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SCET Fields for various Modes
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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 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
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Hard-collinear factorization
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Principles used for Soft-Collinear Effective Theory

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

® Power Counting for fields, states
Carried out at level of the Lagrangian

Power counting theorems

e Symmetry  Gauge symmetry within sectors

Lorentz & Reparameterization symmetries

0

these Lagrangians factorize
SCETy = L8 (s As) + DL (60, An,)| cadin

at leading power

ng

+LY (¥s, As,€ns» An;)  Glauber operators that

can spoil factorization
6



Hard-collinear factorization QCD

Wilson lines generated by D
integrating out offshell modes ey T HH
Hp _. 0+
P 1B /4 SCET
/4 = J,
R
h§“\$_ \ | HJs KB
p AN T I £Ss
‘ 3
1 H 2
Operators are built of building block fields: |
O = (Bn,1)(Bny1)(Bn, 1)(Xn2 ) (Xna) Hp
xn = (W€ “quark jet” .
g BZJ_ _ [WT];ZD'IJL_W”] “gluon jet” W, = Pexp (ig [wds n-A,(x+ ﬁs))
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Soft-collinear factorization

Exploit field redefinitions in Lagrangians

nasJ

W H 0~

Soft radiation knows only about
bulk properties of jet radiation

(Sna Sannl Sn2 Sn?) )

3

QCD
7/1'11

SCET

Iy, B

s

Hp

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: Eé(%ETH S {n} = LY (vs, As) + > LD (&n,, 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

9



Hard Scattering Factorization: J. QCD

Etpm
| o+
@ 1% ./ Ve pHs = Eisort /
~ A L / £/ = J,
Hp = AQCD = SCET
time ) < g Hi, B
‘% —\ (LS
3
HH = MHiggs 0~
fp

Nonperturbative: do = fafb X o R F\

hadronization
:up = AQCD (In some cases by Operators,

or is power suppressed)

eg. Perturbative: 0ot = Lo Ly @ H HZ.J,,; ) 5 Used to Sum

Logs

HB H L LS

Universal Functions: beam o hard jet pert. soft



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)

(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)



Examples of Factorization:

® Inclusive Higgs production

[vE]Te

do

(Ear 1) (€0, 1) H(

pp — Higgs 4+ anything

—-Y

mHeY mge

Ecmgb , TN H, /L)

Ecmga )

(Collins, Soper, Sterman)

(PDFs contribute, No Glaubers, No Softs)

® Dijet production

thrust

ete” — 2 jets

n-collinear

T do

o dr

04"' 'I""I""I""I"_
_ Fit at N3LL' for a,(mz) & @, ]

031 theory scan error |

0.9 : Abbate, Fickinger, |
' Hoang, Mateu, IS |
L ® DELPHI i
r ® ALEPH

0.1F e orar
L ® SLD

0.0_"'"""""""""""'

0.10 0.15 0.20 0.25 0.30 T

soft particles

NSLL/ + O(a?)
Two parameter fit:

{as(mz), Q1)
Y2 440
dof g5 U091

n-collinear



Berger, Marcantonini, IS

® nggs with a JetVeto p‘gﬁt < pCUt < mg Tackmann, Waalewijn
Banfi, Salam, Zanderighi
N . cut , , g
(anti-kT jets, radius R)  Aqcp < p7 Becher & Neubert
I1.S., Tackmann, Walsh, Zuberi
oo(pp") =Hgg(mu) X [By(mmu,p7", R)]?

% Sgg(pcut
pp — H-+ 0-jets

R) B,

(PDFs and Softs contribute, Glaubers?)

