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If the LHC run 2 will not provide conclusive hints for new resonant Physics beyond the Standard Model,
dedicated and consistent search strategies at high momentum transfers will become the focus of searches
for anticipated deviations from the Standard Model expectation. We discuss the phenomenological
importance of QCD and electroweak corrections in bounding higher dimensional operators when
analysing energy-dependent differential distributions. In particular, we study the impact of RGE-induced

operator running and mixing effects on measurements performed in the context of an Effective Field
Theory extension of the SM. Furthermore, we outline a general analysis strategy which allows a RGE-
improved formulation of constraints free of theoretical shortcomings that can arise when differential
distributions start to probe the new interaction scale. We compare the numerical importance of such a
programme against the standard analysis approach which is widely pursued at present.
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1. Introduction

After the Higgs discovery in 2012 [1,2], the ATLAS and CMS
Collaborations have started to investigate the new particle’s prop-
erties in further detail [3]. For run 1, the Higgs boson’s couplings
have been constrained primarily using ratios

K = (gsm + Agpsm)/Esm (1)

see Ref. [4] for details. These quantities are inclusive with respect
to the phase space and are determined by comparing the number
of measured events with the Standard Model prediction after sub-
tracting the background for a given process. While this strategy is a
reasonable procedure to obtain limits with relatively small statis-
tics and large systematic uncertainties, a larger parameter space
will become accessible during run 2, and a more fine-grained pic-
ture of constraints on interactions beyond the SM (BSM) can be
formulated at higher LHC luminosity and energy.

In the absence of new resonant effects, a common approach to
parametrise new physics interactions is to employ effective theory
methods [5-8]. Imposing simplifying assumptions, such as e.g. the
absence of non-trivial BSM flavour structures, one obtains a basis
of 59 independent operators that express our lack of knowledge of
the underlying new physics model at a high scale [7].
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New physics at energy scales larger than the electroweak scale
will typically show up as modifications of differential distributions
at high transverse momenta. While an increased cross section can
be observable in inclusive “o x BR physics”, a proper investigation
of differential distributions is not only far more adequate to this
particular physics question, but will also provide significantly more
insight into the nature of BSM physics if a significant excess over
the SM will be observed eventually.

A clear advantage of abandoning the « prescription of Eq. (1)
in favour of an effective field theory approach with a general set
of Higgs interaction operators is that information from differential
distributions does have a theoretically meaningful interpretation.
The presence of dimension 6 operators will not only alter the to-
tal rate, but also the shape of measured distributions and new
physics searches (in the absence of new kinematically accessible
resonances) can be studied in a fairly model-independent way.

However, there are a few caveats. Using differential distribu-
tions can also mean a challenge for the effective theory approach.
Effective theory, being an expansion in a new physics interaction
scale App, is strictly speaking only valid when typical interac-
tion scales are distinctively separated, i.e. when we have Anp >
Alnteraction for all relevant scales of the considered process. A well-
known example for this is flavour physics, where effective field
theories have always been an important tool. When studying rare
decays, the weak interaction scale Anp = my is clearly sepa-
rated from the scale at which B-Mesons decay Ainteraction = Mp»
which acts as the characteristic measurement scale. Corrections
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to the effective theory description are parametrically suppressed
by O(m}/m%,) ~ 0.3%. Therefore, applying effective field the-
ory methods provides a well-motivated and theoretically well-
controlled approximation.

At collider experiments in general, but at hadron colliders in
particular, it is challenging to infer the scale at which the effective
operators are probed from the observed final state objects when
we want to formulate a limit on the presence of new physics: Dif-
ferent events will always probe the theory prediction at different
scales w. For example, in mono-Higgs production where the Higgs
recoils against a hard jet, the transverse momentum of the Jet is a
relevant scale at which the effective operator HTHG G“"G,w /ANP is
probed.

On the one hand, a naive constraint on Co (vz/AzNP) can always
be understood as a limit obtained with A <« Anp with an appropri-
ate redefinition of the Wilson coefficient’s size and we even might
be tempted to lower Anp to an energy range of a few TeV that
is resolved by the LHC for an educated guess of the Wilson coef-
ficient.! The reliability and robustness of such a limit is at least
questionable as a naive analysis of a Wilson coefficient is per-
formed completely independent of the matching or cut-off scale,
which must not be kinematically resolved for the EFT expansion to
hold in the first place.

