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Overview of the talk

p O-jettiness factorization & resummation for tf production at the LHC. Soft functions

) ¢, resummation for 77 production at the LHC [w.L. Ju, M. Schoenherr 2210.09272]

p Soft-gluon resummation for t#H: comparison of dQCD and SCET methods
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Introduction

» The availability of highly precise calculations is indispensable to boost the discovery potential of the HL-LHC

» Fixed order calculations alone are not sufficient to describe data in all corners of the phase space due to

realistic experimental cuts or kinematical constraints — resummation

» Comparison with data at particle level requires matching of partonic calculations with Parton Showers

including Hadronization effects

» EFTs provide powerful tools to face current and future precision challenges

at colliders and beyond:

» Resummation — N-jettiness, small g, Threshold Monte Carlo
event generator
» Subtraction methods for IR divergences — NNLO calculations GENEVA

» Systematic study of subleading power corrections
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N-Jettiness

N-jettiness [Stewart, Tackmann,Waalewijn '09,'10] T (®pr) = Z min{qAa “Dks Qb Pky Q1 * Pk - -+, AN °pk}

k
- : : . b R 1 Jet1 .7
The limit 7v — 0 describes a N-jet event where the unresolved emissions 0 R
can be either soft or collinear to the final state jets or initial state beams /4
\\\ . - Jeta
Color-singlet final state, relevant variable is O-jettiness aka “beam thrust” »p —

To = Z G| e~y
k

Jet2 2,  Jet3 3 v a
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GENEVA MC employs IR-finite definition of events based on a set of N-jettiness resolution variables
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When one takes 7" — (, large logarithms of 75" /M), , Ty /M, appear and need to be resummed

Implementation of colour singlet processes: DY [phys. Rev. D. 104 (2021) 9], single [JHEP 05 (2023) 128] and double Higgs

production [HEP 06 (2023) 205], photon pair production [iHEP 04 (2021) 041], ZZ, [Phys. Lett. B 818 (2021)], Wi}/ [Phys. Lett. B. 826
(2022)], H'V [Phys. Rev. D. 100 (2019) 9], Higgs boson decays [JHEP 04 (2021) 254]
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0-jettiness resummation for 77 production

Based on [S. Alioli, AB, M.A. Lim, arXiv:2111.03632]

» NNLO+PS generator for tf production available in MINNLOPS

[Mazzitelli, Monni, Nason, Re, Wiesemann, Zanderighi "20, 21]
p Including higher-order resummation improves the description of observables

p To reach NNLO+PS accuracy in GENEVA

» NLO calculations for ¢f and tf+jet

» Resummed calculation at NNLL in the resolution variable

» 0O-jettines resummation used for colour-singlet in GENEVA, must be extended for tf production.
Definition of O-jettiness has to be adapted with top-quarks in the final state, we choose to treat
them like EW particles and exclude them from the sum over radiation

» Need to develop the resummation framework for ¢f (¢1V)
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Factorization

We derived a factorization formula (see 2111.03632 Appendix A) using SCET+HQET in the region

where M,z ~ m, ~ 1/ § are all hard scales. In case of boosted regime M,; > m, situation similar
to [Fleming, Hoang,Mantry,Stewart '07][Bachu,Hoang,Mateu,Pathak,Stewart 21]

Hard functions (color matrices)

=M Z dz, dtb@i(ta, Zgs M) Bj(tb, ps M
d(podTB . o ) e
y=1{99.99.88}

Beam functions [Stewart,
Tackmann, Waalewijn, [1002.2213],

known up to N°LO

Soft functions (color matrices)

It is convenient to transform the soft and beam functions in Laplace space to solve RG
equations, the factorization formula is turn into a product of (matrix) functions

d ) M _ M M? « 2
A d =M Z B;| In —K,za B;{ In —K,zb Tr|H;{ In—,®, | S;/| In 'u—,CI)O
dddzg pu? NS '\ p? K2

j=1{99.99.88}
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Hard functions

