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Loop induced processes
and MadLoop




1. NLO calculations

Hadron Collisions:
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1. NLO calculations

« MadLoop
Automated one-loop « FeynArts, FormCalc, ...
matrix element tools  OpenlLoops

 GoSam

3-step program to automate NLO

1. Renormalization
2. Integral reduction
3. Rational terms

This seminar: Limit to a particular case
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1. Loop-Induced (LI) Processes

LI process - No tree-level contributions

I.e.1 - Gluon Fusion dominates the inclusive Higgs production.

' I

3

l.e.2 - L.I. gg—=ZZis 60% of the full NNLO corrections to had. ZZ
production.

i.e.3 - BSM models = Loop suppressed production helps to evade
experimental constraints
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1. Loop-Induced (LI) Processes

Dealing with LI processes

* Integrate out heavy loops - Effective point-like vertices (i.e. heft)

2—7 Valid in only a limited kinematic range.

« Automated implementation of LI processes.

2—-) Done in 2015! (MG5@NLO). [1507.00020]

* Dedicated implementations (i.e. pp—~h in N3LO QCD + NLO EW).

2—-) Used in state-of-the-art calculations.
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1. Loop-Induced (LI) Processes

Ll versus general NLO

« Advantage: LI amplitudes are finite!

2 No UV divergences if the model is
renormalizable

« Disadvantage: Speed

In usual NLO, bulk contributions come from born and real emissions.
— Limited statistics to the evaluation of virtual contributions.

Execution
X speed of the LI
matrix element

Computation
time
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1. Loop-Induced (LI) Processes

Loop-integrals reduction

10 = Z d; box; + Zc,- triangle; + Z b; bubble; + Zﬂi tadpole, + R

Scalar integral basis - available in many libraries i.e. OneLoop, QCDLoop,...
— Loop amplitude computation reduces to determining d,, ¢, b, a, R

Methods: 1. OPP reduction: Ossola, Papadopoulos and Pittau.
— Reduction at the integrand level.
Tools: CutTools, Ninja

2. TIR: Tensor Integral Reduction.
— Passarino-Veltman integrals.
Tools: Collier, PJFry, GOLEM

Question: which one is better? (for LI)
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1. Loop-Induced (LI) Processes

" Ke \ d-dlmensu;nal Amplitude
A\ ddg thll (E)
‘Ad — Z h niy D
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Split the numerator:

N (1) = N(I) + eN(
(WP
4d part

o~

)

Ag=A+ Ago

- Finite contribution

Rational terms: R2 counterterms in UFO (ask me later - Backup slides)
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1. Loop-Induced (LI) Processes
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1. Brief overview of OPP method

OPP: Decompose the numerator into a basis of products of the denominators

m—1 Nt—l
N(g) = Z [d(fohizis‘)-l-j(q;l'ol'll'zh)] 1_[ I
10<1] <13 <13 110,111,123
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+ Z [c (Got172) + E(g5207172)] l_[ D;

l'0<1'1<1'2 j!'#1'091;15'?.2
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1. Brief overview of OPP method

Algorithm: Sample the numerator by choosing special values for the loop momenta

1. Choose [T suchas Do(I*) =--- = Ds(I*) =0
— All terms in the OPP cancel except:
n—1
N(*) = [dowzs +dors ()| T[] Dit*)
1#£0,1,2,3
1| N NG

d0123 — 5 n—1 + n—1
2 Hz';éo,l,z,?) D;(I+) Hi¢o,1,2 3 Di(17) ]
2. Compute all box coefficients.

3. Triple cuts to determine triangle coefficients. Use box
coefficients from step 2.

4. Proceed to Bubbles, Tadpole and R1.
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1. Brief overview of TIR method

TIR Example:

2
M d - 9 D _
Iplgz o fd qq-2(q- + pl)Z(q- + p2)2 Iplfzﬁz o Clpii T CZP;

. 2q - p1
7> (G + p1)*(G + p2)

12q - p1] _ 2p1-p1 2p1- P2 C
[2q - p:] 2p1-p2 2p2-p2) \ (3

_ 0
- Complete squares of [2q.p,] integrals: i.e. [2q - p1]l= I](;g) - Iéz)—pl _ P%Iéol),pz

« Contract with external momentum: [2¢4 - p;] = /dd

- Invert the system of equations to obtain C,and C, .
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1. Loop-Induced (LI) Processes

Which to use?

