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Expectation vs. Reality

The Higgs

After more than 100 fb-! no direct evidence of New Physics
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SM Calculator
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Why Happy?
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Why Happy?

Optimist: New Physics around the corner.
SM tested with incredible scrutiny

Possibility to make big discovery by small group of people

* % % %

Creativity: New ideas what to look for/how to make use
of what we have might make a huge impact

) o

Lots of room for New Physics in small deviations from SM

) o

High precision calculations and simulations crucial
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LHC Master formula

Ohad = Z/dwl dzs fi(z1, pr) fi(z2, pr) X 04i(z1P1, 22 P, ur) + O(A/Q)
1]

Hard Process
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LHC Master formula

Ohad = Z/dﬂh dzol fi(z1, ur) fi(z2, pr)|X 0ij(z1P1, 22 P, ur) + O(A/Q)
1]

parton distribution functions
(non-perturbative effects in proton)

Hard Process
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LHC Master formula

Ohad = Z/dwl dzs fi(z1, pr) fi(z2, pr) Xoij(z1 P, 22 P, ur)H O(A/Q)
1]

LO ~ O(100%)
Uncertainties: N ~ O (10%)
NNLO ~ O(1%)

NLO

NNLO

oii~ oo (1+a+a”+ )

(& ~ 0.118)

Hard Process
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Importance of QCD corrections
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ATLAS Vs=13 TeV (m, 66-116 GeV), 3.2 fb™
ATLAS Vs=8 TeV (m, 66-116 GeV), 20.3 fb"
ATLAS Vs=7 TeV (m, 66-116 GeV), 4.6 fb™

DO Vs=1.96 TeV (m, 60-120 GeV), 8.6 fb™

CDF Vs=1.96 TeV (corr. tom, 60-120 GeV), 7.1 fb"

== MATRIX NNLO, pp>WZ (m, 66-116 GeV)
NNPDF3.0, u_=p_=(m +m,)/2

== MCFM NLO, pp—>WZ (mz , 66-116 GeV)
CT14nlo, pR=pF=mwz/2

= =« MCFM NLO, pp—WZ (m,  60-120 GeV)
CT14nlo, pn=pF=mwzl2
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NNLO crucial for accurate description of data
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Explosion of NNLO results

W/Z total, H total, Harlander, Kilgore

VBF total, Bolzoni, Maltoni, Moch, Zaro
H total, Anastasiou, Melnikov

WH diff., Ferrera, Grazzini, Tramontano
H total, Ravindran, Smith, van Neerven

WH total, Brein, Djouadi, Harlander
H diff., Anastasiou, Melnikov, Petriello
H diff., Anastasiou, Melnikov, Petriello
W diff., Melnikov, Petriello
W/Z diff., Melnikov, Petriello
H diff., Catani, Grazzini
// /, Catani

/W/Z dif

y-y, Catani et al.
Hj (partial), Boughezal et al.
ttbar total, Czakon, Fiedler, Mitov
Z-y, Grazzini, Kallweit, Rathlev, Torre

ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
ZZ, Cascioli it et al.

ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.

ttbar diff., Czakon, Fiedler, Mitov

Z-y, W-y, Grazzini, Kallweit, Rathlev
Wij, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.

Hj, Boughezal et al.

VBF diff., Cacciari et al.

ZZ, Grazzini, Kallweit, Rathlev
Zj, Gehrmann-De Ridder et al.
Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.

7,

Y

WH diff., ZH diff., Campbell, Ellis, Williams
v-Y, Campbell, Ellis, Li, Williams

WZ, Grazzini, Kallweit, Rathlev, Wiesemann
2008 2010 2012 2014 2016

WW , Grazzini et al.
piz, Gehrmann-De Ridder et al.
\ MCFM at NNLO, Boughezal et al.

single top, Berger, Gao, C.-Yuan, Zhu
HH, de Florian et al.