The hard functions arise from matching the full theory onto the EFT, they can be extracted from colour
decomposed loop amplitudes. At NLO [Ahrens, Ferroglia, Neubert, Pecjak, Yang, 1003.5827]. They satisfy the RG
equations

d
dh’l/jH(M, Bta 97:“) — FH(M7 Bta Q,M) H(Ma 6757 97:“) T H(Ma Bta 97:“) I‘L(M7 6757 97#)
Solution:
H(M7 6757 9,,&) — U(M7 5157 87Mh7M)H(M7 Bta Hnuh)UT(Mv 5157 ealuhalu)
M2
U(M7 Btaevluhwu) — €Xp lzs(luhalu) _ CLF(Mh,/L) (hl F o 7’7‘-)] U(M, 515,(9,#}“,&)
h

We have split the anomalous dimension into a cusp (diagonal in colour space) and non-cusp (not
diagonal) part

M2
L (M, B, 0, 1) = ensp(as) (h’l —5 — iﬂ) + ’yh(M, Bt, 8, aus) [Ferroglia, Neubert, Pecjak, Yang, 09]
L
as(i)  Jdeoy . We evaluate the matrix exponential
u(M, B, 0, up, ) =P exp/ ——7 (M, B, 0, @) u as a series expansion in o,
as(ur) Bl0)

[Buchalla,Buras,Lautenbacher "96]
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Soft functions

We computed the soft functions matrices at NLO which were unknown for this observable

Ség)re,ij(kja k(j? 6757 97 €, :u) — Z w%ﬁ j-ozﬂ(kjt_a k;_, 6757 97 €, ,u)
a, B

e

. 2(p*e)" Va - Ug
Tog(kt kF 38,6 — _ / d?k 52O (K
ﬁ( a'p 76157 767:u) Tl—c Ve - kvﬁ L ( )6( )

x [6(kF —k-na)Ok - ny — k- na) 6(k;7) + (ki — k- np)O(k - ng — k - np) 3(k;H)]

a a

One can average over the two hemisphere momenta, the soft functions
satisfies the RG equation in Laplace space

d
dln u

Sp(L, B, 0, 1) = [FcuspL — 731 Sp(L, B, 0, 1) + Sp(L, B, 0, 1) [FcuspL — 73]

Solution in momentum space, we used the consistency relation among
anomalous dimensions ~E = fyh € fyB 1

Sp(I™, B, 0, 1) = exp [4S (s, i) + 2a.5 (ps, 1)

| ] 1 I+ 2ns e~ 2VENs
< u (5?57 6)’ L, ,us) SB(87737 6157 9, ,us) u(ﬁta (97 M :uS) l__|_ <E> F(Qns)
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Resummed result for the cross section

» We have

» hard functions at NLO

» soft functions at NLO, by knowing the two-loop soft anomalous dimensions we can solve
the RG equations order by order and obtain all the NNLO logarithmic contributions, we only

miss 9(70) terms at NNLO
» beam functions at NNLO (for initial states with quarks and gluons)

» two-loop anomalous dimensions

» We can resum to NNLL. We are missing (7o) terms (from NNLO hard and soft functions). If we

include everything else we know we obtain a NNLL, result

» We construct an approximate (N)NLO formula which reproduces the fixed-order behaviour of

the spectrum (for To > 0) (also needed for nonlocal N-jettiness subtractions)
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Singular vs fixed order

Fixed-order comparisons, approximate NLO and approximate NNLO vs LO; and NLO;

— LOyfull —— NLO; full ﬁ
25001 : 102 N

= —— LO; sing. = —— NLO; sing.
e )
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\21000- tg
g g
= 500 = 10 \
S S AN
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—L0H e V'S =13TeV, u= My

0.10 . 0.10

AN SR LN oo
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frac. diff

—0.091 x\ § \\\ §§ x\ N\

1 0 1 ' —0-107, 3 2
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Resummed results