On the other hand, if the effective Lagrangian is defined at
a fixed scale Anp outside the LHC reach or the observable’s en-
ergy coverage,” or at least at the maximum energy probed in a
new physics experiment with negative outcome, they mix when
evolved from one scale to another as a consequence of electroweak
and QCD interactions [10-12]. As a result, different phase space
regions do probe different operator combinations. Thus, to infer
well-defined constraints from exclusive distributions, the operators
probed at different energy scales for different events or bins have
to be evolved to a fixed predefined scale to allow a direct interpre-
tation.

The impact of operator running is parametrically O(g;y;
log[ ANp/Ameas]), with coupling g; and the anomalous dimension
y; of the operator 0;, the new physics scale Anp and the measure-
ment scale Ameas. For B-decay observables with Anp >~ my and
Ameas =~ mp, the resummation of these large logarithms can pro-
vide an important theoretical improvement for the interpretation
of the measurement. A priori, when studying Higgs boson proper-
ties and assuming no New Physics particles up to several TeV, the
hierarchy of electroweak and New Physics scale (e.g. Anp 22 TeV)
can be of similar order. Hence a resummation of these large loga-
rithms can be crucial for a detailed understanding of the impact of
Higgs-boson measurements on New Physics models.

In this paper, we study the impact of operator running and
mixing on coupling measurements using differential distributions.
We focus on three illustrative examples ranging from multi-jet to
Higgs physics. To our knowledge these effects have not been dis-
cussed in a fully differential fashion at the LHC in the context of
effective field theory measurements. We also provide a first step
towards a general prescription of how measurements based on
differential distributions can be used to constrain an effective La-
grangian, and how to give those constraints an interpretation in
terms of a UV scale model, including higher-order corrections in a
well-defined and practical way. As we will see, due to the momen-
tum dependence of many of the higher-dimensional operators and
their impact being most relevant when probed at large invariant
masses, i.e. Ameas > V3, the characteristic logarithms log(ANp/\/§),

1 This procedure has typically been applied in searches for Dark Matter at the
LHC and has been left without criticism for quite some time [9].

2 This situation is similar to electroweak fits after LEP2, which assumed a Higgs
mass at the kinematic endpoint of my >~ 114 GeV.

depending on the assumed new physics scale Ayp, are fairly small
and the contributions of operator running is of <10%.

To make this work self-contained we review the (flavour
physics) language relevant to this problem in Section 2 before we
apply it to di-jet final states at the LHC. In Sections 5.1 and 5.2
we discuss the impact on Higgs phenomenology in H + jet and HZ
production before we give our conclusions in Section 6.

2. Effective field theory approach: a quick review

In general an effective Hamiltonian in Operator Product Expan-
sion is given by

Hetr =y _ Ci(1)0i(1), (2)

where O; are the operators defined at the factorisation scale %
and C; are the so-called Wilson coefficients. Note that as a con-
sequence of factorisation, both the Wilson coefficient as well as
the operators are scale-dependent. This dependence cancels for
Hesr. Eq. (2) separates the physics into a long-range behaviour
of matrix elements (f)(u)) and short-range behaviour of Wilson
coefficients Cj(u) relative to the factorisation scale . The igno-
rance of physics with respect to this arbitrary separation at this
stage leads to renormalisation group equations (RGEs). If we focus
on a particular model, the coefficients of Eq. (2) can be obtained
by a matching calculation. Only assuming SM particle content and
gauge symmetries, the lowest order effective operator extension
consists of dimension 6 operators documented in Ref. [7]. Relying
on this language, we are fairly unprejudiced about the particular
UV dynamics at a new physics scale Anxp (a well-motivated guess
on the Wilson coefficients’ hierarchies are possible when we con-
sider composite Higgs scenarios [8]).

Approximating general amplitudes and eventually exclusive
cross sections in terms of effective operators is only valid if the
new physics scale Ayp, the scale of the masses of the heavy de-
grees of freedom of the full theory, is much larger than the scale
at which the effective operator is probed (see [13-16] for a discus-
sion in the context of Higgs physics). B

For example, in the Standard Model process c¢s — ud the
leading-order amplitude is given by (we suppress the CKM matrix
elements for convenience)

Gr M, _
M=i—=—"5(SsCa)v—a(Updp)v_a
V25-M3,
.Gf _ _ s
= —i—=(SqCa)v—a(Updp)v—a + O(—) (3)
V2 M3,

assuming a diagonal CKM matrix and (V — A) referring to the
Lorentz structure y,(1 — ys5) (we have made the colour indices
a and b of the spinors explicit). Physics based on the effective op-
erator 0, = (faéa)v_A(ﬁbab)v_A in Eq. (3) is clearly only valid for
scales § = (ps + pc)? < M‘Z,V

