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PARTICLE SCATTERING NEAR THRESHOLD




PRECISION FOR COLLIDER PHYSICS

A Hard scattering processes

perturbation theory

T8 Ao

are calculated in

e

@Q%@@\a

A Going beyond NNLO and N3LO is difficult , yet

necessary to match the precision

forthcoming experiments!
A Loop and phase space integrals:
A Analytic vs numerical evaluation
A Space of functions
A Infrared divergences

A Large logarithms I This talk

of current and
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PRECISION FOR COLLIDER PHYSICS

A The presence of largely different scales gives rise to large logarithms:
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A Large logarithms  spoil the convergence of the perturbative series:
Y need resummation.



PARTICLE SCATTERING NEAR THRESHOLD

A Consider the DY invariant mass distribution:

joor - 750(Q2)/ i—zcab('r) Agp(2),

ﬁab(y)zfy d_mfo;/A( )fb/B(%)-

A Near partonic threshold :
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the partonic cross section has the singular
expansion
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PARTICLE SCATTERING NEAR THRESHOLD: LP

00 Zn—1
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A The resummation of threshold logarithms leads e T

to a more reliable perturbative expansion. * 32 %2 3 3 1
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A More relevant for the production of heavy final

states (HH, tt, ttW, ttH) ...

Bonvini , Marzani , Muselli , Rottoli 2016



PARTICLE SCATTERING NEAR THRESHOLD: NLP

A What about NLP and higher power terms?

ot = 5ot et1- 9+ 5 (oo [E20=2) tapim— ) ..]

A Can be relevant for precision physics!

A Interesting problem: probes all-order structures beyondthe  semi -classical approximation
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A At NLP more production channels

PARTICLE SCATTERING NEAR THRESHOLD: NLP

qg->y (Q = 125 GeV)
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FACTORIZATION AND RESUMMATION AT NLP

5 (3) oo (=[],

m=0

A Understanding the  factorization and resummation of large logarithms at next -to-leading
power (NLP) has been subject of intense work in the past few years!

A Drell -Yan, Higgs and DIS near threshold
Del Duca, 1990; Bonocore, Laenen, Magnea, LV, White, 2014, 2015, 2016;
Bahjat -Abbas, Bonocore, Sinninghe Damsté, Laenen, Magnea, LV, White, 2019;
van Beekveld, Beenakker , Laenen, White, 2019; van Beekveld, Laenen, Sinninghe Damsté, LV, 2021,
Beneke, Broggio, Garny, Jaskiewicz, Szafron, LV, Wang, 2018;
Beneke, Broggio, Jaskiewicz, LV, 2019;
Beneke, Garny, Jaskiewicz, Szafron, LV, Wang, 2019, 2020.

A Operators and Anomalous dimensions
Larkoski , Neill, Stewart 2014,

Moult , Stewart, Vita 2017; Feige , Kolodrubetz , Moult , Stewart 2017,
Beneke, Garny, Szafron, Wang, 2017, 2018, 2019.

A Thrust
Moult , Stewart, Vita, Zhu 2018, 20109.

A pT and Rapidity logarithms And many more!
Ebert, Moult , Stewart, Tackmann |, Vita, 2018, [O(50 publications )
Moult , Vita Yan 2019; and counting ]

Cieri , Oleari, Rocco, 2019; Oleari, Rocco 2020.
A Mass effects
Liu , Neubert 2019; Liu, Mecaj , Neubert , Wang, Fleming, 2020;

Liu , Mecaj , Neubert , Wang, 2020;
Anastasiou , Penin , 2020.
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FACTORISATION  OF SOFT GLUONS AT LP

A Emission of soft gluons froman energetic parton  (quark):

k
P pP—¥ A P
e M H U ~ T u g
e (p) i (p)
A Emission of multiple soft gluons factorises

i MSU(p), S = <O (I)ﬂ(_oovo)lo)a

¢ )\2
Pp(A1,A2) = Pexp igsf dA [ - A(AB)}-
{ A

1

A In general

~ MSu(p1)v(ps) . .. u(pn),

S = (0|®1 .. B0 ~ et

Collins, Soper,Sterman, 1989;

