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Importance of #f at LHC

4+ probe of new physics (top sector: rich BSM/SMEFT sensitivity)
e.g. [Brivio, Bruggisser, Maltoni, Moutafis, Plehn,Vryonidou,Westhoff, Zhang 1 9]

Run II, ATLAS+CMS, 68% and 95% C.L.
N1 oo 4+ SM precision measurements
obal fit oy /2
0.7 .
’ e.g. top mass (or a,) extraction
1
5 | ” ] il 1] ] It hs= [ATLAS EPJC (2019) 290]
z o [ {1l ] =
= | | H * ‘ H I ' 15 Comb. according to importance ATLAS
%—1 % Mg, * stat.  syst. (total)
QO :
9 0 B Mg (8 TeV) e~ 172.99 +0.41£0.74 (0.85 + 0.04)
. * + Mo (8 TeV) o 172.56 + 0.28 + 0.48 (0.56 + 0.04)
[+jets i
) Dater . +mge® (7 TeV) - 172.51+ 0.27 + 0.42 (0.50 + 0.04)
BT IGO0 0 255 % +mg °° (8 TeV) M- 172.61+0.25 £0.42 (0.49 + 0.03)
> 2 v e v e & % e & % P o Tz - i
A +mg °° (7 TeV) oo 172.70 + 0.24 + 0.42 (0.48 + 0.03)
+mge" " (7 TeV) H-o-H 172.69 + 0.25 + 0.41 (0.48 + 0.03)
* PDF ﬁtS , ¢ | Combination ot it
Coce ™™ I stat. uncertainty i — stat. uncertainty
(g|u0n PDF at |al"ge X) " I total uncertainty | —— total uncertainty
: H ' A 7 1 1 | 1 I : 1 1 | 1 L 1 I |
e.g. [Czakon, Mangano, Mitov. Rojo '13] '*!j" 170 175 180
L’ My, [GeV]

onN

T0PQUARK

Marius Wiesemann (MPP Munich) Progress in tf @ NNLO+PS April 27th, 2021 2



Data/Theory differences in tf at LHC

[CMS PRD 97 (2018) 112003] [ATLAS EPJC 79 (2019) 1028]
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Theory predictions
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[Czakon, Mitov '12],
[Czakon, Fiedler, Mitov 'l 3],
[Czakon, Fiedler, Heymes, Mitov 'I5 'l 6],

...and many more applications/advancements ...
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[ & ] [Behring, Czakon, Mitov, Papanastasiou, Poncelet '| 9]
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4+ NNLO+PS for colour singlets

® MiNLO+reweight [Hamilton, Nason, Zanderighi '[2] | " VY YR " v
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<+ Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi '13]
*“ UNNLOPS [Hoche, Prestel '14]

*“ MINNLOps [Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]
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Theory predictions

4+ 1t at NNLO QCD

[Barnreuther, Czakon, Mitov '12],
[Czakon, Mitov '12],

[Czakon, Fiedler, Mitov 'l 3],

[Czakon, Fiedler, Heymes, Mitov 'I5 'l 6],

...and many more applications/advancements ...

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

[Catani, Devoto, Grazzini, Kallweit, Mazzitell '19]

known for almost 10 years !

—> yet tt NNLO+PS only now

4+ NNLO+PS for colour singlets
* MINLO+reweight [Hamilton, Nason, Zanderighi '12]
<+ @Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi 'l 3]
* UNNLOPS [Hoche, Prestel '14]

o~ ldo /d(A¢/T)
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— NLO e ATLAS
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[Behring, Czakon, Mitov, Papanastasiou, Poncelet '[9]
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* MINNLOps [Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

Marius Wiesemann (MPP Munich) Progress in 1t @ NNLO+PS April 27th, 2021 5




NNLO+PS: What do we want to achieve!

» NNLO accuracy for observables inclusive on radiation. [do/dyr]

» NLO(LO) accuracy for F' + 1(2) jet observables (in the hard region). [do/dpr ;,]
- appropriate scale choice for each kinematics regime

» resummation from the Parton Shower (PS) [o0(pr.; < Proveto)]
» preserve the PS accuracy (leading log - LL)

- possibly, no merging scale required.
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NNLO+PS: What do we want to achieve!