The EFT approach to matrix elements like Eq. (3) has been stud-
ied in detail and is well covered in flavor physics reviews and we
refer the reader to [17] for details while we only quote the results
in the following. The matching procedure at NLO QCD induces two
operator structures

iM=C1(01) + C2(03). (4)

As we perform a calculation in EFT with higher dimensional

2(0) ~ ©) .
bare interactions ~C(0>O (@ dO5 0 there is an additional
multiplicative renormallsatlon of the Wilson coefficients necessary
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to arrive at the above result. This renormalisation implies the men-
tioned RGE for the Wilson coefficients

dc;
dlog

where the anomalous dimension matrix y;; is typically non-
diagonal, hence leading to scale-dependent operator mixing under
the RG flow. This evolution is entirely encoded in y;;.

The anomalous dimension is related to the multiplicative
(counter term) renormalisation of the bare couplings C® = Z-C =
(1+60)C,

=iiCj. (5)

dlogZz

y = — lim S22C, (6)
e—0 dlog

in dimensional regularisation with D =4 — 2¢. At the one loop

level we can replace Z¢c by the counter term ¢ for the Wilson

coefficient. For the discussed case the anomalous dimension matrix

reads

(7)

sl [—2g3 egE]

1672 | 6g2 —2g?
3. Constraining new physics by measuring Wilson coefficients

In flavour physics, where this conceptual apparatus has been
put to good use for the last decades [18], the lower characteristic
scale usually corresponds to the mass of the decaying quark of the
hadron whose properties are to be studied, e.g. § = mlz). In contrast
to that, at the LHC fixing the lower (IR) scale, e.g. § = m%_,, is not
possible in all analyses. The range of S probed at the LHC, even for
a single observable, can be large and extend easily to the multi-TeV
regime as encountered in e.g. Higgs + jet phenomenology [19,20].
Therefore, due to operator running and mixing, each event probes
a different combination of operators at §. These measurements or
constraints have to be related to the operators defined at the new
physics scale Anp to allow a consistent formulation of a combined
constraint on a new physics model defined at this scale.

Being able to constrain or discover new physics contributions
in differential distributions, i.e. measurements beyond total rates,
is a particularly intriguing feature of the LHC with its large centre
of mass energy and its increasing amount of integrated luminosity.
During the upcoming runs at 13-14 TeV we can expect the focus
of BSM searches to quickly move towards constraining EFTs with
the help of differential distributions.

To ease the discussion of the examples of Sections 4-5.2 we
give here a prescription of how to obtain constraints on new
physics models in terms of effective theories at particle colliders,
taking higher-order corrections and operator running into account:

The first step is of course to perform a measurement of the differ-
ential distributions relevant for the operators and processes at
hand, e.g. mjj, A¢jj, pr1, ¥b. An apt choice of the observable
is crucial for the sensitivity of the analysis.

To constrain new physics models from the measured observables we
add higher-dimensional operators, e.g. Lgimg, to the Lagrangian
defined at a new physics scale Ayp. Differential distributions
based on a calculation with the full £ = Lgims + Ldimg can
now be compared to the measured differential distributions.

Obtaining and interpreting constraints on Wilson coefficients can be
subtle:

(1) When calculating the theory prediction of the differential
distribution we have to make sure that kinematic regions
are avoided where the effective theory becomes invalid, i.e.
we have to ensure that the effective operators are probed at

EFT valid —

NP models
constrained

<+—— EFT not valid

gNpP

Unconstrained
by measurement

ANP [GeV]

Fig. 1. New Physics interpretation of constraint on new operators C (ANp)(éNp> ~
(gnp/Anp)? (black line). The red vertical line indicates the validity cut-off of the
effective theory. Only the parameter space captured the by green-shaded area is
constrained using the effective theory approach. (For interpretation of the references
to colour in this figure, the reader is referred to the web version of this article.)

energies below Anp always. This can be achieved by study-
ing the correlation of the measured distribution with the

invariant mass m? = (Zj pj)2 of the external incoming or

mv
outgoing particles/fields present in the involved operator 0;.
We therefore suggest to record mj,, for every event studied,
admittedly a task of varying complexity depending on the fi-
nal state and the operators of interest. The maximum value
of all recorded invariant masses m{}3* sets the lower cut-
off for Anp (the red horizontal line in Fig. 1), i.e. the lowest
possible scale where the effective theory is well-defined. De-
pending on the size of the Wilson coefficient, the obtained
limit can still be unphysical if unitarity is violated at scales
lower than Anp, which is an additional constraint that needs
to be imposed [14]; this fact is reflected in Fig. 1 by a poten-
tially smeared out region of where Anp needs to be defined.