O
7
.3‘0
7#/

2002 2004 2006

P, Chen et al.

piz, Gehrmann-De Ridder et al.

ji, Currie, Glover, Pires

vX, Campbell, Ellis, Williams

vj, Campbell, Ellis, Williams
single top, Berger, Gao, Zhu
HH, Li, Li, Wang

HH, Zleb&ik et al.
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NNLO corrections

4+ All 2— 1 and 2—2 colour-singlet processes known

process status comment
PP Z/Y*(—£28/vv) validated analytically + FEWZ
ppoW(—poy)  Singleboson g validated with FEWZ, NNLOjet
processes
pp—H / validated analytically (by SusHi)
PP YY 4 validated with 2yNNLO
PP ZYy— L2y photon J [Grazzini, Kallweit, Rathlev '15]
pp—ZYy—Vvy processes / [Grazzini, Kallweit, Rathlev '15]
pp—~WY—2vy / [Grazzini, Kallweit, Rathlev '15]
pPp—ZZ J [Cascioli et al.'14]
PP ZZ— 0000 J [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '[8]
PP ZZ—000'0" J [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '] 8]
pp—ZZ— 24V'V' v 4 [Kallweit, MW '18]
pp—ZZ/WW- ggyy Massive g [Kallweit, MW '18]
diboson '
PP WW processes J [Gehrmann et al.'14]
PP WW-Qv 2"V J [Grazzini, Kallweit, Pozzorini, Rathley, MW '|6]
pp—~WZ v 4 [Grazzini, Kallweit, Rathlev, MW '[6]
pp—WZ—2vee 4 [Grazzini, Kallweit, Rathlev, MW '17]
pp—~WZ— 0'v' 00 V4 [Grazzini, Kallweit, Rathlev, MW 'l 7]
pp—HH (J) not in public release

—> actively developed at MPP, e.g.:
tt, bb, HH by Javier Mazzitelli; v2 release: NLO EW, NLO gg,VH, ...; resummation; ...

MATRIX

[Grazzini, Kallweit, MW 'I7]

Public, automated
NNLO framework

https://matrix.hepforge.orqg/

4+ other processes: tt, bb, single-top, H/V/y+jet,VBF (factorized), dijet, ...

Marius Wiesemann (MPP Munich)
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3y at NNLO

First (only) 2— 3 process computed at NNLO QCD

v [Kallweit, Sotnikov, MWV, '20]
Y in full agreement with [Chawdhry, Czakon, Mitov, Poncelet '1 9]

v + two-loop five-point function [Abreu, Page, Pascual, Sotnikov 20]
v+ fast and efficient on-the-fly evaluation

—> implemented in MATRIX (to be released)

o [fb] | | | Pp_’XX){@ LHC (ATLAS data) . do/dm,, [fb/GeV] ~ PP—YYY@LHC 8 TeV (ATLAS data)
1401 | | | | . . =1 — NNLO
120 ﬁ 1 e e NLO -
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40 ':_ 8 IO E_ fE5:5EE,;,’EEI,-’-:EEE}:EEE;E o]
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Hard Process
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Parton Shower
or

Hard Process
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Hadronization

Parton Shower
or
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Hadronization

Parton Shower \
or

Resummation

LHC event

" proton

Hard Process
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Resummation

asL ~ 1 = expansion in o, not valid

L = log(pr/Q)

GXP[—S ] — eXP[Lg1(OésL) +92(043L) +04593(045L) + ]

\ . 7

~

LL

\ .

NLL

dO-(Sing) ~ d(f((:g) X(exp [—Sc(b)DX [H0102]05;a1a2 X far fas

factorization formula (symbolic)
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NNLO+Resummation

MATRIX+RadISH https://matrix.hepforge.org/matrix+radish.html
[Kallweit, Re, Rottoli, MW "20]

do/de soy [fb/GeV] 0*0y@LHC 13 TeV (ATLAS data)

