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® Introduction to Factorization and
Soft-Collinear Effective Theory (SCET)

® Fact.Violation: Glauber Operators & Forward Scattering
Complete Leading Power Glauber Interaction Lagrangian

® Fwd. Scattering: Regge and BFKL (Rapidity RGE)
Exponentiation & Eikonalization

® Fact.Violation: Wilson Line Directions & “Cheshire Glauber”

Glauber Effects with “Spectator” Partons

® Work in progress: quark Reggeization, small-x DIS



Introduction



Relevant Momentum Regions:

“n-collinear”
p~>pL>pt

® C(Collinear Splittings

onshell: ptp~ = p?

® ® Hard Propagators (short dist.)

n-collinear \
) ) >fmm<

n-collinear n-collinear n-collinear

® Glauber Exchange n 7
g tq forward scattering




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



Examples of Factorization:

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

(CSS = Collins, Soper, Sterman)
(PDFs contribute, No Glaubers, No Softs)

e Dijet production e

thrust 7 <1

e — 2 jets

soft particles

fl_a = ooH(Q, 1) Q/CM e’ Jr (Q27' — QV, ,u) Sr(0— 0, pu)F (1)
-
hard jet functions  perturbative
function soft function

(No PDFs, No Glaubers, Softs contribute)



e Hard Amplitude Factorization (Quarks)
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. XYYy |0
tr (0| YW, [0) tr(O|W]T\,YN|O>< Y- Y [0)

(X7 - Xn; Xs|t)

Direct Proof with well separated

) ) . Feige, Sch t
Final State Collinear Particles (Feige, Schwartz)

Simple to prove in SCET if we assume Glaubers are absent

® Exclusive Factorization 1

(Dre|(eb)(ad)|B) = N £(u - ) / 0z T(z, 1) $x (, 1)

soft  (DW|0,|B) = &(v-v')
n-collinear (w|O,(x)|0) = frod(x)




e Higgs with a JetVeto pit < pt < mpy

(anti-kT jets, radius R)  Aqcp < pi*

cut

oo(pr ) =Hgg(mpu) X [Bg(mm, pg“Utv R))?
X Sgg (pg“mv R)

(PDFs and Softs contribute, Glaubers?)

v data (run-|
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SCET Fields for various Modes

J2 SHZ ) Al’rig
/

.-;’;__,;-FP_---
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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
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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; =




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; =




Hard-collinear factorization

mr o J

M H I

s Wilson coefficients for SCET Hard Scattering Operators

C®0O

Hp



Hard-collinear factorization QCD

E
i gy Jrn
[y
P SCET
Hrys B

P | 1
Operators are built of building block fields: |
O = (BnaL)(BnbL)(BmL)(ina)(Xng) Hp

Wilson lines
xn = (WIE,) “quark jet” 0

v o T - “ IUOn .et,, W, = PeXp (ig [wds n - An(aj -+ 7_7,3))
BnJ_ T [WnZDJ_Wn] g J

13



Soft-collinear factorization

nasJ

Hp o+

P /  HB

J3
1 H 0~

Soft radiation knows only about bulk properties
of radiation in the jets

(Sna Sannl Snz Sn?) )

QCD

U H

SCET

Ly, LB

s

Soft Wilson Lines




Hard Scattering Factorization: J. QCD

EAMH
/ * a
@ P Ly / / / J,
7 = SCET
time g = /\ Wiy, LB
. < \\ J s
3
/-
Hp

ldea of how factorization arises in SCET:
factorized Lagrangian:  Litpr,s.my = £5 (Vs As) + D LY (6., An,)

factorized Hard Ops: €' ® (B,,, 1) (Bn, 1) By 1) (Xns) (Xns ) (S, S0y Sy 500 95s)

w > factorized squared matrix elements defining jet, soft, ... functions



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



“Factorization Violation”

My Definition: The expected form for a factorization formula
is invalid.

Reasons Factorization can fail:

® [Measurement doesn’t factor: no simple factorization with universal
functions. (eg.)ade jet algorithm)

® Divergent convolutions, not controlled by ones regulation procedures.