Gardi, Laenen, Stavenga, White, 2010;
Gardi, Smillie, White, 2013




EXPANSION BY REGIONS

A Beyond leading power one has non  -trivial effects due to  virtual gluons

k2

k1

A The loop momentum runs over all scales , cannot be treated as soft :

i — n+-k”7‘ -|-n_-kn7+-|-/ﬂ_,

hard: faos /BT
collinear: k ~ VE(1,2, 0% Bonocore, Laenen,
Magnea, LV, White, 2014
anti-collinear: kE~ V32, 1)
(
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EXPANSION BY REGIONS LR

P1 k
§= (pl ‘|‘p2)27
t = (pl 1] k)27
D= — 5]
P2

A Virtual gluons gives  non -analytical contributions @ tothe scales of the problem: LP

LP hard soft

A2 2 € A 2 €
o S I R s p” ey
M <1k () (-2t )race (B) (Far )+

l

Factorisation

N0, 2
S[&,e] X H[u”e]
Y] —S

A Factorisation : physics at different scales is uncorrelated .




EXPANSION BY REGIONS e N

P1 k
. $=(m +P2)2,
L= (pl o k)za
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P2

A Virtual gluons gives  non -analytical contributions @ tothe scales of the problem: NLP
NLP hard coll. NLP

€ NLP €
Sl SR e D] Sie iy 5 2
Mp o opf (Y (LS )l S ()« 2 (1) |(F2+)]
(NLP) soféc ’ NLP 00211. . NLP
§(t+u) (3 u 1 i ([ 5 5
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e (a) (=) () - s ()T SE

: - Bonocore, Laenen
Factori zation? : . 8
l Magnea, LV, White, 2014

A9 2 2
S[&,e] xJ[M—,e] xj[ ,e] xH[uA,e]
tu —1 —S

A Need an effective approach to take into account hard, collinear and soft modes.

A Two approaches: ~ Diagrammatic; ~ Soft Collinear Effective Field Theory



FACTORIZATION AND RESUMMATION
DIAGRAMMATIC VS SCET




DIAGRAMMATIC FACTORI

A Describe momentum regions in terms of

A For instance, for
AnDeri vat i v e o-radidti

AnRGenerali zedo s

AARadi ati veo j\et

B k) — f diy e"iP=Rv (| @,

Drell -Yan we have

ZATION AT NLP: DRELL YAN

universal functions  in QCD:
Low 1958, Burnett,Kroll 1968
Sifaine e 0 d won
ve anpktudey 0 n T Pl,vapf PlLu By Pj

t e g L e B o T L
R ] B Tl (7Y o

(00,9) ¥(¥) 3,0 (0) [ D) -

i ddk plu* kM p)u'
' F,(— — i b | x e
E R 7DeXp{g/(%T)d ”(k)< pk 2pk g 2(p - k)?
. ikVEV”) / Ak / d nHv
Del Duca 1990 ad
0 ; : + = dAH(k)A,,(l) ' + i
Bonocore , Laenen, Ll e ) Bl )
00 Magnea, Melville, LV, Laenen, Magnea,  Stavenga , White, 2009, 2010
R 05 =000 Bonocore , Laenen, Magnea, LV, White,2016
A One has
2 8 g
e
Apa(pj, k a(pjr k) + 9 Tia G} + Jpa (Pisnis k) ) Alps) — Ayo(pjs k)
Ny 3p 73
1=1 ¢ \ /
for n1=p2,n2=p 1. (Removes soft  -collinear

overlap in the radiative jet)



DIAGRAMMATIC FACTORI ZATION AT NLP

A Exponentiation (resummation ): investigate the

combinatorial structure of all-order classes of diagrams,
constructed with the functions defined before,

contributing to a given logarithmic accuracy at NLP

(more later).