V=~, W,or Z

veto anti-kT jets here
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- g9 — H (8TeV)
- myg=125.4 GeV
20—_R:0.4, m,; EFT
Q'
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M z
;510:— STWZ, i =—impu
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Ny 4 NLL,, .
O_ ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||_
0 10 20 30 40 50 60 70 80
pt [GeV]

I1.S., Tackmann, Walsh, Zuberi



Modes: Akl large @

can do calculations with back-to-back collinear particles, then generalize

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
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



Modes: Akl large @

can do calculations with back-to-back collinear particles, then generalize

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: i
(_I_a B )
- IR s st
TL-1 : 2 2
. . Ho~ AT AT A
fwd. scattering . — P QLA
- ——o———-
s >1
mo YT o
n-s P~ QA2 A, N)
fwd. scattering | 5 .
< @ <

f'TL_S T 9
fwd. scattering : < P~ QA A% A)

o< . (also scatter forward gluons)

V)
V)




Modes: Akl large @

can do calculations with back-to-back collinear particles, then generalize

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:

23 iepp—neps

n-n forward
fwd. scattering 1__*__;_*_17_ A n-pp=mn-p4 conditions
n-S Yoo " nepy=mn-p3
fwd. scattering | 5 . n-pi1="n-p4

ﬁ_S . n : n n -
fwd. scattering = _

w
S
polilie
S \V)
I
S 3
=
w




Modes: Akl large @

can do calculations with back-to-back collinear particles, then generalize

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:

. %——)-——?-——)-—ﬁ' 1 .
n-n 5 o =3 potentials
fwd.scattering , | 5 -
S ® instantaneous in 27, x~ (¢ and 2)
n-S
fwd. scattering . L
<t @ <

n-S ey om
fwd. scattering




Glauber Exchange could
violate factorization:

ST couples n-collinear,
\ * — °
- n-collinear, and
,/ N f d
VAR S [ soft modes

Glauber’s dominate
Forward Scattering:

————————-
n ’ n

n-n
fwd. scattering

n-S :
fwd. scattering L

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



“Factorization Violation” Phrase is used in different ways.

Reasons Factorization could fail:

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

® Divergent convolutions, not controlled by ones regulation procedures.

(Requires more careful definition of functions.) /1 I o
— On\L,
o T?

® Interactions that couple other modes and spoil factorization.

————>——@ —)>-
N . T spectator-spectator
Glauber exchange My’ - cancel in proof for Drell-Yan

N



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)

MO (pr,pas . opn)) = SpW(pr,po; Pipss - o) IMO(P, ... p,))
+ SpO(py,py; P) IMI(P, ... p,)) .

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

® Violation of Regge Amplitude Factorization (Del Duca, Falcioni, Magnea,
s > ‘t’ Vernazza; Glover, Duhr)

gl [ S 1 _ 0),[8 t s s t
M[rs] (_27 PR as) = 2ma Hg"s) 8] Cr (Faa5> [A—l— <Z’a5) + ks A (Zaas) ]Cs (Fﬂls)

o\ ) a(t) ) 2
As (F,0,) = (S> i (S> violated at NNLL by 7@

—t —t €2

2
S

® Collinear Wilson Line universality fails. Hs, H3 ™~ back-to-back
examples studied by Collins, Qiu, Mulders, Rogers, ... Hi + Ho — Hz + Hy + X
20 pT dependent



SCET Glauber Lagrangian

classic SCET)
/—/H

£(S(2ETH {’C(O) ¢87 _l_ ZC(O) gn 9 } =+ £II(O) ({gn 7A } ¢87AS)

0 . can derive usual types of
If ﬁ( ) does not contribute » L /P
Factorization Formulae

k>1 . T
(Power suppressed Lé— ) alone do not spoil factorization since they
are only inserted a finite number of times.)

21



Goals for treating Glauber Operator in EFT:

® Hard Scattering and Forward Scattering in single framework

® Distinct Infrared Modes in : derive when eikonal
Feyn. Graphs + Power Counting approximation is relevant

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

2
® Sum Large Logs: In (Q—) , In(x)

m,2

® Valid to all orders in Oty & clear path to study subleading power
amplitudes with Glauber effects (subleading ops & Lagrangians)

® Factorization violating interactions may also have factorization formulae
(could predict things about UE, etc.)

