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In this paper, I show the automated Monte Carlo simulations at next-
to-leading order in QCD as well as that its matching to parton showers are
already feasible within the framework of MadGraph5 aMCGONLO. I briefly
overview the recent activities and take the colored particle production at
the LHC as an example. The tools and the models are ready for using by
both phenomenologists and experimentalists.
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1. Introduction

The successful operation of the LHC provides the unique opportunity to
explore the particle physics beyond the Standard Model (BSM) at the TeV
scale. Although most of the experimental searches at the LHC do not show
any deviations from the Standard Model (SM), it still leaves some possibil-
ities of (in)directly observing new physics at the LHC in the future, either
via the precision measurements or via the exotic signatures. The searches at
the LHC are heavily relying on the Monte Carlo simulations, where most of
the time only the leading order (LO) matrix element in a new physics model
is taking into account. The main arguments in satisfying the LO results are:
(1) there are many possible variations of new physics models; (2) no BSM
signatures are confirmed at the LHC; (3) next-to-leading order (NLO) cal-
culations usually take a lot of time on techniques instead of phenomenology.
It is true that the first two arguments still hold today, while the third one
starts to change with the recent development of automated tools.
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MadGraph5 aMCG@NLO [1] is such a framework to automately generate
NLO accuracy unweighted events after matching to parton showers with
the method of MC@NLO [2]. The infrastructure of MadGraph5 aMC@NLO
requires two pieces of model-dependent counterterms from NLO model gen-
eration tools, i.e. the renormalization terms and the rational terms Ry [3-9],
where the latter was originally introduced in the OPP method [10, 11]. A
dedicated module NLOCT [12] in FeynRules |13, 14| was designed to ana-
lytically derive the Feynman rules for these counterterms on the fly. Once
the NLO model is ready, the virtual contributions (one-loop amplitudes and
counterterms) will be taken care of by the module MadLoop [15, 16], while
the real radiation contributions will be computed by MadFKS [17, 18|. All of
the above procedures are automated as long as the Lagrangian of the model
is implemented manually in FeynRules.

Extensive phenomenology studies of NLO QCD corrections in the Mad-
Graph5 aMCG@NLO framework for processes in BSM have been performed,
and hence, there are already several NLO models available on the FeynRules
webpage [19]. They are:

1. Colored particle production in simplified models [20], supersymmetric
QCD |21] and vector-like quark models [22];

2. Higgs production in the Higgs characterization model [23-26], two-
Higgs-doublet models [27, 28], Georgi-Machacek model [29];

3. Spin-2 particle production in an effective field theory [30];

4. Dark matter production at colliders via an s-channel spin-0 or 1 me-
diator [31-34];

5. Top-quark production in SM effective field theory up to dimension-6
operators [35—40];

6. Higgs production with dimension-6 operators [41];
7. Heavy-neutrino production [42].

I summarize the number of BSM NLO papers published during 2013-2016
in the MadGraph5 aMCONLO framework in figure 1, which clearly shows
the increasing activities in the field in recent years.

In this paper, I will only focus on the colored particle production at
the LHC. I would like to emphasize that the NLO calculations in BSM are
not only trivial applications based on the architectures for the SM calcu-
lations. There are many new ingredients that should be introduced (e.g.
non-renormalized operators, fermion-flow violation, special finite renormal-
ization counterterms, etc.), which are absent in SM.
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Fig.1. Summary of number of BSM NLO papers published during 2013-2016 in
the MadGraph5_ aMC@NLO framework.

2. Colored particle production

In this section, I will take three examples of the new colored particle pro-
duction at the LHC in BSM, which are motivated by the LHC experimental
searches.

