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MATCHING

A solved problem for long time.

NLO+LLps - Completely understood and fully automatized.

Two main approaches available: POWHEG [Nason '04; Frixione, Nason,
Oleari ’07; Alioli, Nason, Oleari, Re 10] and MC@NLO [Frixione, Webber '02].

~ - State-of-the-art for precision LHC phenomenology.

WORK N Lots of ongoing effort, many processes already implemented.
PROGRESS Two main methods available: MiINNLOps [Monni, Nason, Re, Wiesemann,

Zanderighi 19] and Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi
13, + subsequent papers].
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Oleari ’07; Alioli, Nason, Oleari, Re 10] and MC@NLO [Frixione, Webber '02].

~ - State-of-the-art for precision LHC phenomenology.

WORK N Lots of ongoing effort, many processes already implemented.
PROGRESS Two main methods available: MiINNLOps [Monni, Nason, Re, Wiesemann,

Zanderighi 19] and Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi
13, + subsequent papers].

Logarithmically accurate showers are now available, but matching is
still under investigation (at NLO). The method | am presenting today
does not directly apply to matching with NLL showers!




WHAT’S THE PROBLEM?

FIXED-ORDER CALCULATIONS PARTON SHOWER

W <

Correct real emission Approximate real emission




THE POWHEG METHOD

[Nason ’04;
Frixione, Nason, Oleari 07/,
Alioli, Nason, Oleari, Re "10]

Master Formula

] A (A 4D, A O D)
g = AP BPp) | ApuaApug) + | 0Praapu(Prasd)—5 2=

FIRST ( = hardest) EMISSION

NLO NORMALIZATION ( = xs) obtained with the correct matrix element R/B

B(®p) = B(®p) + V(Pp) + |dD,, [R(CDFJ) — C(CDFJ)] A(pr) = exp{ — PdCID;ad R((;)f&)q))lfad) O(pr — PT)}
u F

When using a py-ordered shower (most common option, like PYTHIA), we apply a pr-veto: all the emissions
produced by the shower must be softer than the first emission produced by POWHEG.



THE MINNLOps METHOD

[Monni, Nason, Re, Wiesemann, Zanderighi "19]

Master Formula

daévﬁNNLOps = dDy, BMiNNLOps((I)FJ) {prg(/\pwg) Jd@radApr(pT,rad)

/ N

NNLO NORMALIZATION ( = xs) SECOND EMISSION -

R((DFJ ’ (I)rad) }
B(Dgy)

BMiNNLOPS ((I)FJ) —



THE MINNLOps METHOD

[Monni, Nason, Re, Wiesemann, Zanderighi "19]

Master Formula

dali\/IiNNLOps = dDy, BMiNNLOps((I)FJ) {prg(/\pwg) Jd@radprg(pT,rad)

/ N

NNLO NORMALIZATION ( = xs) SECOND EMISSION -

R((DFJ ’ (I)rad) }
B(Dgy)

BMINNLOes () = <B((DFJ) + V(Dpy) + [dcbradR((DFJJ) )
Born FJ Virtual+Real

A DIVERGENT on K.

F@NNLO+PS : NLO LO PS (LL)



THE MINNLOps METHOD

[Monni, Nason, Re, Wiesemann, Zanderighi "19]

Master Formula

dali\/IiNNLOps = dDy, BMiNNLOps((I)FJ) {prg(/\pwg) Jd@radprg(pT,rad)

/ N

NNLO NORMALIZATION ( = xs) SECOND EMISSION -

R((DFJ ’ (I)rad) }
B(Dgy)

BMiNNLOPS ((I)FJ) — e_s(pT) <B((I)FJ)<1 + asg(l)) 4+ V((I)FJ) 4+ [d(DradR((I)FH) )
sorn Virtual+Real
Sudakov form factor A DIVxENT on FJ
“’ T4 0 L F F+J F+) | F+>3))
S(pp) —[ 9 |n10g L 15
2 q° 1

q : Correct NLO on FJ F@NNLO+PS NLO NLO LO PS (LL)
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THE MINNLOps METHOD

[Monni, Nason, Re, Wiesemann, Zanderighi "19]

Master Formula

dali\/IiNNLOps = dDy, BMiNNLOps((I)FJ) {prg(/\pwg) Jd@radprg(pT,rad)