® Framework to (re)derive factorization theorems via +>§z

22



II(O) > >J OB _—_ 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 are given by T-products

® No Wilson coefficients ie. no new structures at loop level.

Uses SCET building blocks:

Xn — W;Egn w;b = S;Llws
1 . s 1 |
Blﬂlj_l_ — 5 [WJZDZJ_WR} BSJ_ ; [STZDgJ_S } BnAB — _ZfABCBgE

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

23



II(O) > >J OB _—_ OBC OJC_|_> >J OzB_OJn

n 7)2 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 are given by T-products

® No Wilson coefficients ie. no new structures at loop level.

o =%,178 ¥, 037 = LFPOPBEL, T (PPBYY
037 = ynTBé s 018 = LpPePBEL, T (P phBYY

BC
;" = SMS{PESE SuPLy— PiraBYL SIS, — S1Su0BY Py — gBYL SIS gBY L, — "5 STigCL s, }
\n n nB __ n n
Op” = 8o (ws TB%%) 0" = 8ma, (§fBCDBSLu 2 - (P+PHB DM)

24



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 Pt~ QA 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
t S e I S
NM=-<1
S S
5 e o< (00900000%99000000 5 o o 09999000400000000
. 1B ]nB
determin OF E O ——0 -,
ete e o) p nop2 s (2 rapidity sectors)
,J=4,9
A2 A2\

interaction between bilinear octet operators

25



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 R S
OS — 87TO€S7DJ_5 q: o
grr

26



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

27



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} .

29



Wilson Lines in the operators are obtained from Matching:

eg. W1 in y,,

QCD

p2n > > p3n
qG_kHT k., —>
u,A
q
P A Py

offshell glauber

onshell collinear

has onshell collinear

offshell hard

onshell collinear

D, >
2 qn $
Bt
Pin —

offshell hard
onshell collinear

Wilson
lines

just offshell Glauber potential

sums agree after using equations of motion

30



Feynman Rule examples: shorthand ® - '
.

7\1\*{? E - ’ ’
~ - L — Ol g — A — A
m = Tk [un§T un} [?}3§T vs}
7\7“\*\\ A//X/ﬁ —8ra [ i /v / o, LK Y
2SN
w v,C
_8 s ABC _ . . E k SRV B _
- (Zioz_é)z kgl — el — R+ R [0, 4T,
87icxs ABC fADE T B B 0 -k ntnY
= SOl L [k gt — ey — i + B
0 K ninT
A A A vl
X [n-k’g[ — M —nTk] + ——3 }

31



Feynman Rule examples: shorthand ® - '
.

—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 + = }

32



Feynman Rule examples:

,C
et Nn-—>—e—>—-"n
~ .
n\k\ /7’/77/ qﬁ u,C
D 9 — $TTTION g
n_«~  T~«0 gA:
- N-—<—6——<——1
o q—»/2 - q i
A 8mas / nM _ nt i 1L _ =B
q/f E ki,u1,Cq _ 8 <
] U e G )
qr: ot T
A<
/ — — _
xd g2 fOIAB fCBE | _ gz _ nt (2q° +k57) n (2¢ “1_ ki )nk N k2 —ptph
n - kl n - kQ 2
n’ul/ﬁ//'LQ -y - - - — 7 - 1 — 1 —
+n ) kl 7 - k2 (CIL'qL+k1¢-k2L+/€1L-qL—k2L-qL—§n . kg n- k2—§n . kl n - k1>
Cff ﬁ'k2) = ( —qt n'kl)
HipH2 1 7 2
e (n-qn-k2 Jr27”L'/€1 e ﬁ-klﬁ-q’+2ﬁ-k2
2 oAl pcrpE | e | 2417 —RG) Qg R e — i
T S —g -
7’L'l€1 n'k2 2
nHLnH2 Lo, 7 . . L, . X ) , )
+n . kg 7 - kl <QJ_'QJ_+]€1J_'k2L+k2L'qL_k1L‘QL_§n . k2 n- ]{2—577, . kl n - kl)
plus analogs
+nt Mz( qf + ﬁ.k:l)_'__lil_l&( _q_)f 4+ nk2> I . ”.
nHin n*in

quarks by gluons
33



Requires rapidity regulator for Glauber potential |2k*|™ 70"
and for Wilson lines