Bahjat -Abbas, Bonocore |, Sinninghe Damsté, Laenen,
Magnea, LV, White, 2019; van Beekveld, LV, White 2021

A The example discussed so far accurately describes DY
up to NNLO. In general, one needs to take into account

A processes with more than two external directions
A factorization beyond one loop ;
A Multiple soft gluon emission

A Task: obtain a classification ofthe jet-like structures

consisting of virtual radiation  collinear to any ofthe n
external hard particles, contributing at subleading
power in a parametrically  small scale , corresponding to
a fermion mass or a soft external momentum



DIAGRAMMATIC FACTORISATION AT NLP

Do e e S ~~ “1

A Work in progress:i n QED one obtains the all-orders factori zation formula

n
= 5 . Laenen, Sinninghe Damsté,
(H Jip) (P ) H(p1, - Pn) S(ni-ng) , LV, Waalewijn, Zoppi, 2020

g=il

NLP .7 ) ) 7 2 J ) o
M =) (H (f)) [J (fn) @ Hgy) + J(s0y) ® H (fav)] SEEDD (H 4 (f)) St ® Hpyy) S

=1 *jFi 1= 1=
i Z (H J(f)) Tiery ® Higpny S + D ( 11 J(f)) Ty Ty ® Hipy i) S
=1 *j#i 1<i<j<n *k#i,j

A The main message :ingeneral, more types of jetfunctions are needed, involving two or
more particles along a given collinear direction

A Possible drawbacks : soft -collinear overlap , power expansion ofthe factorized functions .




FACTORIZATION AND
RESUMMATION IN SCET AT LP

A Effective Lagrangian and operators made of collinear and soft fields.

Lscer = Y Lo, + Lo,

Bauer, Fleming, Pirjol , Stewart, 2000,2001;

Beneke, Chapovsky , Diehl , Feldmann , 2002;
Hill, Neubert 2002.

On — /dtl A dtn C(tl, N ,tn) ¢1 (t1n1+) s gbn(tnnn+).

A Constructed to reproduce a scattering process as obtained with the method of regions

A The cross section factorizes into a hard scattering kernel , and matrix elements of soft and

collinear fields.

O COR e O e R SO COR O

Hard matching W N e
coefficient Soft function T matrix

Jet functions T matrix ;
: ; element of soft fields
elements of collinear fields

A Renormalize UV divergences of EFT operators and obtain renormalization group equations

A Each function depends on a single scale : solving the RGE resums large logarithms

See e.g. Becher, Neubert 2006



FACTORIZATION IN SCET: LP VS NLP

A Leading power (LP): ) o
1

A N-jet operators;

Y

A Soft - collinear decoupling
Xn

A Next -to -leading power (NLP):

Al
A Kinematic suppression
A Multi - particle emission along the same collinear direction ; Beneke, Garny,
Szafron, Wang,
2017,2018

A No soft -collinear decoupling




DRELL -YAN AT LP IN SCET

A Drell -Yan momentum modes

Pc = (n-l—pm n—pcach_) et Q(la )\27 )\)7 Pc—PDF ™ (QJ AZQCD/QJ AQCD)7
Pe = (n-l—pc_ta n—péapEJ_) O Q(Aza 1 )\)7 Pe—PDF ™ (AéCD/QJ Q, AQCD)7
Dsr—= (n-l—pS: n—psasz_) s Q(Aza )\27 )\2)7 Q2A2 = Q(l =2 Z) > AQCD-

A At LP the QCD DY current matches to

9= / dt dE CA0(t, ) JAOAO (1, ),

where
5. decoupling
e |
JAOAY — a(Bn_) v Xo ()
= ¥ () YT (0) 7L, Y (0) x O (¢ny)
=oXe n_— —( )’YJ—P +( )Xc ny ), w4
A After decoupling, soft interaction factorise into soft Wilson lines. (N
A Initial and final state factorise into soft and PDF -collinear sector:

| X) = |X200) X D) IXs).



