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PARTICLE SCATTERING NEAR THRESHOLD




PARTICLE SCATTERING NEAR THRESHOLD

 Consider the DY invariant mass distribution:
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e Near partonic threshold:
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PARTICLE SCATTERING NEAR THRESHOLD: LP

» Large threshold logarithms spoil the reliability of the perturbative expansion: needs to be

resummed.
do log (1—2)
Py (— 1)
dz Z ( ) Z “n Sl G

n=0 i

e Resummation of LP logarithms is well established, relies on factorisation and
exponentiation properties of soft radiation.

* The resummation of threshold logarithms leads to a more reliable perturbative expansion.
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PARTICLE SCATTERING NEAR THRESHOLD: NLP

 What about NLP and higher power terms?

0= Soet1= 9+ 32 (e [B702) tpea-9) ]

hir=1))

» Recent analyses show that they can be relevant for precision physics!
e Interesting physical problem: probes all-order structures beyond the semi-classical approximation.
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SCATTERING NEAR THRESHOLD:
FACTORISATION




FACTORISATION OF SOFT GLUONS: LP

e Emission of soft gluons from an energetic parton (quark):

k

- MUV"TAU(]?) ~ MﬁTAU(p)°

2p - k

« Emission of multiple soft gluons factorises:

« In general
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Collins, Soper,Sterman, 1989;

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



NLP: EXPANSION BY REGIONS

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

k1

k2

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

b= n+-k%+n_-kn7++kl,

hard:
collinear:
anti-collinear:

soft:
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NLP: EXPANSION BY REGIONS

P1 k
§ = (pl +p2)27
t=(p1 —k)?,
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P2

e Virtual gluons gives non-analytical contributions proportional to the scales of the problem.

e LP:
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e Factorisation: physics at different scales is uncorrelated.



NLP: EXPANSION BY REGIONS
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e Virtual gluons gives non-analytical contributions proportional to the
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 Two approaches: ~ Diagrammatic; ~ Soft Collinear Effective Field Theory.



DIAGRAMMATIC FACTORISATION AT NLP

e (Goal: factorise hard, collinear and soft modes;
e describe them in terms of simpler, universal functions in QCD:

Low 1958,
Burnett,Kroll 1968

Del Duca 1990,

Bonocore, Laenen,
Magnea, Melville, LV,
White, 2015,2016

Laenen, Magnea,
Stavenga, White,
2009, 2010

Bonocore, Laenen,
Magnea, LV,
White, 2016




FACTORISATION OF (NEXT-TO-)SOFT GLUONS

« Emission of soft gluon at NLP described in terms of "NLP” Wilson lines:

Eikonal NE, spin indep. NE, spin dep.
A\ P A
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Laenen, Magnea, Stavenga, White, 2009, 2010




FACTORISATION OF VIRTUAL COLLINEAR MODES
* Collinear modes can be described by introducing a radiative jet function: Del Duca 1990

Jia (0,7, k) u(p) = / dy e PRV (0] B,,(00, y) $(y) jua(0) |P) |

e where
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 The radiative jet obeys the Ward identity

kuJ"* (o, k) = gT*J (p,n) ,  J(p,n)u(p) = (0|r(c0,0)9(0)[p) ,
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DIAGRAMMATIC FACTORISATION AT NLP: DRELL YAN

i |
e For Drell Yan we obtain: p 4k P, @ |
: / Orbital angular momentum (LBK)
D,
,uapja Z( ,Lbap]7 )""gTiaG@,uaV"’Ju,a(pz’vniak))A( ) Aj (p]7 )

o=l

for n:1 = p2, n2 = ps.

Spin angular momentum (tree level)

Bonocore,
Laenen,
« Reproduces Drell-Yan up to NNLO. Magned

i : LV, White,
e Hard and soft terms contributes LLs, collinear terms NLLs. 2015,2016



DIAGRAMMATIC FACTORISATION AT NLP

e To do list:

radiative gluon jet,

Multiple soft gluon emission,

Multiloop correction to the radiative jet and subtraction of double counting.
Valid at the amplitude level; generalise to the cross section level (beyond LLs).