2.1. Colored scalar pair production

A first example for new colored particle production at NLO QCD accu-
racy in the MadGraph5 aMC@NLO framework is the pair production of the
color-triplet scalar o3 in a simplified model [20], which was motivated by the
stop pair searches at the LHC'. The corresponding production Lagrangian is

LY = DNUZ];D'MO';; - m%agag , (1)

while its decay Lagrangian is

i_ 1 — -
£§ = XX — 5 XX + o5t (P + GrPr) X +heel] | (2)
where x is a gauge-singlet Majorana fermion couplings of the stop o3 to
the top quark. The above simplified model provides the signature of the
stop searches in the top-quark pair plus missing energy channel. We have

! In the same paper [20], we have also studied the color-octet scalar pair production,
which was interesting because of the sgluon predictions in the R-parity violation
supersymmetric models. I will refrain myself to present these results in this paper.
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analytically checked the expressions of the renormalization counterterms and
the Ro terms by three independent calculations. The spin-correlated decays
of o3 have been performed with the help of the modules MadSpin [43] and
MadWidth [44]. For the illustrative purpose of our numerical analysis, we
fixed the new couplings gr, g with the typical values for supersymmetric
models featuring a bino-like neutralino and a maximally-mixing top squark

gr, = 0.25, gr = 0.06. (3)

The masses of o3 and x are kept free. The numerical cross sections have
been validated with Prospino [45].

We presented the LO and NLO total cross sections for pp — o303 + X
production at the LHC in Table I. Both 8 TeV and 13 TeV results are given
with the theoretical uncertainties. In general, the NLO QCD corrections
enhance the cross section from 25% to 50% depending on the mass of 3.
Scale uncertainties are significantly reduced from 30-40% at LO to 15% at
NLO. The PDF uncertainties from 100 NNPDF replicas [46] are subdomi-
nant except in the large ms region, because the partonic luminosity is mainly
determined by the larger Bjorken fraction x region of the PDF.

TABLE 1

Total cross sections for o3 pair production at the LHC with the center-of-mass
energy /s = 8 (upper panel) and 13 TeV (lower panel). Results are presented
together with the associated scale and PDF (not shown for the LO case) uncer-
tainties. Monte Carlo errors are of about 0.2-0.3% and omitted. Table from [20].

ms [GeV] 8 TeV
o0 [pb] oNLO [pb
100 389.3735 3% 55484110 10%
250 4.118%535% 5.503 18 1% 8%

500 | (6594 1072) “5 | (7764 % 1072) 1T
750 | (3.504x 107%) TIEL | (3699 x 107%) TR0
1000 (2.875 x 1074) F512% | (2.775 x 107*) 52051200

—31.5% —15.2% —15.5%

13 TeV

N ™ 70 [ob]
100 1066737 3% 1497731
250 15.5350 %% 2156112 1% 2 4%
500 0.389075 5% 0.5062+1L2% +4.4%

750 (3306 X 1072) tg;ié (4001 % 1072) +10.8% +6.1%

—12.9%—6.1%

1000 (4.614 x 1073) T429% | (5.219 x 1073) £19:32470%

—28.3% —13.2%—7.9%
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The inclusive total cross sections are independent of parton showers due
to its unitarity. However, the differential distributions may be significantly
changed by the parton showers. In the fiducial regions at the LHC, it would
be necessary to match NLO QCD calculations with parton showers, which
provides exclusive descriptions of the QCD radiations. We examine sev-
eral differential distributions after matching to parton showers provided by
PYTHIA 8.1 [47]. The missing transverse energy distributions in three bench-
mark points (ms,m,) = (500,50), (1000, 50), (500,200) GeV are shown in
figure 2, where we imposed the single-lepton case from the top-quark de-
cays in MadAnalysis5 [48]. Although the K-factor depends on the scenario,
rescaling an LO sample with a constant K-factor are in general not suitable.

—————— (mm ) = (500, 50) GeV, LO

,,,,,, (m jm,) = (500, 200) GeV, LO
,,,,,, (mx,ml) = (1000, 50) GeV, LO
—— (mym) = (500, 50) GeV, NLO

(m ym ) = (500, 200) GeV, NLO
S | (m_m)= (1000, 50) GeV,NLO

Nvengs (for 100 fb™)

[

0.5

1 L L L L
100 200 300 400 500 600 700 800
., (GeV)

Fig.2. Missing transverse energy distribution for o3 pair production at 13 TeV.
Plot from [20].

