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1 Introduction

In view of the overall consistency between the current measurements of particle properties
and predictions in the Standard Model (SM), a common approach to the analysis of present
and prospective future data is to describe them via an effective field theory (EFT) in
which the renormalizable SM d = 4 Lagrangian is supplemented with higher-dimensional
terms composed from SM fields [1-7]. To the extent that this new physics has a mass
scale that is substantially higher than the energy scale of the available measurements [§],
the EFT approach is a powerful way to constrain possible new physics beyond the SM
(BSM) that is model-independent [9-18]. The d = 6 operators in this Effective SM (ESM)
were first classified in [1],' with a complete basis using equations of motion to eliminate
redundancies [2-7] being first presented in [21]. There have been many studies of various
aspects of these dimension-6 operators,? and a short review can be found in [76].

The EFT approach may well be a good approximation if the new physics affects pre-
cision observables at the tree level, or if it is strongly-interacting. In these cases the new
physics mass scale is likely to be relatively high, and considering the lowest-dimensional

!This EFT approach that we follow, in which the SU(2)r x U(1)y electroweak symmetry is linearly
realized, is to be distinguished from a non-linear EFT based on the chiral electroweak Lagrangian [19] and
the more general anomalous coupling framework of a U(1)gwm effective Lagrangian [20].

2See [1-7, 22-27] for some examples of earlier work and [9-18, 21, 28-75] for a sampling of more recent
studies.



EFT operators may well be sufficient. However, the EFT approach may have limitations
if the new physics has effects only at the loop level, or is weakly interacting. In these
cases, the EFT approach may be sensitive only to new physics at some relatively low mass
scale, and the new physics effects may not be characterised well by considering simply the
lowest-dimensional EFT operators.

Examples in the first, ‘safer’ category may include certain models with extended Higgs
sectors [75], such as two-Higgs-doublet models, or some composite models. Examples in
the second category may include the loop effects of supersymmetric models. However, even
in this case it is possible that precision electroweak and Higgs data may provide interesting
constraints on the possible masses of stop squarks, which have relatively large Yukawa
couplings to the SM Higgs field. In particular, the EFT approach may be useful in the
framework of ‘natural’ supersymmetric models with stops that have masses above 100 GeV
but still relatively light compared to other supersymmetric particles.

Important steps towards the calculation of loop effects and the simplification of their
matching with EFT coefficients have been taken recently by Henning, Lu and Murayama
(HLM) [72, 73]. In particular, they use a covariant-derivative expansion (CDE) [77, 78] to
characterise new-physics effects via the evaluation of the one-loop effective action. They
apply these techniques to derive universal results and also study some explicit models
including electroweak triplet scalars, an extra electroweak scalar doublet, and light stops
within the minimal supersymmetric extension of the SM (MSSM), as well as some other
models. They also discuss electroweak precision observables, triple-gauge couplings and
Higgs decay widths and production cross sections [73], and have used their results to
derive indicative constraints on the basis of present and future data [72].

In this paper we discuss aspects of the applicability of the EFT approach to models
with relatively light stops, exploring in more depth some issues arising from the work of
HLM [72, 73]. As they discuss, using the CDE and the one-loop effective action is more
elegant and less time-consuming than a complete one-loop Feynman diagram computa-
tion. On the other hand, they applied their approach to models with degenerate soft
supersymmetry-breaking terms for the stop squarks, and we show how to extend their ap-
proach to the non-degenerate case, with specific applications to the dimension-6 operators
that contribute to the hgg and hyy couplings. Our extension of the CDE approach would
also permit applications to a wider class of ultra-violet (UV) extensions of the SM and
other EFT operators.

Another important aspect of our work is a comparison of the EFT results with the
corresponding full one-loop Feynman diagram calculations also in the non-degenerate case,
so as to assess the accuracy of the EFT approach for analysing present and future data.

In a recent paper, together with Sanz, two of us (JE and TY) made a global fit to
dimension-6 EFT operator coefficients including electroweak precision data, LHC measure-
ments of triple-gauge couplings, Higgs rates and production kinematics [18]. Here we use
this global fit to constrain the stop mass m; and the mixing parameter X;, comparing re-
sults obtained using the EFT with those using the full one-loop diagrammatic calculation.
The bounds on m; and X; are strongly correlated, and we find that the EFT approach
may yield quite accurate constraints for the limits of larger m; and X;. However, there



are substantial differences from the full diagrammatic result for smaller m; and X;. In
this case the diagrammatic approach gives indirect constraints on the stop squark that
are quite competitive with direct experimental searches at the LHC. We also explore the
possible accuracy of the EFT for possible future data sets, including those obtainable from
the LHC and possible e*e™ colliders.®> For example, possible FCC-ee measurements [83]
may be sensitive indirectly to stop masses = 1 TeV.