» NNLO accuracy for observables inclusive on radiation.

[do/dyr]

» NLO(LO) accuracy for F' + 1(2) jet observables (in the hard region). [do/dpr ;]

- 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.

[0 (pT,j < pT,veto)]

This talk:

*

NNLO+PS for colour singlets
<  MiINNLOps formalism

/7

<+ some examples

NNLO+PS for heavy quarks

/7

< complications & formalism

R/

¥®  results
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NNLO+PS

4+ seminal approaches for NLO+PS many years ago (POWHEG, MC@NLO)

+ first NNLO+PS for simple 2— | processes ?
* MIiNLO+reweighting [Hamilton, Nason, Zanderighi '12, + Re 'I3], o H
[Karlberg, Hamilton, Zanderighi '14] 4
<+ @Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi '13], q "
[Alioli, Bauer, Berggren, Tackmann,Walsh '1 5] zZ /
* UNNLOPS [Hbche, Prestel '14] q
0~

4+ MINNLOps: new approach with enormous potential
[Monni, Nason, Re, MWV, Zanderighi 'l 9], [Monni, Re, MW "20]

* physically sound (no new unphysical scale)

+ applicable beyond 2— | processes (even beyond colour-singlet)

+ numerically efficient
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MiNNLO#ps for colour singlets

[Monni, Nason, Re, MW, Zanderighi '1 9], [Monni, Re, MW 20]

d Ies
+ starting equation: F i e‘SfZ} =e™> {S’SZ + 5/”,}
dprd®g  dpr . )

Z~HCR®NHICRS) =
(symbolically)

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

do” = daf® + oyl = Al = e D 422210 -
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MiNNLO#ps for colour singlets

[Monni, Nason, Re, MW, Zanderighi '1 9], [Monni, Re, MW 20]

d Ies
+ starting equation: F i e_SfZ} =e™> {S’SZ + 5/”,}
dprd®g  dpr . . )
F~HC®F)(CRS) =D

(symbolically)

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

d d IcS
do” = daf® + oy, = Ao, = e D4 L0e, L o |

\[e_S]f.ol [e_S]f.o.

1-SW- o po...

4+ expanded up to af(pT) we have: (resummation scheme: yup = yp ~ pr)

(very symbolic/simplified)
MiNNLO _ ,—S I 1 (2) 1 2
dop" ~ e {da}}(l+S( ))+d0FJ+(D—D()—D( ))+regular}

~a(py) ~a(pr) ~a2(pr) T DO 4 6(a)
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MiNNLO#ps for colour singlets

[Monni, Nason, Re, MW, Zanderighi '1 9], [Monni, Re, MW 20]

d Ies
+ starting equation: F i e_SfZ} =e™> {S’SZ + 5/”,}
dprd®g  dpr . . )
F~HC®F)(CRS) =D

(symbolically)

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

d d IcS
do” = daf® + oy, = Ao, = e D4 L0e, L o |

k[e_S]f.ol [e_S]f.o.

1-SM- o Ha..

+ expanded up to a’(p;) we have: (resummation scheme: yp = jip ~ py )
MINLO

d(f};/ﬁNNLO ~le™> {d(fgj)(l + S(l)) + daf; (D — DW — D(z)) + regular}

~a(pr) ~a2(py) ~a)(pr)
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MiNNLO#ps for colour singlets

[Monni, Nason, Re, MW, Zanderighi '1 9], [Monni, Re, MW 20]

d Ies
+ starting equation: F i e_SfZ} =e™> {S’SZ + 3,}
dprd®g  dpr . . )
F~HC®F)(CRS) =D

(symbolically)

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

d d IcS
do” = daf® + oyl = Ao, = e D4 L0e L o |

k[e_S]f.ol [e_S]f.o.

1-SM- o Ha..