_ —g [w[2P?| "/ _ —g Jwin-P|I7"_
Sn_zexp{np[ — n- A, Wn= ) exp —5 A

perms

(ala Chiu, Jain, Neill, Rothstein) vow(v) = —nuw(v), lim w(v) =1

34



® Zero-bin subtractions, avoid double counting IR regions

(ala Manohar & 1S)
eg. 1-loop SCET) graphs:

S =5_—9G)

/N

naive soft graph glauber limit of soft graph

—C, — Y _ G L GS)

n n n

/ N\

naive collinear graph glauber limit of collinear graph

35



eq. One Loop qQq scattering

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

@
shorthand @ =
o

36



G.‘\.‘..G ; / d—d—ZkJ_ d—kO dk? |kz‘—2n (V/Q)Zn
oo Gcbox — S -
AR (£2)(F+q0)2 (K = Aa(k1)+i0) (k= = Ba(k1)+i0)
—€-—o——<€—9—<€-
=0
kY poles on same side

—> o —> —o—p - de—ZkJ_ dkO dk? |kz|—2n (V/2)277
n . . n Igbox = [ == .

: : (kJQ_)(kJ__'_QJ_)Q(k+—A1(kJ_)—|-ZO) (—k_—AQ(kJ_)+ZO)

G . G ‘ o

7l 7l — / ATk Ak [k 720 (v/2)%
IR (k2) (k1L +q1)%(2k7 — A+i0)

—9 d4—2[ |
-(&)/ By oW
generic, f

Similar for other Glauber Glauber phase
boxes (softs, gluons, ...).
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eg. Rapidity divergences from Wilson lines
2 2
e pe o~ v~ —t

rapidity divergent
n ”_iaﬁnnSAjﬁﬁlﬁlluQ it (N 1 (N o2 () L ™
% = =TS se 0+ G () i (T ) In (5) - 2w (5) 4
S

11 11, p? 67

- +2(_36_3ln—t_§)}

(3 -function (without ghosts)

opposite sign for this
rapidity divergence v-n~S

38



One Loop Results " = [ T S [T T ] 87 = [ G [T ]
8 Matching et B[], = s ] ]

Glauber Loops =

ia? —t>] m = gluon mass IR regulator
2
m

ts ST [82'7T In (—

; ng{ _ %h(e,,u2/m2) — %9(6,#2/75) —4In (_—t) n (m—j)

12

1
t

Soft Loops =

2 2
_91p? (—_t)_% L2k +134} «— no 1/€ poles

m? 3 3  —t 9 ,
5 q 5 10 (after coupling
+ s S [ _ Z1n (,u_) _ _] renormalization)
t 3 —t

: a? (8
Collinear Loops = Z(_Zfs S}f”{—h(e, ’“L—) +
U
2 2

s
n
#5spr| —ame (M) 2 (M) -4

Total SCET = Total QCD (s > t)

® IR divergences reproduced, @® offshell lines in loop graphs
no hard matching are sequestered

» No loop corrections
I1(0)
to L,

39



Applications

To illustrate how (familiar) results
emerge in this formalism

40



Gluon Reggeization

v~/ 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.
d qA gA qA gA as(p)C —t
V@(On _|_On ):’YTLV(On _I_On ) Ty = S;ﬂ Aln(m)
(IR divergent)
gives: (i)_%’”
—1

virtual anom.dim. is Regge exponent for gluon

41



Forward Scattering & BFKL

Expand time evolution, do soft-collinear factorization term by term:
-2
(;