The layout of this paper is as follows. In section 2 we introduce the covariant derivative
expansion (CDE) and discuss its application to the one-loop effective action, highlighting
how the HLM approach [72, 73] may be extended to the case of non-degenerate squarks.
As we discuss, one way to achieve this is to use the Baker-Campbell-Hausdorff (BCH)
theorem to rearrange the one-loop effective action, and another is to introduce an auxiliary
expansion variable. Results obtained by these two methods agree, and are also consistent
with the full one-loop Feynman diagram result presented in section 3. Analyses of the
current data in the frameworks of the EFT and the diagrammatic approach are presented
in section 4, and their results compared. Studies of the possible sensitivities of future
measurements at the ILC and FCC-ee are presented in section 5, and section 6 discusses
our conclusions and possible directions for future work.

2 The covariant derivative expansion and the one-loop effective action

The one-loop effective action may be obtained by integrating out directly the heavy par-
ticles in the path integral using the saddle-point approximation of the functional integral.
The contributions to operators involving only light fields can be evaluated by various ex-
pansion methods for the application of the path integral. Here we follow the Covariant
Derivative Expansion (CDE), a manifestly gauge-invariant method first introduced in the
1980s by Gaillard [77] and Cheyette [78], and recently applied to the Effective SM (ESM)
by Henning, Lu and Murayama (HLM) [73].* The latter provide, in particular, univer-
sal results for operators up to dimension-6 in the form of a one-loop effective Lagrangian
with coefficients evaluated via momentum integrals. This approach applies generally, and
greatly simplifies the matching to UV models, since it avoids the necessity of recalculating
one-loop Feynman diagrams for every model. However, HLM assume a degenerate mass
matrix, which may not be the case in general, as for example in the ‘natural’ MSSM with
light stops. We show here how their results may be extended to the non-degenerate case for
the one-loop effective Lagrangian terms involved in the dimension-6 operators affecting the
hgg and h~yvy couplings, with application to the case of non-degenerate stops and sbottoms.

2.1 The non-degenerate one-loop effective Lagrangian

We consider a generic Lagrangian consisting of the SM part with complex heavy scalar
fields arranged in a multiplet @,

Luv = Lsm + (PTF(z) + h.c.) + ®T(P? = M? — U(x))® + O(®3), (2.1)

3For previous analyses, see [72, 79-81].
4We thank Hermes Bélusca-Maito for pointing out to us another recent paper that computes the one-loop
effective action for certain dimension-6 QCD operators [82].



where P = iD,, with D, the gauge-covariant derivative, F'(z) and U(z) are combinations
of SM fields coupling linearly and quadratically respectively to ®, and M is a diagonal mass
matrix. The path integral over ® may be computed by expanding the action around the
minimum with respect to ®, so that the linear terms give the tree-level effective Lagrangian
upon substituting the equation of motion for ®:

£t = Z FIM72[(P? —U)M2]"F 4+ O(®?),

whereas the quadratic terms are responsible for the one-loop part of the effective La-
grangian. After evaluating the functional integral and Fourier transforming to momentum
space, this can be written in the form

dq
£1 loop — /wTrln(—(PM _qﬂ)2+M2 +U)

It is convenient, before expanding the logarithm, to shift the momentum using the covariant

derivative, by inserting factors of e+Fud/0au,

. d*q -
El loop = ’L/ (27r)4T‘I'1n[€Pu6/aqM(_(P# _ q#)Q —|—M2 + U)e Pﬂa/aqu].

This choice ensures a convergent expansion while the calculation of operators remains man-

ifestly gauge-invariant throughout.? The result is a series involving gauge field strengths,
covariant derivatives and SM fields encoded in the matrix U(z):

. d*q ~ 3
El loop = ¥ / WTr In[—(Gy,0/0q, + QH)Q + M? + U],

where
. n-+1 om
G, = ———Poy, [ [Pa,, G| 57—,
=3 Gy e b oo Gl
an
= o i [Py, Ul]] 7/
Zn' s | an? maqal...qan
Here we defined Gj,, = —iG,,, with the field strength given by [P,, P,] = —G,,,. It is
convenient to group together the terms involving momentum derivatives:
[ dYq
£t loop = Z/ (2ﬂ)4Tr In(A+ B),
where
~ 0 ~ 0?
= - Gout=—— G oU , 2.2
{Q;u l/,u,}aqy I/,u a,ua 4o + ( )

B=—¢+M*+U,

and we have separated U = U + 6U.