+ expanded up to a’(p;) we have: (resummation scheme: yp = jip ~ py )
MINLO NNLO correction

d(f};/ﬁNNLO ~le™> {d(fgj)(l + S(l)) + d(f;zj) (D — DW — D(z)) + regular}

beyond accuracy

~a(pr) ~a2(py) ~a)(pr)
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MiNNLO#ps for colour singlets

[Monni, Nason, Re, MW, Zanderighi '1 9], [Monni, Re, MW 20]

da;vﬁNNLO ~ e {da}l}(l + S(l)) + dG;ZJ) + (D — DW — D(z)) + regular}

+ Why singular a’(p;) terms needed for NNLO in a,(Q) (after p; integration) ?

¢ -8 n 1 mQ n—2t
dpre™S a(pp)—log"= ~ 0 (a/~*'(0))
Pr Pr

—> power counting: J
AQCD
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MiNNLO#ps for colour singlets

[Monni, Nason, Re, MW, Zanderighi '1 9], [Monni, Re, MW 20]

da}j\/ﬁNNLO ~ e {da}l}(l + S(l)) + da;zj) + (D — DW — D(z)) + regular}

+ Why singular a’(p;) terms needed for NNLO in a,(Q) (after p; integration) ?

¢ -8 n 1 mQ n—2t
dpre™S a(pp)—log"= ~ 0 (a/~*'(0))
Pr Pr

—> power counting: J
AQCD

4+ NNLO+PS by constructing POWHEG weight (B function) using MiNNLO:

. , R
MINNLO N FJ
dGF 1 PS — B MINNLOPS X { prg(Apr) + [d@radprg(pT,rad) B_FJ }

BMNNLOs =5 Lot (1 4+ 5W) +do + (D — DU = DO) x Feor |

—> spreads NNLO corrections
in the F' + jet phase space
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MiINNLOps for 2— | colour singlets

[Monni, Nason, Re, MW, Zanderighi '1 9], [Monni, Re, MW 20]

‘3' + +
-===H k z /Q qr>'vt\/fv<c
¢ g - g v
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MiNNLOps for 2—2 colour singlets

[Lombardi, MW, Zanderighi 20]

z

9 N (
— ¥

do/dp., [fo/GeV]

pp—»Z—’Q”fQ y@LHC 13 TeV

[Lombardi, MW, Zanderighi 21]
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NNLOPS (PY8)
[Re, MW, Zanderighi '1 8] -
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MiNNLOps for 2—2 colour singlets

[Lombardi, MW, Zanderighi 20] [Lombardi, MW, Zanderighi 21]
z W
9 N( 9 Ny

— ¥ - W (
9 9 Ny

02 EO/dIDT,Y {fb/GleV] _ PR_’ZT’Q+?'Y(‘?LH? 13|TeV ot 407y [fb/GeV] pp—ve"v@ vy @LHC 13 TeV
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o —_ MiNLOpg (PY8) !
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MiNNLOps for heavy quarks

qf>m?m\<t ’ Wt
q ¢ o t

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

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

' (accordingly for g initiated) :

A: operator/matrix in
colour space that
encodes soft emissions

d N
colour singlet: dafgs ~ d_ {e—S H (C ®f) (C ®f) }ﬁand interferences
Pr —
| ) i . .- = -
heavy quark pair:  do, . ~ T {e Tr(HA) (C Q) (C ®f)}
Pt

[Catani, Grazzini, Torre '1 4]

4+ compare resummation formulas (very schematic):

Marius Wiesemann (MPP Munich) Progress in tf @ NNLO+PS April 27th, 2021 18



MiNNLOps for heavy quarks

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

d
dops ~ — {eS Tr(HA) (CRF)(CRF)}

dg” | a 2
S=- J 1 | 4D (A" log(M/q) + BYV) + %) (A log(M/q) + B®) + ...
g2 2r (272)2
- \ 'B-type' correction to Sudakov -

dg? | a(@) >y, aX(@)
Tr(HA) = (M|A[M), A=ViDV, V=exp _J q2 riy &9
q 27r f (27)

matrix in colour space /

Marius Wiesemann (MPP Munich) Progress in tf @ NNLO+PS April 27th, 2021 19



MiNNLOps for heavy quarks

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

d
dops ~ — {eS Tr(HA) (CRF)(CRF)}

dg? | a a?

g2 2r 21)?
dg” | a(@) ), 5@ 1o
g2 2 Y Q)2 !