FACTORISATION IN SCET



SCET: REMINDER

e Effective Lagrangian and operators made of soft and collinear quarks and gluons.
e Constructed to reproduce the amplitudes as obtained with the method of regions.
e Each collinear sector described by a collinear Lagrangian,

e Collinear sectors interact only through soft interactions. Bauer, Fleming, Pirjol,
Stewart, 2000,2001;

Beneke, Chapovsky,
Diehl, Feldmann, 2002

Hill, Neubert 2002
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DRELL-YAN AT NLP IN SCET

* Schematic factorisation formula at NLP: we expect

dlore - Ay,
IO ()

Z/ Ao ATy o Ao 5 CA R I

where

Baue = @R
terms
e Cis the hard Wilson matching coefficient,
e S is a generalised soft function,
e Jis a new collinear function.

 The collinear function is trivial at LP, because all threshold collinear modes are scaleless.
 The collinear scale is induced by the injection of a soft momentum.

¢ — PDF ¢ — PDF
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DRELL-YAN AT NLP IN SCET

Beneke, Broggio,
Garny, Jaskiewicz,
Szafron, LV,
Wang, 2018,

Beneke, Broggio,
Jaskiewicz, LV, to
appear

n.p

¢ —threshold

 We match the collinear matrix element to a collinear function, which provides the
equivalent of the radiative jet functions of the diagrammatic approach:

G ) L2 (2)

| |
n $ - - : PD
= du dz, Jir wied (LU;z0) PRy (uny) siud(z20),
i
* Collinear functions are labelled by a basis of soft structures, obtained after application of
equations of motion:

s((5-D) € { B (1), 2ELBY ()
- THL(, m o 21 ! s + 2
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DRELL-YAN AT (N...)NLP IN SCET

* This is actually general at subleading power: there can be many Lagrangian insertions at
various position, each with its own ! j conjugate to the large component of the collinear

momentum.

w7V

. {d*z} T {!c(tkn:)}! #L(')(zj) =6

g ! !
= 7" du {dz: } Ji({t},ui{z:}) #° (un.) si{z }),

i ¢ —threshold

o After taking the matrix element squared, this leads to the appearance of generalised soft

functions:

S(I,I): dxoeiXO!/2#$1 d(z!j)e!i!jZ!j&
4" . 4"
j=1
L Tr0? (V.Y )(xo)(T (O V) (D) 1T ) A [ ol )(|0#.
2
which are equivalent to the generalised 000 . 0
Wilson lines built in terms of NLP webs =) C00000Y .
in the diagrammatic approach. \ /
Beneke, Broggio, Jaskiewicz, LV, to appear /
n}

See also Larkoski, Neill, Stewart, 2014; Moult, Stewart,
Vita, 2019 for factorisation in SCET in label formalism



DRELL-YAN AT (N...)NLP IN SCET

e The invariant mass reads

TA(P)B (P )13, (O)X "X [3" (0)]A(pa)B (s )’
X i $

# (2! )d"(d) PAo+pPs P9 px. P Px poF $ Px poF

Phase space expansion:
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e The kinematic correction reads

1 dd! 1 i _ ) A
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 Expansion of the QCD DY current at general subleading power in SCET:
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DRELL-YAN AT NLP IN SCET

2 ST 7 Lo i
! dyn (Z) — I Q el ""I _+ ||'!'
NLP :
ACEHD 4 4 s
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« Up to NNLO (1rlv) there is only one collinear function contributing:

#
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Beneke, Broggio, Jaskiewicz, LV, to appear



DRELL-YAN AT NLP IN SCET

 We reproduce the 1real 1-virtual contribution to DY, 2-real almost completed.

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

P lnepa - f RO R R
JK(:}) o = S Y TK 2
el A (N pA)$' e (98 1)(%+ EiSj2ieszo
i : # $
S !§/+3+8%+% | Cp ! 5+8% %
0

@2 e 1R

S 1) = % T G R )% 1 1)+ O("2).

e However: the convolution is regularised by dimensional regularisation. For resummation,
we treat the two object independently, and expand in € prior to performing the convolution.

i 1 1
€
dw (nipw ;
/ \( +V) o wlte (Q —w)e
collinear piece % e 2
soft piece

e Open problem that needs to be solved to achieve resummation beyond LL.



