,u/t)+€—2+gln(ﬁ)+4ln(ﬁ)ln(—)—21n (

t

11 11 2
+2(-— - =t —6—7)
3¢ 3  —t 9

\ [ -function without ghosts

opposite sign for this 2
rapidity divergence
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Non-trivial 0-bin example:

a collinear propagator here is
double counting Glauber region

graphs already accounted for
by soft loops
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One Loop Results " = [ T S [T T ] 87 = [ G [T ]
8 Matching R SR X2 N SO APy FPEL

m = gluon mass IR regulator

’iO&? nn | Q. —1
Glauber Loops = ; ST [827rln (W)]

1
t

2 2

s onh _§ 2/ 2 _§ 2\ K- m-

53{ nh(e,u/m) ng(eyu/t) 41n(y2)1n( )
2 2

212 22 134
Sow? (L) pom? () 2 L 2 3 }<—n0 1/€e poles

m?2 —1 3 3 —t 9 ,
(after coupling
renormalization)

Soft Loops =

o2 - 8 2 40
s gl 2 (—)——.
e [ 3\ 9]

. - 2 (8 2 ) 2 2 ¢ 2 4 2
Collinear Loops = s S;}”{—h(e, “—2> + —g(e, “—) +41n (V—) In (—2) + 21n? (m—> +4+i}
t n m n —1 S m —1 3
- 2 2 2
+ ":;S Som [ ~ 41n? (m—t) ~121n (m—t> _ 14]
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One Loop Results " = [ T S [T T ] 87 = [ G [T ]
8 Matching R L L D S A M [

m = gluon mass IR regulator

iag I —1
Glauber Loops = ; ST [827rln (W)]

2

o2 - 8 8 2 m
Soft Loops = S;?”{ — —h(e, p?/m?) — = g(e, p*/t) — 41n (M—Q) In (—)
t n n v —t
: 2y 2r? 22 4?2 134
—212(”—) 212<“—)— 1
O R N e ML Wi e
o2 - 8 2 40
. - 9 ~ 8 2 8 2 2 _¢ 2 4 9
Collinear Loops = s S;}”{—h(e, “—2> + —g(e, “—) +41n (V—) In (—2> + 21n? (m—> +4+i}
t n m n — S m —1 3
- 9 2 9
+ ":;S Som [ — 41n? (m—t) —12In (m—t> _ 14]
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/ v purely from Glauber loop

P 2 2
Lspn| - am? () - 12 () - 4]

—t
Total SCET =™ -~ ST [8m1n(m2)] + =S
—t 22 u? 170 272
wﬂ>_+ 3ln__t+ #————}

2
9 3

ias A S
+ 28 {—41n(_t)ln(
2

2
s g (5) - 3 S
rapidity divergences cancel

leave behind large log

Total SCET = Total QCD (s > t)

® IR divergences are all reproduced

® no hard matching (no loops with momenta ~ s )

offshell lines in loop graphs are always » No loop corrections

sequestered in tree level subcomponents 11(0)
Lq
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Conclusion (so far)

® Constructed an EFT for s > ¢, Fwd. Scattering & Fact.Violation

® Universal Operators that can be used for many processes & problems

More in Ira’s talk
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