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I[N memory of Stefano Catani

Pioneer of perturbative QCD and resummation, with many
seminal contributions: soft-gluon resummation, jets (kr

algorithm), IR singularities (Catani formula), algorithms for
fixed-order computations (Catani-Seymour, gr subtraction)
and merging (CKKW), small-x resummation (CCFM, CH)...



N processes involving disparate scales Q » Qo,

nigher-order corrections are enhanced by large
logarithms

Oé? lIlm Q/QQ

which can spoil perturbative expansion. Maximum
power of logarithms depends on problem

e Single logarithmic: m = n

e Sudakov (soft + collinear): m = 2n

Resum enhanced contributions to all orders.
e Count In(O/Qo) ~ 1/a
e Systematic expansion: LL, NLL, NNLL, ...
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Resummation technigues

e diagrammatic methods, factorization theorems,
evolution equations (direct QCD)

e parton showers MCs
o Soft-Collinear Effective field Theory (SCET)
* Integrate out physics at high scale

* renormalization group evolution to resum
logarithms



soft radiation
threshold

non-relativistic

small masses

large rapidity

Many types of scale hierarchies, many different types
of resummations ... and by now many different EFTs




loday's lecture

Detailed discussion of the gr spectrum in Drell-Yan production
* motivation: My and as determination
e pasics
* break down of fixed-order prediction at low gr
e counting of large logarithms
e exponentiation and resummation
e organization of the resummed result
o SCET versus direct QCD
e uncertainty estimate

» switching off and matching

factorization theorem
N"LL results



Tomorrow'’s lecture

QCD made simpler: the physics of soft and
collinear emissions

* factorization of soft and collinear emissions
Jet physics and soft emissions
* Non-global logarithms

e Superleading logarithms



(a slide from MC school in 2015) fixed order

Parton shower MC's "’3 } ’

-&—M’

Higher- Io’g resummatlon?



In the past, not too much cross talk between parton
shower MCs and resummation

e analytical  numerical
» simple observables * fully general
« N"LL accuracy (by » LL + many
now up to n=4!) subleading effects +
tuning
e exact color e large-N¢ limit + some
° non_per’[urba’[ive matrix e hadronization models

elements, fits



The situation has changed!
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Relative deviation from NLL for as—0

Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez ‘20

Development of parton showers which
systematically include higher-log effects Deductor,
PanScales, Alaric, ... — Melissa’s lecture
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De Angelis, Forshaw, Platzer ‘21

Amplitude evolution, development of full color
showers. Deductor Nagy, Soper, CVolver Platzer,
Sjodahl, De Angelis, Forshaw, Holguin, ...



Resummation of subleading soft logarithms in jet processes
using MC method: Gnole Banfi, Dreyer, Monni 21 SCET
framework TB, Schalch, Xu, 23 ...

... and same result from PanScales MC Ferrario Ravasio,
Hamilton, Karlberg, Salam, Scyboz, Soyez '23.

Numerical agreement among the three approaches.

more In Friday’s lecture



Anatomy of a
resummed computation

Transverse momentum resummation
In the Drell-Yan process



| first want to explain terminology such as
resummation
next-to-next-to-leading-logarithmic accuracy (NNLL)

To do so, | will use a classic example, the gr
spectrum in the Drell-Yan process

Wil discuss the structure of resummed results and
the assoclated theoretical uncertainties.



Drell-Yan Processes

* Production of one or more electroweak bosons (W, Z, y or
H), together with arbitrary hadronic final state X.

e L eptonic decays of the weak bosons, only leptonic
measurements.

 Simplest hard process at hadron colliders. Precision
results from the LHC, even for multi-boson final states.



g7 spectrum of Z-bosons
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pp — 4+ X
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1 do 0.04 ATLAS
o qu 0.03

NNLL+NLO

0.02 |

0.01

0.00F

qgrT [GGV]
* gris the transverse momentum of the lepton pair!

e Experimental uncertainties invisible on this plot!



A precision measurement at the LHC

~ ATLAS ~ s=8TeV,203f7"
66 GeV =m, <116 GeV, IyI<24
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 y2/NDF=43/43 over large range of energies and
2~ many orders of cross section!
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p! [GeV]= g7, the transverse momentum of the lepton pair
ATLAS, Eur. Phys. J. C 76 (2016) 291 T

Potential for precision determinations of SM parameters
but huge challenge for theory!
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Tiny experimental uncertainties!