RESUMMATION OF NLP LLS




RESUMMATION IN SCET - DY

Kinematic corrections:

« Many contributions drops out at NLP LL accuracy: gives Spy (Q(1—2)) +...
A B
/H(s) (@A / for  L(oiche !
: 5 .
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+
4 1§_ s O o
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e Resummation is achieved through RG evolution to a common scale:\4

H
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Beneke, Broggio, Garny, Jaskiewicz, Szafron, LV, Wang, 2018



RESUMMATION IN SCET - DY

e RGE for the hard function:

d QF
din 2, = cusp In“_+2| H(QZ,U)-
e Solution: Beneke, Broggio,
Garny, Jaskiewicz,
H(Q% W)l = exp[4SiL (Hn, W] H (Q%, Hn) ., popite (i
e Where _ ¢ ( ) ; ( )
Ce 4# ! |
sl = =L [
CW=szem Vs " S0
e RGE for the soft function:
! " T i | | /U! "
d e (I,I) Bl 4Ck Inus C|:$() 2 Sy (I’I)
e () # 0 ACk In £ Sxo (1)
Hs
e Solution:
26 #
SSE(w = 208 Pty At (e ) S0 )0 )

"o #s(Ms)



RESUMMATION IN SCET - DY

* All together:

| :
@)= @) exp 45 (o) | ASH (Hsbe) " e In S e
. S S

« We need evolution to a generic scale ! : this is obtained by consistency with PDF evolution:

DAl )

d | A H N 7 Y0 Ny Yo&
Dan(z, 1) = ! dx Pca(X)beh o U+ Pcp(X)bac , K

C Y4
e This step is a bit technical, in the end one obtains:

X | N

dinpu

it AINEE '
N (Z, 1) = exp 4SLL ({0 L) B S S (1 | E i - s(1)
+ 0 s(Ms)

#1! z).

« The form is the same as the evolution to the scale ! (!
— No LL originating from the evolution of the collinear function.

« Logarithms of (1-z) are generated by setting!» = Q and ! s = Q(1-z), and expanding "s(! n) and

"s('s) at ! : we get
Beneke,
LA 24 IN2(1! In(1 ! 11 i
Z, M) = —ex n“(1! z) Nn(1! z2)#H1!'! z Garny,
NLP ( u) i P 5 ( ) ( ) ( ) ’ Jaskiewicz,
Szafron,
in agreement with known results in literature. "Physical Kernel” approach, LV, Wang,
Moch, Vermaseren, Vogt et Al, 2018
2009,2010,2014

See also Moult, Stewart, Vita, Zhu, 2018 for NLP LLs resummation in thrust;
Boughezal, Isgro, Petriello 2018; Ebert, Moult, Stewart, Tackmann, Vita, Zhu, 2018
for power corrections in n-jettiness



RESUMMATION IN SCET - HIGGS

 We consider Higgs production in gluon fusion as well:

L i ek

e [ !
576#v%¢s |, z : 7z H G

where the parton luminosity function reads

> 1dX N H
L5 (W = ~ ToraCWTg/p <M

Yy

X<

e Resummation at NLP can be proven to be equivalent to DY, with Cr = Ca. Thus

2 Ahrens, Becher,

! 2 | | 1 '! 2
! gg,LP (z,1) = |32(u8) l | zs(us) ; Is(U-t) #C, (my, Ut)! Neubert,Yang, 2008
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Beneke, Garny, Jaskiewicz, Szafron, LV, Wang, 2019



RESUMMATION IN SCET - HIGGS

e Sizeable effect of NLP correction;
 High sensitivity to the soft scale at NLP LL;
* Two initial conditions gives consistent results around the default soft scale ys ~ 38 GeV.

aglpb"
50,
40} — LPnnwe
305_ NLP A"
| e = NLP,, !B"
20:’ // — LPnNUL#ENLP TAY
el — LPnnU#NLP !B

Beneke,
Garny,
Jaskiewicz,
Szafron, LV,
Wang, 2019



RESUMMATION IN SCET - HIGGS

e NLP LL resummation and LP NNLL resummation incluing n2 terms resummation gives a
result which is comparable with the full N3LO fixed order result.

a(pb
g
401 — LPnNLL
B NLP, (B)
201 — LPnnL+NLP (A)
1ol — LPnn+NLP (B)
0 20 40 60 80 100 120"

| s = pg"

gy 2= md (1=t m
i 24.12 28.04
| NNLO 28.93

e 29.24
AL 7.18 12.76
1L (B) 8.82 15.68
| NNLO 11.90

(e 16.27

JUL s Ly 31.30 40.80
T e () 32.94 43.72
| NNLO 40.82

| N°LO 45.52

Beneke, Garny, Jaskiewicz, Szafron, LV, Wang, 2019




DIAGRAMMATIC RESUMMATION (NLP LLS)

e Partonic cross section at NLP: at LL accuracy only corrections to the matrix element:

.8 $ $ g

H = ! & | 2 | 2
o) 29# dl |p |M| p T d |p l)/ll\gl_l&Nf(-l_ G}_Q_&H‘_P( |M| [ Sl s

/7

S NLL only
\ Equivalent of the
“kinematic corrections”
 Furthermore, the radiative jets contribute only at NLL: at LL only next-to-soft radiation.

