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Heavy quark (+colour singlet) production

[ATLAS '22] [ATLAS 2403.15093]
Status: November 2022
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LHC event
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LHC event

Hard Process
V| NXLO (high precision)
& no event
& no shower accuracy
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LHC event

Parton Shower (PS)
==

Hadronization

& no NXLO precision
|__\/ realistic LHC event

|__\/ shower accuracy
(low precision)

Hard Process
V| NXLO (high precision)
& no event
& no shower accuracy
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LHC event

Parton Shower (PS)
==

Hadronization

Combination
NXLO+PS

/| NXLO (high precision)

/| realistic LHC event

|:| no NXLO precision

/1 realistic LHC event Hard Process

V| NXLO (high precision)

%] no event

Y| no shower accuracy

" shower accuracy
(low precision)

‘| shower accuracy
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NNLO+PS: What do we want to achieve!?

» NNLO accuracy for observables inclusive on radiation.

» NLO(LO) accuracy for F' + 1(2) jet observables (in the hard region).

- appropriate scale choice for each kinematics regime

» resummation from the Parton Shower (PS)

» preserve the PS accuracy (leading log - LL)

- possibly, no merging scale required.

[do/dyF]
[da/de,jl]

[o(pr,5 < DT veto)]

X] (NLO)
X|-MiINLO
X@NNLO

X@NNLOPS

X

X+jet
NLO

X+2ets

LO

NLO NLO LO PS
NNLO NLO LO —
NNLO NLO LO PS
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NNLO+PS methods
NNLOPS: MINLO+reweighting Geneva

[Hamilton, Nason, Oleari, Zanderighi 'l12, + Re '13], [Karlberg, Re, Zanderighi '14] [Alioli, Bauer, Berggren, Tackmann,Walsh '| 5 + Zuberi 'l 3]

+ LL accuracy (+ simple NLL terms) from PS + LL accuracy from PS (at most! no NNLL nonesense!)
+ no new unphysical scale (1.e. physically sound) + slicing cutoff (missing power corrections)

+ numerically very intensive + numerical cancellations In slicing parameter

+ applied beyond 2— | processes + applied beyond 2— | processes

MINNLOps UNNLOPS

[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20] [Hoche, Prestel '14 ' 5]

+ LL accuracy (+ simple NLL terms) from PS + extension of UNLOPS merging of event samples
+ no new unphysical scale (l.e. physically sound) + two-loop corrections entirely in 0-jet bin

+ numerically efficient + only applied to 2— | processes
+ applied beyond 2— | and even beyond colour singlet

there was also some recent progress on NNLO+PS for sector showers [Campbell, Héche, Li, Preuss, Slands 2 1]
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NNLO+PS timeline
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. . see also Aparna’s talk yesterday
NNLO+PS timeline \

today s focus:

MiNNLO»s A w
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MiINNLOps: main idea

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

NXLO+Parton Shower (PS) for pp — F

NX-ILO+Parton Shower (PS) all-order structure in
for pp — F + jet jet-resolution variable ry

et
P =

P P ¥

P =

I
|
[ere ';
!

0
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4+ starting equation:

MiINNLOps: main idea

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

i A S R R
dprd®g  dpr \ ,

EVD

4+ combine with F' + jet fixed order doy; :

dUF — dG}r-;eS + [dGFJ]fO — [dU}r;veS]f.O. — E_S{D +

Z~HCRf)(CRS)
(symbolically)

[dGFJ]f.o. B [da;es]f.o. }

=] [e—°]
[8 f.o. € “lfo.
—S(D... ~ i
=5 _ph_po...
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MiINNLOps: main idea

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

| | dof  d . p
4+ starting equation: =—/e¢ 3} =e {S’SZ + SZ’} Z~H(CRNH(CR))
dprd®g  dpr \ , (symbolically)

EVD

4+ combine with F' + jet fixed order doy; :

d d IcS
do" = doj* + [doylg,. — [dople, = e‘S{D frree, 08 Yo }

[e_S]f.o; [e_S]f.o.

1_5{1)...

_pW_p®...