* TIR has a factorial growth in terms of the recursion depth of the algorithm,
proportional to both the rank and # of external legs.

e QOutput of the OPP reduction depends on both the loop and helicity,
while TIR depends only on the loop considered.

# OPP recursions = L x H
# TIR recursions = L

TIR is usually better for LI processes.
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1. Loop-Induced (LI) Processes

b Run-time performance of

a Run-time performance of loop matrix elements loop-induced matrix elements
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1. Loop-Induced (LI) Processes

Event Generation: MadlLoop in Madgraph

« Madgraph is great at constructing tree-level matrix elements.
« MadLoop: generate loop diagrams from tree-level ones.

L-cut diagrams:

L 1 5
- y
é
yA
y 2
+ other L-cutted 3
diagrams.

« Madgraph generate all L-cutted diagrams.
- Sew them together to reconstruct loop topology.
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Examples and Madloop options

[+ - pedro@Matilda: ~ = - m] X

R A A A A A R A A R R R A A A A R A A A A A A A A A A AR R EETRATITETRERERRE

WELCOME to
MADGCRAPHS _aMC@MNLDO

* * % *
****5****

k. " W =

VERSION 2.9.3 2021-83-25

The MadGraph5 aMC@NLO Development Team - Find us at
https://server®@6.fynu.ucl.ac.be/projects/madgraph
and
http://amcatnlo.web.cern.ch/amcatnlo/

Type 'help' for in-line help.
Type 'tutorial' to learn how MGS5 works
Type 'tutorial aMCatNLO' to learn how aMC@NLO works
Type 'tutorial MadLoop' to learn how MadLoop works

* *
* *
* *
* =
* *
* *
* *
* =
* *
* *
* *
* =
* *
* *
* *
* =
* *
* *
* *
* =
* *
* *
* *
* =

R A A A A A R A A A A R A A A A A A A A A A A R AR R AR AR R AR ERR
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Off-Shell Higgs in the
Standard Model
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2. Off-shell Higgs in the SM

gg - h(*) - Z(*)Z(*) - 4'
Production
3 1
as 2
------ L=—g.0n(q.)HG, G
q:" A7 gg ( h) 1224
% 2—-) Triangle loop.
Decay
v
(%) AMA g e
LI D Mucvv = =58 (3+4J\Z4 vz
N b Vv \%
T v
Expectation: (on-shell production) x BR should reproduce the total
cross-section with good accuracy.
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2. Off-shell Higgs in the SM

Expectation: (on-shell production) x BR should reproduce the total
cross-section with good accuracy.

Reason: We expect the Narrow Width approximation T
(NWA) to be good for the Higgs. h

my, = 125 GeV '), = 4.03 MeV Mh
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2. Off-shell Higgs in the SM

1 q72nax d 2
o= [ [asnotad i) [aoimatad

2
qmin

1 1
WA — ([ aoM@)P) g ([ doiMatat)?)

10“error... Oris it?...
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2. Off-shell Higgs in the SM

2

min

1 1
WA — ([ aoM@)P) g ([ doiMatat)?)

10“error... Oris it?...

1 q?nax d 2
en [T ([ asirta Diiat) [ as,imataiyr)

Assumptions of the NWA approximation

1. Total width is much smaller than the resonance mass. Ok
2. There are no relevant thresholds. False!
3. There is no significant interference with non-resonant processes. False!
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2. Off-shell Higgs in the SM

i : holds.
Assumption 2: Thresholds VRN 27 thresholds
Exact propagator: tt threshold

iZ N

1
Di(¢*) = B >
h(q ) g2 — m% 4= Z(qQ) q2 — m% + i1Im>(q?)

103§ :
Use the optical theorem.

1
I‘X*—>1+2+... — 2—\/5 Z |M|2dHn

B iIm(s) 3
— Ne S
N iz
Di(a”) = q®> — m3 + i/sI(s) :
100 200 300 500 1000
M,, (GeV)
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2. Off-shell Higgs in the SM

Question: What is the behaviour of the
distribution at the high energy regime?

A
i
« How small compared to the
peak?
0\6- 7 « Does it really decreases with M, ?

e é ; * |s there a plateau?