T exp i/d4:c £g(0) (x) = [1 +1 /d4y1 Lg(o) (y1) + 5

7 [ty dtys €80 () 250 ) +

o0 o0 k y k/
- . Ay Ay ,By--By
~1ET) ) [O%Az (‘M)} [O‘% b (Qi’L)] @Oy (qus - )
k=1k’'=1

L+ > U

k=1k'=1

Consider (linearized) forward scattering with one Glauber exchange,
but all orders in other interactions (eg. leading logs):

1 —_—
Ty = i > <pp’|U(Tl,1)|X><X\U(171)‘pp/> = ... =é=

* QJ_: :QJ_

B /‘p(udz(ﬁ Cn(q1,p")Sc(qL,q)Cr(d,p™)

after rapidity renormalization:

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

collinear and soft functions
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n-collinear function:

7| X o

Xn J=q,9 1=q,9

= 544 25(2 )6 (2" )62 (gL — ¢) @2 Culqr,p sz, 2"")

Soft function:

1 5AA’5BB’

SG(C]LC]/L) — Vs C.TE(TF Z<O’Os(1 1) QJ_>QJ_ ‘X><X‘Olé?) QJ.;QL ‘0>
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Consider rapidity renormalization for soft function that appears here:

-~

Q’¢§ 5 7y T .
i o =590 d) M rapidity dl.ve.rgent
14! § ™ s real emission
| = (81?0 (2m)20%(qL+ 1)
/ , | q'y; :
s | s idity di
| ) o & 4o '| &  rapidity divergent
cancel 1/7n divergences 1t virtual
\ q4:
~ ~ are d
Sc(d1,qL,v) = /dziu Zse(qu k1) Sg(ki,q)) 0= v——S¢"(q1,q")
1%
d .
» VESG(QJJQS_?V) — /koJ_ /YSG(QJ_ak‘J_) SG(k‘J_,Qj_,V) eVOIUtlon
given by

QCAQS(N> /ko [SG(]CLAILV) Jf SG(QL)QL?”)] M
— - — == 1oN
o TR a e ) BFKL equatio
(see also work
by S. Fleming)

S . .
Sum usual LL: oF lnk(_t) in forward cross-section

: [or In(x) in DIS]

44



Consider rapidity renormalization for soft function that appears here:

-~

7y s 7y rapidity divergen
e | e =590ud) | apidity divergent
a4 § at: s real emission
| = (8ma,)?6M (2m)%0%(qL+ q1)
/ , , gy :
qwé S S o Jo .
) o%| e +2 b ? rapidity divergent
" § virtual
q4:
~ ~ are d
SG(QL»QiaV):/dsz Zse(qu, ki) SE(kL,q)) ():yd_sgare(qbqi)
1%
d .
» VESG<QJ_7QS_7V) — /koJ_ /YSG(QJ_ak‘J_) SG(k‘J_,Qj_,V) eVOIUtlon
given by

_ QCAQS(N) /koJ_ [SG(kLv C]ia V) . q_f SG(QJ_7 C]la V)]
w2 (k1L —qL)? 2k% (kL — q1)?

BFKL equation

RGE consistency:

d CAOés 2 Cn(kJ_ap_ay) Q_E Cn(q_l_ap_al/)
_ d%k _

VEOn(QJ_yp 77/) — 2

—

(k1 —q1)? 2753(@ —q1)?