4 expanded up to af(pT) we have: (resummation scheme: lip = Up ~ p7)

(very symbolic/simplified)
MiNNLO _ ,—S 1 1 (2) 1 2
dop” ~ e {da}}(1+S( ))+d0F]+(D—D()—D( ))+regular}

-

NaS(pT) NangT) 20‘3(17T) \D(3) + @(aj)
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MiINNLOps: main idea

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

4+ starting equation: il = 4 e L} =e{SL+ L'} Z~HCQNCRS)
dprd®g  dpy \ ,

EVD

4+ combine with F' + jet fixed order doy; :

d d Ires
do” = dof®* + [dogl;, — [dof];,, = e‘S{D y ko 100 o }

[e_S]f.o; [e_S]f.o.

1_5{1)...

_pW_p®...

4 expanded up to af(pT) we have: (resummation scheme: lip = Up ~ p7)
MINLO

da}}/ﬁNNLO ~le™ {dagj)(l + S(l)) + dﬂg (D — D — D(z)) + regular}

-

~oy(pr) ~a?(pr) ~a;(pr)

(symbolically)
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MiINNLOps: main idea

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

d I'cS
4+ starting equation: oF i e_SSZ} =™ {S’SZ + SZ’}
dprd®g  dpr \ ,

EVD

4+ combine with F' + jet fixed order doy; :

Z~HCRf)(CRS)
(symbolically)

do" = dog™® + [doyls,, — [dog g, = e _S{D TS
[e™ ]f.oi

[dGFJ]f.o. B [dalges]f.o. }

[e_S]f.o.

¥1_§E1)...

+ expanded up to @ (p;) we have: (resummation scheme: yip = g ~ pr )
MINLO NNLO correction

dgMINNLO | =S {dag}(l +8M) +do” | (D - DY — D?)

-

~oy(pr) ~a?(pr) ~a;(pr)

_pO_p...

gl

beyond accuracy
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MiINNLOps: master formula

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

4+ apply idea to POWHEG FJ calculation

DEFJ (1) (2)
BY ~ { dGFJ-l-dGFJ }

Marius Wiesemann (MPP Munich)

Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO
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MiINNLOps: master formula

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

4+ NNLO+PS by turning POWHEG weight (B function) NNLO accurate:

BMIiNNLOps , =S {da}}}(l +SM) + da;zj) + (D - DY - D®) x FC(’“‘}

—> spreads NNLO corrections
in the I + jet phase space
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MiINNLOps: towards jet production

[Ebert, Rottoli, MWV, Zanderighi, Zanoli 23]

4 MiNNLOes viable for any N-jet resolution variable (in principle), e.g. N-jettiness:

BMNNLOps o, o=S(v) {da}l}(l +5W(zy)) + da;z; + (D(zy) — DW(zy) — DPW) x F}

_ ZWY (v _
q Q- q‘ \Q,V q'
[y (3 (%)

see also Matthew?’s talk for recent developments in Geneva
[Alioli et al.’23]
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MiINNLOps: towards jet production

[Ebert, Rottoli, MWV, Zanderighi, Zanoli 23]
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[from L. Rottoli’s talk at Ringberg 2024]
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MiINNLOps: heavy quark production

qf>'m'n<Q ’ gyﬂ'cra'c‘( ‘
9 Q % Q

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

4+ substantial complication due to final-state radiation and interferences

' (accordingly for gg initiated) '

I . A: / ..
4 compare resummation formulas (very schematic): co|25.e~r:;:£en:$?x n

encodes soft emissions

d A
colour singlet: ddres ~ d_ {e—S H (C ®f) (C ®f)} of 1t and interferences

‘ /\/
heavy quark pair:  dol, ~ — {e_S Tr(HA)(C® ) (C ®f)}
[Catani, Grazzini, Torre "1 4] dp derived to NNLO in [Catani, Devoto, Grazzini, Mazzitelli, 23]
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MiINNLOps: heavy quark production

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 20 2]

d
dof. ~ . le™S Tr(HA) (C® ) (CRF)}
T

2 2
¢ = — [di [(xs(q) (A(l) log(M/q) + B(l)) | % (9) (A(z) log(M/q) + B(Z)) + ]

g2 27 (27)?

q2

27 ft
matrix in colour space /

2 2
Tr(HA) = (M|A|M), A=VDV, V=exp {—Jdi [aS(Q) . %9 r<2>] }

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024
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MiINNLOps: heavy quark production

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 20 2]

d —S
dof ~ —{e Tr(HA) (CQ /) (C® )}
dpr

0
S =— Ji [(xs(q) (A(l) log(M/q) + B(l) %9)

| (A® log(M/q) + B®) +
Oy g(M/q)

27

'B-type' correction to Sudakov

a (61) o a;(q) r<2>

matrix in colour space /

Tr(HA) = (M|A|M), A=V'DV, V—eXp

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024
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MiINNLOps: heavy quark production

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 20 2]

d -5
dares ~ {e Tr(HA) (C ®f) (C ®f)}
dpr

2 2
= [di [aS(Q) (AD log(Mlg) + BD) + ED

(2m)?

