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Back to physics

At leading power soft-collinear factorisation is well understood

do
37 = M@ [ dm oy drs J(V7Q. ) IV, 1) S(rsQ ) 3 — 70— 7 75)
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Back to physics

At leading power soft-collinear factorisation is well understood

do

o = HQ.p) / drn A drs J(V/n0, 1) J(VTR Qs 1) S(7sQ, 1) (7 — 0 — 77— 75)

At subleading power one often finds that the convolutions diverge at the endpoints

/1dzh(z)j(z) = /O1dz z7 € z717F £ /O1dz[175InZ+A..H7;6(Z)+l+H.}

0 pa
=- convolution and renormalisation of EFT operators do not commute

= prevents the use of RG techniques at subleading power
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do

o = HQ.p) / drn A drs J(V/n0, 1) J(VTR Qs 1) S(7sQ, 1) (7 — 0 — 77— 75)

At subleading power one often finds that the convolutions diverge at the endpoints

/1dzh(z)j(z) = /O1dz z7 € z717F £ /O1dz[175Inz+...][7;6(z)+l+u.}

0 pa
=- convolution and renormalisation of EFT operators do not commute

= prevents the use of RG techniques at subleading power

Generic problem in SCET at subleading power
» event shapes, DIS, H — v+, B — Xsv, B— 7lv, B — 7mr, ...

= for some problems this has been solved at next-to-leading power

[Liu, Neubert 19; Beneke et al 22; Feldmann et al 22; Cornella, Kénig, Neubert 22; Hurth, Szafron 23;...]
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Muon-electron scattering

e (p) e (p)

backward scattering at high energies

S~ —t>m~md>u

o (p) w(p)

» equal masses my, = Mg =m
expansion parameter \ = % <1
exact backward limit 6§ =

> Memp~ — e ) = FO) MO + R\ M + 0N
~~ ~~
helicity-conserving helicity-flipping

» two form factors

Fi(A) ~ 1 + %= 2In2X2 4+ ... < focus on double logarithms (%) In?7 A2

Fa(A) ~ g nX2 4+ ...
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NLO analysis
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=

Double logarithms arise from configurations in which the fermions are soft k# ~ m

Doy L [ 4% K3 % 1
» /(27r)d (k& — m2)2(k — p)2(k — p)? /(Zﬂ)d (K& — m2)(k — p)?(k — p)?

= photon propagators become eikonal
= integration over k, yields discontinuity of fermion propagator

= in the traditional approach one regularises the remaining integrations with hard cutoffs
nik = x\/s
)\)N/de/1Q0xy—A) T2 52 N
2 n_k =y\s
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All-order structure

=
Kol
=~
&
o
&
ol
=

o

p k1 k2 ks kn P P ki ky ks kn P

Each subloop generates the double logarithms in a similar way

= all fermion propagators go on-shell, but their long. momenta are strongly ordered

NP K nik K L < nypkn K npp R VS

S\NS\N

_p L n_kyp € ... < n_kf Ln_px+s

= all photon propagators become eikonal
/ axq /1 dxp /‘ dxp 1 dyy /J’1 dys /ynq dyn 121 \2
22 xq Uk e In2ix oy In2gxg o ve T N2 ve T m(n )
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All-order structure
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Each subloop generates the double logarithms in a similar way

= all fermion propagators go on-shell, but their long. momenta are strongly ordered

m? _

— D K ik K ... K npky K npp Vs

Vs

m2

—mn_p <L n_kn L ... << n_k Ln_px+s

Vs

Nested integrals resum to a modified Bessel function [Gorshkov, Gribov, Lipatov, Frolov 66]

& n I (2

ZIOED (asm> Fngy ~ 1GY2) 2= 222
o 2w vz 2m
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SCET formulation

At fixed order one can reproduce the double logarithms with the method of regions

he he

Loop integrals require rapidity regulator

G )
nyk +n_k —i0
= symmetry between collinear/anti-collinear
v [e%
( nik — iO)

