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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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Idea / Lagrangian 4 Model building: from Lagrangian to tools
l * FEYNRULES @& MOGRE @& NLOCT ~ UFO @ NLO
| ¢ 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) ]

Sl el e e 4 Collider phenomenology with MG5_aMC

l *Matching matrix elements with parton showers
| < Simplified treatment of the resonances (MADSTR)

: [ Alwall et al. (JHEP’14) ]
Phenomenology [ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (1907.04898) ]
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--------------------------------------------------------------------------------------------------------

Automating NLO calculations in QCD for new physics

Examples: supersymmetry, vector-like quarks and charged scalars

Summary - conclusions
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Automating NLO calculations in
QCD for new physics
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---------------------------------------------------------------------------------------------------------------

Virtuals: one extra power Reals: one extra power
of s and divergent of s and divergent

Born
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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 a d-dimensional space§
“* Numerical methods work in 4 dimensions ~ R and R, terms

?/ddé _ Z with€:€—|—£
J S DDy

D-dim 4-dim (-2¢)-dim [ Ossala, Papadopoulos, Pittau (NPB*07; JHEP*08) ]

=

S A [ Hirschi et al. (JHEP’11) ]
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4 The R; terms originate from the numerator
< Process-dependent contributions proportional to /2

o™ m Em EmEEEmmm -,

** Renormalisable theory: finite number of Rz's ~ R, Feynman rules [ Degrande (CPC’15)] |
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A

** The structure of the poles is known ~ subtraction
* @ subtracted from the reals ~ finite

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

N EE e EEEEEEEEEEEEEEEEEEE " e ==

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

i e e i e e i e P

Born and virtuals >'vvw zwv :ng .

’!‘Two sources of double counting
* Radiation: reals vs. shower
* No radiation: virtuals vs. no-emission probability

L4

\
N
\
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: ~ *%*Overlap
| resonant o *YY @ LO ®Y — Xq decay

_:-t L * 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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[ BF & Shao (EPJC’17) ]

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

Lvig =iV DY —myYY +iBDB — myBB +iTPT — m,;TT +iXPX — my XX

—h [B (/%fPL + /%ﬁPR) gq + T(/%ZPL + f%;PR) du + h.c.]

5 9 [z4/(- _ - _

-+ 2w [BZ(HfPL + /ngR> qa +T7 (/‘GZPL + /@'gPR) Gu + h.c.]

: V2g [ _ :
: + Tg YW (%XPL+%§PR) ga + BW (mfPL+m§PR) qu + h.c.

E \/ig -TW Tp Tp XW X p X p h |
! + 9 KL +KplR | qd + k; Pr+k, Pr g, + h.c.

----------------------------------------------------------------------------------------------------------------
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Ist generation VLQ @ NLO
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mr |GeV]  Scenario Lo [pb] onLo [Pb) * NINPDF 3.0 densities :
' QCD 7069 100 1—32.0%1—2.7% 1004 101 1-9.4% 1—2.5% '
: 400 ( Sz )= 1a% -2 50 . % Central scale: average M1 :
: _______________ S __23_8%:4_1%_ _ _ _. _____ __12_5%:3_8%_ _ * QCD QCD dia rFams onl :
: —1\+33.2%+3.8% —1\+8.5% +4.4% . :
: - QoD | (1.261 107 1) FEALEENE (1733 107 H% 0 T e e O grams onl :
. — 18.8%+7.3% — 2.3% +6.0% '
2 I TH1 | (1244 1071) 75 00 Mgy (1702 10775500 Wslan, .
. —3\+34.0%+5.8% —2\+8.8% +5.8% '
' 1200 QCD (7685 10 )—23.7%—5.8% (1061 10 )—11.4%—5.8% .
- —2\+1.7% +18.4% —2\+16.6%+18.2% ;
] LN RCR R BT AT JTEL R B T :
' —4\+34.9%+8.5% —3\+9.0% +8.6% . all dlagrams ;
" 1600 QCD (7477 10 )—24.2%—8.5% (1030 10 )—11.6%—8.6% : . h H. g h .
: TH]_ (3 395 10—3)+33% —|—133% (4 117 10—3)+146%—|—144% (Wlt Iggs exc angeS) :
: ST | \eeee ) __210_%__1_9_5_)% Nt —_21.8_%_—2_0._9% ) :
: QCD | (8.980 10~5)F35-5%H183% (1 960 10—4)F8.7% +178% I N
. 2000 ' —24.(57%—18.;% ' —11.(77%—17.?/% . v v X
. —3\+4.2% +5.4% —3\+6.3% +6.0% L . ! o
: TH1 (1.563 10 3)—20.0%—13.0% (1.960 10 3)—14.0%—13.6% /q/\c?\ N /q/\< ¥
: & NLO effects : . % Higgs-exchange diagrams 5
: o i - : : :
;X 50% increase of the rate : : % Dominate for large masses :
5 * Reduction of the scale uncertainties ; : % Impact on the uncertainties 5