Strong coupling constant from gr spectrum

g\' 0.122F ATLAS Preliminary op— 7 = 2309 12986
o - 8 TeV, 20.2 fb” .
0.120f -
0.1181 ¢ +—
- ¢ ]
0.116 —
—¢ .
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0.1 12;_ MSHT20 PDF -
0.110 R -
B Scale variations
0.108" '

NLL NNLL N°LL N*LLa

higher precision of resummation
e —

Precise determination of strong coupling constant:

as(mz) = 0.1183 + 0.0009



mw from W-production

CDF et al., Science 376, 170-176 (2022)
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* Neutrino transverse momentum indirectly through
Pt = —Pr — Pp

 mw from template fits to pr, pr» and mr.
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CDF et al., Science 376, 170-176 (2022)

My = 80,433.5+ 6.4t = 6.95yst = 80,433.5+9.4 MeV /c?

/ o difference of CDF value to the world average!



Discussion of theoretical systematics in LHC precision measurements
26 Feb 2024, 0900 —+ 27 Feb 20Z4, 18:45 Europe/Zurich
@ 4/3-00€ - TH Conference Room (CERN)

Description The Workshop will review the theory challenges openec by recent hich-prec sion measurements at the LHC of my, and ag, where thzoretical
systematics plays a critical ro'e in setting the ult mate precision thet the experiments car achieve.

Videoconfererce ... - . . :
© LHC prezision measurements discussion

Regstation &’ Reqistraticn form

Participants Alessancro Bacchella u Alessandro Tricoli Alexander Yohei Huss u Aman Desai ’ Andrea Ficcinelli

rm

contact thworkshops.secreteriat@cern.ch

MonpAy, 26 FEBRUARY

L — 09:05  Introduction ®5m
(L —+ 00:35  Ovaerview of LHC EW WG1 studies in the context of precision measurements ®30m
L —+ 10:15  Fixed-order predictions for leptonic observables (QCD, EW, PDFs). ® 40m

Speaker: Dr Xuzn Chan

B - 10:55 Resummation and PDF uncertainties for leptonic observables ® 40m

Speaker: Tobias Neumann

[ — 17:20 Coffee break ® 25m



= 11.50 Non-perturbative aspects ®30m

Speakers: Prof. Alessandro Bacchetta, Giuseppe Bozzi (University of Cagliari and INFN, Cagiar), Dr Valerio Bertcne (C.EA. PaisSaclay

— 1220 Propagation of scale uncertainties to ptiep templates after tuning to ptZ ®30m
Speaker. Faolc Torrielli (1

— 1300 A perspective on TH uncertainties ®40m
Speaker: Frank Tackmann

- 1400 Lunch break @ 1n

- 1430 Statistical interpretation of TH uncertainties O30m
Speaker. Alexancer Yohel Huss (CERN

-+ 15:10 Theory uncertainties in the LHCb MW measurement ®40m

Speaker: Mika Antcn Vesterinen (Universty of Warwich

— 15.50 Theory uncertainties in the alphaS measurement from ptZ ®40m
Speaker. Stefano Camarda

+ 16220 Coffee break ® 30m

— 1700 Propagation of TH uncertainties in data driven approaches ®40m

Speaker. Maarten Boonekamp (Lniversité Paris

—+ 1730 Profiling of PDF uncertainties ®30m

Speaker: Simone Amoroso
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Important to have precise theoretical control over the
fransverse momentum spectra.

Let's compute them!



from: QCD and Collider Physics, Ellis, Sterling, Webber

9.2 Perturbative QCD corrections 307

(b) (c)

Fig. 9.3. The leading- and next-to-leading-order diagrams for the Drell-Yan
+ process.

9.2 Perturbative QCD corrections

In this section we calculate the O(as) corrections to the parton model
| Drell-Yan cross section. The calculation is similar in many respects to that

for the corresponding correction to the deep inelastic structure function
F,, described in Chapter 4. We begin by considering the parton-level
Drell-Yan cross section for the leading-order process q(p,)+§(p2) — It1™:

1 A a2 )
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1 do
O qu




« Lowest order gg — Z process has no hadronic state X,
therefore gr = 0:

1 do
O qu

— 5(QT) T O(CVS)

* Note: cross section is a distribution in gr.

 PDF convolution drops out in spectrum.



lower order
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e At the next order Z-boson recoils against the gluon (b) or
quark (c):

* Atlow gr the cross section is enhanced:

1 do In(qr/Q)

|
Y 8 Iooo

o dqr qT

e Distribution: integral over gris defined and gives 1.