®We refer the reader to [73, 77, 78] for technical details and discussions of the CDE method.



Expanding the logarithm using the Baker-Campbell-Hausdorff (BCH) formula gives
1 1
In(A+B) :ln(B)+ln(1+B’1A)+§[lnB, ln(1+B’1A)]+—[lnB, [In B,In(1+ B~ A)]]+

and, using the identity [In X, Y] =3 | X "L%Y, where LxY = [X,Y], we see that all
possible gauge-invariant operators are obtained by evaluating commutators of A and B.

As an example, we compute the term contributing to the dimension-6 operator affecting
Higgs production by gluon fusion:

= GAIH|G, GO
The calculation can be organised by writing A as a series in momentum derivatives,

n 2
A= ZAal .an 9 — AN 9 Angz 9

A, - - - Oa, b 0qa, 901 qa,

+...,

where each term is obtained by substituting G and U in eq. (2.2). Here we require only
the part A5'** > —1G, G’ ,, together with the following commutators:

Qip— Qg p?
dq dq 1 1
i | ——Trln(A+B)>i | —Tr( =B ?[B,Al+ B 3B,[B,A4]] ] .
[ mtna s B) > [ S (G5m A+ 5B (5,41
We note that M and U are n xn matrices that do not commute in general, which motivates

the use of the BCH expansion, first applied to the CDE in [78]. Evaluating the commutators
we find

! 1 v 1 _a v
o (2 i ()]

and using B~! = —AY" _ (AU)", where A = 1/(¢>—M?), we see that to obtain operators
up to dimension 6 requires retaining up to two powers of U, so that we have traces of

the form

TY(AGUG/QMG/W) = Z (A?UiiG;auGgw) ’

i=1

n n
Tr(AUAPUAG,G") = D3 (AT AU, UGG )
i=1 j=1
Here we assume G’ = diag(GY, ..., G}) and A = diag(Ay, ..., A,), where A; = 1/(¢?—m?),
and U is a general n X n matrix. To evaluate the momentum integrals of arbitrary powers
of mixed propagators we need to combine them using Feynman parameters:

d4q IaaAb _ (a+b+1)' a—1_b—1 d4q I Aatb
[ ki et = LU s [t ([ o) s -5 59).

where Aj; =1/ (q2—m?zi—m§zj). Taking care in applying the 6 —function in the summation

over the matrix indices, we finally obtain the following expression valid in the case of a

non-degenerate mass matrix:

n

1 1 Ui ) v 1 Ung]z v
El loop (47T)2 _12; ( quyGi > ZZ (m m z;u/Gi : (23)

11]1




We have checked this result by extending the log-expansion method of [73] to the non-
degenerate case by introducing an auxiliary parameter ¢ and then differentiating under the
integral sign:

o [ d'q . -
‘Cli—;floop = ’l// WTI‘IH[*(Gyua/aqM + qu)2 + £M2 + U]

[ dYyg 1 2
_Z/(zﬂ)4/d§Tr(A+U_A£1M) ,

where AS = 1/(¢? — €M?) and ¢ is set to 1 at the end of the calculation. The expansion
then reads

L o0p Zi/m/dﬁTr{g [—Af(A+U)}”A€M2} ,

and yields the same result as in (2.3), demonstrating the consistency of our approach.
In general the field strength matrix G, may not be diagonal, as for example when the
® multiplet contains an SU(2);, doublet and singlet, so that we have a 2 x 2 non-diagonal

a

sub-matrix Wy, 7 involving the weak gauge bosons Wj. The relevant non-degenerate

one-loop effective Lagrangian terms then generalise to the universal expression

1 1 = v 1 7 v 1 J ] Y
£5o0p D w{‘u“ (UGG™) 45y (U°CL, 6™ ) 5 T ([U. G ] [U. 6™ D} ’
(2.4)

where Uij = m(l]_jflj, which is sufficient for computing the one-loop coefficients in the hgg

and hyvy couplings.®

2.2 A light stop in the hgg and hvyy couplings

The result (2.4) is universal in the sense that all the UV information is encapsulated in
the U, M matrices and the P, covariant derivative, while the operator coefficients are
determined by integrals over momenta that are performed once and for all. The simplicity
of this approach is illustrated by integrating out stops in the MSSM, whose leading-order
contribution necessarily appears at one-loop due to R-parity. Since gluon fusion in the SM
also occurs at one-loop and currently provides the strongest constraint on any dimension-
6 operator in the Higgs sector, we first calculate its Wilson coefficient within the EFT
framework. Later we extend the calculation to the the dimension-6 operators contributing
to the Ay~ coupling, and comment on the extension to other dimension-6 operators.