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

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

-----------------------------------
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< EW diagrams for TT production
 xDominates QCD prod. at large mass

. 00 (fuu)

51111 (loo —éinduced

§<
(4

SSECS SN SRR NN NN SRR b A S, [ I .
% TH production -

107" | % Competes with TT prod. at large mass o
10766 600 800 1000 1200 1400 1600 1800 3000
m, [GeV] n :

% H-boson pair production E
% Loop-induced diagrams dominate  * t-channel VLQ exchange diagrams: huge K-factor
Q/a M- > Coupling proportional to mg/vsm Uz LR

0/a a/Q > Driven by the u-VLQ mixing U 5

g h > VLQ mass enhancement
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[ BF & Shao (EPJC’17) ]

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

~
'I

————  mq =500 GeV

10_1 i NLO+PY8 —— p NLO+PY8 ——
3 LO+PY8 —— ERE 10 3 LO+PY8 —— 3

mq = 500 GeV

1072 = E

' mo =1500 GeV

G [pb per bin]
MadGraph5_aMC@NLO

MadGraph5_aMC@NLO

G[pbperbm]

107 F 3

mo =1500 GeV 1‘=|:b

P S5 L, Liviviinn Leviiiinn, Leviiiinns Leviiinns Leviiiinns Leviiinns Liviiiinn Leviiiinn, Leviiiinns D

0 100 200 300 400 500 600 700  800: : 0 50 100 150 200 250 300 350 400 450 500 ; *
I T B Pri (GOVL :
. % Two potential jet origins < Constant K-factors not accurate 5
E * Decay jet (from Q or Z) * Normalisation modification :
E ~ Plateau from mz/2 mQ/2 (Q — Z] — 3]) * Distortion of the shapes E
: * Reduction of the theoretical uncertainties :
. % Radiation jet (soft, not for the Ist/2nd jets) 5
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3rd generation VLQ @ NLO
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. 4 Single VLQ production (top partner) 4 Lagrangian and diagrams
e o Productlon through W—coupllngs
NG T — NLOGFNS T,
=== NLO4ENS Tip | :
T—. 10
6o
TS L
S P ¥
i
| *Total rates at NLO (4 and 5 FNS)
| NS | #5FNS:K< [ (virtuals) g
“ 800 1000 1200 1400 1600 1800 2000% *4FNS: K = {(M7)
Mr (GeV) % Reduction of the uncertainties :
. +Log Q/mp resummation (5FNS)
L (differences at NLO for large masses) |
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PRl i i i R R il R i i i il R R i

Ist light jet 1

— NLO 5FNS Tj

NLO 4FNS Tjb | :

0.10

T-bW, M=1200GeV  :
pr-ordered objects |

o

o

oo
\

0.06 -

= — <% 4FNS/5FNS shape agreement @NLO

* Forward jets crucial for signal selection

m
[

0.00 = =+ NLO effects

’ . % Important distortion of the shapes
: > K factors are NOT constant
T S : 24 Reduction of the uncertainties at NLO