Tr(HA) = (M| A | M), A=V'DV, V =exp —J

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 'l 9]

(M| M) (MO|A|MD) «— re-absorb mistake at NNLO in B®

> (M|A|M) =~
(MO | MO)

re-absorb in B® coefficient

=H
da? da? o> 4/
# expand V = exp {—[ q” 2(9) r<l>} x (1 - J 4” %(9) r<2>) + O(NLL)

-

g> 2m " g> m)? !

=VaiL
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MiNNLOps for heavy quarks

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

d
dops ~ — {eS Tr(HA) (CRF)(CRF)}

Pr )
o J dq* [ a@) o)
qg> | 2=n 271)?

(A log(M/q) + BYV) +

(A® log(M/q) + B®) + ...

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

(MO T@T £ T@| MOy  2Re {(M(l) |ITDT 4 7@ |M(O))} 2(MO TV 1 TD | MOy Re {(M(l) |M(O))}
(MO | M) i (MO | M) B (MO | M0))2

B® = B 4

d S 1A L) = o3 MOV Vi MO)
(MO | MO

H+ @(ass)

d 2
[reminder: Vi = exp {_[ 9~ %(9) Fil) }]
q* 2
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MiNNLOps for heavy quarks

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

dogs ~ 4 {e S THA) (C®)(CRS)}
dpr ) _
_ dg* | a(q) . (1) a;(q) @) @)
S = J | 2 (A Tog(M/q) + BY) + ooy (A log(M/q) + B®) + ...

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

(MO T@T £ T@| MOy  2Re {(M(l) |ITDT 4 7@ |M(O))} 2(MO TV 1 TD | MOy Re {(M(l) |M(O))}
(MO | M) i (MO | M) B (MO | M0))2

B® = B 4

S <M © | V;ILLVNLL | M (O)>

-5 — ,=S 5
and e > (M|A|M)=c¢ MO | MO H+ O(a;)

use basis | M) where TV diagonal

_~ . K ~ .
= Z c; e eigenvalues of

i€colours = i VLLLVNLL exponent

d 2
[reminder: Vi = exp {_J 9~ %(9) Fil) }]
q* 2
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MiNNLOps for heavy quarks

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

d
A0y ~ 3 - {e S Tr(HA) (C® ) (CRS)}

MiNNLOps for colour singlets

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

, _ L) we have:
startlng equatlon:

7 4 1O | Oy Re {(MD | MO

Z~HCRNHICR | (MO | M©)2

S <M © | VIELLVNLL | M (O)>

S _ ,-S 5
and e > (M|A|M)=c¢ 0| MO H+ 0O(a;)

simplified to sum of terms with
same structure as starting formula — Z c; e —StS
for colour singlet case

iEcolours = eSi

Pr

iecolours

d _
= daés ~ T { Z e o cH(CQ®f)C ®f)} + terms beyond NNLO & (N)LL

=
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Setup for 1t MiNNLOps

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

4+ scale setting:

R/
%*

overall factor in Born: a?(m,:/2)

. My —L Mz
MiNNLOps scales: pup = pup = ER et 0= >

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

R/
%*

R/
%

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

log (1%) tor pr < Q/2
0 for pr > O

4+ new modified logarithm: L =

4+ 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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ratio to MiNNLOpg

—_
(N

=
00

207 _
U prj, > 120 GeV — MINNLOpg |
L —— MINLO'

207
15

10t

—_
-]

MiNNLO#ps for tf production

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

pp — tt @Q 13 TeV

.................
L R e S L T

4+ NLO accurate observable

+ MiNNLOps agrees well with MiNLO'