« How does that affects the total
\ cross-section?

12S 6eV Mwvv
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2. Off-shell Higgs in the SM

} MG5_aMC=generate g g = 1+ 1- 1+ 1- [QCD]
L+ 3 processes with 20 diagrams generated in 3.430 s
3' 2 Total: 3 processes with 20 diagrams
Z-

Modify loop SM UFO - set Zqq coupling to zero to remove irreducible bg (Box diagrams)

1ot ZZ threshold

/ the total cross-section
o of M_ >2M_ region.
8| 10~

10-% H

103 T T T T T T T

200 400 a00 800 1000 1200 1400
My [GeV]
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2. Off-shell Higgs in the SM

Assumption 3: Interference with non-resonant processes.

N S R 3
--- +
& A g 2

Box must be included: Irreducible background with important interference.

Unitarizing nature of the Hiqgs h*-Z Z,

Myz > My, Mp, Mz

2 2

m 5 M

M;t«i_;(r)lol _ gyt t 10g ZZ ]

gle sz m% Destructive
5 5 interference

m m

M{)I—C;;OO 2 t2 10g2 ZQZ
m my
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2. Off-shell Higgs in the SM

dagg—>ZZ . dJSig dUBox daInt

dmzz dmzz dmzz dmgzgz
=:30xf MG5@NLOaMC
— st On-shell Z’s

|  Signal: gg—»h™-ZZ
102 * Box: gg—~ZZ /h

|

af3 \ . Total: gg=ZZ
— ] r"-rrl\l_l_l_'_ ‘ * |nterference: Subtraction
sl ] 1

S g | m, >180 GeV

Universal K-factor: 1.76

9022 _ ppa(z i) Weett
104 4 dmZZ dm4l

MadAnalysis+MatPlotLib

T T T T T
200 400 600 800 1000 1200

ma [GeV]
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2. Off-shell Higgs in the SM

a-41 Background: reducible

10° 4

=1 Background

=] Box
Interference
. E=J Signal+Box
03 =1 signal
e- | o |
. _Q‘% 1072 4
2—> Dominates near the Z peak *|g
5 5
g o
za, 2* 10—3 |
ﬂ-
2(‘1 £+ 107* 4
f 100 260 360 4(I)O 5(I)0 660 760 8(30 9(I)0

my [GeV]
Main background for

off-shell region.
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2. Off-shell Higgs in the SM

103 i x axis logarithmic for m, > 225 GeV
E L L L L T T T T T

- = = ATLAS i =

Experimental status 3 e PR —-Data WH->4
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2. Off-shell Higgs in the SM

State-of-the-art simulations

 NLO (two-loop) gg—ZZ-4l

* NNLO QCD && NLO EW gg-4l g
g0 dordm, [fb/GeV] ZZ@LHC 13 TeV i~
T T T T oo 1k e
wotE 4 ot
102 :E . % ¢+
B 15 0
10 F ) g o+
5 i . 135
10 dIU/dclrggLo ! — —x
S T — =
. 5 1<
12 Large K-factors: +67.3%
13 in m,>200 GeV region
5
S
Q.

0 L
80 100 200 300 400
m,, [GeV]
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Off-Shell Higgs Beyond
the Standard Model
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3. BSM off-shell' Higgs

So far, all the LHC Higgs measurements are in agreement with the SM
2—7 Focus on on-shell Higgs production.

BSM effects should be of order v?/A?for the on-shell Higgs.

The off-shell Higgs allow us to probe higher scales (p>»v) with an
enhanced p?/A? sensitivity over the usual vZ/A2,

Higgs couplings at higher scales.

Additional decays and the Higgs width.

EFT anomalous contributions.