DRELL -YAN AT LP IN SCET

A The invariant mass distribution at LP reads
dopy 47T04%M X LP Sterman, 1987,
dQ2 = 3NcQ4 Z 0 dxadxb fa/A (ma)fb/B (mb) qu (Z)’ Catani, Trentadue, 1989,
a,b Korchemsky, Marchesini 1993,
where Becher,Neubert, Xu 2007
~LP 2\ 2
0oz (2) = |C(Q7)|” @ Spv(Q(1 — 2)),
A The soft function is a vacuum matrix element of Wilson lines :

ZBO SL4] il
) f ‘i—wew ﬂ/zNicTrm\T[(Y;[Y_)(a;O)}T[(Y_’fn)(xO)]\o>.

<O

H S




DRELL -YAN AT NLP IN SCET

A Schematic factorization formula at NLP: we expect

dQ* 3NCQ4 Z f dzadzy foya(%a) forp(@s) Gog ™ (2),

where

onpp= Y [C®IJ®J]®S,

terms
A C is the hard Wilson matching coefficient,

A S is a generali zed soft function,
A Jis a new collinear function.

A The collinear functionis  trivial at LP, because all threshold collinear modes are scaleless .
A The collinear scale is induced by the iInjection of a soft momentum.
c — PDF c — PDF

$

decoupling - JiT2 — i/d4z T[Xd(til)ﬁ(z)(z)]‘

¢ — threshold ¢ — threshold

LP NLP




DRELL -YAN AT NLP IN SCET

A This is provided at  subleading power by soft -collinear interactions. For instance:

IO =i [ & T [xeltns) £2)]

where

Vel BlE [ia,, in_aBZ (z_)] %—+ Xe(2), B = Yi [ D Yale

L3¢ () = .

|_

A The matrix element reads

o

X 9O AGABps) = [ dedECH 4, 8) (XE | aalf-)| BB, o
QG [ ' (XD s im0 T e (1) %e () TATE e (2)] 1432

TR | g 10"
x,|T( |[Yi o)y 0] L B4 () ) 10).
4 I ([ Ov0)], 7458 ) ) 10
Non -scaleless collinear matrix element
(Recall)
Jpa (B0, k) u(p) = [ d2jicis Tl <0|<I>n(oo,y)¢(y) s p>-
N~~~

—g(z) v Ta ¢(2)+...



DRELL -YAN AT NLP IN SCE

A This is easily generalized at any subleading power:there canbe many Lagrangian
iInsertions , each with its own i conjugate to the large component of the collinear
momentum.

¢ —PDF

i [t} T Wetn )} x {£06)}]
— 2y [ du / {dzi=} Ji ({1} ui {2 }) xEPF(uny) si({zi-}),

¢ —threshold

A After taking the matrix element squared, this gives a generali zed soft functions

AL e, L
ix Q)2 I | J A g e
S(Q,W) = / € ; 1] A €

i R [Bava (T (ALY (e e (Dt

which are equivalent to the general zed
Wilson lines built in terms of NLP webs
In the diagrammatic approach

Beneke, Broggio,
Jaskiewicz, LV, 2019



DRELL -YAN AT NLP IN SCE

A Upto NLP one has : Beneke, Broggio |,

Jaskiewicz, LV, 2019
dyn e 2 ﬁ— %-I—
B o K [ )“p( i ) ”’5]@7

X /d(n+p) C 4% (n,p, zyn_pp) C**°2° (2, nipa, Tyn D)

<> [ 1o} Ji(nep,zanspa {03 S ) +he..