> > (A(z) log(M/q) + B(Z)) +
q T

2 2
Tr(HA) = (M|A|M), A=V'DV, V=exp{—Jdi [“(Q) o, (Q)r@)]}

g2 2n ¢ (27:)2 t

4+ approximations keeping NNLO and (N)LL
& azimuthal average with [D] = 1= modifies H > H and (C®f) - (CRf) at a

see [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan '19]
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MiINNLOps: heavy quark production

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 20 2]
d
dopy ~ — {e Tr(HA) (CR /) (C® )}

dpr
__[d9” [a@ AN 2)
S = [qz [ o (A log(M/q) + B ) | o) (A log(M/q) + B )+
dg* | ay(g) a;(q)
Tr(HA) = (M|A|M), A=VDV, V:exp{_Jyl 2 EZ)]}

4+ approximations keeping NNLO and (N)LL
& azimuthal average with [D] = 1= modifies H > H and (C®f) - (CRf) at a

*
see [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan '19]

(MO A |MO)
» (M|A|M)~ (M|M) MO | MO}
=H \ absorb mistake at NNLO in B®

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024
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MiINNLOps: heavy quark production

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 20 2]
d
dopy ~ — {e Tr(HA) (CR /) (C® )}

dpr
__[d9” [a@ AN 2)
S = [ .2 [ o (A log(M/q) + B ) | o) (A log(M/q) + B ) -+
dg* | ay(g) a;(q)
Tr(HA) = (M| A | M), A=V'DV, V= exp {—j? [ - El) Dy FEZ)] }

4+ approximations keeping NNLO and (N)LL
& azimuthal average with [D] = 1= modifies H > H and (C®f) - (CRf) at a

*

see [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan '19]

(MO|A|MO)

* (M|A|M)=~ (M|M) (MO | MO) absorb in B coefficient

=H /

" dg? o " dag? a?
&+ expand V=expq — | — {9) o s x(1-|—= S(q; r® )+ 6(N’LL)
J g© 2rm J g7 2n)

=VaLL

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024
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MiINNLOps: heavy quark production

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 20 2]

d
dof. ~ . le™S Tr(HA) (C® ) (CRF)}
T

d 2 2
S =— Ji [(xs(q) (A(l) log(M/q) + B(l)) | %19) (A(z) log(M/q) + B(Z)) + ...

g2 27 (27)?

4+ using those approximations (exact up to NNLO & (N)LL) we have:

50 _ R <M(O) | | AC2A ) | M(O)> 2 Re {(M(l) | DT L @ |M(O)>} 9) (M(O) | rOT L @ |M(0)> Re {(M(l) |M(0)>}
— -+ —

(MO | MO) i (MO | MO) (MO | M©)2

<M © ‘ VIJ(ILLVNLL | M (O)>

—S _ =S
and e (M\A\M)—e (M(O)\M(O))

H+ @(ass)

dg? a
[reminder: Vi = exp {_j q- 2(q) I‘El) }]
q> 2n
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MiINNLOps: heavy quark production

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 20 2]

d
dof. ~ . le™S Tr(HA) (C® ) (CRF)}
T

d 2 2
S =— Ji [(xs(q) (A(l) log(M/q) + B(l)) | %19) (A(z) log(M/q) + B(Z)) + ...

g2 27 (27)?

4+ using those approximations (exact up to NNLO & (N)LL) we have:

<M(O) | | AC2A ) | M(O)> 2 Re {(M(l) | DT L @ |M(O)>} 9) (M(O) | rOT L @ |M(0)> Re {(M(l) |M(0)>}

B® =B® + +
(MO | MO) (MO | MO) (MO | M©)2

s MOV Vi IMD)

d e (M|A|M)= e H+ 6(a?
and e P (M|A|M)=-¢ 3O [ MO + O(a;)
use basis | M) where I''") diagonal ~
_ Z o o—StS
N _
i _ B — B(l)"yi
dg? . \
reminder: Vy;; = exp —j 6]2 4(9) Fil) eigenvalues of
q 21 VLLLVNLL eXPOnent

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024
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MiINNLOps: heavy quark production

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 20 2]

dot

d ~S
Lo~—{e Ti(HA) (CR®)(CRS)]
dPT

2 log(M/q) + B(z)) + ...

