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» At every order of your calculation there are logarithms that grow

arge In kinematic limits

» Actually, a L ~ 1 Is the expansion parameter. This is not small



* Factorisation theorem splits up amplitudes Iinto single-scale objects

* Predict logarithmic structure up to some power In expansion
pDarameter
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Van Beekveld, Laenen, Sinninghe Damste,Vernazza (2021)

some power In expansion parameter
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OUTLINE

» Factorisation theorem of amplitude
» Method of regions

» Jet functions up to subleading powers & check




« Soft function = Matrix element definition

e ARE [ HE INGREDIENAS ST

» Hard function = Matching coefficient

» |et function — Matrix element definition

» Leading power logarithms via M* ~ Jg x H - x J7 xS
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(SUB)LEADING POWER FACTORISATION
6(1°) O(A) O(12) 612




(SUB)LEADING POWER FACTORISATION

A" ~ Jp X b%x Jr X S+ J; X b%@ Iz, X S+ (fry) + (f) + () + O(4°)



RIERHOL OF REGIRIPES

» Philosophy: expand in A before integrating

1

1 1

I:/[dk]NM(pl _k)Q_mQ (p2+k)2—m2 [-2

» E.g,if kis collinear: (p2 + k)° —m® = 2p; -k + O(X\?)

enrs . :
Ih:(“—) / ek

=

ol (M_) 22204424 ) + OO

u(p1)y v(p2) + O(N)

Beneke, Smipnov {1995



RIERHOL OF REGRIPES

o S e ARG :

L= (%) -3 -2-8+G+... | atp)ro(s) + O
by S s

e (%) 12 S C; ... [ u(p)YPu(p2) + O(A)
m e € ;

» Full result 1s sum of all regions:
e e

e (“_2) 1 (1 = ngg( 722)) L 4log( Wj) + log? ( Wj) E 2<2: u(p1)y"v(p2) + O(A, €)

—C e

10 Beneke, Smignov (1995



EETROR) OF REGIONS & FACTORISATECHS

» Method of regions: I =1+ 1.+ I,

* Factorisation at leading power:

A= J HE J:S 5 IO HO J<0> + JO H(l)ﬂ J<0> + JO H(O)ﬂ J<1>
f.f £.f .

b= 4 + I, +

» Check with recent method of regions calculation for massive Q

D) form tactor

| aenen,

.
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Vernazza

et al. (2024)



BUILDING BLOCKS

» Building blocks based on SCET

» Fermion: w(x)d.(x, oo)

- Gluon/photon: @ (o0, x) [iD”CDi(x, oo)]

« Combining them In

broducts, and with 9,

12

Beneke et al.(201



J;JET FUNCTION

Defnmon of the f-jet with a Wilson line:

Jt(p1,7) = (p1]1(0)@5(0,00)|0)

d;(xz,00) = exp —ze/ Az + )\n

| A e
» tlkonal Feynman rule =S

|3 Collins (1989)



: ) —O'kp
» Effective Feynman rule ?’f % k—; (np" Zk) 5(n-k—£)
| oy
s Momentum fraction = - &
pl P1

il
: - T p A
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ONE-LOOP RESULTS
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TV RS

» [wo-loop Jets are needed for C
collinear factorisation

+ For most diagrams only need Jrand J,

» Not sufficient for (crossed) ladder diagram



- aé; d&2 o~ t1(£17) ,—ila(§2n
wa(pl,n,ﬁ €+ / / Qe )<p1\

(I)ﬁ(ooaglﬁ) (Zqu)ﬁ(glﬁa OO)) (I)ﬁ(OOv€2ﬁ) (Zacbﬁ(€2ﬁ7 OO)) ‘O>

& \ressed) Ladder needs a new et tunction %

810 ete at 0O(1%)

» Jp,Jg, and Ji,, do not overlap, so no double counting

| 8



* Fermion attachments instead of

v

photon attachments
* FUrry diagrams

£ Sris at O(4°)
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* Fermion attachments instead of

photon attachments
* FUrry diagrams

£ Sris at O(4°)
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SITRERY @] S

* Include radiation In jets
 Move towards cross sections

* Derive resummation formulas from factorisation theorem

]



SR

» Definrtion of jet functions and calculate them up to two loops In QED

» Check results with method of regions results and it holds exactly

2



SR

» Definrtion of jet functions and calculate them up to two loops In QED

» Check results with method of regions results and it holds exactly

Thanks for your attention!
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SR DO [|HE DIVERGENCES CONME I

» Deduce from generic Feynman integral where the IR singularities are
i
» Generic denominator: D(py,kj, ;) = Y ai(€] —m7) + in
1 —1

e | andau equations

D Im(k;)
A \

- Pinchedsuface NS =
\—Zki e Bk

; 22 m2 oot o, = 1) .-;lf
25 Landau (1959)




REDUCED DIAGRAMS

» Solve the Landau equations

» General reduced diagram for (QED) ”

process for v* — fi+--- + fn

» Collinear and soft singularrties “

» Note: this Is just a necessary condition
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Ee REDUCED DIAGRAMS T PO
COUNTING

* When is 1t a sufficlent condrtion?

» Power counting parameter A to quantify singularities ’ ‘

» All lines and connections have some scaling in terms

of A
» Derive which kind of diagrams can exist at a certain ‘ ‘

order in A

» Degree of divergence e 2

2 Sterman (1978)



RO POWER COUNTING 468
FAC TORISATION

& e ollinear: £ ~ Q(1, %, X)

m=0m~ A\Q
Collinear fermion \ 2
 Anticollinear: k* ~ Q(A\%,1,)) Soft fermion A% AT
Collinear photon ™2
Soft photon et
S Gl e Q()ﬁ) )\27 )\2) Collinear loop )\:
Soft loop A

o £ 0(1,1,1)

ik+m) v +XyT+ x4+ 1
& 22 22

28 Laenen,Vernazza et al. (2021)

e Collinear fermion:



Jz5, JET FUNCTION

» Expand hard function such that it depends only on the large
momentum component

H%),f(pl sl by — H%,f(pl L) lds H}ng,f(ﬁl — 0, 0; p2) + O(N°)

J})gy(ﬁl E 27 év ﬁ) o J§7<ﬁ1 0 27 27 ﬁ) KCJT_

0o J g - E =
J][“)gfy(plv ﬁa n - Z) e / _g €_Z€(£n) <p1‘ w(O)q)ﬁ(()? OO) Zaj_ (I)ﬁ(OOa ST_L) (ZDp(Dﬁ(gﬁa OO)) |O>
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Jy7 JET FUNCTION

/ dgl/ d€2 —zél(fln) —252(52”)

< (1] | $(0) 2+ 0, £17) 0o LR e

d d

] _<I> o Bl 00} || A0 S A
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O OVERLAP BETVWEEN | PS

» At leading power, collinear photon propagator becomes

—1nP? —1 nPk°

. o

+ Effective Feynman rule for photon propagator in Jj, and Jg,
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e UM ROUTING FOR CRESSSES
LADDER

» CC region: contributions from J¢, J., and J
S F W SO !{;//;’{
it &—\ - L
» Dueto o(7i - k;— "), / \ér;_ = \ép_
e &
y gl i
loop momentum k! through photon 2 2

+ CC region: contribution from Js

+ Duetoo(in-k;— "),

loop momentum k" through fermions ;s
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