In Mellin space \ e.g. Bonocore, Laenen, Magnea, LV, White, 2014;
Bahjat-Abbas, Sinninghe Damsté, LV, White, 2018

ari vt o Q2 (N, Q2,4 &N, Q% # Suie (N, Q% #).

I
0 d! NLP ,LL

 where the NLP soft function is made out of generalised Wilson lines:

E = $ %& (& : 2
8205 = = T OF (U nF (IFE0 " 2t T
Ch LP



DIAGRAMMATIC RESUMMATION (NLP LLS)

At one loop, in Mellin space, summing LP and NLP gives

| N o R il e
7 el S @ T o, L 2 o
INE@E m 02 ! log N N log“ N

logN —

Sip+NLP

N

 The singularities cancel with those coming from the PDF. Exponentiation gives
“"Replica trick”,

. ENRIERE d" B :: o 2 # 2$ # 2S Gardi, Laenen,
GIIIEL Jl = "o(Q%)aL,nee N,Q° gL np N,Q Stavenga,
0 i LL , NLP 0% & .( White, 2010
2#sC logN
| exp Z5F og?N + 23 U
$ N
Bahjat-Abbas, Bonocore, Sinninghe
e In z space this gives Damsté, Laenen, Magnea, LV, White, 2019
: m s 2Rl i N
B@ 00l e = et-C x 2 o 2|092
e ’ ; (m! 1)! Ll v . %8—
& Yok ' NLP

L[

 The coefficient of the NLP LL corresponds to the NLP term in the Altarelli-Parisi splitting kernels.

Kraemer, Laenen, Spira, 1998;
Laenen, Magnea, Stavenga, 2008;
Kidonakis 2009;

Marzani, Bonvini 2014 ....



DIAGRAMMATIC RESUMMATION: UNIVERSALITY

Consider the production of N colour singlet particles: additional NLP contribution, associated

to the orbital angular momentum of incoming particles. Up to NLP:
oL \

H O (); R 0
Snip = exp W+ Wb %= exp W e ) 1+ N

i j i j
the orbital angular momentum contribution can be combined with the spin angular
momentum contribution into Wn.p, to give the total angular momentum.

At NLO NLP the partonic cross section take the simple form

™ Del Duca,
!! (ag) or ( gg) (Z ') = K (Z ) b(q@) or( g9) Z0 Laenen, Magnea,

NLP NLP ’ /
LV, White, 2017

where Knip is a universal factor

; e 1201 1)
B e | ISR NS
We can interpret this as
|' (Nqﬁ)Dor(gg) (Z |) — ZS (Z |)b(q@)or(gg) (ZS), Bahjat-Abbas,
Bonocore,

Sinninghe Damsté,
Laenen, Magnea,
LV, White, 2019

Thus
S b

dz ZN! 1!" (qutiafl)aor(gg)(z |) —tsm (N +1 |)b(q@)or(gg)(Q2)
: # $ %

2#sC
= 0[P (@ exp TL TR log*(N) 1+

&
$ N




CONCLUSION

Differential distributions near threshold develop large logarithms, needs
resummation.

Resummation is well known at leading power. Better knowledge of NLP logarithms
welcome for precision physics at the LHC.
Two approaches: diagrammatic and SCET based.

« Diagrammatic methods provide a “"bottom-up” approach;

« SCET provides a systematic “top-bottom” approach.
Derived factorisation theorem for Drell Yan, at NLP within the diagrammatic
approach, and at general subleading power in SCET.

Resummation of NLP LLs obtained within the diagrammatic approach and SCET.

e “Simple”, because collinear modes do not contribute.

NLP LL resummation gives a sizeable contribution to the resummed cross section.

o High sensitivity to the soft scale motivates further development of NLP
resummation at NLL.