MiINNLO#ps for colour singlets

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

L) we have:

starting equation:

rot 4 1O Oy Re {(MD | MO

|2 ~H(C®f)(CRf

(MO | M©)2

<M © ‘ VIELLVNLL ‘ M (0)>
(MO | MO)

and e S(M|A|M) = ¢S H+ 0(a})

simplified to sum of terms with -
same structure as starting formula _ Z e oSS,
for colour singlet case = T

€ S

Z e~ cH(CQ))(C ®f)} + terms beyond NNLO & (N)LL
. ‘ Evgi ,

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024
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MiINNLOps: heavy quark + colour singlet production

R W
q’ Z,‘(,Z' 8, 8_ t .
3 Q ---~H £ b
a 4 Q F -

[Mazzitelli, Sotnikov, Wiesemann ’24]

4+ same structure of singular/resummed cross section as JQ, but need to account for recoil:

d
colour singlet: dot, ~ T e® H (CQ®f)(C ®f)}
Pr

d
heavy quark pair + colour singlet:  do’, ~ . {e‘S Tr(HA)(C®f)(C ®f)}
Pr

Soft function for Heavy quark production in ARbitrary Kinematics o

[Devoto, Mazzitelli 'in preparation]
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Results:

top-quark pair production (tt)

Marius Wiesemann (MPP Munich)
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tt — bbW W+
Fully leptonic @~ WTW~ — ll?l l_I/l

Semi-leptonic W*W~ — 1171 qq /

Hadronic WTW—

(where g = {u,c} and g’ = {d, s})

tt production

Jet

— 4494949

Jet

Jet

Jet
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tt production

*approximated through a Mad-
Spin-like approach using the full
off-shell diagram at LO, keeping
spin correlations

on-shell 77 production

with off-shell top decays™

+
! t 4 t v
8_ t
b
oy b
9 t % t W
_ 60
- = — MiNNLO
pp — tt Q 13 TeV 015 pp — tt @ 13 Te\/: 6 ﬁﬁ -~ MINLO |
600# — MINNLOpg -  ng. — MINNLOps | : ] =
_ Ei ?}? MINLO/ l g re— . MINLO/ 5 _ Iepton I C ......... B B §
N -~ NNLO L 100l - -~ NNLO .: S <
= ey ¢ CMS (35871 | S CMS (35.8fb71) | = 4f
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Results:

bottom-quark pair production (bb)
(B-hadron and b-jet production)
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bb production

[Mazzitelli, MW, Zanderighi, Ratti 23]
q A b : b

Validation against fixed order results from MATRIX

NLO

27%
348.5(3)27% u

MINLO’

22%
399.7(5)* 3% b

NNLO

16%
435(2)" 25 ub

MINNLOps

13%
428.7(5)*13% b

* use four-flavour scheme (4FS) with massive bottom quarks

* NNLO+PS matching important:

—> realistic simulation of B-hadrons (through Pythia8)

—> reliable at high bottom pt through shower resummation
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MiN

dofdy g+ [b]

NLOps: B-hadron production

[Mazzitelli, MW, Zanderighi, Ratti 23]

pp—bb@LHC 7 TeV do/dpT g+ [ub/GeV] pp—bb@LHC 7 TeV
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MiINNLOps: b-jet production

[Gauld, Mazzitelli, MW, Zanderighi, Ratti 'in preparation]
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Results:

top-quark pair production in

association with a Higgs boson (ttH)
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MiNNLOps: ttH production

[Mazzitelli, MW 'work in progress]
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Results:

bottom-quark pair production in

association with a Z boson (bbZ)
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]

® Z (
4 zZ I % ~(
N _ R

* MiINNLOps method general for all heavy-quark + colour singlet processes
* bottom mass neither a large nor small scale: 4FS (massive bottom) and 5FS (massless bottom) viable

% complication:
Z couples to initial-state light quarks and final-state heavy quarks & coupling depends on quark falvour

* 2-loop amplitude: most complicated ingredient & among most complicated 2-loop computed to date

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]
Two-loop amplitude

* complete calculation (five-point functions with massive b’s) out of reach

* we exploit small-mass expansion in 1, (massification procedure)
1/€ poles in 5FS