/ N

NNLO NORMALIZATION ( = xs) SECOND EMISSION -

R((DFJ ’ (I)rad) }
B(Dgy)

BMINNLOps () = ¢=S(Pr) (B(CDFJ)(I + a SV) + V(D)) + [dcbde(chH) + (D(pp) — a, DV(pp) — aZ DP(py)) 9})

| | | }

Born FJ . a? correction needed spreading
thggl;JReal for NNLO normalization Op - O,
Sudakov form factor A DIVERGENT
0% 4.2 [ 27 = F+J F+JJ F+(>3J)

S(PT) = [

i AlogQ—2+B
Pz g

7 Correct NLO on FJ F@NNLO+PS | NNLO | NLO LO PS (LL)
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THE MINNLOps METHOD

* Analytic all-order formula: /
do dosne d

+R(pp) = —1{e PV ZL(p)} + R(py) = eV [D(py) +

dDpdpy R dDpdpy dpr

12



THE MINNLOps METHOD

* Analytic all-order formula:

do doSng

dDpdpy R dDpdpy P

S [ ]

d ) .
+ R(py) = — {e*PDL(pr)} + R(pp) = e PP |D(py) +
T

e—S(PT)

PT

. : : /_\ C_ m n T —S(pp ~
Combine with FJ fixed-order dogy and expand up to o quaS (pp) In" —e>P x O(a

Hr = Up = Pt

Pt Q

dop = do" + [dogy;,, — [doS ™, = e—5<PT>{D |

(ol [da;i“g]f.o.}

[e=SPD],  [e=SPD],,

-~

—a,DV(pr) — a; D¥(py)

m-—
S

n+1

")
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THE MINNLOps METHOD

D(p;) = — d(PT)g( D+ Pt

Analytic all-order formula: / Pt Pt
do do®ne d s S R(pr)
= +R(pp) = —{e>PZ + R(pp) = e PV |D(p;) + —
d0.dp.  ddrdp: (P1) de{ (PT)} (P1) [ (Pr) . S(pT)]
: - o 3.7 [ 9PT ey ) 10 PT o800 5 (o™
Combine with FJ fixed-order dogy and expand up to a;: % (P1) 0° (e )
PT

Hr = Up = Pt

. . : do dopne
dog = dog"™ + [dojy g, — [do™ ]y, =e—S<pT>{D= Sl o ]f-o-}

[e=SPD],  [e=SPD],,

-~

—a,DV(pr) — a; D¥(py)

BMINNLOs () = ¢=S(Pr) (B(CDFJ)(I + a,S) + V(Pp)) + Jdcbde(chH) + (D(pp) — a;, DY (pr) — aZ DP(py)) fff)

14



WHAT CAN WE DO WITH MINNLOps?

QQ PRODUCTION
2 » 1 PROCESSES

H [1908.06987, 2407.01354] v/ 2 » 2 PROCESSES tt [201214267, 211212135] v/
Z [1908.06987] bb [2112.04168]
W [2006.04133] v/ Zy [2010.10478] v/

bb+H [2402.04025]

yy [220412602] VY
ZZ [2108.05337] v/ QQF PRODUCTION

VH (H=>bb) [2112.04168] bbZ [2404.08598]

(+SMEFT [2204.00663])
INCLUSION NLO EW W (2103120771

WZ [220812660] v WZ [220812660] v/ EXTENSION TO
Z ongoing PROCESSES WITH JETS

[2402.00596]

v/ = publicly available at https://powhegbox.mib.infn.it/

15



MINNLOps FOR PROCESSES WITH JETS

We now aim to target NNLO+PS accuracy in processes with a jet.

N-jettiness (tn) is a suitable observable to study processes with jets, and the resummation is known at a
sufficient order for a NNLO+PS accurate formalism.

TN represents how “N-jet-like” an event looks.