(Requires more careful construction.) L
/0 ﬁ ¢7T(:B7 ,LL)

® Interactions that couple other modes and spoil factorization.

x>

N . " spectator-spectator  (CSS

Glauber exchange Ml y” . — cancel in proof for Drell-Yan
el —e—<

e Collinear Wilson Line universality fails. Hs, H, =~ back-to-back

examples studied by Collins, Qiu, Aybat, Rogers, ... H; +Ho — H3+ Hs + X

- pT dependent



Determine Glauber Lagrangian

0 0 0
L(S(%ETH — L:(S(%ETH,S,{H.}_F*CE;) (wSa AS? fnz ; An@)

1

® Complete description of factorization violation (any s, any power)

o |f [f(c(;)) does not contribute »

can derive usual types of
Factorization Formulae

® Power suppressed L£%Z1(S n,;) do not spoil factorization



Determine Glauber Lagrangian

0 0 0
L8P = L0 5. ran TLS (s, As, €nr, An,)

1

Key Technical ingredients:

® No double counting (0-bin Subtractions)

® Contributions separately well defined (Rapidity Regulator)

Note: SCET Glauber not simply related to CSS Glauber

(expand first then integrate) vs. (study integrals then expand)



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

20



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
—_
|




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: (+,—, 1)

————————-
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: AL 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’ 2 Q*

hard scattering oftshell

Need 3-types of Glauber momenta:

Integrate out

. IO STy 1 .

n-n ; ° 2 potentials

fwd.scattering , : 5 L
e a— ® instantaneous in 27, x~ (¢ and 2)

n-s

fwd. scattering L
< @ <
— e — = — -
n-S T

fwd. scattering

V)
V)

(also scatter forward gluons)



II(O) > >J O’LB_OBC OJC_|_> >J OzB_OJn

n 7)2 n 7)2
n,n 1,7=q,qg n 1,7=q,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 coefficients ie. no new structures at loop level.

Defining SCET building blocks:

Xn = Wi, Y = Sl
1 . s 1 |
Blﬂlj_l_ — 5 [WJZDZJ_WR} BSJ_ — ; [STZDgJ_S } BnAB — _ZfABCBgE

~uv AB __  : pABC ~uv A
Grv AB — _ pABC G

24



II(O) > >J OZB_OBCLOJC+> >J OzB_OJn

n 7)2 n 7)2
n,n 1,7=q,qg n 1,7=q,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.

o =%,178 ¥, 037 = LFPOPBEL, T (PPBYY
0L =%nTB%xn 0P = 2fBCDBw (PP

BC
0" = SMS{PESE SuPLy — PiraBY|S1Su — STSugBYL Py — gBY ST SugBh ., — M5 STigCL s, }
0 = sra (¥ Suz) 09" = sma, (5P BYE, 7 - (P+ P )B”D“)

n KL ﬂ 7 Z n n nD
O"B — §ra, (lbs TB ) 0B = 8ra, (§fBCDBSJC_*M 5 (73_|_7DT>BSJ_M)

25



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

enumerate # of vertices from gauge invariant operators

of order ~ )\F

V' vertices with only n-collinear fields,

V" vertices with only n-collinear fields,

VkS vertices with only soft fields,

Vk”S vertices that have both n-collinear and soft fields but do not have n fields,

ans vertices with both n-collinear and soft fields but not n fields,

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

26



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

§=6—-N"—-N"—

Zk 8V + (k—4) (VI + V' + V)

topological factors

H/_/
standard SCET

27

/

+ (B=3) (Vi + Vi) + (k=2)V;"
need ~ \° ~ N\

Glauber

operator insertions

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

28



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 i Jr
with bilinear octet operators Vs = Sps
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; “)

29



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 7312 0307312 O]C same O%B
(3 rapidity sectors) =29 analogous O%C

APATE N AT N
includes soft emission from between the rapidity sectors:
n—>-—e—>——71

ar:
OSBC p— 87TOKS7DJ2_5BC qfﬂmvmgs

n-——<«—o——<——17
30



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

31



Wilson Lines in the operators are obtained from Matching:

eg. W in yn,

pn > > p3n

QCD 2 qG_knT k‘n—)
u,A
P> (Q(’é < D

offshell glauber

onshell collinear

n ey

E “*%WA

-

o N_ e .1
o - . has onshell collinear

offshell hard
onshell collinear
nf vk
- —_—

q4:

[ ]
—_—— — o ———

n

n n

Pip 2%

offshell hard

onshell collinear

_4— fromW

Wilson
lines

just offshell Glauber potential

® This calculation differs from hard scattering Wilson lines
due to onshell term on EFT side

® Similar for other operators

32



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

33



One Soft Gluon:
EFT
QCD

> ?_[@6666\8 > 7 7 > {@@;‘;\S n ——)——-?-——)———’n,

s qf% qf% ) ar:  c

n < < (n ms

? q%% G Z

R T gy Lipatov vertex

Two Soft Gluons:
QCD EFT

3l
3l

A

Y
<
>

3l
3l

a
) i | ; T
n = S
R 5 s s
- D S S
———> __(__.. _(____
o P B ) n
200000000, §
) 200000000, S F—%; —————>—-7, >N
N D e B n .
S S
n n n S 8
S S S
S
- _ 7 _ noo. _
= - e 6—-<-71 e o711

i
+
|
s
“
|
‘.’

n
n = noog n n .
n g - .- 7 . S
[ ]

> o> —>— _ : S
n g " noog n . _
i § _ 7 E —++_'(__-n
‘—%—(—n —

s s

2 gluon 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)
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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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¢
eg. Feynman Rules: shorthand @ =
é

0k mbnY
’U/n§TA’U/n:| [n-k’ g — il — ko L }

n-k’

—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 + = }
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More Feynman Rules:

,C
et n-—>—e—>--1Nn
~ -
n\k\ /7’/77/ qﬁ u,C
p <l — nymm\s
_ - _
) l-——————7 Lipatov vertex
—»/2 —,u —»2 _
SUE — H qJ_ n qJ_ — B
_Z|:unﬂTA }[65%,2 ngABC(qL"i_q_]__n QT_ q/nQ n-q _nq/)]{l}n%T Uﬁ_
n__)_él___)__én
q/f : & k01,01 . 877'04
[ = ﬁ B ¢ s
: <powc Z[UHQT un} {UFGT ](—»2 —»/2)
q*: 25 Uy Co QJ_qJ_
ﬁ_'(_g_'(__'ﬁ
2 fC1AE CyBE pipe (27 kYY) | (2q1 kDR etk -k
XQg= o f — gy + -
n - kl mn - kQ 2
nttnt? - =T 7 7 =7 - 1 — 1 —
+n " (QL'QL+/€1L'k2L+k1LqL—k2LQL—§n ko kz—gn ki k1>
ki 7 ko
qr ’fl'/@) - ( —q7 n°/€1)
H1pH2 nH1InH2 +
e (n-qn-k2+2n-k1 - n-kin-q 2n- ko
9 fCo AE £C1BE pipe W (2412 —k4%) B (2¢ —I-/C’“)n“2 nMpk2 —pHiphz
+g°f / — g —

ﬁ/j’lnMQ . =) — — — =y — . 1 _ 1 _
+n o - k (CZL'QJ_‘Fle'k2L+k2L'qL_k1L‘QL_§n‘k2n'k2_§n‘k1n'k1)
" R2 M- Ky
qr ﬁ"ﬁ) o ( —q? n-k2>
1 gqy 2 H1pn K2 -+
T (n-qn-k1+2n-k2 e n-kon-q 2n-k

38

plus analogs
replacing collinear
quarks by gluons



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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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 regulator, 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

S ((7)
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HH T © ¢n

------ " - ® use subtractions rather than sharp

T boundaries to preserve symmetry

0 f

Zero-bin subtractions, avoid double counting IR regions

| -loop graphs: g_&_ g@® (construction ala

Manohar & IS)
VN

naive soft graph Glauber limit of soft graph

C, =C,—C¥ — &) L 0lGS)

/ N\

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 Gq scattering N

®
é
Leading Power EFT graphs (Glauber, Soft, & Collinear Loops)

d) )
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—> o —>—o—>-

n . , n
G G
R ; / a2k, dkt dk—
) 0. _ Gcbox — - 5 . — . i . . = R ;
R 7! 2k2)(FL+31)? (b 4pf — (BL+31/2)2/p5 +i0) (+k+p7 = (R1+71/2)2/pf +i0)
—<€—o—<€<—0—<-

Must regulate light-cone singularities.