H log(my,) in 4FS
A4

2Re(RV[RP) = )" i, logi(my,/ug)+2Re(R " | R\?) + O(m, /1)

massive amplitude i=1 massless amplitude power corrections

coefficients of massification

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]

Two-loop amplitude

* complete calculation (five-point functions with massive b’s) out of reach

* we exploit small-mass expansion in 1, (massification procedure)

1/€ poles in 5FS
4

H log(my,) in 4FS

2Re(RV[RP) = )" i, logi(my/ug)+2Re(R " | R\?) + O(m, /1)

massive amplitude i=1 massless amplitude

coefficients of massification

power corrections

* logarithmic terms exact (massless loops: [Mitov, Moch '06], massive loops: [Wang, Xia, Yang, Ye '23])

% infra-red safe mapping required from massive to massless momenta

* massless two-loop in LC approx. & dropping ’
Z coupling to closed quark loops (small at NLO) ¢ Z 41
(based on [Chicherin, Sotnikov, Zoia 21 10.07541], g (

[Abreu, Cordero, Ita, Klinkert, Page, Sotnikov 2110.075411]) _

Vg\»<€ g VO TTBEEOT0) ¥
14

~i o ;
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]
total cross section: 66 GeV < m,,,- < 116 GeV

Jtotal [Pb]

ratio to NLO

NLO+PS (my5,,) 31.86(1)%2:‘;5?) 1.000
MINLO’ (myg,) 22.33(1) "5 00 0.701
MINNLOps (mypee) | 50.58(4)7155% 1.587
NLO+PS (Hr/2) 41.42(1) 71027 1.000
MINNLOps (Hr/2) | 58.60(5)F159% 1.414

Marius Wiesemann (MPP Munich)

Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO

May 21,2024

45



MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]
total cross section: 66 GeV < m,,,- < 116 GeV

| Ototal [Pb] ratio to NLO

NLO+PS (myz,,) 31.86(1)%2:‘;5?) 1.000 o
MINLO’ (my.0) 22.33(1) "5 00 0.701
MINNLOps (mypee) | 50.58(4)7155% 1.587
NLO+PS (Hr/2) 41.42(1) 71027 1.000
MINNLOps (Hr/2) | 58.60(5)F159% 1.414
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]
total cross section: 66 GeV < m,,,- < 116 GeV

Jtotal [Pb]

ratio to NLO

NLO+PS (myg.,) 31.86(1)%2:‘;5?) 1.000 N
MINLO’ (my,) 22.33(1) 020 0.701 ) Corection:
MINNLOps (mypee) | 50.58(4)7155% 1.587

NLO+PS (Hr/2) 41-42(1)1%?2((;2 1.000 +41% NNLO
MINNLOps (Hr/2) | 58.60(5)F159% 1.414
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]
total cross section: 66 GeV < m,,,- < 116 GeV

| Ototal [Pb] ratio to NLO

NLO+PS (mype) | 31.86(1)7 155 1.000
MINLO’ (myz,,) | 22.33(1)[28:2% 0.701
MINNLOps (mip,) | 50.58(4)116-8% 1.587

L17.9%

—12.2%
NLO+PS (Hr/2) 41.42(1) 71027 1.000
MINNLOps (Hr/2) | 58.60(5)F159% 1.414
2

—> MiNLO/multi-jet merging not suitable due to incomplete a; correction and large

log(m,,) contribution in 2-loop (leading to miscancellation with log(m,) from reals)
(only a problem for bottom quarks and processes with QO > m,)
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]

Comparison to CMS Z+b-jet analysis [CMS 2112.09659]

Object Selection
Dressed leptons pr(leading) > 35GeV, pr(subleading) > 25GeV, |17| < 2.4
Z. boson 71 < my, < 111GeV
Generator-level b jet b hadron jet, pr > 30GeV, |17]| < 2.4
sfs MGS5 aMC
from CMS P3P<A Ofiducial |Pb) | Z+> 1 b-jet  Z+> 2 b-jets
NLO+PS (5FS) (.03 = 0.47 0.77 == 0.07
NLO+PS (4FS) 4.0840.66  0.44 4 0.08

MINNLOps (4FS)| 6.59 £ 0.86 0.77 == 0.10
CMS 6.52 == 0.43 0.605 == 0.03

Marius Wiesemann (MPP Munich) Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024



MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]