NNLL', is our best prediction, it includes NNLO beam functions, all mixed NLO x NLO terms, NNLL
evolution matrices, all NNLO soft logarithmic terms. Resummation is switched off via profile scales

30 30
NLL == NLL/

25 == NNLL 251 == NNLL;
= =
@) 201 @) 20
= =
e e

151 151
= =
=101 =0
o o
=] 7/ =] _

pp — tt pp — tt

VS =13TeV, = M,; VS =13TeV, = M,;

0 0
1 0.5
e =
01 , o.of;;—;‘*ﬂ*
= 2
S =
—1 —0.5
5 10 15 20 25 5 10 15 20 25
To |GeV] To |GeV]
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Zero-jettiness soft functions at NNLO

We are computing the correlated emissions of NNLO soft functions [Bell,AB,Dehnadi,Edelmann,Lim,Rahn, in
progress]. Soft amplitudes from [Angeles-Martinez,Czakon,Sapeta 18’], for example double real (RR) C, part

MO (R lprs. MO (kL)

g,9,a1,.

2813 VS (1) (M (pr, .. AT - Ty, Tge - Ty} MDD (p1,...))
zgkl

—Ca Y Sij(k, 1)) (MY (pr,.. )T - TME (p1,...))

i
Using colour conservation and symmetries it can be rewritten as
DT Ty(Syk. 1) = Sk, /2 = Sk, 1)/2)
IZ]

(Areleg?)—2€

(277)2d-2

Ipn(€) = J d%k 5(k*) O(k°) [ d8(1%) 0(1°) | Mk, ) |* M(z; K, )

Change of variables: from light-cone variables to the variables defined in [Bell, Rahn, Talbert, 1812.08690]

__abp by ey
(I+ab)fy~ " (a+bh) T (+ab)yy " @+b)
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Zero-jettiness soft functions at NNLO

UV renormalization: start from hard anomalous dimension (only dipoles) [Ferroglia, Neubert, Peck, Yang, 09]

I <{I_?}’ {m}’ 'u) ‘2—parton — Z 2 'fYCusp(CkS) In

_S’L . -

— Z TI TJ/chsp(ﬁIJach _l_ Z’VI 043 ‘l

(£,J)

(1,5)

Combining the hard anomalous dimensions with beam anomalous dimensions to obtain the soft
anomalous dimensions I'. = — I'), — 21 5. We can renormalize additively (the logarithm of) the soft

function dipole by dipole with

I, T as\2[ 36l T% —48,y T
: O)+(_) [_ 156(5)530+ 1 165go O 41 +0()

g
InZ = 0
T (452 T in "

Casimirs of diagonal terms can always be rewritten in terms of colour dipoles using colour conservation
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Zero-jettiness soft functions at NNLO

(3, , cos 0)-plane, non-logarithmic term

Cos[0] 0.5
0.0

Renormalized result of massless-massive (CA
part) dipole after combining RR+VR and a,

renormalization. UV poles removed via Z
factor in EFT

60
40
20
13-dipole-CA

-20

100 Renormalized result of massive-massive

(CA part) dipole after combining RR+VR

and a, renormalization. UV poles removed
via Z factor in EFT

>0 34-dipole-CA

Tripole contributions on the way, only contribute to VR
(RR tripole diagrams sum up to zero)
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Projected transverse momentum resummation

[W.L. Ju, M. Schoenherr, 2210.09272 and 2407.03501] |

» Decomposition: ¢T =¢qr, + qry = q¢r, T XN+ qyT  4r = |(JT||| -~
» Projected transverse momentum spectrum on 7, g, component is integrated. PP L
Factorization of the cross section is shown. -7 :
|

p» Removes the azimuthal correlation divergences (in addition to the azimuthally averaged case |§}| )

) Three observables are defined depending on the choice of 7 parallel (¢7n) O perpendicular (g7, to the top-quark

