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The particle theory group at the Physik-Institut works
on a broad spectrum of research projects related to the
interpretation of data from high energy particle collid-
ers. These cover precision calculations of benchmark ob-
servables, simulation of full collider events, identification
of optimal observables for searches and measurements,
physics beyond the Standard Model, as well as develop-
ments of calculational techniques. We summarize some
highlights of last year’s research below.

2.1 Theoretical predictions for dark-matter searches at
the LHC

The signature of missing transverse energy (MET) recoil-
ing against high-energy jets is one of the most power-
ful tools in the interpretation of data from hadron col-
liders. In the Standard Model (SM), MET+jet final states
arise from the production of jets in association with elec-
troweak bosons that decay into neutrinos in the processes
pp — Z(— vi) +jet and pp — W*(— fv) +jet. But
MET+jet production is also an almost omnipresent fea-
ture of theories of physics beyond the SM (BSM). In par-
ticular, MET+jet events are the most powerful probes of
dark matter at the LHC. The sensitivity of such searches
depends in a critical way on the precision at which the
SM background processes pp — V+jet with V = W+, Z
can be controlled. In practice, systematic uncertainties
are minimised by performing accurate measurements of
V+jet processes in control regions dominated by visible
signatures, i.e. y+jet, Z(— €707 )+jet or W(— (v)+jet
production with a visible lepton, and extrapolating such
measurements to the case of invisible V+jet signatures
in the region of high transverse-momentum (pr), where

a dark-matter signal may show up. Such extrapolations
are based on theoretical predictions. In particular, they
require a precise theoretical understanding of the correla-
tion between different V4 jet processes and different pr
regions.

In this context, recent advances in perturbative cal-
culations, driven by research at our institute [1-4],
have opened the door to significant sensitivity improve-
ments in dark matter searches. A combination of state-
of-the-art calculations for all relevant V+jet processes
was presented in Ref. [5]. Besides including QCD and
electroweak (EW) quantum corrections at the highest
available order, this study provides the first systematic
methodological framework for the application of high-
precision theory predictions to MET+jet searches. In par-
ticular, we have introduced and applied various new ap-
proaches to estimate uncertainties and their correlations
across different processes and pr regions.

The long-standing problem of how to treat the corre-
lation of higher-order effects across different V+jet pro-
cesses is addressed by a quantitative method that permits
to split QCD effects into universal and process-dependent
parts. Amongst others, this is achieved by using a dy-
namic definition of photons in the high-energy regime.
Specifically, we have shown that isolating photons from
the surrounding collinear QCD radiation by means of a
dynamic cone it is possible to maximise the level of QCD
correlation between 7+ jet and W/Z+jet production,
thereby minimising the uncertainties in the extrapolation
from 7+ jet production to dark-matter backgrounds.

Given the strong impact of EW corrections on the
shapes of pr distribution for the various V+jet processes
and process ratios, NLO EW corrections have been sup-
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plemented by the dominant Sudakov EW logarithms
at NNLO [6,7]. Moreover, in order to assess unknown
higher-order effects stemming form the interplay of large
QCD and EW corrections, we have introduced a dedi-
cated method that allows one to exploit NLO EW cal-
culations for V + 2jet production [2] in order to quan-
tify O(aag) corrections in terms of a simple factorised
Ansatz plus extra non-factorising terms. Finally, also the
uncertainties associated with parton distribution func-
tions (PDFs) have been assessed in detail.

In Fig. 2.1 we present predictions and uncertainty esti-
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F1G. 2.1 — Theoretical predictions for V+ jet spectra (left) and ratios (right) at 13 TeV including (N)NLO QCD and nNLO
EW corrections. The lower frames show the relative impact of corrections and theory uncertainties. The green and red
bands correspond to the combination of perturbative uncertainties, while PDF uncertainties are shown as hashed orange

bands. See Ref. [5] for details.
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and below 5% up to 2 TeV. Similarly, the Z /y ratio is con-
strained at the 5% level up to 2 TeV. Noteworthy, includ-
ing the NNLO QCD corrections the process ratios remain
very stable and in particular within the uncertainty esti-
mates based on NLO QCD. This reflects the fact that QCD
uncertainties are very well under control: taking at face
value the NNLO QCD systematics we are at the level of
few percent all the way up to the multi-TeV scale, and
at large pr we are dominated by EW and PDF uncertain-
ties. The latter are below the perturbative uncertainties in
all nominal distributions and all but the W~ /W™ ratio,
where a precise measurement at high pr could help to
improve PDF fits.

