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THE SUCCESS OF THE STANDARD MODEL

Standard Model Total Production Cross Section Measurements
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LHC PROGRAMME

Higgs boson HiLumi LHC

([ ]
discovery —————
LHC HL-LHC
| BT | | —m
EVETS Ls2 1367ev YR Ls3 13.6 - 14 TeV
13 TeV ——————————— — ———————— L )]
—— Diodes Consolidation
RV, splice consolidation cryolimit LIU Installation _ HL-LHC

7 TeV 8 button collimators interaction o _ nner triplet . )
R2E project regions Civil Eng. P1-P5 pilot beam adiation limit installation

as | oos | oas | auer | zoen | zues ]

ATLAS - CMS 5 to 7.5 x nominal LumigI

experiment upgrade phase 1 ATLAS - CMS |/
2P 28 nominal Lumi 2 X nominal LunLI ALICE - LHCb : 2 x nominal Lumi HL upgrade

75% nominal Lumi I |/—‘ upgrade
/m m m il 3000 fb”
luminosity JELITOR] R

Precision is needed to:
- Study properties of new particles (Higgs boson).
- TJestthe SM to detect new physics effects.
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Studied wit

HARD SCATTERING

through perturbation theory:

o\vz [pb]

Ratio to NLO
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N fixed-order calculations. Precision is reached
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PARTON SHOWER

Cascade of particles from the high-energy limit to
the detector level. It is constructed starting from the
factorization of QCD amplitudes in the infra-red limit:

M, |° = |M,|*-K

For a specific observable (e.g. event-shape V):

S(V < e ) = exp (Lgl(aSL) + g,(a, L) + a,g(a,L) + . .. ) .
S N

LL NLL

Most widely-used showers are only LL accurate.
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PARTON SHOWER

Cascade of particles from the high-energy limit to
the detector level. It is constructed starting from the
factorization of QCD amplitudes in the infra-red limit:

M, |° = |M,|*-K

For a specific observable (e.g. event-shape V):

S(V < e ) = exp (Lgl(aSL) + g,(a, L) + a,g(a,L) + . .. ) .
S N
LL NLL

Most widely-used showers are only LL accurate.

Lots of progress done in recent years to improve the
accuracy of parton showers (see e.g. Dasgupta, Dreyer,
A Hamilton, Monni, Salam, Soyez ’20). However, LHC
phenomenology is not possible with these new tools yet.
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MATCHING

COMBINATION OF THE TWO DESCRIPTIONS
KEEPING THE BEST FEATURES OF BOTH

FIXED-ORDER CALCULATIONS PARTON SHOWER

- Extremely accurate and precise.
Systematically improvable
accuracy.

Non-realistic final state.

Realistic and fully-differential final
states.

« Difficulties in improving its accuracy

(understood only very recently)
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WHAT’S THE PROBLEM? (SIMPLE) NLO CASE

FIXED-ORDER CALCULATIONS PARTON SHOWER

| £ <

Correct real emission Approximate real emission

1 DOUBLE COUNTING !
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/
WORK"IN
PROGRESS

NLO+LLps

MATCHING

A solved problem for long time.

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.
Lots of ongoing effort, many processes already implemented.
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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2. THE STRATEGY



NLO+PS ACCURACY

F = colour singlet

NLO accuracy in observables inclusive on QCD
radiation (e.qg. rapidity distribution).

F@NLO+PS NLO

momentum of colour singlet). i i i
The IS do
not spoilt. E

F

accuracy in 1jet observables (e.g. transverse

20



NLO+PS ACCURACY

F = colour singlet

F F+J F+(>2J)

NLO accuracy in observables inclusive on QCD
radiation (e.qg. rapidity distribution).

LO accuracy in 1jet observables (e.g. transverse F@NLO+PS NLO LO
momentum of colour singlet). i i i
The s do do

not spoilt. d_yp .

THE POWHEG METHOD

Matching NLO QCD computations with Parton Shower simulations: the POWHEG
method

Stefano Frixione (INFN, Genoa), Paolo Nason (INFN, Milan Bicocca), Carlo Oleari (INFN, Milan Bicocca and Milan
Bicocca U.) (Sep, 2007)

Published in: JHEP 11 (2007) 070 - e-Print: 0709.2092 [hep-ph]

pdf > DOI [= cite [[Q reference search =) 4,591 citations

https://powhegbox.mib.infn.it/

[Nason '04; Frixione, Nason, Oleari '0O7; Alioli, Nason, Oleari, Re "0]
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THE POWHEG METHOD

Master Formula

. R A\ iD A R(q)F’ (Drad)
do,y. = dOp B(Dp) pwe(Npwg) F rad S pue P rad) B(Dr)

i .