—_ =]
— — — - Ia
transverse momentum and A¢; = (1 — AD ;) ~ g7 o/ | P |
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Soft gluon resummation for 17H in EFT

[AB,Ferroglia,Pecjak,Signer, Yang, JHEP 03 (2016) 124],[AB,Ferroglia,Pecjak,Yang, JHEP 02 (2017) 126],
[AB,Ferroglia,Frederix, Pagani,Pecjak,Tsinikos, JHEP 08 (2019) 039]

o A 2
When real radiation is present S #
p .y 0

Threshold limi
reshold fimit in the final state z=0%5 -1

» Mellin space factorization derived in SCET+HQET (N — o0)
~ _ Q> _
d&ij (N, ,u) =Tr [H’U ({p}, u) Sij (ln NTMQ, ,u)] N = Ne't
» Resummation performed by deriving and solving RG equations

47 a0
GO0 + (O, ) + 25l
Oés(Mh)

déij(pr) = exp { g3(A\ Af) + .. }

~ - )_ M?
X Tr [T (pn, ps)Hy ({P}, 0 )0 (e, ps)S5 (In N2 {p},us”
_, as(pn) _ L as(pn)
A = fo In(en/ps), Ar = Bo In(en/paf)

» Inthe original papers predictions depend on ,uf(with U, = ,uf) and the matching scales i/, /1,
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Introducing the scale y,

> When matching to NNLO it is reasonable to vary independently Hy #* W, (standard procedure). To make

contact to FO, we have introduced p,. in the resummation formula

» Eliminate a(u,) in favor of a(y,) using

as( ):aS(MR) 1— as(pir) f1In X n o2 (ug) 2 32 m2X X — 14X
s\h X 41 50 X AT 63 X2
/82 ]- - X Ofs(ILI,R) MR
+50 x ) ’ Gy Boln "

» SCET resummation formula (and resummed expanded) updated to introduce the scale ji,, necessary

to identify the cause of the different shape of scale variations between SCET and dQCD predictions
[Kulesza,Motyka,Stebel, Theeuwes,1704.03363]

p Current implementation:

» Wevary pirand y, with the standard 7 point method

» Soft scale always fixed to u, = M,-,;/N even if the other scales are related to H;or to (m, + my;/2)

» We have freedom on what to do with 1. We provide predictions for the case y;, = pyand p, = p,.

In order to incorporate some hard scale variations we finally take the envelope of 11 independent
scale choices as the measure of uncertainty
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Differences between SCET and dQCD formulas

» However, the two methods make different choices in evaluating the NNLL

» SCET: expand to NNLL using ar(4,.) Iny;/p; = O(1)
» dQCD: expand to NNLL using only a(¢,) In N = O(1)

» dQCD: keep some partial N>LL terms in diagonal part of the evolution that are dropped in
SCET formula (but could be kept). ﬁij(,uh, U,) terms are in both approaches expanded in

eXp[as(lur) g3(/1)] — 1 + as(:ur) g3(ﬁ)
dQCD SCET

These different choices are the cause of the small numerical differences remaining between the
SCET and dQCD formulas at NNLO+NNLL
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Comparisons SCET vs dQCD vs NNLO

pp—>1tH+ X
NNLO + NNLL SCET  }
600 - dQcD ¢
590 F
580F ¢
[ ) 7 [ ]
[ ]
g 570
T
S 560 |
550 F
“10 PDFALHC21_40
my=125.0 GeV, m, = 172.5 GeV, /S = 13.6 TeV
30l NNLO: PRL 130(2023)111902
SCET: JHEP 02(2017)126
dQCD: PRD 97(2018)114007
X ‘mﬂn = HTQ 0= QIFL
‘méwn po W

Comparison between dQCD and SCET
[2503.15043]