Comparison to CMS Z+b-jet analysis [CMS 2112.09659]

Object Selection
Dressed leptons pr(leading) > 35GeV, pr(subleading) > 25GeV, |1| < 2.4
Z. boson 71 <my, <111 GeV

Generator-level b jet

5FS MG5 aMC

from CMS paper

™~ NLO-+PS

O fiducial [Pb]

b hadron jet, pr > 30GeV, |17]| < 2.4

Z+> 2 b-jets

NLO+PS
MINNLO
CMS

ps (4FS)

| Z+> 1 b-jet

(5FS) | [7.08£047 0

NNLO
corrections

make 4FS and
5FS compatible

Marius

Wiese

mann

(MPP Munich)
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MiNNLOgs: bbZ production

Object

[Mazzitelli, Sotnikov, MW 24]

Comparison to CMS Z+b-jet analysis [CMS 2112.09659]

Selection

Dressed leptons

Z. boson

Generator-level b jet

5FS MG5 aMC

from CMS paper

™~ NLO-

O fiducial [Pb]

| Z+> 1 b-jet

Z+> 2 b-jets

PS (5FS)

NLO-

MINNLOps (4FS)

CMS

-PS (4FS)

pr(leading) > 35 GeV, pr(subleading) > 25GeV, || < 2.4
71 < myy < 111 GeV
b hadron jet, pr > 30GeV, |17]| < 2.4

NNLO

corrections

lift tension of
4FS with data

Marius

Wiese

mann

(MPP Munich)
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]

Z+|b-jet distributions compared to CMS data [CMS 2112.09659]

pp — Z+ > 10 jet @ 13 TeV

pp — Z+ > 1bjet @ 13 TeV

pp — Z+ > 1bjet @ 13 TeV
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MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]

Z+2b-jet distributions compared to CMS data [CMS 2112.09659]

pp — Z+ > 2 bjet @ 13 TeV

pp — Z+ > 2 b jet @ 13 TeV

pp — Z+ > 2 bjet @ 13 TeV
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MiNNLOgs: bbZ production

[ATLAS 2403.15093]
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do/dp_, unit area

MC / Data

MiNNLOgs: bbZ production

[Mazzitelli, Sotnikov, MW 24]

[ATLAS 2403.15093] Z pt spectrum compared to CMS data [CMS 2112.09659]
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Summary

NNLO+PS for 2 = 2 available for colour singlet processes

First coloured processes at NNLO+PS: Heavy quark pair production (¢f and bb)

both NNLO corrections and matching to PS crucial, e.g. to describe B hadrons and b-jets

First results for QQ+colour singlet NNLO+PS (bbZ and preliminary results for t7H and bbH)

Outlook

other interesting QQ+colour singlet processes: ttZ, ttW, bbW, ccX . ..

new developments also enable off-shell ¢ with full top quark decays at NNLO+PS

NNLO+PS for processes with light jets possible (but highly non-trivial)

only |-jettiness known (but no good observable); k7> ? [Buonocore, Grazzini, Haag, Rottoli, Savoini '22]
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L =T = e - £= ~ - N, [ g " v X —\T A
N % a = 3

% new developments al’ WL Bets at NNLO+PS

% NNLO+PS for proce

only |-jettiness know

(SN razzini, Haag, Rottoli, Savoini "22]

Stay tuned !






MiINNLOps for heavy quarks

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

d
dyes ~ e {e75 Tr(HA) (CR /) (C R f)}
T

d 2 2
= _[ 9 [“;(Q) (A log(M/q) + BY) + =2 (qg (A® log(M/q) + B?) + ]
T

q2

matrix in colour space /
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MiINNLOps for heavy quarks

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

d -5
dares ~ {e Tr(HA) (C ®f) (C ®f)}
dpr

2 >
= Jdiz [aS(Q) (AD log(Mlg) + BD) + ED
q

(2m)?

2 2
Tr(HA) = (M|A|M), A=V'DV, V=exp{—Jdi [“(Q) | N (Q)r@)]}

> (A(z) log(M/q) + B(Z)) +
T

g2 2n ¢ (27:)2 t

4+ approximations keeping NNLO and (N)LL
& azimuthal average with [D] = 1= modifies H > H and (C®f) - (CRf) at a

*

see [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan '19]

o« (M|A|M)~ (M|M) (M| A|MDP) «—— re-absorb mistake at NNLO in B®

~- re-absorb in B coefficient

dg’ ' dg’ a? —
. expand V = exp { J 1” 2(9) r<l>} x (1 - |22 @) r<2>> + O(N’LL)

‘ qg> 2n 2 2n)2 ¢

=VaLL
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dot

MiINNLOps for heavy quarks

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

d —S
s~ = {7 TIHA) (C® /) (C®)}
I

P

g | 2=« (27)?

d 2 2
S =— Ji [as(q) (A(l) log(M/q) + B(l)) | %19) (A(z) log(M/q) + B(z)) + ...