IN = Q2 2 mln{qa Piolp * Pro41 * Pi> - - - 54N~ pk} Ga, q.b: inC.Oming partiCleS

gi=signal jets
pk=hadronic fs particles

™~ — O : exactly N jet in the event
N — 1 :the event has hard radiation between the N signal jets
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THE PLAN

MINNLOps-p1: NNLO accuracy on F

l

MINNLOps-t0 : NNLO accuracy on F

l

MINNLOps-t1: NNLO accuracy on FJ
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THE PLAN

MINNLOps-p1: NNLO accuracy on F

l

MINNLOps-t0 : NNLO accuracy on F

/ . Theoretical formalism
- Implementation for H/Z production
« Phenomenological analysis

l

MINNLOps-t1: NNLO accuracy on FJ

\/ « Theoretical formalism
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THE MINNLOps-t0o METHOD

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

We start from the factorization formula of O-jettiness at NNLL (for 1-jettiness, include also jet function)

do dosine do*i"e d|M,, I 1
- E RAT — H_ (0, )J'dtadtBa S H) Byl 1y, xp, S(
dD.dz,  ddudr, e, dddr, ; d(I)F W\ [ b ( /4) b( b> b ﬂ) 0 0
dasing d
- We evolve and expand all the needed ingredients in order to obtain: = _S(To)g(fo)
d(I)FdTO dTO

We follow all the steps presented for MiINNLOps-pT to obtain:

BMINNLOps () = ¢=5() (B(CDFJ)(l + a,S) + V(g + Jdcbde(cbm) + (D(zy) — a, DWV(zy) — af DW(z)) 3?)

)

20



THE MINNLOps-t0o METHOD

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

- We start from the factorization formula of O-jettiness at NNLL (for 1-jettiness, include also jet function)

do dosine do*i"e d|M,, I’ 1
— F Rt — H, (O, u) Jdtadt B (t,x,,u)Byt,x, S( ,
db.dz,  ddudr, e, dddr, ; dCPF W\ [ b ( /4) b( b> b /4) 0 0 0 H
do*™  d
- We evolve and expand all the needed ingredients in order to obtain: = _S(TO)SZ(TO)
d(I)FdTO dTO

We follow all the steps presented for MiINNLOps-pT to obtain:
BMINNLOps () = ¢=5() (B(chJ)(l + a,S) + V(g + Jdcbde(chH) + (D(zy) — a, DW(zy) — af DW(z)) 9)

The logarithmic structure in transverse momentum and jettiness resummation is different!
The MINNLOps formulae in the two cases are the same in the structure, but contain different ingredients.
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MATCHING WITH THE SHOWER

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

The accuracy of the parton shower is not fully preserved because we rely on the POWHEG formalism.

Fix this issue requires a deep modification of the POWHEG method, mainly modifying the mappings and/or

including truncated-vetoed showers. We plan to implement these changes when matching with NLL
accurate showers.

22



MATCHING WITH THE SHOWER

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

The accuracy of the parton shower is not fully preserved because we rely on the POWHEG formalism.

Fix this issue requires a deep modification of the POWHEG method, mainly modifying the mappings and/or

including truncated-vetoed showers. We plan to implement these changes when matching with NLL
accurate showers.

Our results are anyway reliable because the showers effects are small and they have the same impact in
MiNNLOps-ptand MiNNLOps-7o.

LHC 13 TeV, pp — Z/v* (= £T27) 4+ X LHC 13 TeV, pp — Z/v* (= £T27) + X
120 . ! ! ! ! 120 !

MiNNLOps-pr (LHE)
S MiNNLOpg-pr + PYTHIAS T 100 1

MiNNLOps-To (LHE)
MiNNLOps-To + PYTHIAS T

cocmalie Bl MiNNLOps-pt (LHE)

- Bl MiNNLOps-pt (PY8)
o I Y N S T - MiNNLOps-70 (LHE)
14l ' B MiNNLOps-70 (PY8)

[/ \‘\\
100 =

80

NNPDF3.1 (NNLO) - 80 |

S 66 < my < 116
60 FR 7

do/dpr e [Pb]
do/dpr e [Pb]
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NOTE: the two MINNLOPS descriptions differ by terms beyond accuracy, so they are expected to agree within
error bands.