— > ———p—— & —>--
n . . n
‘ ‘ a9k, dkt dk-
G G. labox = [ ——————— T —— o o ot
_ .+ _ 2(k7)(kL+q1) (k+‘|‘p3_(kj_‘|‘QJ_/2> /P3 +20) (—k—+p4—(kL+qL/2) /i +zO)
(f T
—€———<€—0—<-
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GG ; / a2k, a0 dk k2|27 (v /2)27
oo Gcbox — S -
Ao (k) (F1+q10)2 (Kt = A (k) +i0) (k== As (k1) +i0)
—<€—o—€—v—<€-
=0
kY poles on same side

— > —>——o—>—- de_QkJ_ adk® dk? ’kz‘_Qn (V/2)277
n . . n IGbOX — - . _ .

: : (kf)(lﬁJqu)Q(k+—A1(kL)+zO) (—k——Ag(kL)%—iO)

G . G . ‘ o

s, L [
e T (k2) (k1 +q1)2(-2k* — A+40)

o —_Z d_d_QkJ_
A J (k) (kL +q1)?

—i ai2k |
()] EEray o0

[(V/Q)%7 (—2im) csc(27n) sin(mn) (@'A)—Qn}

Similar for other Glauber
boxes (softs, gluons, ...).
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eg. Rapidity divergences from Wilson lines
p? ~ v~ —t
L rapidity divergent

" Ly N PN N S PAN 2 (KoY, ™
% =~ 93 {Eg(e,,u/t)—l—E—Q—I-Eln(ﬁ)—l—llln(ﬁ)ln(_—t)—21n (——t)_l_?
S

11 11 2
+2(— el P _ﬂ)
3¢ 3  —t 9

\ [ -function (without ghost graphs)

opposite sign for this
rapidity divergence v-n~S
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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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/ v purely from Glauber loop

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

—t
Total SCET =™ -~ ST [8m1n(m2)] + =S
—t 22 u? 170 272
m2>+31n—t+ —I——}

ioz2 _ S
o { Y 9 3
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 Glauber lines in loop graphs are No loop corrections
always sequestered in tree level * to ,II0)
G

subcomponents (equal t,z)
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Forward Scattering

49



Gluon Reggeization

v~ y/s Consider separate rapidity renormalization
/ \ of soft & collinear component operators
A 1 AB 1 B
/ Either run collinear operators from v ~ /s
v~/ —t to v ~ +/—1, or run soft operator.
ui((”)qf‘ + O = 7, (04 4 094 as()Ca | ( —t
dv " " e " Ty =y (W)
gives: (i)_%’”
—1

virtual anom.dim. is Regge exponent for gluon
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Gluon Reggeization

eg. OiA e = Vo, - Gl (v, )
: A r—1 0 - v
anom.dim. A ==V, -v>Ve l-loop: iy = —(vd/dv)oVy

n
/‘ \\
- b
n 3 7y, + n\\é/’ T ~o- 7 4 w.fn. renorm

Vi = 0
d binat i her under RGE
Y rnqA gA gA gA combination remains together under
de (O’n ™ On ) o %W(On T On ) since no loop-level hard matching coefficient
s(n)C —t
Yo = L+ =2l = P ()

(IR divergent)
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Gluon Reggeization

Standard RGE form:  O(vy) = Upy (v1, v0)O(1p)

(22) (05t + 05 ()

V1

(OF4 + 05 (1)

same factor from 7

soft: no large logs for v = /—t

Gluon Reggeization from running octet ops.
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Forward Scattering & BFKL

Expand time evolution, do soft-collinear factorization term by term:
4 A1) R () 2[4 4 ATI0) 11(0)
Texpz/d r L, () = 1+z/d y1 Lo (y1)+i/d yi1dy2 Lo (y) Lo (y2) + ..

x> k y k'
. , A A ..B,,
~1+T Z Z [O%Az (QzJ_)} [O% b (Qi’J_)] ) OS(}f,kﬁ),Bl o (QJ—lv . ,C_ZJ_k’)
k=1k'=1

L+ > Unw)

k=1k'=1

Consider forward scattering with one Glauber exchange,
but all orders in soft and collinear sectors:

1
Ton =3, > Ul | XX Uayler) = ... =¢=

X 0

|
qdl q.l
B /dzcudzéﬁ Crlq1,p7)Sc(qr,d\ )Cald, ™) : .

after rapidity renormalization:

|
/
T,y = /d2qLd2Ql Cn(qi,p~,v)Sc(qr, ¢\, v)Culd ", V) q, : : q

collinear and soft functions
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10 (0) (3 )

‘ Z /dx//—f—OjA // ( //+n>

Xn J=4,9 1=q,9

=5 26%(q1 —¢) T2 Crlqr,p)

(27T)4 5AA’éBB’

Sc(qL,q)) = > {0]048 (g1, d1) | X )(X|OT T (L, 41)]0)

RGIRE .

where the soft operator contains direct and T-product pieces:

_ (27T)2 _ n n
Ofland) =53 J R | Ee iy

— ZOS _kE QJ_a _QJ_)(jvj — O)

277 2Z/da:’+dq; T Z (’) (2 ) @gjzi+(_ql)(gm/+)

1,J=4,9
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Consider rapidity renormalization for soft function that appears here:
/ (2m)* 644655 4B
Sa(qL,q)) = Vo (727'2) Z<O‘Os(11 qL.q) ‘X><X‘Os(1 1) (a1, d) ’O>

9141) ¥
qwé _ o(0) / C]'¢§ g g C A2k
$ * =5 (a1,q1) ST [ TITTe = —a S wQF@)/* = S (k1. ql)
o § aA} m? 270 (k1 — qu)? |
= (8maws) 2644 (2m)26%(GL + 7)) | |
. . ay: :
9 qwi%iz;% 9 ’ . ~ Caos 21 Ui P2k ‘112 g(0) /
qfé . + =T 52 w (5)/ LEE(EL—QZ)Q G (QJ_7QJ_)
| qr: |
Sa(qL,q|,v) = /d k1 Zs.(q1,k1) Sﬂoare(kl7 7)) To cancel the 1/7n divergence we require
L - 2C qcus(p)w?(v) 1 R d*k,| g2
Z(qu k1) =6%(qL — k1) — [H —52(%—/&)/ =L ]
d are us ki —qy)? E2(k, — )2
0= v (0. 41) D L~ )
ol Salandlv) = [dhyvsslan kL) SalkL.d)v) S
v Gg\q4L1,4q9,,V) = 1L YSe\gL,Rk1)OG\R1,4q ], evolut|0n g|ven
 20a0e) [, [Sethudin) 72 Salq1,d), v 2 by
™ (kr—qu)?2 2R (k-q)2 ] BFKL equation

(also work done by S. Fleming) 55



RGE consistency of linearized amplitude at LL order implies

d § n ) _7 77 Cn , _,
v—Ch(ql,p V) = - Caa /dz]ﬂ [CEkL }i v) qi_? _(,QL pﬁ y)]
(kL —qu)®  2k1(kL—qL)?

1
—5 (BFKL)

dv T2

same for Cj
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Eilkonal Scattering | Rapidity regulator consistent with eikonal phase

Sum up Glauber Boxes

Ty @t ils g 3P o )T
: : : : _ ak? .- dkz |2k% (2k% —2k2) - - - (23, —2kZ.)2K%, | Ty Nn
krghs Rkt e Mk ke = i(=2¢*)NVHISET ) I(N)(C]L)/ : v [2ki (k7 .2) (2hyy-1 —2k) : vl
: : : : 2N (k% + Ay 400) - - - (=K% + Ay +00)
O —Cc—O—— O —<— o<
n ki-py kn-Dpy n

Fourier transform & :

N+1

) i n N+1 +0oo
= 2(—292)N+1S(N+1) [(N) (QJ_) (/4&775) / [ H

N
dx; |5,;j|1+’7] O(ro—x1)0(x3—12) - O(rN11—TN) XD [ Z iA (Tma1 — Tm)
j=1

m=1

need x; — 0
ordered collapse to equal

| - longitudinal postion
= —2%ig?)N s, 1V (q)) & P

ol tom)

Fourier transform ¢ | : / ' 2g, P03 GBox 3 2(q1) = (G(by) — 1)25™
N=0

~

gives classic eikonal scattering result: G(b)) = 1)

d(by) = —T1 @ T4 g (1) / = e'dLbs
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e When do graphs vanish?