Overall, it is possible to obtain precise theoretical con-
trol both for vector-boson pr distributions, and their ra-
tios, at the level of a few percent over a wide range of
p1. These results and the proposed methodology have al-
ready been adopted in experimental analyses by ATLAS
and CMS, leading to substantial improvements in the
sensitivity of dark-matter searches. The benefits of high-
precision theoretical calculations are going to be further
enhanced once high-luminosity LHC data become avail-
able.
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2.2 Higgs boson pair
production at NNLO

One of the primary goals of the LHC programme in the
next decades is the detailed study of Higgs boson prop-
erties. In particular, the high-luminosity upgrade of the
LHC is expected to provide direct constraints on the
Higgs boson trilinear coupling from Higgs boson pair
production, which may reveal whether the Higgs poten-
tial is indeed Standard-Model like. A detailed theoretical
understanding of the Higgs boson pair production pro-
cesses is thus mandatory. The most important produc-
tion channel of a pair of Higgs bosons at the LHC is
g9 — hh, which proceeds through triangular and box
diagrams, where the dominant contribution is given by
the top quark. Unfortunately, only the triangles are sen-
sitive to the Higgs trilinear coupling, and cancellations
among the diagrams, together with the small available
phase space, make the cross section extremely small.

The gg¢ — hh cross section at leading order (LO)
is known since quite some time. The next-to-leading-
order (NLO) corrections with full top quark mass (M;)
dependence, involving two-loop diagrams with several
mass scales, became available only recently [89]. Alterna-
tively, to compute yet higher-order perturbative contribu-
tions, it is possible to use a Higgs Effective Field Theory
approach (HEFT), in which the top quark is integrated
out.

In Ref. [10] we have presented a new calculation of the
double Higgs cross section at next-to-next-to-leading or-
der (NNLO) in QCD perturbation theory. Our calculation
is based on the publicly available computational frame-
work MATRIX [11]], which allows the user to perform fully
differential NNLO calculations for a wide class of pro-
cesses at hadron colliders. We start from the exact two-
loop amplitude, which is implemented in a dedicated ver-
sion of MATRIX, and we can thus reproduce the NLO re-
sult of Ref. [8/[9]]. In our reference calculation, denoted by
FTapprox, the NNLO contributions are evaluated by us-
ing the exact one-loop amplitude for double real emission
combined with the real-virtual and double-virtual contri-
butions in the HEFT, but reweighted with the exact Born
amplitudes. More precisely, each NNLO contribution is
rescaled with the factor

ABom(jj — HH + X)

R(ij — HH+X) =
AW (ij — HH + X)

2.1)

This approximation, which includes the most advanced
perturbative information available at present for this pro-
cess, is denoted by NNLOFrapprox, and is supposed to
provide the best perturbative prediction. Another ap-
proximation, denoted by NNLOny -, can be obtained
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Vs 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 T 1350 132.88 11320 [ 127.7 Tl | 1147 1a%TF
NLOrmappros 0] | 2891 1130% | 3425 1470 | 1340 3700 | 1220 *15%%
NNLOni0-; [fb] 32.69 7330 | 38.66 1530 | 149.3 1450 | 1337 T4
NNLOFTapprox [fb] 31.05 T22% | 36.69 *5 00 | 139.9 113 | 1224 T05%
M; unc. NNLOfpapprox | £2.6% +£2.7% +3.4% +4.6%
NNLOFTapprox/NLO 1.118 1.116 1.096 1.067

TAB. 2.1 — Inclusive cross sections for Higgs boson pair production for different centre-of-mass energies at NLO and NNLO
within the considered approximations. Scale uncertainties are reported as superscript/subscript. The estimated top quark
mass uncertainty of the NNLOFrapprox predictions is also presented. The numerical uncertainties are estimated to be at the

per mille level.

by reweighting the exact NLO result for the invari-
ant mass distribution of the Higgs boson pair with the
NNLO/NLO ratio obtained in the HEFT. We consider
centre-of-mass energies of 13, 14, 27 and 100 TeV. We use
the values M = 125GeV for the Higgs boson mass and
M; = 173GeV for the pole mass of the top quark. We
use the PDFALHC15 sets of parton distribution functions
(PDFs), with parton densities and as evaluated at each
corresponding perturbative order (i.e., we use the (k +1)-
loop running as at NFLO, with k = 1,2). As renormali-
sation and factorisation scales, we use the central value
Ho = My, /2, and we obtain scale uncertainties via the
usual 7-point scale variation.