1
—5 (BFKL)
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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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Multi-Glauber properties

e When do graphs vanish?
e When do propagators eikonalize?

a) D, X’ T b) A (L
D2 P3 D> P3
wion o n R :
A gy b gy * an interrupted collapse
. ~q4v, . ~dy, . . 1 .
_ _ gives a vanishing graph
o e_o Do —o—<"
\ 727 127) Num(k, )
O (k=27 027) Num(k, _
(pre)/ F2(F—q )% [n-k— Ay +i0][n-k— Ag+ 0] [n-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)

need unimpeded exchanges:

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 properties

d) pg/ u,C

c) n n
n n n P2 ’ Ps
) 2 > — 9 >—
AeRE e
L R kAt gk

eikonal

-

e When do graphs vanish?
e When do propagators eikonalize?

nonzero

(|/€Z|_277 V277) Num (k)

(pre)/d“qu — 5 —
k2(ki—q )" |n-k+A] —i0][n-k— Ay +i0] [n-k+ A} — 0]

Num(kL)

partly non-eikonal

(pre) dd_Qk
4/ C Rk —q0)% (AL + A —i0) 7 0

(ki +p31 —qL)2

A= — N - p3
n-ps
E 22
All_(J—_ ng—) _n°pg
n'pg
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Multi-Glauber rules

noooy nonzero
Tk+q A -

E-(——i————,'}———c'—-(—ﬁ-’ IL—(————‘—Q—‘————(—E

Nty e Sugll H ~ A\
k+roze A g .¢/€—q+§£'+£*

_ m@}m" » nonzero ki~ A
-k+ﬂ£*¢- kg s -k C]+ﬁ£+

° 1+ °

e unimpeded exchanges
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Multi-Glauber rules not eikonal

e unimpeded exch A N R
unimpeded exchanges i e e S
keehs iy | vk
. . PZeN_ o oo P
e propagators in Glauber loops are effectively DN
eikonal if and only if they are naively log-divergent
eikonal

Together these two rules lead to the picture
of multiple eikonal Wilson lines crossing a shockwave:

a) b)

n T-—<—te——e—e < n ly—<-—gr——<
TR —>- @ 0-— —9-0 + & — >— Cﬁm’-ﬁ*— — > .
n o 0o connection to:

Balitsky’s High Energy EFT
(Wilson Lines),

setup for B-]IMWLK
evolution, etc.
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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 _ FQs | . 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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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:

S1Y) 95")

Glauber again gives all (¢7r) terms here.
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Continues at higher orders. Checked explicitly at 2-loops:
abelian e o

n “n

non-abelian

GSl) GS2
MW7

)

(2) (2),7, (2)

¥y . .

8(/ S 8(/ S @(/ 21; S e <X<\§994<1>
N 0 o

}\ E\ (3) ‘\ . (3)\ (3) ]

YD) N N N

S3 4+ 5S4+ S5+ 5S¢+ GS1+ GS2 + GS3 4+ LST + LS =§3+§4—|—§5—|—»§6

soft Wl.th + Glauber .
subtractions

naive soft
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Hadron Scattering Add interpolating fields for initial state hadrons.

P2 ___y_ P> _
N _ _ SY =, A
A n oy 1 1 n-pin- (P_pl)nPQn (P_pQ) u ’YJ_/Un
BN =57 | =3 =3 - >
Ny~ _ PiiPal neb n- P ¢ d E”
]3_?.-’:——4—7%—_; = ST E(p1L,p21), an €n
Active-Active Same correspondence:
e e _ Q G
MYe M hve W S =5-5¢
. %
) %m Y G — g6
T — N = —

(5-85+a=35
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Hadron Scattering Add interpolating fields for initial state hadrons.

P—> Pi—> -
== T _ ST = any vl
v, —57[ T 5 ] [ﬁ°p1ﬁ-(P—p1)n-pzn-(P—p2) e
— — =5 - _
_ DL P n-P n- P
7o 11 P21 ¢ ”9
[T SRR (S = P1L,P21),
D2—>

i -
—L — — — — — —_———
=T "7 n n
n*$\ (G) ) >—0->—
_ :13&/\/‘ G — On n/ :
n,~ i /AW
A — ——€—— > <—

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

==
(AN . . .
O no analogous soft or collinear diagrams at leading power
Ny -
<
=k———-)——?-—)-lrz P—;.:\___)._n]ﬁl:’. —a———>——0—>- e ——>— o —>—
AN : AN Y . N oL
_ »V G = _ + : + +
n o~ . n oy~ T : n - S
/{ . 7] /{ = /f . n v . ©f
ol el P e

= &7 /d‘d_riL Gky)E(piL +ki,po1 — k1) G (k) = Fourier Transform of e'?