Momentum-dependent effects.
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3. BSM off-shell' Higgs

EFT anomalous couplings

g Z g 7 9 0000 —a A
i = e e - — - A 4 A
g
7 g 7 9 90000 > AN [
LDOec H|I’G,,G*" + ¢, Z£|H|Q, Ht, + h.c.
g 127'("1}2 | | . t | |QL Kt — 1 — RB(Ct)
g yt hg = Cq4
= kg——hG,,,G" — Kk, = h(tptr, + h.c.
912mp2 2Rt )
2
+400 my 2 mZZ
Mtriangle = +Hi 2m log Destructive
m2 Z m interference
Mg_o_;()o . t2 10g2 ZZ
2m i
A > Constructive
m interference
./\/l;"'_OO = —H, A
2m2 =
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3. BSM off-shell Higgs

« Anomalous hVV couplings

Other possibilities: ,
« Anomalous Zqq couplings

2012.05272
10t = \/ =
% 0 ; - SM1KI=1'KQ=O 101 E T T T ‘|S T 113 1Te|\/l I T T S
s r ) — %7050 - — totsMm  F
N SR e, T KOG 10°F — 49 cont sM [
NHQoPETTTTT = -=== 00 = i =
% = AL * — 101 1 — ggHSM i
8 F N = R e e qq (Oaw) [
S L T TR TP - ) T z
10—3 - el S '- O 10-2 E =
= = 2 ]
- o 10°F E
- e = T e =
10 =T :
: £ 200 :
0° 1 L. Ll = e
- S -107f 5
3 1P
W gt 101F 3
e+ s = —— gg H-int SM [
% 41— 0E | | I T I =
LL% -10YE— I I | T
QO 2op=
My 2007.15013
0™"300 400 500 600 700 _ 800 _ 900 _ 1000
méZ [GeV]
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3. BSM off-shell' Higgs

Momentum-dependent effects: Form Factors

Explore compositeness - Non-local momentum dependent Higgs couplings.

Example: Sakurai’s Vector Meson Dominance.

4
€ ~at ¢
P V4
> F ¢ 7
y
2o U 2,
‘\ L}
\ \
-\“- .‘

The p dominates the
EM pion current

%m@-%z F(¢?) = gRI
& 2 ¢* — Mp
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3. BSM off-shell' Higgs

Momentum-dependent effects: Form Factors

10* e 3
T :| gg— 4l -
102 GeV — SM =
— A=15 TeV, n=2 -
i A=15TeV,n=3 A
103 = yts M(mal) E
= y(m, )= 2T =
— 1+ TN N
10 i E
= 1803.09751 :
10° E E
10° ;— {s=14 TeV _;
10-7 :? _§|
3
2F
s
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100}

10+

o)
GeV

do
dmy,

0.100}

0.010}

0.001}

3. BSM off-shell' Higgs

Momentum-dependent effects: Form Factors

|
]
— |
500 1000 1500 2000 2500
m41(GeV)
F(q%) :

(14 ¢2/A%)"

100}

10+

(&)
GeV

do
dmy,

0.100}

0.010}

0.001}

—
I
500 1000 1500 2000 2500
my ((GeV)
2
2\ %
F(q°) =

q2 —M}%—iFMR
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3. BSM off-shell' Higgs

Momentum-dependent effects in the EFT
2 4

F(q?) :cl+cq2%+cq4% + ...
CLQ
A2

2 7 2 7’ Sm% 2 7 PN 7
o°hV, V¥ — —m; hV, V" o RV, V7 + yadqV, V& + ...

e ————eed)

Not q2 dependent

Induce effective operators like

vd*hV, VH

Off-shell sensitivity enhancement is lost in SMEFT since the reduction of the
basis eliminates the derivative operators via EoM.

Missing off-shell effects in SMEFT
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Conclusions

Automatization of NLO is broadly available and very useful.

Choosing between OPP v.s. TIR in MC simulations can save some time.

Sizable contributions in off-shell Higgs region —» Inadequacy of the NWA.

BSM physics in high energy tails of the off-shell Higgs distributions.
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Rational terms

R, : Originates from the € part of the integral denominator.

R= R1+ R2 2—-’ Computed using the reduction methods.

R, : Originates from the € part of the integral denominator.

_ CT_couplings.py

NED(g)
(c) dE
z—ll_l)%ZC Zqubéﬂ D(t)

R2 Counterterms must be included in
UFO model.

absolute_impert

Z—a Feynrules level.