The M and U matrices are given by the quadratic stop term in the MSSM Lagrangian,

Lassm D (I)T(M2 +U(x))®,

5We provide more details on obtaining this and the rest of the non-degenerate universal one-loop effective
Lagrangian in a forthcoming work in preparation [84].



where ® = (Q,f’k), and

2
=M ),
0 m?
tr

U (hQ—l— 29205)HHT—|— 29285HHJr (g%Ychﬁ—k%g%ﬂH\Q h X H g
htXtHT (h% - 291 3 C2B)|H|2

Here we have defined H = ic2H*, hy = Y58, Xy = Ay — pcot 3, and the hypercharges are

Yp=1 /6,Y;, = —2/3. The mass matrix entries mg and m;, are the sofE supersymmetry-
breaking masses in the MSSM Lagrangian. We note that Q = (¢1,br) is an SU(2)
doublet, so U is implicitly a 3 x 3 matrix, and there will be an additional trace over color.
Substituting this into (2.4) with G, the gluon field strength, we extract from the universal
one-loop effective action the term

1 1 [h}—(}gicp  hi+igic hiX?
£1 Lop D ( t — 591928 + t T 39128 Iy 3‘H’2Ga GV

(4m)% 24 m% m? m%m?

tr Q tr

This yields the dimension-6 operator O, in the ESM:
Ldim-6 O C—gog,
My

with the Wilson coefficient given in this normalisation” by

mé, 1 (hf — ég%cw n h? + %9%625 h?X}? >
2 2 2 2. 2 |-
(4m) me mg mems.

Cg:

This example demonstrates the relative ease with which one may obtain a Wilson
coefficient at the one-loop level without having to compute Feynman diagrams in both the
UV model and the EFT that then have to be matched, a process that must be redone every
time one adds a new particle to integrate out. Here we may add a right-handed sbottom
simply by enlarging the U matrix for & = (Q,f* ,INJ}}) and plugging it back into (2.4),
giving the result

(4m)2 24

oo miy 1 [kt hi - §9tc2p N hi + 39icas N hy —ggtcas  BPXP WX

g ) M mg, Mz MGgMmp MMy
(2.5)

We compute similarly the dimension-6 operators affecting the hyy coupling, with the

field strength matrix given in this case by

o W, +YsB,1 0 '
H 0 ~Y; B

tr— puv

"In general, barred coefficients are related to unbarred ones by ¢ = cl‘f—; where M = v, mw depending
on the operator normalisation in the Lagrangian.
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Figure 1. Leading order tree-level Feynman diagram for the EFT (left) and one-loop diagrams for
the squark contributions (middle and right) to the h — gg/v7y amplitude.

Evaluating (2.4) then yields directly

Ldim-6 D

where
Opp = Gi|H?BuwB" ,  Oww = g3| HPWL, W™ | Owp = 2g19H r"HW, B ,

and

oo My (1(h?—é9f626) 1 (A7 + 39icap) | 1 (hi — ggicas)
BB — + = +

(4m)? \ 144 m% 9 mtg 36 m?

R br

19 WXP 1 BXP ) 26)
360 m%m?R 90 m%m%R ’
oy (sz;z ( % (h? — W{;g%mﬁ) - % ni;fﬁ) 410 nf?);z ) | -
Q Q"'in Q"'or
Q Q"in Q"'or

In the basis used in [18], the operators Oy and Oy p are eliminated and constraints are
placed on O, = Oppg. The coefficients are related by ¢, = ¢pp + cww — cwa-

To summarise, one may calculate ¢, and ¢, from integrating out a heavy complex
scalar ® in an arbitrary UV model by substituting the SM field matrix, U(z), and field
strength matrix, G, into the universal one-loop effective Lagrangian of eq. (2.4). The
computation of one-loop Wilson coefficients is thus reduced to evaluating the trace of a few
matrices. These universal results are extendable to all dimension-6 operators and apply
also when integrating out heavy fermions and massive or massless gauge bosons [73, 84].

