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part 1

® Consider process i1 io — H — f1 f2 with additional constraint s = (pf, + ps,)* ~ M7.

® observable is not H, but f; f» pair with invariant mass s ~ M?%.

s — M?

® two small parameters: « and § = —2H
M

® hierarchy of scales (s — MIQJ) L s~ MIQJ is the feature, not gauge invariance
(gauge invariance has to be automatic)

® systematically (double) (expand nNd ~a K 1) and do not worry about gauge invariance

® start with the tree-level diagram

11 fi

12 f2
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part 1

resummation of self-energy II(s, M%, m%)

1 1 1 1 1
usual problem: "@-- ~ 2 HS—M2N5a5N5 = LO

expansion in  and 4: (s, M, m%) = Z > mammm™) (Mg, mi )
n=1  m=0

only leading part oI1":? (M2 m? ) needs to be resummed

s — M?2 oI1(1,0) (gauge invariant)
— M3 — ’
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part 1

Propagator insertions beyond LO

_ /Ll el _ [ Jlasil? Zno
50 5 8 5088

1
Nga = NLO

® the hard contributions are separately gauge invariant
® the sum of all soft contributions is also gauge invarian

® this is not a concidence, but is due to an underlying stucture L.g = > ¢; O;
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part 1

At NNLO there are purely hard contributions . ..

) e

... purely soft contributions . ..
® each hard coefficient

IS separately gauge
independentt
factorizable
corrections

® gauge dependence of
... and mixed hard and soft contributions. soft contributions
cancel in the sum of
all soft diagrams
non-factorizable
corrections
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part 1 — part 2

split into hard and soft cannot be done on a diagrammatic level, certain Feynman diagrams
contribute to hard and soft

use method of regions to split into hard and soft [Beneke, Smirnov] and follow usual
effective-theory procedure (HQET, NRQCD, SCET)

use effective theory methods to systematically expand in a ~ § ~ I'/m [Chapovsky,
Khoze, AS, Stirling]

identify relevant modes (usually more than simply hard and soft, depends on details of
observable) — asymptotic expansion [Beneke, Chapovsky, AS, Zanderighi]

integrate out ‘unwanted’ modes — tower of effective theories (Unstable Particle Effective
Theory)

hard effects correspond to factorizable corrections
non-factorizable corrections due to still dynamical modes

this is neither a “quick-fix” nor a “free lunch”, it is a method to identify the minimal amount
of calculation to be done for a systematic expansion in the small parameters

gauge invariance is automatic since the split into the various contributions respects gauge
invariance
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part 2

Toy model with charged (under massless U(1)) Higgs, massless electron and massless neutrino
[Beneke, Chapovsky, AS, Zanderighi]

® Lagrangian:
L = (Du¢)'D'é—M>¢Té + iy + Xi Px — iFquMV
- (OpAM)? + ydibx + y o Xy — A (chcb)Q — Lot
2¢ 4
® Process:
v(pr)e” (p2) = ¢ — X
with s — M2 ~ MT. Use optical theorem and compute Im 7~

® scales: decay time 1/M, lifetime 1/T" > 1/M

2 * . MQ \ a2
® Counting: Og = g— ~ Oy = vy ~ )= 5 _ and XN — g
A7 A M?2 A7 (4m)2 4rw
® expandina ~ ay ~ayandd ~T'/M ~ o “at Lagrangian level”

® fermions: SCET; scalar (higgs): H'Q"ET
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part 2

- /:’ ) (bC) ¢S
underlying (@1 Ges 0)
dynamical modes:
theory
hard, collinear, soft
Integrate out
hard modes factorizable non-factorizable

corrections corrections

, \ N

L = Z Cn h) On(¢c, ¢8

dynamical modes:

effective
theory

collinear, soft
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part 2

Soft-Collinear Effective Theory + Heavy “Quark” Effective Theory
fermions higgs
P = (n4p) 5 + (n-p) 5 +p1 g' = Mok + Kt gT = g — vk (qu)
ni =0, nyn_ =2 vt = (¢ +45) /s, v =1
hard: p~M hard: k*¥ ~ M
(u)soft: pr~ Mo soft: kH ~ ¢

collinear: p, ~ M§1/2; nep ~ M; n_p~ Mo
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part 2

The effective Lagrangian for the NLO line shape:

1 . A . iD? A2
Log = —-FMFy, +2M L(ivDS ——) v+ 2M ¢, s — | ¢
fr 2 p ¢y | 2(vDs) > ¢ ¢ onr | sni ¢
— . — : (
+ Y1 Dss + Xt PXs + Yo (zn_D + DT @c‘l‘) Yn—
n_|_DC