(2) After having fixed the upper scale where the effective the-
ory is defined, it is worth noting that, because mjy, is differ-
ent for each event, each measured (or binned) event probes
a different combination of operators. Thus, for each mea-
sured event one has to relate the combination of operators
at the measurement scale with the set of operators at Anp
by solving Eq. (5).

(3) After constraining the Wilson coefficients of an effective
Lagrangian according to steps 1 and 2, it is now possible
to give an interpretation of the measurement in terms of
new physics interactions. As the Wilson coefficients are al-
ways a combination of dimensionless couplings and powers
of the new physics scale Anp, e.g. for a dimension 6 opera-
tor Ci(éi) ~ ng,/Aﬁp, the constraint in the parameter space
corresponds to a diagonal in the gnp-Anp plane, see Fig. 1.
In other words, if the new physics scale is low, small cou-
plings can be excluded by the measurement, thereby cutting
deep into the parameter space of extensions of the Standard
Model.

Eventually, four sectors in the gnp-Anp plane can be identified,
separated by the measured constraint on the Wilson coefficient
(black line) and the threshold of the validity range of the effec-
tive theory (red line) in Fig. 1. Both lines are inferred directly from the
measurement. The first sector in the upper left corner (blue shaded
area) indicates that the measurement can rule-out small couplings,
however this parameter choice is outside the validity range of the
effective theory description, as is the yellow-shaded area (we could
imagine a New Physics model with a resonance with smaller mass
than Anp to be in the BSM spectrum). The two sectors on the right
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from the red line are within the validity range of the effective the-
ory but only large couplings can be ruled out (green-shaded area).
A large part of the parameter space is not constrained by the mea-
surement (white-shaded area).

We note that our ignorance of physics at scales higher than the
kinematic LHC cut-off for a given integrated luminosity needs to
be strict in this picture. If we specify a model whose spectrum is
resolved we can always define an effective theory at scales lower
than the lowest new particle mass, but if this mass scale is re-
solved by the LHC, the only theoretically correct way to constrain
models is to include the full model dependence on the propagat-
ing degrees of freedom. While the numerical effects can be small
depending on the model, their full inclusion is well possible given
the state-of-the-art of current Monte Carlo event generators.

4. Dijets and contact interactions at the LHC

Let us come back to the contact interaction model introduced
in Section 2. To make our discussion transparent, we use these
results for all contributing quark flavour-changing partonic sub-
processes (and neglect the factor Gp/+/2 in the operator defini-
tions). We define the new physics scale and the resulting EFT at
(i) Anp = 14 TeV, outside the kinematic LHC coverage of the run 2
start-up energy /s = 13 TeV and (ii) at the maximum energy of a
low statistics phase during run 2 following Section 3 in a toy MC
analysis. To take into account the operator mixing and to reflect
the energy dependence of the Wilson coefficients when probed at
different centre-of-mass energies V3, we can solve the RGE result-
ing from Egs. (5) and (7) and evaluate the effective Lagrangian at
a specific energy scale on an event-by-event basis. Setting the cor-
rect scale at which we evaluate {C;j(u)} involves some freedom,
similar to choosing an appropriate scale, at which we evaluate the
running of o5 in SM-like simulations of hadron collider processes.
In this particular case we choose u = /3, which is also chosen to
be the relevant scale for parton densities and the running of the
strong coupling.

In Fig. 2 we display the differential impact of taking into ac-
count the RGE-improved separation of Anp = 14 TeV from the
scale at which the effective Lagrangian is probed as a function of
the jets’ transverse momentum pT,j.3

Generally the absolute effects dominated over the RGE im-
proved event simulation as becomes obvious from the logarithmic
plot in Fig. 2. The induced relative difference turns out to be of
order O(10%) in this particular example. Depending on the size
of the data sample and the systematic uncertainty this could in
principle be the level at which the LHC will be able to probe jet
distributions at large luminosities during run 2.