The approximated NNLO cross sections computed as
discussed above are reported in Table The NNLO ef-
fect ranges from about +12% at /s = 13 TeV to about
+7% at /s = 100 TeV. For the considered approximations
and collider energies the scale uncertainties are signifi-
cantly reduced when including the O (as*) NNLO correc-
tions. This reduction is largest for the NNLOgrapprox ap-
proximation. For instance, at 14 TeV the total scale uncer-
tainty is reduced from about +13% at NLO to 4+2% — 5%
at NNLOFTapprox, i-e. by about a factor of three. This re-
duction of the scale uncertainties is stronger as we in-
crease the collider energy and at 100 TeV it approaches
a factor of five. As is well known, scale uncertainties can
only provide a lower limit on the true perturbative uncer-
tainties. In particular, from Table 2.1 we see that the dif-
ference between the NNLO and NLO central predictions
is always larger than the NNLO scale uncertainties (al-
though within the NLO uncertainty bands). In any case,
the strong reduction of scale uncertainties, together with
the moderate impact of NNLO corrections, suggests a sig-
nificant improvement in the perturbative convergence as
we move from NLO to NNLO.
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While our calculation includes the exact dependence
on the top quark mass up to NLO, at NNLO the top
mass effects are included in an approximate way. The
NNLOFtapprox result represents our best prediction, and
for a conservative estimate of the uncertainty of this ap-
proximation we compare it against our “next-to-best”
prediction. Our estimate for the finite top quark mass un-
certainty of our NNLOgrapprox result is defined as half the
difference between the NNLOgTapprox and the NNLONLO-i
approximations, and is reported in Table for the dif-
ferent values of \/s. At /s = 14TeV the uncertainty is
+2.7%, whereas at 1/s = 100TeV it increases to +4.6%.
A more detailed discussion on this uncertainty and addi-
tional results can be found in Ref. [10].
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2.3 Precise predictions for transverse momentum dis-
tributions of
electroweak bosons

The production of electroweak (EW) gauge bosons with
subsequent leptonic decay, known as the Drell-Yan pro-
cess, is one of the most prominent processes at hadron-
hadron colliders such as the LHC. Not only are the gauge
bosons produced in abundance, but the clean leptonic sig-
nature allows this class of processes to be measured with
great precision. As a consequence, the Drell-Yan-like pro-
duction of W and Z bosons is among the most important
’standard candles’ at hadron colliders and, as such, has a
wide range of applications.

The transverse-momentum spectrum of the gauge
bosons (p¥) takes a particularly important role in this
respect: Different kinematical regimes of this observable
probe various aspects of the predictions, such as resum-
mation and non-perturbative effects at low p¥, fixed-
order predictions at intermediate to high p¥, and also
electroweak Sudakov logarithms at very high p¥. As
such, detailed theory—data comparisons of this observ-
able constitute crucial probes to test the Standard Model
(SM) predictions. We recently computed [12] the O(a2)
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data from Ref. [16]. The bands correspond to scale uncertainties estimated as described in the main text.

NNLO QCD corrections to W production at finite trans-
verse momentum with leptonic decay, which is closely
related to the Z transverse momentum distribution dis-
cussed in Refs. [13H15].

Figure shows the normalised transverse-
momentum distribution of the W boson in the electron
and muon channels. The NLO corrections are between
10-40% with residual scale uncertainties at the level of
around £10%. Although the scale-uncertainty bands at
NLO mostly cover the experimental data points, system-
atic differences in the shape between data and the central
theory prediction are visible. In view of the experimen-
tal precision, this clearly demonstrates the necessity of
higher-order predictions with smaller uncertainties in or-
der to discriminate such behaviours. The NNLO correc-
tions are positive and between 5-10% in the intermediate-
to high-p!¥ region. Towards lower p¥¥, the NNLO correc-
tions become smaller and turn negative in the lowest-p"Y
bin. The residual scale uncertainties reduce to the level
of about +2% and overlap with the NLO scale bands, ex-
hibiting good perturbative convergence. Most notably,
we observe that the shape distortion induced by the
NNLO corrections brings the central predictions in line
with the measured distributions.
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Figure 2.3[left) shows the ratio between the nor-
malised distributions of the W boson processes. The ratio
is close to one in the lowest p¥ bin and rises up to ~ 1.1 at
p¥ ~ 150 GeV, where it turns over and slowly decreases
to 0.9 at p'Y = 500 GeV. The central predictions remain
remarkably stable between the different orders, resulting
in K-factors that are very close to one. However, the pre-
cision of the theory prediction is substantially improved
by going to higher orders: While the scale uncertainties
at NLO are between £10-20%, the NNLO corrections re-
duce the uncertainties to the level of 5% across most of
the p¥ range, never exceeding +10%.

The ratio between the Z- and W-boson processes are
shown in Fig. right). Here, the ratio is again close to
one in the low-p; bin and shows a steady increase to-
wards higher pY, reaching about 1.5 at p¥ ~ 500 GeV. As
was the case for the W~ /W™ ratio, the QCD corrections
are very stable and leave the central predictions largely
unaffected, supporting the expected similarity of QCD
corrections between Z and W production. The higher-
order corrections however have a big impact on the scale
uncertainties, which are reduced by more than a factor
of two across almost all pY-bins by going from NLO to
NNLO and are at the level of £5-10%.