+ automated for colour-singlet (all 2— | and 2—2)

|4
£
1%
+ state-of-the-art accuracy for various observables: = e f
i 5 5 5 5 f : ; 15
+ pt of colour singlet at NNLO+N3LL 0L g;\:'éo”\'?"-'-add-, <
C ' ' ' 10
. . :(D
- pt of jet (jet-veto) at NNLO+NNLL b MW, Roteoli, Torrielli 20] 18
o o 10- :_‘ "“”"“f::!::o
+ 2-D pr-singlet & pr-jet at NNLO+NNLL FE T DU DU DU DU DU DU |-
$ 15 dc/dONNLO+N3LLadd

+ remarkable agreement with data from almost P U N N R —

non-perturbative region to high pt of Zy 1.05 B o T R R

1 o

9 N ( 0.9F
— ¥ 08505101520 30 40 50 70 100 200 1500

q. Pr, 20y [GeV]
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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 g
< MiNLO+reweighting Hamilton, Nason, Zanderighi '12, + Re '13], " H
Karlberg, Hamilton, Zanderighi '14] -
“* Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi '13], q 0
[Alioli, Bauer, Berggren, Tackmann,Walsh 'l 5] zZ /
* UNNLOPS [Hbche, Prestel '14] g
-

4+ MINNLOps: new approach with enormous potential
[Monni, Nason, Re, MWV, Zanderighi '1 9], [Monni, Re, MW "20]

* NNLO corrections extracted from analytic resummation formula

dU(Sing) ~ do > X €XP [_Sc(b)] [HClCQ]cca as X falfa?

CC

% physically sound (ho new unphysical scale)
+ applicable beyond 2— | processes (even beyond colour-singlet)

+ numerically efficient
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MiNNLOps for 2— 1 (color singlet

V4
- H

,,,,,,,,

2
15 |F
1L
I — MINNLOpg
0.5 | ---- NNLO (MATRIX)

=P
do/dOMINNLOpg
S

9

Z /Q+
q 0

pp—2*0"@LHC 13 TeV

dao/bin [pb]
L

! I
— MINNLOpg
--== NNLO (MATRIX)
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MiNNLOps extension to 2—2 (ZY)

40/dDs o, [0/GeV] pp—Z—0+2y@LHC 13 TeV

40 P
35 foi]
30 E — | 2
25 2 L
20 |
15 | e,
10 F—— MIiNNLOps (PY8) st
-~ NNLO (MATRIX) T e
5 F---- NNLO+N3LL (MATRIX+RadISH)
O- """" Lo o o by e by e b by b e e 1y
) dO/doMlNNLOps (PY8)
|
1-5 ._ : 777‘:::L’_’_] : ‘ —-
1 i e e

05F [Lombardi, MW, Zanderighi '20]

T T [ EPEPETETE BFE AT EPETETETS BPETETETE BPETETErE AT AR ]
0 5 10 15 20 25 30 35 40 45 50
pT,wy[GeV]

\ Q
do/dp;,, [fb/GeV] pp—'Z—w*ﬂ v@ LHC 13 TeV

102 [Tl b o T L E
| S M|NNLOPS (PY8)

1000L S
102E
10° | [Lombardi, MWV, Zanderighi 20] -
104 - N
do/dOopMiNNLOps (PYS8)
1.3 l T T T T T l l l 3
115_ SR A ST SOV SO i _
1 , ,,,,,,,,,,, i i i z z LT 5
0.95 - T T e Y e A SO e =
0 F 1 1 1 1 1 1 1 1 1 1 L — 1
'930 40 50 60 70 80 100 120 150 200 300 5002000
pT,y [GeV]

—> PhD project of Daniele Lombardi (first on-the-fly 2—2 NNLO+PS computation)
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MiNNLOps ongoing 2—2 campaign

do/bin [fb] WW(inclusive) @LHC 13 TeV
60 —mmm—m—m—m——— T T T
W Q : : : : : : : ]
q‘ \\7 [
— W (
q’ \\7

[Lombardi, MWV, Zanderighi 'in preparation]

1.652
0.85F ,

Cab
[Lombardi, MW, Zanderighi ‘in preparation]  o0.75F

0.7¢

q 4 DM? i%%ownNnoeq
v

zZ (

L z \g eventually q Z'V'Y\g':
g < ZWy (v

+Q|

| | . (v
[Buonocore, Lombardi, Rottoli, MWV, Zanderighi 'started] :
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MiNNLOps Higgstrahlung & SMEFT