NNLO+NNLL __ NNLL NNLO NNLL
Loy =doug "+ (da wH - — doyn NNLO )
expansion
pp—>ttH+X
Ho=m;+mpgl2 I
600 mo=Hrl2 ¥
w=02 %
590 £T -
580F ¢ I 1 -
[ ]
® [ ]
g 570 F T 1 -
S 560 s
550 F i -
540 PDF4L.HC21_40
mp=125.0 GeV, m,=172.5 GeV, /S = 13.6 TeV
530 - NNLO: PRL 130(2023)111902
SCET: JHEP 02(2017)126
dQCD: PRD 97(2018)114007

Q) /\)\)
s &
O
K
&

NNLO vs NNLO+NNLL
[Devoto,Grazzini,Kallweit,Mazzitelli,Savoini,24 1 | .15340]

See Chiara’s talk!
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Outlook

» Calculate and extract all the missing ingredients to reach NNLL"accuracy for the
top-quark pair production process (hard and soft functions)

» Event Generator implementation

» Extend to associated production of a top-pair and a heavy boson 11V
(V=H,W=,2)

Thank you!

<
= f ﬁ 2
2\ 2 &y,
7 N2
I
dIanis
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Beam functions

The beam functions are given by convolutions of perturbative kernels with the
standard PDFs f,(x, 1)

I;; kernels are known up to NLO,

1
d
Bi(t,z,u) = ZJ ?6 L(t, 2/ ¢, w) (& )

- process independent

RG equation in Laplace space is given by

d - .
Bi(La < ,U) — [ — 2 Fcusp(oﬁs) Le+ %?(CVS)] Bz’(Lc: 2y ,u)

dln u

with solution in momentum space

t )UB e_VEnB

~ 1
B(t,z,u) =exp |[—4S(up, 1) — a : B(0,., z, —
(t520) = exp [=4S g ) = 0,0 e5.10)] BOuy ) () o

where 1z = 2ar(pg, 1) and the collinear log is given by L. = ln(MK/,MZ)
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Resummed result for the cross section

We can combine the solutions for the hard, soft and beam functions to obtain

do
=U 37L 7L8
X Tr{u(ﬁt,ﬁ,,uh,,us) H(M7 6757 Q,Mh) uT(ﬁta ealuha:us) gB(ﬁns + LS?Bt? (9”“3)}
B 8 L )B (8 L ) 1 6_7Entot
X Dyg + y 2as o+ » b _
( nB B KB ) B Uy B> <b, B Té Mot T'(niot )
where

U(,uhnuBa s, Lh7 LS) —

exp |45 (pn, puB) + 4S (s, pB) + 2a8 (fs, uB) — 2ar(pn, 4B) Ly — 2ar(us, 1B) Ls

and L, = In(M?/u?), L, = In(M*/u}), Ly = In(M*/u3) and i, = 255 + 1 + np
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Singular vs Nonsingular contributions

10°
—=—== LO; full
LO; sing.
104 ) —-.—- LOj nonsing.
- pp — tt
2.10%)
= V.S =13TeV, = My
£ LN
~— 9 \ AN
% 10 TR e .
\. / \\\\
| - S
¥
1]t s
10 \’ \\\\
0 | . . RN
10O.O 0.2 0.4 0.6 0.8
B
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N
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7/ S
| |
¥ I
101 ] ” \\\\
! T
Y . . . .
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NNLL" is our best prediction, it includes NNLO beam functions, all mixed NLO x NLO terms, NNLL

Resummed results

evolution matrices, all NNLO soft logarithmic terms. Resummation is switched off via profile scales

g% Lniversitat
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30 30
NLL ms== NLL
251 === NNLL 251 zeee NNLL
= =
650 201 CG; 20
~ ~
e @)
o, o,
= —15
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S) S)
= 7/ = _
| pp — Ut n pp — tt
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- ’ M Y 290 <y <uy1,
— . _ . 2
s (To) = s J:;m( o/ M), frn(y) = v+ SoEBy <y <,
1we(To) = uns / fran(To/M _ (2—y1—y2)(y—y3)*
(To) ron {To/M) L Sy 2 SY S
|1 Y3 < Y-