+ shows that the way NNLO corrections

included does not alter |-jet observables
(especially not in terms of shape)

+ note: relatively large jet p; threshold
(not to become sensitive to NNLO effects)

Marius Wiesemann (MPP Munich)
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MiNNLO#ps for tf production

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

4+ total cross section: pp — tt @ 13 TeV
— MINNLOpg |

MINLO’ NNLO MINNLOpsg 600 &

695.6(3) 122 pb  769.8(9) 2 2% pb  772.8(3)11 2% pb

MIiNNLOps about 0.4% above NNLO 2 |
(expected due to different scale settings) = -
=
+ excellent agreement of MiNNLOps with g

NNLO for ¢f rapidity 201

(especially in terms of shape)

-

4+ similar size of scale uncertainties

between MiNNLOps and NNLO S 19l

2 L2y

Z =

+ substantial reduction of scale = 1.0]
o

uncertainties w.r.t. MiNLO’ S 0.8l

2

+ perfect agreement with CMS data 0.0
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MiNNLO#ps for tf production

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

L0, pp — tt Q 13 Te\/: )
i — MINNLOps | 4 good description of measured 17
------ MINLO' invariant-mass spectrum
--- NNLO _
$ CMS |+ except for first bin at ¢ threshold

(finite width & non-relativistic effects)

+ MiINNLOps and NNLO compatible
within uncertainties

e ————— o+ slightly different shape

10 él ,,,,,,,,,,,,,,,,,,,,, ] (different treatment of higher-order terms)
E i ]
Q 1 of : o
= L2 + slightly larger uncertainties in tail
E 1 0E (reflects additional sources of scale variations)
O 1
g 0.8p
= o

| 500 1000 1500 2000 2500
my; |GeV]
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MiNNLO#ps for tf production

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

pp — tt @Q 13 TeV

pp — tt Q 13 TeV

: 101
----- miNpo” 1 | MINLO'
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do /dpr i [pb/GeV]

ratio to MiNNLOpg

MiNNLO#ps for tf production

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

pp — tt @Q 13 TeV

- — MINNLOpsg -
3 T MINLO' |
: --- NNLO

100 ¢ COMS

107 1¢ 8=
- Y

1072

1.2,

1.0j

0.8}

600 800 1000

+ NLO accurate at large p;and full
agreement of MiNNLOps with MiNLO’

4+ also here: larger uncertainties in tail
reflect additional sources of scale
variations

+ fixed-order unphysical at small p;

+ MiINNLOeps improves shape w.r.t. NNLO

+ good description of data
(especially in terms of shape!)

Marius Wiesemann (MPP Munich)

Progress in tf @ NNLO+PS April 27th, 2021 29



Summary & Outlook

% NNLO+PS becoming available for "all" colour-singlet processes
% First NNLO+PS for coloured final states

% Top-quark pair production (most awaited application) now available!
(NNLO+PS 7 code within POWHEG-BOX-V2)

% opens up new avenues in

7/

< studying top quarks

7/

< lifting (small) tension in current measurements

% considering other processes at NNLO+PS: bb, F + QQ, ...

% consider top decays

7/

< through shower (limited perturbative accuracy) + "MadSpin" (fix spin correlations)
< more sophisticated: exact NLO+PS & NWA at NNLO (substantial work)

Marius Wiesemann (MPP Munich) Progress in 1t @ NNLO+PS April 27th, 2021 | 30






Data/Theory differences in tf at LHC

35.8 fb' (13 TeV)
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ratio to MiNNLOpg

—_
(N

=
00

207 _
U prj, > 120 GeV — MINNLOpg |
L —— MINLO'

207
15

10t

—_
-]

MiNNLO#ps for tf production

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

pp — tt @Q 13 TeV

.................
L R e S L T

4+ NLO accurate observable

+ MiNNLOps agrees well with MiNLO'

+ shows that the way NNLO corrections

included does not alter |-jet observables
(especially not in terms of shape)

+ note: relatively large jet p; threshold
(not to become sensitive to NNLO effects)
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