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4 Final words on any potential new physics at the LHC
< Accurate measurements + precision predictions (NLO QCD + PS)

4 New physics is standard in the simulation tools
% 20-25 years of developments
% Simulations at the NLO accuracy in QCD can be easily achieved
*For any model ~ the MADGRAPH5 aMC@NLO framework

-------------------------------------------------------------------------------------------------
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5 Automating NLO calculations in QCD for new physics :
Phenomenology: supersymmetry, dark matter & vector-like quarks :
Summary - conclusions :

------------------------------------------------------------------------------------------------
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Virtuals: one extra power Reals: one extra power
of s and divergent of s and divergent
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4 Dimensional regularisation: calculations in d = 4 - 2¢
% Divergences explicit (1/&2, |/¢)
< Reduction of tensor loop-integrals to scalar integrals

4 The reduction must be performed in d dimensions |
* Numerlcal methods work in 4 dimensions ~ Rj and R terms
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4 The R; terms originate from the numerator
< Process-dependent contributions proportional to /2
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** Renormalisable theory: finite number of Rz's ~ R, Feynman rules [ Degrande (CPC'15) ] |
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4 Subtracting the poles :

°!~The structure of the poles is known > subtraction methods

* @ subtracted from the reals ~ finite

* ¢ integrated and added back to the virtuals ~ finite
* Integrals can be calculated numerically (and in 4D)

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

. 4 Choice of the subtraction terms
* Must match the infrared structure of the real
** Should be integrable over the one-body phase space conveniently (cf. virtuals)
% Should be integrable numerically conveniently 5
'§ FKS subtraction T [ Frixione, Kunszt, Signer (NPB*96) ]

¢ Decomposition ~ at most one singularity per term ~ regulators

1 * Sjj— | if the partons i and j are collmear
do"th) = Z&jdcfgfr ) * Sii— | if the parton i is soft '
5 g * S;i—0 for all other infrared limits
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Controls the ¢ = B \/‘ Controls the -
soft pieces collinear pieces Yij

% 1 /
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. 4 Some properties
.+ jandj on-shell (event) & combined ij parton on-shell (counter-event)

~ Reshuffling of all particle momenta
~ Events and Counter_events I(inematica”y mismatched _ ....................................................................................

~ Unweighting not possible _r:—"""_-'_'-“‘l—,_
< Events and counter-events can fill # histogram bins ﬂ

5‘ * Peak_dip structure for the (ﬁxed_Order) diStribUtiOnS
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4 Parton shower / hadronisation effects

% Evolution of hard partons to more realistic final states made of hadrons
* Fully exclusive description of the events

** Resummation of the soft-collinear QCD radiation
* Cures the fixed-order instabilities
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"4 Two sources of double counting
* Radiation: reals vs. shower
* No radiation: virtuals vs. no-emission probability

---------------------------------------------------------------------------------------------------------------
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[ Frixione, Webber (JHEP’02) ]

----------------------------------------------------------------------------------------------------------------

< Exact NLO normalisation (after (Xs-expansion)

% Definition: MC counterterms match the reals in the IR
* Same kinematics: no need for reshuffling ~ exact cancellation
* Weights for the n and n+1 components bounded from above ~ unweighting possible

< Smooth transition between the hard and soft-collinear regions
* Soft-collinear: R ~ MC ~ shower-dominated

* Hard: MC = 0, Iﬁ% ~ 0, Iﬁ?gl) ~ 1 ~ hard-radiation-dominated

< The MC counterterms are shower-dependent

---------------------------------------------------------------------------------------------------------------
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i "4 The MC counterterms cannot be integrated numerically w
i % lssue for the virtuals (pole cancellation) 5
L d Slmultaneous usage of the FKS and MC counterterms :
5 oNLO = / d'd, [B+ ( / a v+ / a¢ 10) + / d4<I>1(MC c)]zﬁ?m / d'e, [RMG]I&Z”J v
: loop "
: S-events H-events E
5 *Separated generation of the S-events and H-events 5
5 ~ Negative weights :

[ Alwall, Frederix, Frixione, Hirschi, Mattelaer, Shao, Stelzer, Torrielli & Zaro (JHEP’14) ]
L4

---------------------------------------------------------------------------------------------------------------
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~ *%*Overlap
| resonant o *YY @ LO ®Y — Xq decay

0_:_{ L *x YX @ NLO (real emission)

®* Possible (huge) enhancement w.r.t. LO (if YY dominates over XY)
* Spoiling the perturbative expansion for the original process

* All potential subprocesses may need to be considered separately
* Resonances must be subtracted

---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

'X‘DR the resonant diagrams are removed
* DR+l: diagram removal while keeping the interferences

*DS: the purely resonant part is subtracted from the last term
* There are different ways to handle this (momenta projections)
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Idea / Lagrangian 4 Model building: from Lagrangian to tools
l *FEYNRULES ® MOGRE @& NLOCT ~ UFO @ NLO
5 » General on-shell renormalisation scheme

[ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ; Degrande (CPC’15) ]
FEYN RULES / U Fo [ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ]

[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (1907.04898) ]

4 Hard scattering

Matrix
Elements < Feynman diagram, matrix elements
~ ¥+MG5aMC ~ predictions at LO/NLO
l [ Alwall et al. (JHEP’14) ]

Collider observables 4 BSM phenomenology @ colliders with MG5_aMC

l <*Matching matrix elements with parton showers
< Simplified treatment of the resonances (MADSTR)
Phenomenok)gy [ Alwall et al. (JHEP’14) ]

[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (1907.04898) ]
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Automating NLO calculations in QCD for new physics

Phenomenology: SUSY, DM & VLQs

Summary - conclusions
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Supersymmetry @ NLO
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< Two potential jet origins
* Decay jet (hard)
* Radiation jet (soft, not for the Ist/2nd jets)
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“* Constant K-factors not accurate
* Normalisation modification
* Distortion of the shapes
* Reduction of the theoretical uncertainties
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[ Degrande, BF, Hirschi, Proudom & Shao (PRD’15; PLB’16) ]

---------------------------------------------------------------------------------------------------------------------

—— LO+Pythia 8
—— NLO+Pythia 8
--fLO

% Parton showers populate the low-pr region
* Emitted partons often not reclustered back

deagpen

do [pb per bin]

107 - - 5

= ‘:LO = Extra softer jets

B s=13 TeV Q' . .

i | > * Distortion of the spectrum
w1 TeVegluino °.  * Effects milder for hard pr

(the matrix element drives the shape)

0 - % Mixed effects: origin of the third jet
_____ , % Sometimes a decay jet
--------- % Sometimes a radiation jet

* Entanglement of the two effects: two peaks

(mg~, my) = (2000, 50) GeV
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[ Araz, Frank & BF (1910.11418) ]

4 Constraining gluino pair production and decay @ LHC
< NLO impact on the shapes of the distributions

< Impact on the limits?
< Impact of the theory uncertainties?

- E E E E E EEEEEEEm P
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-----------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

1073
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0.5 1.0 15 2.0 2.5

" 4Recasting ATLAS multijet + MET analysis (ATLAS SUSY 2016-07) :
. *#Left: reproduction of the ATLAS results (LO-merged; Onwuneo) with NLO signals
: *Right: extrapolatlon for HL-LHC ~ impact of the errors :
O S ;,';,;; ................................................ e — s
B e rreatl I [ B e
: B 95% Cl.x, With Scale Variation - = 95% CL.., with Scale & PDF Variation :
: 1200+ R 95% CL., With Scale & PDF Variation 1 1107 c 102 E
3 g 3 08
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[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (1907.04898) ]

P |

[fb] | DR DR + | DS LO
| |

|| Tinclusive | 0-331 | 0.330719% £ 28% | 0.327 | 0.322 | 0.330 | 0.330 | 0.187733% +27%
99

Ofducial | 0.228 | 0.227719% £ 28% | 0.225 | 0.222 | 0.228 | 0.227 | 0.12873.% + 27%
|| Tincusive | 842 | 8.39712% £6.9% | 8.38 | 835 | 841 | 840 | 549735 +7.0%
94 389

Ohducial | 593 | 5917128 £6.9% | 5.90 | 5.87 | 593 | 5.92 | 3.8673%° £ 7.0%
|| Tinclusive | 20.4 | 204778 £2.2% | 204 | 204 | 204 | 204 | 14.9730% £2.2%
qq . 00

Ofiducial | 14.8 | 14.8778% £22% | 148 | 14.7 | 148 | 148 | 1087397 £2.2%

¢ Benchmark (allowed by data)
* Multi-TeV squarks and gluinos
* 50 GeV lightest neutralino (decays into jets and missing energy)

* Typical HT/MET selection (+ Njets requirement)

< NLO impact

* Large K-factors (especially for gg), reduction of the theory errors
* 50 GeV lightest neutralino (decays into jets and missing energy)

* Results compatible regardless of how resonances are treated

New physics simulations at the next-to-leading order

No double counting
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P

. H~ for squark pair production H~ for gluino pair production :
: 1074 : . 107 . : : :
P Squark pair production at 13 TeV LHC Gluino pair production at 13 TeV LHC "
: 5L oS %, istr=1 — | 7 : sec‘c"'“’fff_":“fseeﬁ istr=1 — E
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: R o e © ok -
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; H; [GeV] Hy [GeV] S
i **Initial momenta reshuffled for some STR options (and some observables) 5
5 *Large dependence related to the gluon PDF at large x ~ large TH uncertainties :
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Dark matter @ NLO
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[ Arina, Backovic, Conte, BF, Guo, Heisig, Hespel, Kramer, Maltoni, Martini, Mawatari, Pellen & Vryonidou (JHEP’16) ]

4 A simplified model for top-philic dark matter
* A dark sector with a fermionic dark matter candidate X | y
°!°A (scalar) medlatorYo Imkmg the dark sector and the top Yo<

sEEEEEEEsEsEEssE s s

------------------------------------------------------------------------------------------------------