CROSS SECTIONS

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

pp — H (on-shell) pp — Z — T4

o [pb] o / ONNLO o [fb] o / ONNLO
NNLO 40.32(2)1197% 1.000 1919(1) 9% 1.000
MINNLOpg-pr 39.33(1)1122%  0.975 1907(2) 15 0.994
MINNLOps-Tg 41.56(2)191%  1.031 1925(1)112%  1.003

24



Ratio to MiNNLOpg-T,
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NNLO OBSERVABLES

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ 24]

100
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NLO OBSERVABLES

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

H PRODUCTION

LHC 13 TeV, pp - H + X

DRELL-YAN

LHC 13 TeV, pp — Z/y*(—= £7¢7) + X

| | | | | I | | | | | | | | |
NN NN NN NN 1t 2 AN NN NN NN o
100 MiNNLOpg-pT + PYTHIAS _ 10 MiNNLOps-pT + PYTHIAS8
/74 MINNLOps-To + PYTHIA8 - “ 4 MiINNLOps-To + PYTHIAS
- NNPDF3.1 (NNLO) - - 107 NNPDF3.1 (NNLO)
] )
&. ._; - 66 < MMy < 116 GeV
~H 10—1 - — ; o =" .
’%‘ - - e 10° _— anti-k;, R = 0.4
~ - - 3 -
s F : N
I ] .S |
- 10—1 — —
1072
< ; l 1 J0-2 | | | | | | |
253 1.2
o 1.2 - o
. 1.1 -
% Z.
Z 1.0 Z1.0
> >
@) OO 9 -
+ Ve
g ° o
3 I I <0-8 I 1 T [ T I I |
= 0 25 50 75 100 125 150 175 200 = 0 25 50 75 100 125 150 175 200
p'Jr [GeV] PT,i, (GeV]
. T/
PT) P

Large differences between MiNNLO-ptand MiNNLO-7o for H production not covered by scale variation.



COMPARISON WITH GENEVA - DY

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

MiNNLOps-70 vs GENEVA-70

13 TeV, pp = Z/v* (= £727) + X

MINNLOpPs-ptvs GENEVA-pT

13 TeV, pp = Z/v* (= 747 )+ X

I | | I I | |
300 E I T - T 1 l T ] 300 | peep
250 - 250 i
. =200 -
0o 200 = - 0
2 B
Y150 b - S 150 [ NNPDF3.1 (NNLO) 7
3 NNPDF3.1 (NNLO) S :
~
Iy 66 < my < 116 GeV 2 100 66 < my < 116 GeV
~ 100
- . - 50 = GENEVA- P 8 N
50 =<~ GENEVA-T; + PYTHIA8 pr + PYTHIA
&4 MiNNLOps-To + PYTHIAS oL MINNLOPS'PT o TYTHIAS _
0 i | | | | | | - ?P: 1 1 1 ] ] 1 ]
o 1.10 0.
- )
Z 1.05 -
Z Z 7
2 1.00 Z e e s S NN . S NN, S
) - i \\\\\ " ;;c‘:.'..’._..:‘fp',:’.:.;:' AL \\\\ PATS \
8 z N l%' R . §\ ,‘\\\}\\
0 0.95 - 3
E o
& 0.90 , , : : , , , 5 0.90 I I | I 1 I I |
_4 _3 _9 1 0 1 N 3 4 ~= —4 —3 —2 —1 0 1 2 3 4
Yee Yo

NOTE: GENEVA error bars are obtained through 3-point scale variation.



COMPARISON WITH GENEVA - DY

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

MiNNLOps-70 vs GENEVA-70

13 TeV, pp — Z/~v*(—= £T27) + X
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> >
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2 60 66 < my < 116 Ge = }& 60 66 < m, < 116 Ge
& £ 40
i e
~ ~
© o)
i s

20
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NOTE: GENEVA error bars are obtained through 3-point scale variation.



COMPARISON WITH DY DATA \/

[Ebert, Rottoli, Wiesemann, Zanderighi, SZ ’24]

ATLAS
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SUMMARY

NNLO+PS accuracy is the state-of-the art for precision physics at the LHC.

The MINNLOps method is a powerful framework to reach this accuracy.

Extending MINNLOps to processes with jets is not trivial.

MINNLOps based on O-jettiness resummation: | presented the theoretical formalism and discussed
phenomenological results for Higgs production and Drell-Yan process. We found very good agreement
for NNLO observables, while discrepancies are present for NLO ones (in the Higgs case).

The comparison with GENEVA shows a nice agreement between the two methods, both for the pr
and the jettiness formalisms.

We obtained a good agreement with ATLAS and CMS data.

MINNLOps based on 1-jettiness resummation: | (briefly) presented the theoretical formalism.
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