Multi-Glauber properties | |
e When do propagators eikonalize?

a) D, X’ T b) A (L
D2 D3 % P3
TURCTR ey -
A gy b gy » an interrupted collapse
. k-qv: k=g : _y
_ _ gives a vanishing graph
Teo e _o Mo —o—<
\ 727 127) Num(k, )
Fl - ([~ 07M) L _
(pre)/ E2(k =) [n-k— A1 +i0][n-k — Ay 4i0] [ k + A — 0] 0
i N [goy [TF —1+n
or = ~7 (/<;77§) a7 % | dridzodo 0(z1 —a)b(a—x2)|z120] 14+ O(n)]
= O(n)

Graphs with more than one Glauber exchange will vanish unless the exchanges can be
moved towards each other unimpeded, so that they all occur at the same longitudinal

position xg for both sources.
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e When do graphs vanish?

Multi-Glauber properties

e When do propagators eikonalize?

d) pg/ u,C
c) n n
n n n P2 & el
e S i
krahi Ak BA thak * nonzero
—2n .,2n
(pre)/d—dk _ _ - (lkZ‘ v ) Num(kJ_) —
k2(kL—qu)"[n-k+ AL —i0][n-k— Ay +40] [A - k+ A} — 0]
— (pre)/dfl—%L ____ Numiky) + 0 also non-eikonal
i R =) (1 + 8 — 0 4
A= (kL +D31—q1)* s
n - p3
E -
All_ ( l_ pgi) _n’pg
n-pg

Graphs with more than one Glauber exchange will vanish unless the exchanges can be
moved towards each other unimpeded, so that they all occur at the same longitudinal

position xg for both sources.
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Multi-Glauber rules

N, (5F00, == >——r—-
m n T\L\V N
—o— —)— *—=>- o n

_ n : : nonzero

M+q A - :
—_— : —_— iy 772/ : —_—
E-(——&———Q———g—-(—@ KL N S S 1]
L G ST S P~ )\
S Y g o K-q+aeet
S TTTTITITTIT® * kL~ A nonzero
Rty
ke Y s Ak q+ﬁ£+
. -p+k-LeT n 5
mJ

Graphs with more than one Glauber exchange will vanish unless the exchanges can be
moved towards each other unimpeded, so that they all occur at the same longitudinal

position xg for both sources.

60



Multi-Glauber rules

not eikonal

n
n €t ——<5 )

Glauber propagators are (effectively) eikonal T e e,
if and only if they are log-divergent keehi

> : . :
Pzl o oo

eikonal
Together these rules lead to the picture

of multiple eikonal Wilson lines crossing a shockwave:

) b
n T-<—et——t—t<- n Ty—<—gr—=

TS~ &9+ ¢ > Ria eatel Rlas connection to:

Balitsky’s Wilson line EFT
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Factorization

) Wilson Line Directions
2) Spectator Interactions
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Hard Scattering ® The Cheshire Glauber

eg. Jr= (gan)S;QFSﬁ(ngﬁ) Active-Active and Soft Overlap

naive soft:
2) n S’ e g [ (1622 oo |1 ) V\{Ith Rhysmal
— el rer k2 —m2|[n -k +40][7 - k — i0] directions for
S Sngas{[—Qh(e,u2/m2) —|—ln’u—§<1+ln'u—22> e %1112#_22 B ;r_;] SOftWIlSOn |IneS
_ " K e S " in hard scattering
N, | 1 12
+ [(m)(z—l—lnm)]}
! true soft: includes 0-bin subtraction § =5 — S(&)  has no 7
-1
Y 4 term
v . Glauber:
8(\ . G . . ,
A _ FCQs | . M . .
A G =5 IUnF’Uﬁﬁl(m)(z +In W)] Glaubers give (i) terms

~

BUT (S—8Y)4+G=S5 @ sowedon'tsee Glauber in Hard Matching

® can absorb this Glauber into Soft Wilson
lines if they have proper directions
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This continues at higher orders:
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Also true in the presence of additional emissions:

See) See See See See
_|_ - 1 n 2 3 4 5
€ € 0 a7
S
(3) S
n
Sge S,?e Gee Gee Gee
2L n
o
% : "//’é
[ ] / [ ]
S s 000 668
‘\ OG (3) * S
N7 N
Gee Gee n Gee G%e)
(2) .G //{ P dle @) 7
< S - $ o s
\\ (3) - EG 3 ~ \"\ %
physical: N . N i

Glauber again gives all (¢7r) terms here.
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Also true in the presence of additional emissions:

— S17) S5") S57) Si7) Ss")
& p @ a9 o (1) Yn - Yn Y,
S
(3) S (3) ) )
S %3“\ g
n n s 5 % O
Se") S7°) G7")
(2)
n S
/1
Gy°)
Ny

physical:

Glauber again gives all (¢7r) terms here.
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Also true in the presence of additional emissions:

pp

physical:

SP) S5°)

Glauber again gives all (¢7r) terms here.

agrees with soft-current calculation
Catani, Grazzini 2000 (~SCETy)
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Spectator Scattering | Add interpolating fields for initial state hadrons.

N _ ST = vl
By n 9 n n’VJ_ n
’n\w _ [ ] [7%'291”-(P—pl)n-mn-(P—pz)
_ —9) —) = ] —
n g~ PriPay n- b n- P €¢ d E”
7 —
— =.-/___.(_,n'___ E le_;p2J_) an en
P P2—>
=~ P‘;.\-—-»_n]il:’. > —o—- o
° N o n N . . "’L
TN . AN N~ . (AN .
3 D VaVa G — -V + B : 4 ) +
/7 /7
n{ (] _ n{ _ n{/ : _ n{/ —
// : T // n // . n // . . n
——————— O — <~ P?———(—ﬁz——; ———— < —— o — «- ——— — — ——— <«

G (k) = Fourier Transform of e'?

— -8 /d‘d_QkL G(kl) E(pu +k1,p21 — kl)

:—S/y/d—d_2kJ_G(kJ_)E(kJ_—ApJ_—%,Apl—kJ_—%) q1 — —P1l — P21l

Ap) = (pa1 —p11)/2
= -8 /d_d_QkJ_ G(ky) E/(Apj_ —ki,q1)
e [ G o 5%

S / A2, e AL B (b q)) @900 = Age(ApL.qy)
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Spectator Scattering | Add interpolating fields for initial state hadrons.

N B B _ ST=1u 7“’0’—‘
™ . _SV[ 7 ][n.pln.(P_pl)n'pgn'(P—m) mLn
- —9 o~ — 'S
- )&/\/\ P2, P2, 7. P n-pP « d E”
' _
— =._/___(_n___ =57 E(pu_,pm_), an en
P— P>
It T e I I
nkw G n\w N ﬁ\ﬁxw\ ;N N ﬁ\b&/\/\ n N gL = —pP11L — P21
1 v Ny~ _ ny” D Ny b or T Ap| = (p21 —p11)/2
7 ” n Pid n e Cn P e n
=0-/———-(——0-—-(- ]3_?0-———4—52—_; ———— < ———<«- ———— ———— <«

_ _SW/dd_%L e~ iAPLbL E'(by,q.) 0L = Ass(Ap1,q1)

phase cancels |F we integrate over Ap,
/dd_QAm Ass(ApL,q1)|”

=S /dd_QApL/dd_QbL A2 A7 (L =b1) E'(by,q)ET(V),q1) o) =00)

— 1572 / a2, | B by, qu)|
= |57|2/Jd_2APL ’E/(APJ_7QL)’2
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Spectator Scattering | Add interpolating fields for initial state hadrons.

P> P1—>
=X _ S7 = u, vk
ﬁY\ . - [ ] [n piii- (P—p1)n-pan- (P—p2) mLTm
- =2 =92 >
_ B PiL Py n-p n- P « 'X)
T dE
_ o n =9 ), an en
—el———€«—=—- E(p11,p21
P P>
X mr P—;.:\___)._n]z:’. e ———>———» e e
AN : A Y pn N e n gL = —P11L — P21
_ )&/\/‘ G — ~ /}xvv\ + _ + _ 4+
"y o y" o My - My S Api = (p21L —p11)/2
Ve o 7/ / l / ° °
——————— O — <~ P?———(—ﬁz_—; ———— < —— o — «- ——— — — ——— <«

phase cancels |F we integrate over Ap,

Measurements (like beam thrust & transverse thrust) that disrupt this

integration can cause a non-cancellation.
(cf. Gaunt; Zeng)
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Underlying Event

® Radiation not described by primary hard scattering.