Coupling(name = 'R

Python ¥ Tab Widt
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Bounding the Higgs width

Constraints set by considering the relationship between the on-shell
(105<m41<140GeV) and off-shell (m4l> 220GeV) regions.

aon—shell off-shell

wvsH—sar X Hywry  and 00 S X Uyl Tl

On-shell degeneracy

2 2
2_) 7 el i}leu X 9i (mH)gf(mH) gfi,f(mH) % ggi,f(mH)
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Full Off-shell Higgs v.s. heft
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MadAnalysis + MatPlotLib

Open - m ma5_script

set main.currentdir = /media/pedro/HEP_software/MG5/MG5_aMC_v2_9_1 2 /HEPTools/madanalysis5/madanalysis5/bin

import ~/Peter/Doutorado/Off-shell_Higgs/ppTOzz_Nevents500000/ggT0zz_box_allQuarks_14TeV/Events/run_02/unweighted_events.lhe.gz as box
import ~/Peter/Doutorado/Off-shell_Higgs/ppTOzz_Nevents500000/ggT0zz_signal+box_allQuarks_14TeV/Events/run_02/unweighted events.lhe.gz as signal_box
import ~/Peter/Doutorado/Off-shell_Higgs/ppTOzz_Nevents500000/9gT0zz_signal_withb_14TeV/Events/run_02/unweighted_events.lhe.gz as signal

plot M(z z) 25 150 3000 [logX logY]

set main.graphic_render = root

set signal.title = "Signal”

set signal.backcolor none

set signal.linewidth 3

set signal.linecolor black

set box.title = "Box"
set box.backcolor = none
set box.linewidth = 3
set box.linecolor = grey

set signal_box.title = "Signal+Box"
set signal_box.backcolor = none

set signal_box.linewidth 3

set signal box.linecolor blue

set main.lumi = 1
set main.stacking_method = superimpose
submit ~/Peter/Doutorado/Off-shell_Higgs/ppTOzz_Nevents500000/Distributions_mas
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MadAnalysis + MatPlotLib

Open v I+1 S — __.més—s‘:”pt S Save =

set main.currentdir = /media/pedro/HEP_software/MG5/MG5_aMC_v2_9_1 2 /HEPTools/madanalysis5/madanalysis5/bin

import ~/Peter/Doutorado/Off-shell_Higgs/ppTOzz_Nevents500000/ggT0zz_box_allQuarks_14TeV/Events/run_02/unweighted_events.lhe.gz as box
import ~/Peter/Doutorado/Off-shell_Higgs/ppTOzz_Nevents500000/ggT0zz_signal+box_allQuarks_14TeV/Events/run_02/unweighted events.lhe.gz as signal_box
import ~/Peter/Doutorado/Off-shell_Higgs/ppTOzz_Nevents500000/9gT0zz_signal_withb_14TeV/Events/run_02/unweighted_events.lhe.gz as signal

plot M(z z) 25 150 3000 [logX logY]

) Qutput = =l =] = = m| X
—= pedro.bittar.souz...
Pedro_ssd A :
DV Histos HTML PDF
B] Peter { MadAnalysis5job 0 > E -w = =
1 Doutorado SAF — pedro.bittar.souz...
I:++ .
F7 Mestrado Pedro_ssd A .
all.c compile goROOT E
coffwsre root.log root.log
- £ Peter
ED bittar@fma C++
= @ ] Doutorado
Makefile selection 0. selection
£7 Mestrado C 0.py
] software
E] bittar@fma
=+ O
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MadAnalysis + MatPlotLib

selection_with_int.py — ~/Peter/Doutorado/Off-shell_Higgs/ppTOzz_Nevents500000/Distributions_ma5_25bins/Outpu... —
File Edit View Selection Find Packages Help

selection_with_int.py

numpy
matplotlib

matplotlib. pyplot plt
matplotlib.gridspec gridspec

matplotlib version = matplotlib. version
numpy version numpy. version

xBinning

xData
numpy .array([150.0,168.08377

ylL M @ weights
numpy . array( [ ,0.0,80.5657393517,233.54

yl1 M 1 weights
numpy . array([ 18.8,

y1 M 2 weights
numpy.array( [
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Modify weights, add K-factor ...

BR =

Kfactor=

vyl M 0 weights
¥yl M 1 weights
vyl M 2 weights
¥yl M 3 weights

interf = -y1 M_

= Kfactor*BR**2*pbtofb*yl M ® weights
= Kfactor*BR**2*pbtofb*yl M 1 weights
= BR**2*pbtofb*yl M 2 weights

Kfactor*BR**2*pbtofb*yl M 3 weights

1 weights+yl M_3 weights+yl M 0 weights