_ . b yy* B - _

+ C (y GvPn—Xn+ +y (van—l—@bn—) + A2 (@bn—Xn—F) (Xn—Mbn—) T
Matching coefficients (contain hard effects)
® A=G-M*)/M=3,A0

In the pole scheme: A = —iI"

¢ Col4aCc ... >g>=
® B=1+4+aBW 4+ .. ><
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part 2

Consider self-energy diagrams - ‘& - - O - + higher orders

split self-energy into hard and soft part I1(s) = 113 (s) + I1s(s) and expand the hard part of the
self energy II, (s) = M2 S ok st11(k:D

® 11(1.0) (gauge independent) — A (LO, Propagator)

® 11(1,1) (gauge dependent) — C'(1) (NLO)

® 11(1.2) (gauge dependent) — B(1) (NNLO)

® 11(2.0) gnd 119 11(1:1) (separately gauge dependent) — A(2) (NLO, gauge
independent)

® TII; (gauge dependent) — diagram in effective theory (NLO)
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part 2

Matching of C (in MS scheme)

Matching of B at order « (contributes at NNLO)

(v Y8 T -

7

gauge dependence cancels
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part 2

Explicit results in MS scheme

A1) M2 e
- = a —3In—+7| +a 2In — — 4 — 21m
M ! < (2 ! e
A2) M2 16. M2 193  40n2
= a; (8 In? " + 3 In PER + = — 1672 log(2) + 24¢(3)

M? M? 89  23r2 |
- ai(an?—(ll—i—lOiﬂ) I —|—1327r>

e M? 115 8im>
+  agay <—91n2—2—|—(31—|—12i7r)1n 5~ T — 24¢(8) — Alim + Z;)

T T
M2
+ ax|ln— —1
L
M?Z 1
c) = a,y<log—2———z—7r>
7 4 2
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part 2

Forward scattering amplitude at NLO:

(1) _ 70y 2g (=2D) >

., ;;< >Q< T =T (S2R) T
+2 44+ 5)

_o7(0) — —yy"s i _ ooy AWM

where >:<_z7'()—m with D = /s — M — £,

i T =i 7O x

(1) _ (A(1)]2 AR p
2C 8SDM T 55 2M

poles 1/e cancel when adding soft and hard contributions (up to initial state collinear singularity)
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part 2

Partonic cross section for M = 100 GeV as a function of \/s.

0.01 o
P 0.0014
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: \ — effective theory | | 0.0012
i \‘ ---- full theory
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)/
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full range of /s: matching of resonant
to off-resonant cross section

resonant region: LO vs. NLO for pole
and MS scheme
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part 2 — part 3

From toy model to Standard Model

® effective theory relies on the fact that all scales are explicit

® main issue in Standard Model: apart from My (hard) and § - My = (s — My;)? /My (soft)
there are additional scales My, My, My ,EM 7, My . ..

® external particles not necessarily massless
® structure of effective theory and method of region has to be adapted

® consider: i1 12 — H — f1 fo

with (i1,42) € {(g, 9), (b,b)} and (f1, f2) € {(b,b), (t,1),(Z,Z),(W*, W~)...}

11 f1

12 f2
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part 3

At LO we need hard part of one-loop self energy:

® expansion of tadpole and bubble integrals into hard (k ~ Mg ) and soft (k < Mpg),
assuming Mz ~ EM z My ~ EMyy ~<< Mg reproduces full integrals

® these contrbutions, i.e. A1) are process independent (and obviously gauge independent)
and have to be resummed = effective-theory propagator

® the only (trivial) dependece on the process is in the tree-level vertices H — XY
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part 3

At NLO we need hard part of two-loop self energy for process independent A(2) ...

for example: . . involves scales: My, (§) My and m~y =0

... hard part of one-loop vertices for process dependent C(1) . ..

for example: - -

... and process dependent soft contributions
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part 3 — conclusions

® effective theories are a proven tool for processes with kinematic constraints such as
s ~ M?
® systematic expansion in all small quantities
® resummation always through renormalization-group equations
® this offers a complementary approach, useful for comparison and cross checks
® application of effective-theory methods to the full Standard Model in the case of Higgs
production has a number of additional complications
® additional scales
® massive external particles
® more involved structure of effective theory
® goal: description of most relevant processes at NLO (in effective theory counting)
this requires:
® two-loop self-energy process independent
® one-loop vertices process dependent
® four-point vertices process dependent
® soft (non-hard) contributions process dependent
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