= soft integrals are scaleless and vanish

3

B
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Factorisation theorem

- [ [Y _
AM = [ 5 S it0 Hoy) )

T ax [dy [dp d—wfo(x) Jne(xp) S(pw) Jp(wy) f(y)
[STST5T%
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Factorisation theorem

_ [ (W :
AM = [ 5 S it0 Hoy) )

Standard hard-scattering picture:
» hard function from QED — SCET-1 matching

» flavour off-diagonal parton distribution functions

<u*(p)»>z‘c")(fn+>%/°e A 0)]e™(p) = [ax TP {fcm [ué")%PRuSﬁ +700) [ué’”%"wée’]}

| —
leading twist helicity-conserving helicity-flipping
MUON-ELECTRON BACKWARD SCATTERING AND ENDPOINT DIVERGENCES IN SCET GUIDO BELL

PUSHING THE LIMITS OF THEORETICAL PHYSICS - MITP MAY 2023



Factorisation theorem

Fq ()\) =
lo) ad dp dw S(pw) Jr(w
/ ;( / ;/ / T) /— fC(X) Jhc(xp) (/7 ) ﬁc( y) fé(y)

Soft-enhancement mechanism:

=Sl

suppression from subleading Lagrangian

insertions is compensated by soft propagators

» jet functions from SCET-1 — SCET-2 matching
> S(ow) ~ /d(n,)q)/d(mrxz) e8P(nix) e*éw("fx1)/‘ddx3

< 0] TI3830, J00) " P[], w1730 10s) = Pals]_ vl 0o + x]0)
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Factorisation theorem

1 1
A0 = [ 5[ 00 Hoy) )

/ dx / & / 9 / — 1o(x) Jno(xp) S(pw) Jio(wy) f5(y)

Bare factorisation theorem suffers from endpoint divergences
» rapidity divergences cancel only in the sum of the two terms

= both terms must describe the same physics in the endpoint region
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Factorisation theorem

1 1
A0 = [ 5[ 00 Hoy) )

/ dx / & / 9 / — 1o(x) Jno(xp) S(pw) Jio(wy) f5(y)

Refactorisation of collinear matrix elements [Boer 18; Liu,Neubert 19]

e T <

fe(x = 0) ~ /%/% fo(X") Jpe(X'p) S(px)

= brings the hard-scattering term into the same form as the soft contribution!

note: the problem of endpoint divergences repeats itself in the refactorisation condition
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Resummation

Double logarithms can be resummed using consistency relations
» polesin 1/« and 1/ must cancel in Fq(\)
» each pole comes with characteristic logarithm

» non-trivial constraint from refactorisation condition

Derivation uses asymmetric rapidity regulator

1 dx nov 1 dy ©w vy/s u?
Fi(\) =~ /0 Tf(x Evﬁ)/g 7 ?:(y P )H(Xys)
N N BV o1 povys o
= ;) 2 h (x "E>fc(;’$) G ;,?) 2z =
=S 2
~ > 2] A r(/m) x (m?)fn(u/m)
n=0

= reproduce modified Bessel function order-by-order in perturbation theory

(up to a single coefficient that can be extracted from the one-loop expressions)
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H =y

Bottom-quark contribution

b » scale hierachy mp, < My
H - ,)
b 5 » subleading power due to helicity suppression
Bare factorisation theorem [Liu, Neubert 19]

Mp(H = ~vv) ~ Hj (Oy)
1 -
2 [ Fu@) (0:()

+ Hy /°° de- / 9 Mts) J(Myt_) S(es2-)
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H =y

Bottom-quark contribution

b » scale hierachy mp, < My
H - ))
b 5 » subleading power due to helicity suppression
Bare factorisation theorem is spoilt by endpoint divergences [Liu, Neubert 19]

Mp(H = ~vv) ~ Hj (Oy)
1 -
2 [ Z @) (0(2)

+ Hy / ot / G Myt ) (M) S(L-0)