2.2. Supersymmetric QCD

A second step is to generalize our previous simplified model to the com-
plete supersymmetric QCD [21], which includes different flavors of squarks

and the gluon’s supersymmetric partner gluino. The Lagrangian of the new
fields can be described as

Lsaen = Dy, D"+ Dyl D" o+ 55105~ mi i du—mi G = 5m3dd
+v/2g, [—d{T (5PLq) + (qPLG) Tir + h.c.}
[ i i |
-2 |dhran -l Ta |ahTar -l Ta . (4)

where the flavor and color indices have been suppressed. Besides the
ordinary new renormalization constants, we also need to introduce two new
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renormalization terms. The first one is the mixing angle renormalization via

i i 67; 67 ) ( i )
LT I L LR L) 5
( R ) ( IR > ( 5Z£RL 07, tr (5)

which generates an off-diagonal mass counterterm
6Low = —om?yp (I + T 1) - (6)

Another type of counterterms, the so-called supersymmetric restoring coun-
terterms, should be introduced because we are working in dimensional reg-
ularization, which breaks the supersymmetry at the loop level. Although
there exists dimensional reduction to preserve the supersymmetry beyond
tree level, one should still calculate the finite renormalization pieces in order
to match with the determination of PDF. We derived these finite supersym-
metric restoring counterterms as

Lser = V2g.o® [<alT (GPug) + (aPLg) Tin + e

g% as . _ . .
+§f [q}% {T0, Ty} qr + G {T0, Ty} QL}
x [@R {re, 1"} an +al {7} @
« - - - . - -
928 = > [ i Tudr — Q£TaQL} [QET“QR - QETG(]L} : (7)

Comparing to the full MSSM, we simplified the electroweak sector, while its
generalization to the full MSSM is in progress. The decay Lagrangian is
i

gxﬁx -

%mxix +v/2g/ [—d{Yq (XPLg) + (aPLX) Yoir + h-c} :
(8)

In the above equation, Y, is denoted as the hypercharge of the (s)quarks.
We studied the case of the gluino-pair production in proton—proton col-
lisions, with each gluino decaying into two jets and a x [21]. It corresponds
to the signature of the multijet production and a missing transverse en-
ergy For. For simplification, we only consider the scenario of the split su-
persymmetry [49] in our numerical analysis, which follows the strategies in
ATLAS [50, 51] and CMS [52, 53] gluino searches. The numerical results
have been cross checked with Prospino [45] in the degenerate squark spec-
trum case, while our approach is also rigorous in the non-degenerate cases.
In Table II, we listed the LO and NLO cross sections for the gluino-pair
production at 13 TeV LHC in terms of the mass of gluino. The NLO QCD

corrections enhance the LO cross sections by 50% and reduces the scale

ﬁdecay =
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uncertainties by a factor of 2. Various differential distributions after match-

ing to parton showers in PYTHIA8.2 [54] via the MCONLO approach are
available in Ref. [21].

TABLE II

LO and NLO QCD inclusive cross sections for gluino-pair production at the 13 TeV
LHC. The results are shown together with the associated scale and PDF relative
uncertainties. Table from [21].

mg [GGV] oLO [pb] oNLO [pb]
200 210475050 0w 31834105718
500 154635 ii«iié’, iii?o 24.90% 123457
750 1.20675% 5% 15555 2.009*135% +2-2%
1000 | 1.608 x 10~ 1t33,’2;‘22t§2,3‘i§2 2.743 x 107 R TT0R
1500 | 6.264 x 1074552045040 1,056 x 1072581510057
2000 | 4.217 x 107*5EEE 000 6.327 x 107 TR

Our sucessful phenomenological application for the Majorana fermion
gluino g production indicates the correct treatment of the fermion-flow vi-

olation in MadGraph5 aMC®ONLO, which is a new feature compared to SM
physics.