—> new PhD student Silvia Zanoli implemented Higgstrahlung

1 = flavour-ky, R=0.4
L — with ggHZ contribution
1 = prz > 150 GeV

————— HZNNLOPS (parton, with NLO-decay, PS1)

f==<¥ HZNNLOPS (parton, with NNLO-decay, PS2)

[Blzon Re Zanderlghl I9]

BiZOﬁ, Re, Zanderighi '|9 4!0 60 80 100 120 140 160 1;30
g
My [ GeV ]

—> inclusion of SMEFT effects with new PostDoc Darren Scott:

< in H—bb decay at NNLO+PS (computed at NLO [Cullen, Pecjak, Scott '19])
“* in all diboson processes
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NLO+PS for loop-induced

Z ¢
4 TOOT) o 4 4 z
g ¢ g Z YN

—> started with Gabriel Koole (shared PhD student with BSM Group of Uli Haisch)

R RN

(

+ formally NNLO (asz) correction, but enhanced by gluon luminosities
+ effectively only LO accurate, NLO correction (aS3) very large [Grazzini, Kallweit, MW, Yook '18]

+ gg — 42 NNLO+PS generator must be supplemented by gg — 42 NLO+PS generator
+ include BSM/SMEFT effects (in particular in the Higgs diagram => see talk by Uli !)
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MiINNLOps extension to heavy quarks

—> started about one year ago with PostDoc Javier Mazzitelli

q>m<t ‘3: :t
q ¢ o t

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 'in preparation]

« Extension to tt production more complicated due to final state radiation!

Colour singlet: dO‘(Sing) ~ do (0 ) X exp[ S (b)] X [HClCZ]C(_Z;alCLQ X falfa,g

CC

CC

tt production: do'(Sing) ~ d ( ) X eXP [—Sc(b)] [TI(HA)Clcz]cca as X fal fa,g

,. Effects coming from soft emissions
from the FS contained in operator A
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MiINNLOps extension to heavy quarks

6007
hasam — MiNNLO (PY8)
I
500 = + MIiNLO (PY8) 1
_'—__ -~ NNLO (MATRIX)
240 I
Fa00F 0
~3 R OO -
~
o
S

ratio to MiNNLO

[Mazzitelli, Monni, Nason, Re, MWV, Zanderighi 'in preparation]
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MiINNLOps extension to jets

9 g

Z/MX Q,\?
\Q,\?

+Q|

—> planned with new PostDoc Markus Ebert, who is an expert in
Soft Collinear Effective Theory (SCET)

—> exploit SCET factorization formula of jet resolution variable (N-jettiness)
—> various important processes (H+jet, Z+jet, W+jet, Ytjet)

—> path towards N3LO+PS matching

Marius Wiesemann (MPP Munich) Review: Novel computational techniques in particle physics December 14th, 2020
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Summary

% with the completion of SM, particle physics entered new era:the SM is a
beautiful theory that works spectacularly at colliders, but is incomplete

% vast progress in SM predictions within our group; new members will
further push activities; development of cutting-edge technologies:
< NNLO 2—-3

7/

< analytic resummation
< NNLO+PS

\/
%

% we live in data driven times (progress from experiment), but theory
crucial to interpret data and to enhance sensitivity to anomalies

Marius Wiesemann (MPP Munich) Review: Novel computational techniques in particle physics December 14th, 2020
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<<MATRIX-MAKE>> This 1is the MATRIX process compilation.

{384 12 EOGE+ObaCY

e ulZnﬁ:.?\u..m& R EAT-T)

t" to show

is

d to be compiled and created. Type "1

i

available processes. Try pressing TAB for auto-completion. Type

"exit"
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<<MATRIX-READ>> Type process
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to stop

llqu.itl'

or

description

pph21
ppzO1
ppwo1l

process

process_id
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