Obviously, for our choice of Anp, the impact of RGE effects
are not very large and will not account for the dominant uncer-
tainties on non-standard interactions at the beginning of run 2
(see Refs. [24,25] for a discussion of systematic uncertainties of jet
measurements at the LHC). Given the 10% relative impact of a the-
oretically clean separation of new physics and measurement scale
as demonstrated in Fig. 2, we can turn the argument around to val-
idate the practitioner’s approach of setting limits on the presence
of the new operators without taking into account the running of
RGEs, since their numerical impact is not too large.

The latter point is demonstrated in Fig. 3. There we show a scan
of the jet pr distribution in a toy analysis to set constraints for

3 These results have been obtained with a modified version of MadEvent/Mad-
Graph v5 [21], inputting a Uro [22] model file generated with FEYNRULES [23]. We
select jets in |7j| < 2.5 using the Monte Carlo’s default settings. The toy model
could be thought of in terms of an already constrained very massive W’ boson. We
have checked that an analogous Z’' model leads to similar results.

10 T T
SM pp — jj, /s =13 TeV ——
= BSM pp — jj, RGE — — -
3 1 R BSM pp — jj, fixed — — - 5
o
N
£
B (U o
£
)
~
S 102
1073 1 1 1
1 1.25 1.5 1.75 2
pr; [TeV]
1
2 09 | 1
8
09 r i
0.85 Il Il Il
1 1.25 1.5 1.75 2
pT’]' [TQV}

Fig. 2. Transverse momentum distribution of dijet events at the LHC with /s =
13 TeV. We show the SM and two scenarios including the effective operators of Sec-
tion 2. Scenario 1 (2) refers to a choice of the Wilson coefficient of C; = C; = 10.
“fixed” refers to the non-RGE improved distributions and “RGE” refers to distribu-
tions obtained by fixing the effective Lagrangian at A =14 TeV and using the RGEs
to consistently resum QCD effects to the measurement scale /5. The ratio panel
gives the differential impact of including the RGE running, displaying the ratio of
“fixed” and “RGE”.

new physics effects. Neglecting intricate and sophisticated experi-
mental techniques to set limits we consider a parameter point in
the (Cq, C2) as constrained when a bin in the differential distribu-
tion depart from the SM hypothesis by 30 at £ = 1/fb. We thereby
constrain the “fixed” distribution of Fig. 2 at a certain scale u; this
yields the yellow box exclusion contour as indicated in Fig. 3. The
overlayed contour indicated by the crosses shows how the former
contour will be modified if we solve the RGEs upon inputting the
differential measurement. While the overall modifications can be
quite significant, the relative shape between the two choices of
Anp is small. Since dijet production has a large cross section we
start to explore the tail of the distribution very early on during
run 2.

5. Applications to Higgs phenomenology
5.1. Impact of operator running: Higgs + jet searches

As a first application to Higgs physics and to get an idea of
the typical size of the RGE effects for Higgs phenomenology, we
discuss the impact of operator running on Higgs + jet produc-
tion [19,20]. Higgs + jet production is highly relevant for H —
invisible [26] and the measurement of Higgs couplings in the SM
and beyond [20]. While the former scenarios involve new degrees
of freedom at low energy scales, it can be expected that “genuine”
modifications of Higgs physics result from new dynamics at scales
much higher than the electroweak scale. In fact, if we interpret the
Higgs boson as a pseudo Nambu-Goldstone boson following [8],
the new physics scale can easily be pushed to the multi-TeV regime
or even beyond the kinematic LHC coverage if we admit some
degree of fine-tuning. Strong interactions-induced deviations from
the SM Higgs phenomenology will be associated with new res-
onant phenomena at the compositeness scale in these scenarios.
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Fig. 3. Result of the limit setting analysis as detailed in the text. Excluded regions are indicated by boxes (not including RGE running) and crosses (including the RGE
evolution to a common scale set by the maximum scale probed in a toy Monte Carlo analysis of a sample of £ =1/fb, Anp > 8 TeV (a) and outside the run 2 energy
coverage Anp = 14 TeV (b)). To allow for direct a comparison we rescale the Wilson coefficients by [14 TeV/ maxmj,]? for (a).

In the following we will again assume that those states are outside
the direct sensitivity range of the LHC by defining Axp = 14 TeV.