0.00"

e gy
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: . — = NLO5FNSTj [} :
3 — NLO 4FNS Tjp| | :
E 0.100; E
i :'g 0.050 E
R :
2 . :
£ oo =
s 1 1% NLO effects :
: 13 ’ . * Reduction of the uncertainties at NLO 5
A mr = |.2Te¥ * Important distortion of the shapes :
E 0001* - 772 E
ol - % 4FNS/5FNS: large differences at high pr :
: ’ ] ¢ % A gg channel kicks in at NLO 5
0 100 200 300 400 500 600 700 ~ impact the tails :
; pr(jo) [GeV] ? o :
S Impact on a search investigated... |

---------------------------------------------------------------------------------------------------------------------
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Charged scalars @ NLO
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14 TeV LHC

PRELIMINARY

E e 4
T T T T T T T T T T N e e P T T TR q :

3 E
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1 :_ 1 = I

'0.2 04 06 08 1 12 14
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Supersymmetry @ NLO
~ Parton densities
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* [pb] _
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PR R R N R R R R R R R R R R R

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

[fb] | DR DR + | DS LO
|
|| Tinclusive | 0-331 | 0.330719% £ 28% | 0.327 | 0.322 | 0.330 | 0.330 | 0.187733% +27%
P pu | 0228 0.227119% £28% | 0.225 | 0.222 | 0.228 | 0.227 | 0.128F35% +27%
|| Tincusive | 842 | 8.39712% £6.9% | 8.38 | 835 | 841 | 840 | 549735 +7.0%
M opa | 593 591712 £6.9% | 5.90 | 5.87 | 593 | 5.92 | 3.86730 £ 7.0%
|| Tinclusive | 20.4 | 204778 £2.2% | 204 | 204 | 204 | 204 | 14.9730% £2.2%
T o | 148 14.8705% £2.2% | 148 | 14.7 | 14.8 | 148 | 10.8750F +2.2%

¢ Benchmark (allowed by data)
* Multi-TeV squarks and gluinos
* 50 GeV lightest neutralino (decays into jets and missing energy)
* Fiducial volume: typical Hi/MET selection (+ Njess 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

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

No double counting
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P

: | Ht for squark pair production
L 10 . . 10°°
v _ Squark pair production at 13 TeV LHC
S N = istr=1 — | 7
1 10 Thr:r-‘ “i®eg, istr=2 — 3 — 10
' > r (e 1C%gg . >
o 8 [ "% istr=3 — ] 8
v -6 | "%, istr=4 —
| 10 S - e _ E ~ 8
AN T, ou=s — 4 g
Vi “Sa istr= —
1T 107 =" 0 43 I 109
S “ﬁﬁi 12 S,

: [0) @ ()
: O% 8 - '__F —(E.:) O(%
: 98 10 i===-1 E‘UI :'\31010
V iZ 2 TE 12 Z2
8 10°F I
: — 3 107"
: | g
E 10-10 E—. ........ I I Lo ooy Lo ooy | .—E = 10'
L9 S
: S 2t S
. = E o asmeecesetug Rt g D - =
R et - == =
Vi Z - b
' ) 3 )
: Lo Y O T TP TP TV T S
: 0 1 OOO 2000 3000 4000 5000 6000 7000
: Ht [GeV]

¢ Initial momenta reshuffled for some STR options (and some observables)
*Large dependence related to the gluon PDF at large x ~ large TH uncertainties

H~ for gluino pair production

Gluino pair production at 13 TeV LHC

Aeas j:’j:s%sea istr=1 —
ee:": ) 1-|_‘-fe-‘,- iStr=2 — 3
o e istr=3 —

r e istr=4 — |
- = !str=5 —
= - istr=6

;: = LO ---

-
N
LA R

MadGraph5 aMC@NLO

N

QO =

1000 2000 3000 4000 5000 6000 7000
Ht [GeV]
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Summary
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----------------------------------------------------------------------------------------------------------------

4 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
* Neutrino mass models

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

4
I
1
1
1

[ 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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