4 A
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[ Arina, Backovic, Conte, BF, Guo, Heisig, Hespel, Kramer, Maltoni, Martini, Mawatari, Pellen & Vryonidou (JHEP’16) ]

---------------------------------------------------------------------------------------------------------------

(my, mx) oro [pb] [ CLio (%] |

ONLO [pb]

(150, 25) GeV
(40, 30) GeV
(240, 100) GeV

34.9%
34.2%
0.776" 35375

0_187-]-37.1%

+0.8%
987— 13.0%

74-74-19.7%

91_6+6.4%

1%
0.773775 1o

+5.7%
0'926—10.4%

6.7%
0.21675, 7%,

**® The error band is reduced

New physics simulations at the next-to-leading order

< An excluded point may not be excluded when accounting for uncertainties
% The CLs number can increase / decrease at NLO

[ CLxro |
2.7%
95'01-0.4%
84.2+D'4%

+8.6%
86.97 . 5
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3rd generation VLQ @ NLO
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4 Single VLQ production (top partner) 4 Lagrangian and diagrams
e --; °I° Productlon through W—coupllngs

- - mowom,

=== NLO 5FNS Tj

F8
N

50 O\
N

=== NLO4FNS Tjb |

R I R L L L L L T I NN 4

*Total rates at NLO (4 and 5 FNS)
 ifotatrates  ®5FNS:K< | (virtuals)
S0 1000 1200 1400 1600 1800 2000? % 4FNS: K = f(MT)
Mr (GeV) % Reduction of the uncertainties

*Log Q/mp resummation (SFNYS)
(differences at NLO for large masses)

---------------------------------------------------------------------------------------------------------------
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Is¢ light jet 7 ;
: — NLO 5FNS Tj 5
L ool — NLO4FNS Tjp | |
AR Mr = 12TeV 5
! i 0.08
2 — g
|3 006 _
PiE = = _{ .
8 = | :
s [ N - *#4FNS/5FNS shape agreement @NLO :
s T . = | : : : , ;
;5 004 = | — .~ % Forward jets crucial for signal selection 5
L 002 —  #NLO effects 5
: : ' % Important distortion of the shapes :
: : > K factors are NOT constant :
vioooQbnono o . o '
: -4 -2 0 2 4 . % Reduction of the uncertainties at NLO '
: (jo) s :

---------------------------------------------------------------------------------------------------------------------
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é'!‘Top-partnerVLQ coupled to the W-boson

\\\\\\\\\\\\\\\\\\\\\\\\\ * % The leading jet: |

— NLO5FNS Tj |

= NLO 4FNS Tjp| | :

0.100

0.050|

0.010; —— % NLO effects
0.005 1 i * Reduction of the uncertainties at NLO
Mr= 1.2 TeV : * Important distortion of the shapes

da/de(normahsedunlts)

0.001 é*X‘4FNS/5FNS: large differences at high pr
5.x 107 —  * A gg channel kicks in at NLO
R S S S ~ impact the tails
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Pr(io) [GeV] Impact on a search investigated...

- ==

---------------------------------------------------------------------------------------------------------------------
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[ Cacciapaglia, Carvalho, Deandrea, Flacke, BF, Majumder, Panizzi & Shao (PLB'19) ]

---------------------------------------------------------------------------------------------------------------------

E ...................................................................................................................................................... oxoTOP_PartnerVLQ Coupled to the W_boson E
; Ist b-jet pr ;
: A | % The leading b-jet: T-quark reconstruction :
0.100
! = 0.050 :
iE i
S s % The leading b-jet originates from the T-decay :
S - % No scheme/accuracy dependence (LO decays) :
pigos = | % Impact at high pt: gg channel contributions :
L N ~ Crucial at the analysis level? :
= NeamNs e 2 ’ * Reduction of the uncertainties at NLO 5
i 0001 o = 7
o Mmoo °I°PeakatMT/2 ;
° 200 400 e 300 00 100 % TheVLQ is mainly produced at rest 5
..................................................................... PTOO) [GCV] .5 * Its energy is shared between the b and the W !
: Impact on a search investigated...
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Automating NLO calculations in QCD for new physics

Phenomenology: SUSY, DM & VLQs

Summary - conclusions
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§ NLO-QCD simulations for new physics are easy to handle
< In particular via a joint use of FEYNRULES and MADGRAPH5 aMC@NLO
< Many models are publicly available

* Supersymmetric (simplified or not) models
* BSM Higgs models

* Dark matter simplified models

* Higgs and top effective field theories
* Vector-like quark models

* Extra gauge bosons

---------------------------------------------------------------------------------------------------------------

[ http://feynrules.irmp.ucl.ac.be/wiki/NLOModels ] .

'— --------------------------------------------------------------------------------------------------------------

4 Impact

< NLO effects are important and should be accounted for
< Shape distortion, large K-factors

< Uncertainties under better control

% More robust predictions

---------------------------------------------------------------------------------------------------------------
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