The pp — H + jet cross section receives modifications from a
modified Yukawa and effective ggH sector [19,20]. To keep our
discussion transparent at this stage we only focus on the latter
operator in the following (i.e. we choose like Yukawa interaction
m; = y¢v/~/2); to leading logarithmic approximation the two ef-
fective operator contributions are decoupled and the effective ggH
sector

2
A gS Nt Aa Aapy
O¢ = —%-H'HGY,G™ 8
G 2 IZ\IP Y ( )

gives rise to a form-invariant class of new interactions under RGEs
(we will study the impact of running-induced operator mixing for
the more interesting case of associated Higgs production in the
subsequent section).

The anomalous dimension has been presented in [10]

1 3 9
Yo =153 (—ig’z— 5g2+1zx+6y?), (9)

where the authors have used the background field method (note
that we assume a dominant top quark contribution to the Higgs
wave function renormalisation in the following). A denotes the
Higgs self-coupling V (HTH) > A(HTH)2.

We have validated this result against an independent calcula-
tion in general Rg¢ gauge [28] using the FEYNRULES [23] and FEYN-
ArTs/FORMCALC [27] packages. Note that due to the combination of
couplings and gluon field strength tensors in Eq. (8), the anoma-
lous dimension has no dependence on the strong coupling. This is
obvious in the background field method [10] but non-trivial in Re
gauge. To obtain the result of Eq. (9) we perform a MS renormal-
isation of the Higgs and gluon wave functions, as well as of the
strong coupling g;.

Analogous to our discussion in Section 4 we show the impact
of the running for two scenarios that correspond to two choices of
Wilson coefficients

Scenario 1: Cg =10, (10)

Scenario 2: Cg =100, (11)

10 T T T T
"'-.I_ SM pp — Hj, /s =13 TeV ——
! o, scen 1, RGE ——
';‘ S
3 0.1 F e scen 1, fixed - - - A
o L T scen 2, RGE — — -
S 0.01 o
5 T scen 2, fixed ------
£ 0001 F o ]
= e
£ o.0001 F . ]
S .
~ ‘1.‘_‘"
v—g 1 x 10_5’ .‘_"1111 i
1x107f Tl
1 x 10—7 I I I I I I L
0.25 0.5 0.75 1 1.25 1.5 1.75 2
Pr.H [TeV]
l T T T
2 o8f . T TTTTTTTm——- ~|
< scen 1 — — -
096 | scen 2 ------ i

Fig. 4. Transverse momentum of Higgs bosons produced in pp — H + jet production
for two choices of the Wilson coefficients and Anp = 14 TeV as detailed in the text.
The lower panel shows the differential impact of the RGE running analogous to
Fig. 2.

for Anp = 14 TeV, and comparing the differential impact of the
operator running in Fig. 4.* As it becomes obvious from Fig. 4 the
RGE effects for H + jet production are at the 1% level and therefore
completely negligible in light of expected theoretical uncertainties
in this channel [30]. Hence, the standard limit setting approach is
sufficiently adequate.

5.2. Impact of operator running and mixing: Higgs associated
production

The importance of operator running and mixing in separat-
ing IR effects at the electroweak scale from fundamental physics

4 We use a purpose-built implementation of pp — H + jet based on the
VBENLO [29] framework that includes the full numerical solution of the RGE run-
ning resulting from Eq. (9). All relevant scales are chosen to be i = pr g +my.
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at a scale Anp has been discussed in the context of the Higgs
branching ratio to photons and electroweak precision observables
in [10,12].

A process that turns out to be seminal for the dimension 6
analysis of the Higgs sector is associated production pp — HZ [13,
14,32,33]. Associated production has a relatively large cross sec-
tion and it will typically be observed at high momentum transfers
in boosted final states [31], where we can expect new operator
contributions to be well-pronounced. This fact allows to access a
plethora of new physics scenarios in a direct or indirect way [33].

For the sake of clarity we limit ourselves to quark-induced pro-
duction and the closed set of operators under RGEs [10,11]

2
Ow = 2i2 AT AW, Wen, (12)
NP
n g’2 Stoa B
O0p = HTAB,,, B*Y (13)
2 My )
242,
/
Ows = S5 Ale AW, B, (14)
ANP

where t? = ¢?/2 are the generators of SU(2);, wa, é,w are the
weak and hypercharge field strength tensor operators, respectively,
with couplings g and g'.

The operators Ow and Op renormalise the W® and B field
strengths, and Ows measures the departure from tree-level cus-
todial isospin (the p parameter) m%, /m% = cos? 6y, + O(v*/AZp).
Hence, we can imagine valid models at intermediate scales, such as
composite pseudo Nambu-Goldstone boson interpretations of the
Higgs boson, to incorporate a hierarchy among the Wilson coeffi-
cients as discussed in e.g. Ref. [8].