FIRST ( = hardest) EMISSION

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

B(®p) = B(®p) + V(®p) + | dD,,4|R(Pgy) — C(Dpy)| A(py) = exp{ — Jdcb;ad R(E)fé@);ad) O(pr — pT)}
F

J

When using a pp-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.

22



NNLO+PS ACCURACY

NNLO accuracy in observables inclusive on QCD
radiation (e.qg. rapidity distribution).

NLO accuracy in 1 jet observables (e.g. transverse
momentum of colour singlet).

F@NNLO+PS | NNLO

accuracy in 2 jet observables (e.g. transverse i
momentum of second leading jet). do
The is dyp

not spoilt.

F = colour singlet

23



NNLO+PS ACCURACY

F = colour singlet
NNLO accuracy in observables inclusive on QCD

radiation (e.qg. rapidity distribution). = F+) F+JJ F+(>3J)

NLO accuracy in 1 jet observables (e.g. transverse
momentum of colour singlet).

accuracy in 2 jet observables (e.g. transverse
momentum of second leading jet).

The IS
not spoilt.

THE MINNLOps METHOD

Available NNLO+PS Processes using MiNNLOpg sact o e

(References of the MiNNLOpg procedure: P. Monni, P. Nason, E. Re, M. Wiesemann and G. Zanderighi, JHEP

05 (2020) 143, arXiv:1908.06987 [paper], P. Monni, E. Re and M. Wiesemann, Eur. Phys. J. C80 (2020), no.11,
1075, arXiv:2006.04133 [paper])

https://powhegbox.mib.infn.it/ [Monni, Nason, Re, Wiesemann, Zanderighi "19]
24
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THE MINNLOps

METHOD

Master Formula

dUFNﬁNNLOPS — d(I)FJ BMiNNLOPS((DF]) { Apr( Apr)

'

NNLO NORMALIZATION ( = xs)

R((DFJ ’ (I)rad)

F = colour singlet

J dq)radprg(p T,rad)

'

SECOND EMISSION
obtained a la POWHEG

B(®gy)

}

25



THE MINNLOps METHOD

F = colour singlet

Master Formula

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

' '

NNLO NORMALIZATION ( = xs) SECOND EMISSION
obtained a la POWHEG

R((DFJ ’ (I)rad) }
B(Dgy)

BMINNLOes () = <B(CDFJ) + V(D)) + J'dq)radR((DFJJ) )
Born FJ VirtualtReal

on F+J
A DIVERGENT

F F+J F+JJ | F+(>3J)

F@NNLO+PS : NLO LO PS (LL)
26



THE MINNLOps METHOD

F = colour singlet

Master Formula

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

' '

NNLO NORMALIZATION ( = xs) SECOND EMISSION
obtained a la POWHEG

R((DFJ ’ (I)rad) }
B(Dgy)

Sudakov form factor sorn FJ Vir’éuna:;rJrl'jeal
) i ] “ DIV ENT
S(pT)ZJQd_qu10gQ—2+B x
2 9 L g> _ Correct NLO on F+J
) F F+J F+JJ | F+(>3J)

F@NNLO+PS NLO NLO LO PS (LL)
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THE MINNLOps METHOD

F = colour singlet

Master Formula

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

' '

NNLO NORMALIZATION ( = xs) SECOND EMISSION
obtained a la POWHEG

R((DFJ ’ (I)rad) }
B(Dgy)

BMINNLOps () = ¢=S(Pr) <B(c1>FJ)(1 + a,SW) + V(g + Jdcbde(chH) + (D(py) — a, DV(py) — aZ DP(py)) Fff)

0 | l *

. 3 . spreading
Sudakov form factor Born FJ Virtual+Real a; correction D — Dy
on F+J for NNLO normalization
0?2 dg? [ 5 i DIV ENT
S = —|Alog— + B
(P Jp% g° | . q° | Correct NLO on F+J
F F+J F+JJ F+(>3J)

F@NNLO+PS | NNLO | NLO LO PS (LL)
28



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

29



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

")

30



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)

31



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] vy [220412602] v

ZZ [2108.05337] v/ QQF PRODUCTION

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

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

W2Z [220812660] v

WZ [220812660] v/ xEXTENSK)N TO
Z ongoing PROCESSES WITH JETS

[2402.00596]

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




[SZ, Chiesa, Re, Wiesemann, Zanderighi ’21]

VH X H»>bb @ NNLO+PS 2

NNLO+PS accuracy in both production and decay. ) <
Clean channel for H production + largest branching fraction in the decay. b

34
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VH X H»bb @ NNLO+PS

- NNLO+PS accuracy in both production and decay.
- Clean channel for H production + largest branching fraction in the decay.