:—SV/d‘d_%LG(kL)E(kL—ApL—%,ApL—kL—%) 4L = —piL— Pa1

Ap| = (pa1 —p11)/2

— /d“d_2lu G(ky) E'(Apy —k1,q1)

_ 5 / a2k, / d?72h, e~ b G(b,) / 442 AR VLR (1) g )
_ _SV/dd—sz e APLL Bl q)) 9P = Aqo(Api,q))
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Spectator Scattering

o P1—>
\___-)—_'-_)-TZ P_;'T—--)'——l-' === — G ———>— ———->—
- : > n N . n > N qL = —p1L — P21
n N [ n*\ n¥\ . nV\ N .
B )&/\/\ G — _ + _ + _ + ...
Ny ) Ny 7 Ny — Ny LR Ap| = (p21 — pu) / 2
=O—/————(——;-—-(- p_?.-/———(—ﬁ2—_: =o-/———-(——5-—-(. =0—/———-(——0——0-—(—

_ S / A2, e APINL B (b, q)) €900 = Ags(Api,qi)

phase cancels IF we integrate over Ap,
/Jd_2APL ’ASS(APLaQL)‘Q

=17 /Jd_ZApL /dd_QbL A%, AP (B =b1) E'(by,q)ET (Y, ,q,) elts)mioll)

— 572/dd_2bj_ ’E/(bJ_,C_ZJ_)F

= \57|2/dd_2APL ’E'(APL,QL)IQ e e
IO n O n
LV Y
Active-Spectator and the Collinear Overlap n_~ 7 n_y¥ 7
— ———— — —— —L — o — — ——-
1 / .
e cancel! -c9 /ddlu G'(k)E(p+ki,p21)  NoOw need to integrate over p; |

(importance of Wilson line
59 directions for TMDs)



Spectator Scattering

=.¢———-)——?-—)-,n-j P_;Q\———)-—nz—jj- —a e ——————) —a———>— ———->—
AN : AN Y N W, ob L= "hL= Pl
n )zvv‘ G - n ’M + e * ([30d L Ap) = (pu —pu)/Q
/,f cn //{ n //{ N e e n

cancel IF we integrate over Ap;

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

integration can cause a hon-cancellation.
& (Gaunt; Zeng)

Single t-scale SCET:

Ap, ~Aocp < T cancel as in inclusive DY, AC’?D < 1
up to power corrections

(Aybat & Sterman)
Ap| ~T,\/QT starts at O(a?), calculable
(cf. Gaunt; Zeng) factorization violation (77)® f ® f

Need multi t-scale SCET for most interesting effects

(not discussed here)
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Underlying Event

® Radiation not described by primary hard scattering.

® Modeled by Multiple Particle Interactions (MPI)

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]

¢! 1605.07192



Conclusion

® EFT formalism for s > ¢, Hard & Fwd. Scattering & Fact.Violation
® Universal Operators that can be used for many processes & problems

® Reggeization, BFKL, Shockwave picture, S-G & C-G overlaps, ...

Future Directions
® Study joint DGLAP(1) and BFKL(22) resummation for small-x

® Study Regge & BFKL type resummation at NNLL

® Reproduce classic (CSS) proofs of factorization

® Improve theoretical description of Underlying Event



The End
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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):
~ \° (gauge invariant) topological factors
) ) / operator insertions
§=6—N"—N" - N _ N 1 2y /

Z (k= 8)Vi + (k=) (V" + V" + V&) + (k=3) (Vi + V) + (k—2)V""

N— need ~ \° ~ A
standard SCET Glauber

operators at leading power
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