4+ using those approximations (exact up to NNLO & (N)LL) we have:

B® = p® 4

[reminder:

<M(O) | | AC2A ) | M(O)> 2 Re {(M(l) | DT L @ |M(O))} 9) (M(O) | rOT L @ |M(0)> Re {(M(l) |M(0)>}

(MO | MO) i (MO | MO) (MO | M©)2

<M © ‘ VIJ(ILLVNLL | M (O)>

—S _ =S
and e (MlA\M)—e (M(O)\M(O))

H + O(a?)

dg’ a,(q)
Vi S expi — 1
NLL P{ j 2 27 ! }]
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MiINNLOps for heavy quarks

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

d
dof. ~ . le™S Tr(HA) (C® ) (CRF)}
T

__[d9” [a@ AN 2)
S = J [ o (A log(M/q) + B ) | o) (A log(M/q) + B )+

4+ using those approximations (exact up to NNLO & (N)LL) we have:

50 _ R <M(O) | | AC2A ) | M(O)> 2 Re {(M(l) | DT L @ |M(O)>} 9) (M(O) | rOT L @ |M(0)> Re {(M(l) |M(0)>}
— -+ —

(MO | MO) i (MO | MO) (MO | M©)2

<M © ‘ VIJ(ILLVNLL | M (O)>

(MO | MO)

use basis |M(O)) where 'V diagonal - . .

= Z C; e_§+5ir\
N

and e S(M|A|M) = ¢S H+ 0(a})

eigenvalues of
iecolours = egi VLLLVNLL eXPOnent

dg? a
[reminder: Vi = exp {_J q- 2(q) I‘El) }]
q> 2n
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dot

P

MiINNLO#ps for colour singlets

starting equation:

|2 ~H(C®f)(CRf

MiINNLOps for heavy quarks

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

d —S
s~ = {7 TIHA) (C® /) (C®)}
I

2 log(M/q) + B(z)) + ...

[Monni, Nason, Re, MW, Zanderighi 'l 9], [Monni, Re, MW "20]

L) we have:

rot 4 1O Oy Re {(MD | MO

(MO | M©)2

<M © ‘ VIELLVNLL ‘ M (0)>

d -5 — —S
and e P (M|A|M)=c¢ O [ MO}

H+ @(ass)

simplified to sum of terms with ‘ -

same structure as starting formula — Z c. et
for colour singlet case ‘

Marius Wiesemann (MPP Munich)

{ Z e~ cH(CQf)(C ®f)} + terms beyond NNLO & (N)LL
\ v§i ,

Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO May 21, 2024

iEecolours

63



Setup for 1 MiNNLOps

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20]

4+ scale setting:

% overall factor in Born: aZ(m,;/2)

. My 4 My
& MINNLOes scales: pup = pp = 7 e 0= 7

(no direct correspondence to fixed-order => differences within uncertainties expected)

\/

< 7/-point scale variation
(including scales in Sudakov => slightly more conservative than in NNLO)

log (pg) tor p; < Q/2
0 for p, > QO

4 hew modified logarithm: L =

+ showered with Pythia8, keeping top quarks stable

4+ comparison to data unfolded to inclusive phase space [CMS PRD 97 (2018) 112003]
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MiNNLOps generators publicin POWHEG BOX

| MiNNLOps for 2 — 1 processes (H, 2, W) in POWHEG-BOX-V? |

The POWHEG BOX [Monni, Nason, Re, MW, Landeright 19/, [Monni, Re, MW °20]
| "NEW(‘ Top-quark pair generator now available [Mazzitells
Project oA & Monni, Nason, Re, MW, Landeright °20]

The POWHEG BOX is a general computer
framework for implementing NLO calculations
in shower Monte Carlo programs according to
the POWHEG method. It is also a library, where
previously included processes are made available
to the users. It can be interfaced with all modern
shower Monte Carlo programs that support the
Les Houches Interface for User Generated
Processes.