COMPARISON WITH DATA

o[fo] pp—VH, V—leptons, H-bb@LHC 13 TeV
E | | = | |
E - S e ATLAS B
e — o v=wiv=z — MNNOps ¢
I
| — = v
T T A
do/doMiINNLOps

= I I I 3
=y
E S RN B S S E

[SZ, Chiesa, Re, Wiesemann, Zanderighi ’21]

CROSS SECTIONS

pp > WTH — etv bb

pp —> WEH — ¢*v,bb
o [fb] p¥ € [250,400] GeV | pl¥ € [400, co] GeV
+2.4% +2.5%
MINNLOPS 6'52—1.8% 1.46_1.9%

ATLAS [130]

3 3+3.6(Stat.)+3.2(8yst-)

—3.4(Stat.)—3.0(Syst.)

9 1—I—1.O(Stat.)+0.6(Syst.)
"~ —0.9(Stat.)—0.5(Syst.)

pp — ZH — (E'I'E_, Vgl?g)bE

o [fb] p? € [250,400] GeV | pZ € [400, oo] GeV
+7.6% +6.5%

ATLAS [130]

1 4+2.4(Stat.)+1.9(Syst.)
" 7—2.3(Stat.)—1.7(Syst.)

0 2+0.6(Stat.)—l—0.3(Syst.)
*“—0.5(Stat.)—0.3(Syst.)

[ATLAS 2008.02508]

05F ¢ R O S
R ] A R 3
osf o= L :
p | | | |
250 ¢ 250 z
pW > P2, Presg
<400 00 Gg), 400 Ggy, 0 Ggy,

o [fb] inclusive | fiducial-YR
. +6.6% +2.3%
MiNLO’ 54.047 ;¢ | 20.137375
. +1.7% +1.3%
MiNNLOpg 57'44—0.8% 21'27—1.3%
pp > W H — e U.bb
o [fb] inclusive | fiducial-YR
. +6.6% +2.4%
MiNLO’ 33'82_3,6% 13'07—3.3%

. +1.5% +1.5%
MiNNLOpsg 35.87 g0 | 13.777 1 e
pp - ZH — eTe bb
o [fb] inclusive | fiducial-YR
. +6.7% +2.2%
MiNLO’ 14-88_3,7% 5'21—3.0%
MiNNLOps (no gg — ZH) | 15.79738% | 5.48%72%
MiNNLOps (with gg — ZH) | 16.99%36% | 607+34%
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[SZ, Chiesa, Re, Wiesemann, Zanderighi ’21]

VH X H»bb @ NNLO+PS

DIFFERENTIAL DISTRIBUTIONS
pp = WYH — etv bb

0 dU/dmbb [fb/GeV] pp—>W+H—>e Vebb@LHC 13 TeV 102 do/d|A ypp| [fb] pp—W H—-e*v,bb@LHC 13 TeV 1
- ||I|I| |||||||||||||||||||l|||||||||

00 do/de b [fb/GeV] pp—W H—e " v.bb@LHC 13 eV

10

107 ] T T L e . fiducial YR 10 i WWWWWWWWWWWWWWWWW ,,,,,,,,,,,,,,,,,, fducial YR

1 0-2 """""""" """""""" """""""" """"""" """"""""""" """""""
103 - ...... — MINNLOpg (prod x dec) - 5

o MiNLOps (prod x dec) |
104 L - AR

wwwwwwwwwwww 3 [ = MiNLOpg (prod x dec)

----- MINNLOPS (prOd) X PY8 (deC) 10'4 |-|--|-|- |I\|/|I|I\!l\|”_|oll:|)8| (|p|r0|d|)| |I|D|Y|8|((|je|c?)| L | L1l | I

M|NNLOPS(prdedeC) ) GMINNLOPS(prdedeC) 1_15-|||||||||||||||||||||||| T T ||||||||§

S B T ] T T |‘f.,.”.l ................................ | ...... T T T T T 7 NN B B L B B N L B L L B B 1 1B “orrelated scale variations