A Compare fixed order expansion against results in literature .
A At NLO this gives the contribution:

A D) (2) = 4Q HO (Q?) / dw I3 (€4 nypa;w) SV (Q;w)



DRELL -YAN AT NLP IN SCET

A At NNLO:
AYRE al2) = 2Q / dw SO (9 w) ((H D(Q) i) (@anipajw)
/ — C*°O) (zanypa, zyn_pp) Jl(,ol) (Tan4pa;w)
Beneke, ) CAO (1) i
B o, a ) = Dk
T " Oza(nipa) ale B)> i
LV, 2019
AdNyLnP(E)coll(Z) =4QHY (Qz) fdw J1(,12) (Tan4pa;w) 51(1)(95 w)
dyn (2) B 4 Ph— 7+ 0) (2
ANyLP—soft(Z) TR (1 7 6) Q [(I) YLlp (I) ’Yj)_] 2 H( )(Q )
5
0 2
| 4 <> [ s} IO @anipas ) SO )
Broggio |
Jaskiewicz,

IB\G 20021



DRELL -YAN AT NLP IN SCET

A We reproduce the 1real 1 -virtual and 2-real contributionto DY

A The ingredients to reproduce 1rlv correction in DY are the 1-loop collinear and soft
functions

s €ETE 1 WNiPa = I‘[1+e]I‘[1 —6}2
JK (1) ; 29 Qs € 5 TK i
172;7/87]0(1 (n+pA, w) 47‘(‘ (n—l—pA) fYﬁ ‘fq /‘l’z (E = 1)(6 —I— ].)F[Q R 26]

4
X (CF (—E—I—3+8€—I—e2) —CA(—5—|—86—|—62)) :

G @ et ST B ]
27 T[1 — €] wlte (Q —w)e

SR () — (W) —w) + O(a?).

A However: the convolution isregulari zed by dimensional regulari zation . For resummation |,

we treat the two object independently, and expand in prior to performing the  convolution .
= 1 1
dw (nopw) © .
/ £+€)Jw1+e(ﬂ—w)e
collinear piece D B <
soft piece
A Technical problem that needs to be solved to achieve resummation beyond LL.

Studies in:  Moult , Stewart, Vita, Zhu, 2019;
Beneke, Garny, Jaskiewicz, Szafron, LV, Wang, 2020;
Liu, Mecaj , Neubert, Wang, Fleming, 2019, 2020;



LL RESUMMATION AT NLP

A For leading channels like ggn Drell -Yan or gg in Higgs production, it turns out that the
collinear function  contributes only starting at NLL accuracy.

A This means thatat LL accuracy only the hard and soft functions contribute. The divergent
contribution problem can be easily overcome , and LLs can be resummed

SCET: Beneke, Broggio , Garny, Jaskiewicz, Szafron, LV, Wang, 20 18 ;
Diagrammattic: Bahjat -Abbas, Bonocore , Sinninghe Damsté, Laenen, Magnea, LV, White, 2019

Phenomenological analysis in: Beneke, Garny, Jaskiewicz, Szafron, LV, Wang, 2019;
van Beekveld, Laenen, Sinninghe Damstée, LV, 2021.
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ENDPOINT DIVERGENCES AND RESUMMATION

Addressing the problem of endpoint divergences inthe leading channels Is not an easy task:
one has to deal with  several operators/contributions

A Things are different for subleading channels (e.g. g in Drell -Yan): they start at NLP, and
LLs are generated by all momentum regions. Better place to start investigating endpoint
divergences.



THRESHOLD RESUMMATION AT NLP
IN OFF -DIAGONAL CHANNELS:
DEEP INELASTIC SCATTERING



DEEP INELASTIC SCATTERING

A Deep inelastic scattering (DIS) near threshold develops
a hierarchy of scales q

A Factorization and resummation well understood at LP;

Sterman 1987,
Catani, Trentadue
1989; Korchemsky
Marchesini, 1993;
Moch , Vermaseren
Vogt 2005; Becher,
Neubert, Pecjak ,

2007

Short -distance coefficient and jet function are single scale object T resummation
obtained by solving the corresponding RGE.