P1 —=— A\ dq

IR
by~ e Py
Squared amplitudes (b)

2CF82 [(Pl ’ C]) * + (Pz ‘ 6]) 2]

2
Z | M 4574417 = 6
SPINS

q* D1 Pe P2 Py
diverges when

P, |l py P, |l p; p, = 0

collinear limits soft limit



One can use dimensional regularization d = 4 — 2¢ for phase
space (as well as loop integrals). Gives expressions such as

er —1- 26 1 —2€ 1 | 2
quq — 2_QT — 5 | hl(QT) —¢ln (QT) + ...
0 € €

or differentially

1

—1-2¢ _ 1
q7 ——2—65(qT)+ + ...

Soft and collinear 1/¢ divergences cancel in cross section
(real against virtual!) up to collinear terms which are absorbed
into the PDFs, but logarithms remain.



Full partonic cross section ind =4 — 2¢

do; C ye
qq—7+g F € 1 ~1-¢
— 0 § 21+2€(1 _ Z) 1 2€Z€ (1 _ C082 9)

dzdcos@® ° 4x I'(1 —¢)
X |4+ (1 —2) (1 —2)(cos*0+ 1 —2¢) —4)]

@ . gluon scattering angle in partonic CMS
z = M?*/§ : energy variable.
Soft limitisz —» 1

do - Cpa, e

> GO
dzdcos 0 dr T'(1 —¢)

23+2€(1 _ Z)_1_2€(1 — cOs2 8)_1_6

soft divergence collinear divergence



The double logarithmic term a, In*(Q;) is linked to a

double divergence, where the emitted gluon is both
soft and collinear

e squared amplitude is very simple in this region,
also at higher orders, see later!

The divergence itself cancels against the virtual part

e can predict double logs purely from the
divergences of loop diagrams.
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o dqr
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1 do

o dqr
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1 do

o dqr
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L eading logarithmic (LL) result

The plots in the previous slides were obtained by
defining
T 1 do

lar) = | dq/TadQ’T

and using the approximation

Y(qr) = exp(—asL?)

wWith M% CF

[ Cr=4/3, a(M,) ~ 0.1 ]



Full fixed-order result

PP>Z+X @ 7TeV -
oL |>20GeV,|n|<2.4 |

0.07 -

0.06 |

0.02
NNLO

0.01F

0.00 |

* Qualitatively similar to the simple double-log approximation

 Bands from varying scale in strong coupling by factor 2
around default. Large scale uncertainty for low gr



Sudakov logarithms

The integrated cross section

qr l do
YX(gr) = | dg;
M2
has for low gr an expansion of the form (L = In—-)
qr

S(qr) = 14as (cal? + a1 L + co)+a? (eal® + esL? + ... )+al (6L’ + ... )+. ..

leading logarithms

next-to-leading logarithms



Counting logarithms

Enhanced higher-order corrections at small gr
because the logarithm L becomes large and

overwhelms the as suppression. Natural counting Is

1
L~—
aS

This is compatible with the running of the coupling:

@L= : : - O(a?)

47 ay(My) a,(qr)




Counting implies that

Counting in the cross section is not meaningful!
Higher log terms become more and more important.

Need full control over these enhanced terms to get
meaningful results.

Solution: can show that (for many observables) the
double-log terms exponentiate.



EXponentiation

One can show that cross section has the form

Y(pr) = exp (L g1(asL) + g2(asL) + asgs(asL) + o2gs(asL) + .. )

Nontrivial, crucial feature: only one L per order in the
exponent!

Accuracy:
o | |; g1 NLL; a1, go; NNLL: g1, go, gs

Expand in a5 but count as L as O(1)



EXponentiation
One can show that cross section has the form

S(pr) = exp (L g1(asL) + ga(asL) + asgs(asL) + ags(asL

i /

~ 1/a,

Accuracy:
o | |; g1 NLL; a1, go; NNLL: g1, go, gs

Expand in a5 but count as L as O(1)



Size of corrections

Correction to L~1

LO
NLO OCS2 OCS”LZ” V
LL o Ln~ 1
NLL Ols
NNLL Ols?

exp (Lgl(ozsL) + go(as L) + asgs(a,L) + a2gs(a,L) + ... )



Uncertainty estimate

et us discuss how the estimate uncertainties in resummed results,
using our LL result

L =1In q—T2
y Mz
>(qr) = exp(—asL”) Cr
Us = %O‘s(/ﬁ)
LL is not unigque:
1. Can choose a value of yin the coupling.
- q2
2. Canmodify L - L =In Q_T2 with Q ~ M, the ““resummation

scale”. Vary this scale e.g. by a factor of two



Scale in coupling

In our exponentiation we have neglected running
coupling effects, but these make a big ditference and
need to be Iincluded.