Again, the anomalous dimension matrix was computed in
Ref. [10]

1 382 — 582 +122+6y? 0 3g?
YwB= ——~— 0 —3g2 - 3 +120 46y g2 ,
167 2g'% 2g% —1g?+ 3¢ +41+6y?

(15)

where we again assume top-Yukawa dominance and X is the Higgs
self-coupling V (HYH) > A(HTH)2. Again, we have validated this
result against an independent calculation in general Rg gauge anal-
ogous to Section 5.1. In Rg¢ gauge cancellations between the cou-
pling and field strength renormalisation constants are non-trivial
in the Oy and Owp cases to yield the gauge-independent result
of Eq. (15).

We study the impact of the RGE running for two scenarios fix-
ing Anp =14 TeV,

2

v
Scenario 1: Cw,Cp=025——, Cws=Cw,p/(87%). (16)
A
NP
: v2 5
Scenario 2: Cw,Cp~0.50——, Cwp=Cw p/(87%). (17)
ANP

which reflects a UV hierarchy to provide and acceptable p param-
eter following [8].

The results are shown in Fig. 5.° Again the impact of RGE
running can be of the order of <10% in the boosted cut thresh-
old regime where this process can be isolated from the back-
ground [31] and be used to constrain new interactions [33]. There
is a mild dependence of the RGE corrections on the size of the in-
put Wilson coefficient and due to the particular slope that results

5 We use a modified version of [29] that includes the full numerical solution of
the relevant RGEs. All scales are chosen u = V5.

SMpp — HZ, /5 =13 TeV —— 1
toy MC data —e—
scen 1, RGE —— 1
scen 1, fixed - - -
scen 2, RGE — — - 4
scen 2, fixed ------

0.001

do/dpr g [fb/20 GeV]
(=}
=4

0.0001 F

1% 105 I Ly
0.25 0.5 0.75 1 1.25 1.5 1.75
pr,u [TeV]
1 I A Sp————p————
8 e
g 09 scen 1 ——- ]
scen 2 ------
0.8 . . . . . .
0.25 0.5 0.75 1 1.25 1.5 1.75
pr,u [TeV]

Fig. 5. Transverse momentum distribution of the Higgs boson in the high pr regime
relevant to boosted analyses [31] including a toy Monte Carlo data sample (for de-
tails see text). We show two scenarios referring to different choices of the Wilson
coefficients that are mixed under the RGE flow.

from Eq. (9) the deviations become relevant at low scales where
we can expect the statistical und systematic uncertainties to be-
come small compared to the pr distribution’s tail eventually. The
ratio quickly converges to one for scales probing O (TeV) scales.
Therefore, for large luminosities, the separation effects of ; <« Anp
might be relevant when we will try to pin down Higgs coupling
properties at the 10% level.

5.3. Interplay between measurement and interpretation in Higgs
associated production

We will use the example of associated production to follow the
description of Section 3 more closely. We investigate the impact
on the expected limits numerically with the aim to establish a con-
nection between measurement, RGE running and the interpretation
of the measurement of in terms of a UV theory.

The first step is to perform a measurement with a given data
set, that determines a maximally resolved scale that probes the op-
erators in the limit setting exercise. We do this by generating an
unweighted SM event sample of a given luminosity which allows
to determine the maximum mj,, by reconstructing the final state.
As we have discussed in Section 3, C;(0;) ~ g?/A%p, and by iden-
tifying A ~m{73* we assume that the new resonances of the UV
theory are not yet probed with this data set.’ At the same time,
however, we can answer the question of what is the smallest cou-
pling of the UV theory that we can constrain or exclude in the light
of the measurement (if we deal with a well-defined UV model we
can alternatively rephrase this in terms of a lower bound on the
involved mass scales). This is usually a question of interest: How
far into the parameter space of the UV theory can we cut with
this measurement while being conservative from a new physics
perspective.