Yo — 1.0 GGV/M,
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Resummed results

The evolution matrix u is evaluated in a, expansion, we can choose to expand or not expand U,
the difference is quite small

30 30
~—— NNLL —— NNLL;
251 —— NNLL not expanded 251 NNLL; not expanded
% Z
20 20
= sl oF T
=< = 9% i__—__‘“——
= 10 <10 55
E s
pp — tt - pp — tt

V'S =13TeV, u= M; V'S =13TeV, u= My

0 0

0.5 0.5
E= E=
) )

0.0 0.0
() Q
< <
S S

—0.51 0.5

5 10 15 20 25 5 10 15 20 25
To |GeV] To |GeV]
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frac. diff.

0.0¢

—0.51

Matched results to fixed-order

do_match

d7o

~ NNLL/4+NLO;
~ NNLL+LO,
~ NLL'+LO,

pp — tt
VS =13TeV, = My

B St e
ﬂ R AR R R R
5 10 15 20 25

do.resum

d7o

dUFO
-|—d,76

d7o

100, ~— NNLL/+NLO,
——— NNLL+LO;

— ~—— NLL/+LO
> 1
D)
@)
~—
@)
2, 1.0{
=
=
~—

B
= _

pp — tt

0.1 VS =13TeV, u= My

0.501
& 0.25]
=

~0.00
Q
<
= —0.251

—0.50

40 60 30 100 120 140 160
To [GeV]
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do.resum

FO

[pb/GeV]

do /dTy

frac. diff.

0.100

0.0101

~ NNLL/4NLO,
we=z NNLL+LO;
=== NLL'+LO;

pp — tt
V'S =13TeV, = My
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GENEVA vs g, resummation

» Inclusive quantities are not modified, changes are expected in exclusive observables
» Shower recoil schemes large impact in predictions of colour singlet p
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Introducing the scale y,

> When matching to NNLO it is reasonable to vary independently Wy #* W, (standard procedure). To make
contact to FO, we have introduced y.. in the resummation formula

» Eliminate a,(y;,) in favor of a () using

s () _Oés(MR) 1 as(pgr) B1In X N ag(,uR) 2 6% n’?X - InX -1+X
s\Hh) = X A7 50 X A7t 6(2) X2
B2l —X) ] as(pir) [ig
5() X o BO nﬂh

» Re-expand perturbatively treating In y;/p; = O(1) with y; ; € {ug, p,., y, p }- With this counting,
NNLO expansion of NNLL takes a simple form (for case y, = p,)

~(2) - ~ .
A5y (N, i) =Te [H () 8 () + ) (106) 8 () + B (1) 85 (10|

= Tr [HE () 85 (1) + B () 85 (1) + B (1n) 87 (1)

» SCET resummation formula (and resummed expanded) updated to introduce the scale ji,., necessary

to identify the cause of the different shape of the scale variations between SCET and dQCD predictions

[Kulesza,Motyka,Stebel, Theeuwes,1704.03363]
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Scale choices and uncertainties in the EFT framework

p Original NNLL SCET+HQET implementation:

y Hpscales:ye =y, = p, = Hpl2,p; = H;/N
Invariant mass scales: pp = p, = Mgy /2, py = Mgy, pg = Mz, /N
Fixed scales: py = p, = py, = (m, + my/2), u;, = (2m, + my)/N

y Varied Hes s M independently by factors of 2, added upper and lower variations in quadrature (as
customary in SCET), total of 7 scales varied but matching to FO only for He = H, scales

p Current implementation:

» We vary pcand p, with the standard 7 point method

» Soft scale always fixed to u, = M,..;/N even if the other scales are related to Hyor to (m, + my;/2)

» We have freedom on what to do with ;. We provide predictions for the case y;, = pyand p, = p,.

In order to incorporate some hard scale variations we finally take the envelope of 11 independent
scale choices as the measure of uncertainty

g% universitat
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New vs Old SCET results at NNLO
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