0.15 -

0.10 |




Including running effects

Proper expression for the double logarithmic part which takes into
account the running coupling is

2
Jg, H 7l H

~M 2
zdu 4Cr o M

One can rewrite the entire integral as an integral over the running
coupling. Remember that

Ly L+ 0w

47 ay(My) a,(qr) ’

This is done in Soft-Collinear Effective Theory (SCET). To estimate
uncertainties one then varies the scale in the high and low coupling.



Uncertainty estimate in traditional resummation

0.15 - . 0.15 -
resummation scale renormalization scale
M,/2 < Q <2M, M,12 < u < 2M,
1 do i ) 1 do i )
oda, | | ed |
0.05 - . 0.05 -
0.00J 7 0.00J
(‘)““é““1‘0““1‘5““2‘0““2‘5““30 0““‘5‘“‘1‘0‘“‘1‘5““2‘0““2‘5““30
qr ar

Significant uncertainty: expected since
missing NLL is an O(1) effect.




Uncertainty estimate a la SCET

0.15 - 0.15 - ,
qr/2 < u; < 2qr M,/2 < u, <2M,
0.10; . 0.10;
1 do i 1 1 do i
oda, | | odg, |
005/\ | 005/\
0.007 7 0.007
(‘)‘“‘é"“1‘0"“1‘5““2‘0““2‘5““30 (‘)‘“‘5“‘“1‘0"“1‘5““2‘0““2‘5““30
qr qr

SCET is based on RG: logs are eliminated in factor of
coupling constants at high and low scale.

e Similarly large (but not identical) to trad. approach



Switching off resummation

The resummed result is based on an expansion of the
cross section for gr — 0. At high transverse momentum

(hard emissions!) these results become unphysical!

o00—m—rr——++

> \ resummed result

becomes negative

-0.005 -

-o0i04rnr—»——r— e e L

Should switch off resummation at larger g and transition to
standard fixed-order result.



Different ways to switch resummation off and match to fixed
order

» Traditional approach: modity argument of logarithms L
so that they switch themselves off at higher gr.

o SCET: profile functions which modify scales so that
u(gr) = w, for high gr.

. Transition function #(x), with x = gz/MZ which smoothly

transitions from resummed to fixed-order result,
t(x) > Oforx —»> 1.

All these methods are currently used.



Matching

Resummation is based on expansion at small gr, but
we can add back the power suppressed terms

d ON3LL d ON3LL doNNLO d O.N?’LL

dgr dgr dgr

VO
matching correction Ao

dgr

naively matched to NNLO exp. to NNLO

Can combine matching and transition function #(x)

4o N°LL 4o N°LL
t(x)

matched to NNLO




All-order tactorization

Collins, Soper, Sterman '84. In SCET: TB Neubert ‘09

Beam function hard function
soft + collinear emission Born + virtual corrections

Factorization theorem originates from soft and
collinear tactorization, as we'll discuss later.



Beam functions factorize further into parton
distribution functions (PDFs) ¢q, ¢g ... and
perturbatively calculable kernels I__, .



Fourier convolution

hard function: Born + virtual
1 1
doij(p1,p2,19}) :/o d&/O A&y oy (&1p1, Eap2, {a}) Hij(&1p1, Eopa, {at, 1) -

1 2,02\ ~Fii(@Lm)
TQ ) Bi(glaxJ_alu) ) Bj(fQ,ZEJ_,,u)

deJ_ e 1LT L (

4mr b
collinear beam
anomaly functions

Factorization takes place in transverse position space. Cross
section is a Fourier integral!

Product of beam functions has Q dependence from rapidity
divergences (collinear anomaly).

Setting 4 = g including only NLL term in the exponent F;; leads to a
divergence In the cross section at low gr. Frixione, Nason, Ridolfi ‘99
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At low transverse momentum QCD emissions start
recoiling against each other instead of the Z-boson.
Relevant scale p is higher than gr of the boson.