» in the endpoint regions the two terms describe the same physics

= is there a way to combine these contributions?
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H =y

Bottom-quark contribution

b » scale hierachy mp, < My
H b
b 5 » subleading power due to helicity suppression
Bare factorisation theorem is free from endpoint divergences [Liu, Neubert 19]

Mp(H = vy) ~ (Hi+AH) (Or)
1 H I -
+2/0 % {HZ(Z) (Oa(2))~ [HZ(Z) <02(Z)>ﬂ0 - HHz(Z) <Oz(2)>ﬂ1}
My My
e /o %/0 % J(Mrty) J(Mye-) S(£+L-)

» rearrangement based on refactorisation conditions

_ H. o dv
[Fe(2) (0a@))] = 22 [ S5 J(Mues) J(2 ME) S(e2 M)
0 2 Jo ‘44
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Muon-electron scattering

High-energy backward scattering

g @) » scale hierachy m < /s

» leading power QED process
w(p) w(p) 9P P
Bare factorisation theorem [GB, Boer, Feldmann 22]

1 1
Ao = [ [ k0 How) )

Tdx ['dy [°dp [ dw .
e 5[ TS 00 dee) S(e) deon) 1)
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Muon-electron scattering

High-energy backward scattering

g @) » scale hierachy m < /s

» leading power QED process
n(p) 1= (p) 9p P
Bare factorisation theorem is spoilt by endpoint divergences [GB, Boer, Feldmann 22]

1 1
A= [ [ k00 How) )

Tdx ['dy [°dp [°°dw .
ST [T 00 ) Stess) Sy ely)
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Muon-electron scattering

High-energy backward scattering

<) <@ » scale hierachy m < /s

» leading power QED process
n(p) n(p) 9p P

Bare factorisation theorem is spoilt by endpoint divergences [GB, Béer, Feldmann 22]

o = [ [ 0 Hoy) {60 [60)] )

Tdx (ldy [Vedp [ dw .
[ [E TE  de) S(ee) o) )
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Muon-electron scattering

High-energy backward scattering

<) c® » scale hierachy m < /s

» leading power QED process

n(p) n=(p)

Bare factorisation theorem is spoilt by endpoint divergences [GB, Béer, Feldmann 22]

o = [ [ 0 Hoy) {60 [60)] )

[N [T [T s St S {0 [0)], )

+h®JSRJI®SRJIR R+ ...

= system does not close under rearrangements
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Muon-electron scattering

High-energy backward scattering

0 <) » scale hierachy m < /s

_ _ » leading power QED process
n=(p) n=(p)

Double logarithms can be derived from self-consistency relation [GB, Boer, Feldmann 22]
1 1 L(2vz
FO) = Fi(2) = 1+2 [ de [ an 7200 - —n) 7Pz = 2B
0 0 vz
. . . . _ e 202 B Inx -~ Iniy
in terms of logarithmic variables z=— In° X%,  ¢= 2 Tz
Compare to H — v
1 1
Folz)=2 [ de [dno(1 - — oFy(1,1:3/2,2-2/2)
0 0
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Exclusive B decays
B: — ncly in non-relativistic approximation
myv | mev’ > Mp > me > Nqcp
mev g mev’ > large recoil g2 < m2
Pattern of endpoint divergences similar to muon-electron backward scattering

! .
k —2mgv » no soft-enhancement mechanism

» recover same modified Bessel function (in QED)

Additional source of double logarithms
3 » Sudakov logarithms from heavy-light vertex
g » non-trivial interplay of cusp and endpoint logs
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Conclusions

Progress in understanding endpoint divergences in SCET
» partial solutions based on refactorisation conditions and rearrangement formulae

» more complicated for partonic 2 — 2 processes and beyond

Muon-electron backward scattering
» iterative pattern of endpoint-divergent convolution integrals
» endpoint logarithms sum up to modified Bessel function

» relation to exclusive B decays

Looking forward to the next MITP workshop ... and further interactions with Matthias!
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