The results presented here pave the way towards
stress-testing SM predictions using the precise experi-
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mental data that are available for the p¥ spectra and re-
lated observables and to reduce theory uncertainties in
the extraction of PDFs and parameters such as My .
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2.4 Regularization-scheme dependence

Intermediate results in perturbative higher-order calcu-
lations in gauge theories such as QED or QCD suffer
from divergences. In order to give these expressions a
well-defined mathematical meaning, a regularization is
needed. For a final physical result, the regularization can
be removed and a finite, regularization-scheme indepen-
dent answer is obtained.

For most calculations, conventional dimensional reg-
ularization (CDR) is used, whereby the dimension for all
quantities is moved away from the physical value of 4 to
D = 4 — 2e. The singularities then manifest themselves
as poles in 1/€. While this is a very elegant and powerful
method there are circumstances where other methods are
advantageous.

Broadly speaking there are two classes of schemes.
First there are variations of CDR where only some quan-
tities are moved to D dimensions and others are kept
in 4 dimensions. Second, there are schemes that work
entirely in 4 dimensions and define subtraction terms
to regularize the singularities. Some schemes offer var-
ious advantages for the computation of particular parts
of a full physical result. For example, numerical meth-
ods often rely on some quantities being defined in strictly
four dimensions. In order to be able to combine separate
parts computed with different regularization schemes it
is mandatory to precisely understand their relation and
how to convert a partial result from one scheme to an-
other.

Our group has worked on a consistent formulation
of several schemes and their comparison to others. Fol-
lowing a workshop that took place at the University of
Zurich, this has culminated in an article [17] that com-
pares and translates the various schemes. Virtually all
international groups working on this topic have partic-
ipated and new relations between proposed regulariza-
tion schemes have been discovered.

Among the long-standing problems of CDR is the
treatment of 75, an inherently four-dimensional object
that cannot be defined consistently in D dimensions.
Building on [17], we have revisited this problem and
studied how to consistently implement 75 in schemes
other than CDR [18]. The clarification of such technical
questions opens the possibility to develop more efficient
computational techniques for theories that involve 7s.

[17] C.Gnendigeretal., Tod, or not to d: recent developments
and comparisons of regularization schemes, Eur. Phys. J.
C77 (2017), no. 7 471, [arXiv:1705.0182].

[18] C. Gnendiger
arXiv:1710.0923.

and A. Signer, 75 in FDH,

2.5 Flavour physics within and beyond the Standard
Model

Continuing the research line started in 2015, also in
2017 we have devoted most of our research efforts on
analysing origin and implications of the evidences of Lep-
ton Flavour Universality (LFU) violations observed in B
physics. We have analysed this phenomenon both from
a pure phenomenological perspective and in the context
of motivated extensions of the Standard Model (SM). Our
research has been articulated along two main directions.

- New physics analyses based on Effective Theory ap-
proaches and simplified models.
Completing the work started in 2015, we have pre-
sented an extensive analysis (and a complete solu-
tion) of the problem of combining the two sets of
anomalies, namely i) the breaking of T—u universal-
ity in B — D)/v decays and ii) the breaking of
p—e universality in B — K{*¢~ decays, within a
common Effective Field Theory approach [19]. Us-
ing the same approach, we have investigated the
possible implication of these anomalies on rare K
decays. As we have shown [20], the K — mvv
decays could be particularly interesting probes of
LFU breaking dynamics, being the only kaon de-
cays with third-generation leptons (the T neutrinos)
in the final state. Last but not least, using a repre-
sentative class of simplified models describing the
observed LFU effects, we have analysed the im-
plications of the flavour-conserving, non-universal,
quark-lepton contact interactions on pp — ({0~
processes at the LHC [21]].

- UV completions.
A significant step forward has been made on the at-
tempt to find motivated ultraviolet (UV) comple-
tions for the simplified models addressing these
anomalies. In Ref. [22] the first full-fledged UV com-
plete and calculable gauge model which incorpo-
rates the vector lepton-quark as leading mediator
for the anomalies has been identified. The model
is based on the gauge group SU(4) x SU(3) x
SU(2) x U(1), which is assumed to be sponta-
neously broken to the SM around the TeV scale.
A more ambitious attempt has been presented in
Ref. [23], with a renormalizable model able to ex-
plain the SM flavor hierarchies while, at the same
time, accommodating the recent experimental hints
of LFU violations in B decays. The latter solution,
which can be viewed as a non-trivial extension
toward higher energies of the work in Ref. [22],
is based on a three-site Pati-Salam gauge group,
whose breaking chain down to the SM is illustrated
in Figure[2.4l The model is consistent with low- and
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F1G. 2.4 — Symmetry breaking sequence for the three-site Pati-Salam model presented in Ref. [23].
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