Solutions

Set scale in position space, but introduce cutoff
prescription (b* prescription) to avoid NP region
Collins, Soper, Sterman '84

Dedicated analysis of Fourier integral at low gr
reveals that one needs to systematically include
some additional terms in exponent F and that

u — g« atlow gr, where g. ~ 2 GeV for Z-production
1B, Neubert "11

Set scale to transverse momentum of softest
emission instead of gr. Monni, Re, Torielll "16

Distributional scale setting Ebert, Tackmann 16



0.00 -

15 ¢ 012 v :
| 0.10 - naive :
3 v 008 LLresult
@, : |
g 0.06 - :
3 C:é‘b 57 0.04§ %

V 0.02 "

|

. Proper treatment has a dramatic effect at low gr: da/dq%
has non-zero intercept at g = 0

* |t would be interesting to measure this intercept!



Ingredients

hard function: Born + virtual
1 1
doj(p1,p2,{q}) :/o d§1/0 A&y doy; (&1p1, Eop2, {q}) Hij (&1p1, Eap2, {q}, 1) -

| | 2 QQ —Fij(z1,p)
d?z | e t4LTL ( L ) Bi(&1,z1, 1) - Bj(§2, 71, 1)

4rr b
collinear beam
anomaly functions

¢ |ngredients known to high accuracy

e three-loop beam functions Ebert, Mistlberger, Vita "20; Luo, Yang, Zhu and
Zhu 20

e three-loop hard functions for Z/\W/y (new: singlet contributions Gehrmann,
Primo '21 with top mass Chen, Czakon, Niggetiedt ’21), two-loop for
diboson processes

e new: four-loop anomalous dimensions and anomaly exponent Fj;

e Matching is also known to 05S3 (MCFM, NNLOJet)
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A-l00p anomalous dimensions

e Anomaly exponent aka rapidity anomalous dimension can be
extracted from regular 4-loop soft anomalous dimension obtained In
Das, Moch, Vogt "19, Duhr, Mistlberger Vita, 22 through conformal
mapping at B(e*) = 0 Vladimirov '16.

¢ |ndependent extractions by Duhr, Mistlberger, Vita '22 and Moult,
/hu, Zhu ’'22

e four-loop hard anomalous dimensions Manteuffel, Panzer, and
Schabinger '20; and full quark and gluon form factors Lee,
Manteuffel, Schabinger, Smirnov, Smirnov, and M. Steinhauser '22.

e four-loop cusp Henn, Korchemsky, Mistlberger '19; Manteuffel,
Panzer, and Schabinger '20 + ... 5-loop cusp is missing, estimated
to have very small effect.
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Implementation

Va

e  Structure of resummation is the same as born-level + virtual in fixed-order computation

Resummation can piggyback on existing fixed-order codes MATRIX+RadISH
Kallweit, Re, Rottoli, Wiesemann '20, CuTe-MCFM TB, Neumann ‘20, to get
resummed fiducial cross sections.

Same for jet-veto cross section MadGraph5_aMC@NLO TB, Frederix, Neubert
Rothen ’14; MCFM-RE Arpino, Banfi, Jager, Kauer ’19; MCFM
Campbell, Ellis, Neumann, Seth ’23
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¢ aN*LL resummations from several groups with different

formalisms (public N4LL: CuTe-MCFM Campbell, Neumann '22, DYTurbo
Camarda, Cieri, Ferrera ’23; ARTEMIDE Scimemi, Vladimirov ‘23)

e All results (except ARTEMIDE) include a3 fixed order
matching from MCFM



Comparison and uncertainties

As we have seen, resummed computations are performed in a variety of
(equivalent) formalisms and with different of scheme choices

e Scale setting in momentum space (CuTe, Radish) versus impact
parameter space (everyone else)

e Different formalisms for rapidity logs (CSS, collinear anomaly, RRG)
and associated uncertainty

e Different matching schemes / transition to fixed order

Uncertainty estimates are much less standardized than for fixed-order
computations!