® Modeled by Multiple Particle Interactions (MPl) in Monte Carlos

Z—utu,7TeV

';‘ :I T | T T | T T | T T | T T | T I:

. . i 014 —e— ATLAS u

Some observables are sensitive: s —— GENEvA+DYS -
SO —— GENEVA+PY8(no MPI) -

3 0.1 - EE— Pyth1a8 _

% . Tune 11 .

= 0.08 — Tune 14 ]

bea’m thrUSt’ \ = 6 - Tune 17 N

0.00 — |

Tom = ¥ pri e ! 004 5 -

0 0.02 — —]

transverse thrust, ... 11 E

8 1.0 i___ — — i

8 09 E==F Tl e —

g o8 E =

Connection between fact. violation, = °7 = E
and small-x dynamics may allow us 05 Ermm s L L s
. 0 10 20 30 40 50 )

to directly calculate these effects. Alioli. Baver. Guns, Tackmann, Tow [GeV]

7! 1605.07192



Spectator Scattering | Add interpolating fields for initial state hadrons.

P> P1—>
N = ST = upy v
R [ ] [n pin- (P=pi)n-pan- (P=ps) e
—2 =2 B
_ B Pi1 Poy P n- P T 3)
. _ an end E
e — e = ST E(p11,p21),
P_) pz—)
=.¢———-)——Q-—)-n P_;k\———)-—n]z:)- —ae——————) —a———>————>—
(AN ; AN Y L N P n qL = —P11L — P21
pvuye = A YV YA B . N
Ny” T "y 5 Ny - AR, Apr = (P21 —p11)/2
el ——— - p3¥mm<—py o e—éo< o<

phase cancels |F we integrate over Ap,

Single scale SCET:

Api ~Agcp < T cancel as in inclusive DY, AQCD < 1
up to power corrections

Ap, ~T, QT starts at O(a?), calculable

(cf. Gaunt; Zeng) factorization violation (IR f® f
72

(cf. Aybat & Sterman)



Active-Spectator and the Collinear Overlap

T
o gNn Cn _ én o CT(LG)

n_r 7
—L — — — — — —_———
— e > — — —p— —
O . > eyt
e N = / .
n,~ n A A
———— —— —— ———<€—— - <—

e can absorb this Glauber into the Collinear Wilson line with
proper (physical) directions (note: connection to eikonalization)

1 / .
e cancel! =;¢ /ddlu G°(k1)E(m1+kip1)  now need to integrate over P; |

Active-Active cancel or absorb Glauber into Soft Wilson lines

Spectator-Spectator
—~ o>

no analogous soft or collinear diagrams at leading power
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Glauber Related Examples of Factorization Violation

® Violation of Cross Section factorization, for example PDFs entangled
pp}, not ‘p> ‘p> (Collins, Soper, Sterman; Bodwin; Bodwin, Brodsky, Lepage)

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

IMD(pr,pa, ) = SpW(pr,pe: Pips, .. pn) IMO(P, ... py))
+ Sp9(p1,po; P) IMU(P,... p,))

for space-like collinear limits (collinear incoming/outgoing particles)

Reproduced with SCET Glauber Ops  Schwartz Yan, Zhu (1703.08572)

= ifae T TE TS Sp0 A1

j=4

(im)? term

2
_ igi(4we_7E)e(iﬂ) (1 +lnt 4 (9(@) (T, T;)Sp” - M’

T € 28
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Regge Amplitude Factorization at NLL

s > |t]

t
M) (%, —Q,as> = 2ra; HOB ¢ (%a) [A+(

AT

(im)? o

corrected at NNLL by

2

k.+ kot
N, o l3 ¢ 12503 o 51

bl Rrkd kS

€I —€c—9——€—O—€_
n ki-py  k-Dy N

75

;,ozs) + K A_ (;,as) }C’S <%,as>

(Del Duca, Glover; Del Duca, Falcioni,
Magnea, Vernazza)



Board
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Appendix / Backup
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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)
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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
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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
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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
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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
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Glauber

operators at leading power