L ~Mz’NLOP512dS been étena’ed 0 2 —> calour—singlet processes -
(built in POWHEG-BOX-RES). |

First implementation of Zy generator (both Z — €¥¢~ and Z — vv +
Index: oo L JdIGC @NNLO) [Lombardi, MW, Zanderighi °20, °21]

e Available NLO+PS processes

wI¢

. . J ..

» BNLOps using MINNLOps L NEW | New approach to the existing WW generator [Lombardi, MW, Zanderighi *21]

e Proper references aA_r

e Downloads )«J( . . . . —

 Verion 2 J N ZZ generator with incoherent combination of qq and gg channels [Buonocre,

~ _~ Roole, Lombardi, Rottolr, MW, Landeright °21]

e Version RES ol
wJ¢ , .

* Bugs Y NEW VH generator interfaced with H—bb decay (t.b.a.) [Zanoli, Chiesa, Re, MV,
e Licence )A‘ ,/( Zandeﬂg/li ‘Ongoingj
e Contributing Authors - J(

)

S NEW . More to come ...

' ~



MiINNLOps: B-hadron production

[Mazzitelli, MWV, Zanderighi, Ratti "23]

pp—bb@LHC 7 TeV

dO'/de,B+ [pb/GeV]
1 I 1 I 1 I 1 I 1
~ —— MiNNLOpg

—— -
o
[ B -

N s o
T TR N BT ._f

J | J | J | J
—— MiINNLOps

osdelt &
T R N N T N |

T | T | T
—— MiNNLOpg

1 g Vi< 1 T S _T.

[ T | T | T | T | T
| ~ —— MiINNLOps

isdheieas L 3
I I IS ST R

do/dOMINNLOps

do/dOMiINNLOps

do/dOMINNLOps

O/dOMINNLOps

of T T T T T

pT B+ [GeV]
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MiINNLOps: B-hadron production

[Mazzitelli, MWV, Zanderighi, Ratti "23]

pp—bb@LHC 7 TeV
| [ E— | |

do/dpr g [ub/GeV]

101 [ E— | | |
~ — MiINNLOpg

I I | I T |
—— MiNNLOpg -

I I I I
iINNLOps iINNLOps

MiNLO'

| |
INNLOpg
MiNLO'

% . —— LHCb(1.0fb™) LHCb (1.0 fo™"): - LHCb (1.0 fo
102 Lodidi b L —— £ Se— | L ____________ _ ____________ I £ )
10_3 _;;_ .'.T.'.T.'.'..'.'..'.'..'.T.'.f.'.f.'.'..'.'..'.'.:f.'.'_f.'..'.'..'.%.f.'.f_'.'__'_'_.'_'__'_T;;E_ | —— ----------------------------------------------------------------------- ;; _______________________________ ..
S F -
104 £ 2.0¢<yg:<25 g 25¢ym30 5 3.0<yp35 §3-5SYB+S4-O o 4.0¢yg+<4.5 bl
| | | | | | | _$_ | | | | | | | _f | | | | | | | | | | | | | | _$_ | | | | | L= 3

1.5

0.75 il

MINLO o

MINLO? T

do/dOMINNLOps

do/dOMINNLOps

do/dOMINNLOps

do/dOMINNLOps

do/dOMINNLOps

L

5

10

15 20 25
Pt B [GEV]

5

10

15 20 25 30 35
Pt Bt [GeV]

5

10

15 20 25 30 35
Pt Bt [GeV]

5

10

15 20 25 30 35
pT, B: [GeV]

5

10

15 20 25
pT B: [GeV]

Marius Wiesemann (MPP Munich)

Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO

May 21,2024

67




Setup of the calculation

 13TeV collisions, bb# final state with /=e,u, mpy=4.92GeV, NNPDF31

 MINNLO central scale setting: yr=pIF=Mppz €, Q=Mppz /2

0) —

Born coupling central scale: pg = Mpbe

* Modified log L = log(Q/pT) for pt<Q/2, L = 0 for pt>Q, interpolation in between

* Showering with Pythia8, using Monash tune
Hadronization, multi-parton interactions and QED shower included

* OpenLoops for tree and one-loop amplitudes, including color- and spin-correlated

* Two-loop amplitudes from analytic results

elaborate numerical stability checks and

* Large expressions O(1Gb) === rescue system through higher precision

* Evaluation of special functions through PentagonFunctions++