e (Ongoing comparison/benchmark efforts by LHC EW sub-group
e \Workshop at CERN next Monday
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2309.12986

e Reconstruct inclusive spectrum
rate from angular coefficients

e (o, from fit to DY Turbo

e MSHT20 approximate N3LO
PDFs

e ross checks with NNLO sets

e Non-perturbative effects based
on two-parameter ansatz by
Collins Rogers ‘14



ATLAS oy extraction

2309.129806

| - I-Iadron CoIIidells I
ATLAS -@- Category Averages PDG 2022
Preliminary -@- Lattice Average FLAG 2021 ) )
8- Yorld Average PDG 2022 Experimental uncertainty +0.00044  -0.00044
-@- e .
i PDF uncertainty +0.00051  -0.00051
ATLAS ATEEC 0.1185 + 0.0021 L. L.
CMS jets 0.1170 = 0.0019 Scale variations uncertainties +0.00042 -0.00042
W, Zinclusive 01188 = 0.0016 Matching to fixed order 0 -0.00008
ttinclusive 0.1177 + 0.0034 .
decays TR 01178 = 00015 Non-perturbative model +0.00012  -0.00020
QQ bound states 0.1181 = 0.0037 Flavour model +0.00021 -0.00029
e ORI QED ISR +0.00014  -0.00014
EIecJtroweak it p 0.1208 = 0.0028 N4LL approximation +0.00004 -0.00004
Latice | 4 0.1184 = 0.0008
Wordaverage | 7= 0117900000 Total +0.00084  -0.00088
ATLAS Zp_8 TeV | _; 0.1183 = 0.0009

0.125 0.13

a(m)

z

One of the most precise determinations of a; !
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With these high-precision resummed and
matched computations, we have entered a
new regime of precision collider calculations.

Unprecedented precision, but also difficult to
be sure the uncertainties are reliably
estimated... we have no previous experience
with 1% precision at hadron colliders!
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QCD made simple(r)

There are two limits where the perturbative expressions for
the scattering of quarks and gluons simplity considerably

e Collinear limit, where multiple particles move in a
similar direction.

e Soft limit, in which particles with small energy and
momentum are emitted.

At the same time the cross sections are enhanced In these
regions (— large logarithms!).

e |f these regions are relevant, we need to resum these
contributions to all orders to get reliable predictions!



Collinear lImit

In the limit@ — (), where the partons become collinear,
the n-parton amplitude tactorizes into a product of an
(n-1)-parton amplitude times a splitting amplitude Sp.

[a



The splitting amplitude diverges as 6—0 and the
factorization holds up to regular terms

For the cross section, one finds

d0 dFE
do,, ~ do,, _ J d
o o 19 E, 0

Logarithmic enhancements at small angle, and
also at small gluon energy. No interference!




Soft limit

Also when particles with small energy and momentum
are emitted, the amplitudes simplity:

i - D
p p—Fk ’”'““(p)p.k

Soft emission factors from the rest of the amplitude.

p-k=FEw(l—cosf) in denominator leads to
logarithmic enhancements at small energy and small
angle.



Since the emission of soft gluons is in the direction of
the particle, the cross section for the emission of one

color factor ~ T;-T;

SO for massless particles soft emission is a pure
Interference effect, in marked contrast to collinear
emissions!



Wilson lines

Soft emissions are only sensitive to the total charge of
the object they radiate off. Also, the emission of soft

guarks is suppressed compared to gluon emission.

Interactions can be represented as

S; = Pexp ig/ dsn; - A% (sn;) T,
0

[/

nit=pi#/E Is a vector in the direction of the energetic
particle, and T Is its color charge



LInk to parton shower

The parton shower generates multiple collinear
emissions iteratively

£ A

(repeat on each leQ)

Without care, the shower will give the wrong result, even
at LL, because it does not contain soft interference.

* Angle ordering disentangles soft radiation

interference see e.g. “QCD and Collider Physics”,
by Ellis, Sterling and Webber



Soft-collinear factorization

soft emissions

virtual corrections

collinear emissions

Collins, Soper, Sterman, ...

Basis for higher-log resummation. More complicated than
structure than what's implemented in a parton shower:

e Interference, color structure, spin, loop corrections.



Soft-Collinear Effective Theory

Bauer, Pirjol, Stewart et al. 2001, 2002; Beneke, Diehl et al. 2002; ...

Implements interplay between soft and collinear into
effective field theory

Hard } high-energy
Collinear } |

ow-energy part
SOft s/ P

Correspondingly, EFT for such processes has two low-
energy modes:

collinear fields describing the energetic partons propagating in
each direction of large energy, and

soft flelds which mediate long range interactions among them.



Diagrammatic Factorization

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

Collins, Soper, Sterman 80’s ...

Advantages of the the SCET approach:

Simpler to exploit gauge invariance on the
Lagrangian level

Operator definitions for the soft and collinear
contributions

Resummation with renormalization group

Can include power corrections

Collins and Soper ‘81

e e——————t
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