If the sensitivity is entirely driven by measuring the high pr
phase space region, the impact of operator mixing and running

6 Obviously this is the most conservative choice, and can be replaced by a statis-
tically well-phrased criterion.
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Fig. 6. (a) Scatter plot indicating the exclusion contours for (Cw, Cp, Cwp = 0) from pp — HZ as detailed in the text. We choose Anp = 2.4 TeV, which is the maximum energy
scale probed in a toy MC experiment with statistics of £ ~1500/fb (only taking into account branching ratios Z — e*e~, u* = and H — bb) following Section 3. (b) Same
as (a) but choosing Anp ~~ 14 TeV, strictly outside the LHC 13 TeV coverage. To allow for direct a comparison we rescale the Wilson coefficients by [14 TeV/ maxminy]? for (a).

becomes negligible. In binned log-likelihood hypothesis tests, a sig-
nificant amount of sensitivity, however, also stems from lower pr
regions that are under better systematic and statistic control (we
show a toy MC data sample in Fig. 5 for comparison).

Obviously, if we choose a cut-off of 14 TeV the impact is more
pronounced. In most examples we chose 14 TeV, but we stress that
this is a random choice at this stage, which is solely motivated by
having an ad hoc EFT validity over the entire LHC run 2 energy
range.

We compare Anp = 14 TeV with Anp =m{l¥ ~ 2.8 TeV in Fig. 7
(for details see the caption). Since we only probe a single observ-
able at this stage we have to make an assumption to reduce the
numbers of parameters. We proceed as outlined in the preceding
section to perform a measurement of (Cw (1)), (Cg(w)) subject to
the boundary condition Cyp(u) = 0. Note that this is merely a
choice to obtain an acceptable p parameter at this stage and Cyp
can be constrained from other complementary measurements [34]
(strictly speaking, the Z mass needs to be input as a boundary
condition to the RGE running).

The difference between choosing Anp outside the LHC coverage
and as the maximum available energy is of course that the larger
the ratio of pr/Anp becomes, the more important the deviation
from the standard analysis that does not include the RGE running
becomes.

Even though Cyp =0 is a boundary condition at the measure-
ment scale, operator running still induces Cyp # 0 at the UV scale.
To give an estimate of numerical size, we show the induced ex-
clusion contour in the (Cw, Cwp) plane for the Anp = 14 TeV in
Fig. 7.

6. Conclusions

Coupling measurements at the 10% level can be obtained during
the LHC run 2 [35]. This is the level of systematic uncertainty that
can be expected from weak and strong operator running and mix-
ing effects in the dimension 6 extension of the SM sector and other
new physics scenarios as we have discussed using three instruc-
tive examples. Those particular examples comprehensively discuss
the impact of QCD and electroweak operator mixing and running,
especially for a class of phenomenologically highly relevant opera-
tors in the Higgs sector. As such they stand representative for other
(possibly more complex) processes where we expect our findings
to hold qualitatively as well. If the RGE-induced effects become
of the order of the expected sensitivity, the resummation effects

Cw /200
KKK XX XXX X X

XX ORKOK KA
XXX XX HOKK

RIIIR K XX X KK XX XK X

RO KX XX XX
SCXKK X X X

AKX X X X X X
XXX KX KX X XXX

KX X X

O PERXXX
X

Cy /200

Fig. 7. Induced (Cw, Cwp) contour at the scale Anp that results operator mixing of
the scan shown in Fig. 6(b).

are relevant in reaching a consistent interpretation of new physics
searches. We stress that there might well be additional sources of
corrections of that size from additional one-loop effects.

A measurement of differential distributions constrains effective
Lagrangians at different energy scales. These measurements can
be consistently combined by using RGEs to evolve results to a
well-defined and separated energy scale. We have outlined such
a programme in Section 3.

For the discussed examples the impact of RGE running are of
the order of <10%. If systematic uncertainties in specific channels
turn out to be larger than this figure, our analysis demonstrates
that the standard measurement approach that does not include any
RGE running is perfectly adequate.

In case of systematic uncertainties being under sufficient con-
trol, we encourage the experiments to not only provide a numeri-
cal limit on Wilson coefficients as a result of their measurements,
but in addition the distribution of a characteristic energy scale at
which the operators have been probed as a consequence of our
analysis. To give the measured constraint on the Wilson coeffi-
cients an interpretation in terms of a full UV theory requires to
evolve the relevant coefficients to the theory-intrinsic cut-off scale.
However, precisely this evolution depends on the shape of the dif-
ferential distribution of the energy scale at which the operators
have been probed during the measurement.
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Our investigation was specific to the LHC run 2 where a vast
range of energy scales will be probed in a fully differential fash-
ion at high luminosity, but generalises straightforwardly to a future
100 TeV concept where the discussed phase space effects can be
much larger, or a future linear collider where measurements at the
percent-level will be possible.
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