— Correlated scale Vaﬂatl‘on‘s """""" T S ponTTTTT o 1 O = ;;f_f_f.:_:.:.: :_:_? - i?ié . o o KRP?Q@ - ‘K.‘R. dec =
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................... R T Ao SR
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— - — R
. Q@ <@ o
w N —t o

L __ __ _

— ———— e

I N N NN - = == AN AN = - e, e e
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B s

e e T | | e e [ O R N N I b

I naoonooooo00o000000800000000000A000000000000000000000000000000DIONooTOoooooooooooeT, - - R R .,

—' ---------------------- —' O _ 9 ;_ ..... s ETITAIPIINNY TRITITITTPITNeY SR _;

,,,,,,,,,,,,,,,,,,,,,,,,,, _|||||||||||||||||||||||||||||— 085 =y v v by by | L1 11 | L1 11 | L1 11 | L1113

| 1 | 1 | 1 | 1 | | | 1 | 1 | 1
do/do
dG/dUM'NNLOPS (prOd X deC) dG/dGM|NNLOPS (prod X deC) 115 ET T 1 |I\|/|!I\|”\|”|_C|)F|)S| (Iplr(l)(lj |x|d|e|C|) LN B LR R L
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[Lindert, Lombardi, Wiesemann, Zanderighi, SZ ’22]

WZ @ NNLOqcptPS & NLOew+PS

Direct access to trilinear gauge couplings (BSM searches).
Clear experimental signature in the leptonic channel.
Precision physics at % level of accuracy requires inclusion of
both QCD and EW effects. G

o+
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[Lindert, Lombardi, Wiesemann, Zanderighi, SZ ’22]

WZ @ NNLOqcptPS & NLOew+PS

Direct access to trilinear gauge couplings (BSM searches).
Clear experimental signature in the leptonic channel.
Precision physics at % level of accuracy requires inclusion of
both QCD and EW effects. G

o+

STRATEGY:

1.

Event generation
Generate separately NNLO QCD and NLO EW results. The former are obtained with MINNLOPS,

the latter with POWHEG.

Matching with the shower
Non trivial treatment of QCD and QED radiation. Treated them separately according to different

veto procedures.

A-posteriori recombination
Define possible matching schemes (additive/multiplicative) of QCD and EW corrections that do not

introduce any double counting.

38



[Lindert, Lombardi, Wiesemann, Zanderighi, SZ ’22]

WZ @ NNLOqcptPS & NLOew+PS

ADDITIVE SCHEMES:

(QCD, QED) (QCD, QED)pg (QCD,QED), _ (QCD, QED)
1. NNL()QCD "+ NLOLy, s —LO PS = NNLOQCD+EW PS

(QCD, QED) (QED)ps 1 ~(QED)
2. NNLO "7 + NLORy, s — LOQED)ks

(QCD) (QCD, QED)pg (QCD)
3. NNLO, ™ + NLOp, Ps — LORPhs

MULTIPLICATIVE SCHEMES:

4. NNLO(QCD’ QED)¢ X NLO(QCD’ QED)pq /Lo(QCD, QED),¢ — NNLO(QCD’ QED)¢
QCD EW QEDXEW NOTATION:

(QCD, QED) (QED) (QED)
5. NNLOQCD PS X NLOEW PS/1.O PS

(N)NLO, s

6. NLOWXD:QEDhs o NNLO R Pkes /1 QD)
EW QED X = QCD,EW calculation

(QCD) f.o. f.o. =
7. NNL()QCD PS X NLOgy,/LO™® Y = QCD,QED showers (PY8)
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® NNL

(QCD)
OQCD PS

[Lindert, Lombardi, Wiesemann, Zanderighi, SZ ’22]

WZ @ NNLOqcptPS & NLOew+PS

do/dmg [fb/GeV] pp—e* e” ut v, @LHC 13 TeV
T T

ol T NNLOG 5 <=
""""""""""""""""""" ——— NNLOQCD.QED)es
| QCD+QED
FNLOGPORs [ 0QChs  —WOEE:
1 - PR N TR T TN T NN TN T T S N SN TN SR S [ T T SUN S S T
do/donN| o@D qeD)
1 2 : N 'QC'D L | L | L | vt ;
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4. CONCLUSIONS



SUMMARY AND OUTLOOKS

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.

| presented a selection of interesting phenomenological results obtained with this approach, but many
others processes are available here:

https://powhegbox.mib.infn.it/

Many future developments are possible! Currently working on:

« On-the-fly inclusion of NLO EW corrections matched to parton shower.

- Extension to processes with jets.
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