2.3. Vector-like quark models

My last example is the vector-like quark production in vector-like quark
(VLQ) models [22]. Vector-like quarks, whose left-handed and right-handed
components are in the same representations of the SM gauge groups, are
common predictions of many new physics models, such as extra dimensions
and composite models. They play important roles in CMS and ATLAS
experimental searches. The model-independent effective VLQ Lagrangian is
Lyrq =iYDPY —myYY +iBI)B — m;BB
+HiTPT — mTT 4+ iXDX —myx XX

—h [B(&{ P, + At Pr)qa+hc] —h [T (AL Pr + &g PR) qu + h.c.]
+2— [BZ (R P, + ki Pr) qa + hoc.] + 2— [T7 (Rl P+ FgPRr) qu + h.c.]

fg \fg
\fg \fg

(YW (k) P+ky Pr) qa+h.c.] + [BW (kP PL+KEPR) qu+h.c.]

[TW (k{ P+ #y Pr) ga+h.c.] + [XW (kX P45 Pr) qu+h.c] |

9)
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ol

).

where the electromagnetic charges of (T, B, X,Y) are (—i—%,—%,—i—%,—
The new couplings &, R, k are not fully independent [55]

KQMq C{ng

(Rgn), = oo, [Shns,
~ Cf, Q

(KJS,R,)JC = hq LZ—EQZ )

(k%) = K Cg’R W (10)
LR/ f Q FV?/ .

The phenomenological upper limit of the coupling strength x, can be loosen
to (0.07,0.2,0.1) if the mixing only involves the first, second and third gen-
eration, respectively.

I take VLQ quark T-pair production as an example. The total inclusive
cross sections by scanning the mass mt from 400 GeV to 2 TeV are shown
in figure 3. Due to the kinematical enhancement, the t-channel weak boson
exchange diagrams will be dominant when mt > 1.5 TeV. The same-sign
VLQ pair production does not receive any QCD-type Born diagram con-
tributions. Hence, the contribution is only relevant when mt > 1 TeV.
Extensive discussions and the numerical results can be found in Ref. [22].

Total cross section for pp — TT, TT, TT (TH scenarios)

10°

NLO (QCD only)

— LO (QCD only)
10! - - NLO (full 77, TH1 only)
- - LO (full 77, TH1 only)
\ NLO (77, TT, TT, TH1 only)
10° ~ - LO (17, 77,77, THL only) ||
Q
210!
N
1072
1073
-4 ; ; ; ; ; ; ;
10 400 600 800 1000 1200 1400 1600 1800 2000

my [GeV]

Fig.3. LO and NLO QCD inclusive cross sections for TT /TT/TT pair production
at the 13 TeV LHC. The QCD contribution results are presented together with the
associated theoretical uncertainty bands, and we indicate the shifts in the bands
that are induced by including weak or Higgs-boson exchange diagram contributions
when they are non-negligible. Plot from [22].
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3. Conclusions

The automation of NLO QCD accuracy simulations in new physics is
now feasible via a joint use of FeynRules and MadGraph5 aMC@NLO. Many
phenomenological studies have been performed in the framework, which help
to lift several restrictions applicable only to SM physics. A few NLO models
are already available and ready to use for both experimentalists and phe-
nomenologists. I take three examples of new colored particle production at
the LHC. In general, NLO QCD corrections are quite sizable and able to
reduce the theoretical uncertainties significantly. These results may impact
the (re)interpretations of the LHC data in the corresponding new physics
models.

I acknowledge the supports from ERC grant 291377 “LHCtheory: The-
oretical predictions and analyses of LHC physics: advancing the precision
frontier” and the ILP Labex (ANR-11-IDEX-0004-02, ANR-10-LABX-63).
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