3 Feynman diagram calculations and comparison

To estimate quantitatively the validity of the dimension-6 EFT we compare the coefficients
obtained above with results from an exact one-loop calculation in the MSSM. This is
achieved by calculating the Feynman diagrams in figure 1 then matching the h — gg
and h — vy amplitudes in the EFT with the equivalent MSSM amplitude. In the EFT



the operators O, and O, can be expanded after electroweak symmetry breaking (EWSB)
around the vacuum expectation value v ~ 174 GeV in order to get the Lagrangian

Lhvy = g5V2 v—hGa G 4+ g3v/20—2-hB,, B" |
miy
corresponding to the following Feynman rules for the hgg and hvy~y vertices:
. . ¢
Vhgy(P2:13) = _419:3\[21’”173(1?2?39“” — phph),
w

. c
thw(p27p3) = —4162\/51)%(]321739#” —pr’g) .

Thus the h — gg and h — vy amplitudes for on-shell external particles are

AW = —1693\@1573 (£§-E§M5 —2(&.p1)(&p1)) (3.1)
W
Al = —2g2 cos Oy V20— o T (& ME —2(&5.p1)(E5p1)) (3.2)

where the §; are the polarization vectors of the gauge bosons.

We computed the one-loop diagrams in figure 1 in the MSSM and checked our results
using the FeynArts package [89]. The CP-even Higgs bosons are rotated to their physical
basis by a mixing angle o which we set to be & = 5 — /2 corresponding to the decoupling
limit when the pseudo-scalar Higgs mass is much heavier than the mass of the Z gauge
boson, as indicated by the experimental data [86, 87| and appropriate to our scenario of
light stops.®

When comparing the EFT and MSSM amplitudes we may choose the momenta of the
external particles to be on-shell for convenience. The result of this procedure for the h — gg

amplitude yields the same expression as (3.1) with the replacement ¢, — cMSSM where
Ei\]/[SSM — (Elg\/ISSM)t + (EE/ISSM)I)7 (3'3)

where the part due to stops is given by

i
(EMSSM)f: miy ﬁg
g 6(47)* Df ’

i 02691 2,2 2 2 2

N, = 2 |:U 2897 (262W+1)+3<3vh +2< R—mQ)CQW+2mQ+m£R>]
+ 36h? (v2h§+mg+ng_xg),

D£7U202ﬂ9% 2 2 (9 1 212 4 4 (m2 2 Am2 & 9m2

= [ o 113 (305, =) 20,

+36 (&hf + 2m%) (thf + 2m§R) — T202h2X2,

8The case of relatively heavy stops has been demonstrated to be described in a very compact and
convenient way, depending only on the two parameters tan 8 and the pseudo-scalar Higgs mass, when the
observed Higgs mass is taken into account [86, 87].



and the sbottom contribution reads,

Q Q

m‘%v copgs {6 {(m%R — m%) cow +m% + Qm%R —v2cop93 (cow + 2)}

(ElngSSM)B ) 6(4r)? 12m? 2 2 [ ,2 2 2 2
( me, — Y 02691) [U 2897 (caw +2) — 24mQ~5W}
For ¢, we simply have
GMSSM _ g(CgASSM)E+ g(ég/ISSM)B‘ 5.4)

In the limit v — 0 we obtain the same expressions as ¢4 and ¢y in (2.5) and (2.8), respec-
tively. Since ¢, and ¢, correspond to a truncation of the full theory at the dimension-6
level, they contain only the leading-order terms in an expansion in inverse powers of the
stop mass, whereas the MSSM result is exact and include higher-order terms in v/m;;
that would be generated by higher-dimensional operators in the EFT approach. Thereforé,
we expect the discrepancy between the two approaches to scale with the ratio v/mj; for
m;;, and the differences between the EFT and exact MSSM results gives insight into the
po‘éential importance of such higher-dimensional operators. We note that a large value of
X, in terms like v*m?, X7/ mg could potentially affect the validity of the EFT even for
large stop masses, but the positivity of the lightest physical mass eigenvalue imposes an
upper limit X; ~ mtg/mt.

The physical mass eigenstates are obtained by diagonalizing the squark mass matri-
ces [85]

2 2
mg Xg mg +mpp

M§:<mg+m%L my Xg > (3.5)

with the various entries defined by

m2; = mé + (I;?L — Qqsl%v) M2 €28 5 (3.6)
mpp = ng + QqS%/V M C28 (3.7)
Xy, = Ay — p(tan B)*ZISL : (3.8)

Qq and I, SL is the electromagnetic charge and the weak doublet isospin respectively. After
rotating the 2 x 2 matrices by an angle 6,, which transforms the interaction eigenstates g,
and ¢g into the mass eigenstates ¢; and ¢o, the mixing angle and physical squark masses
are given by

2 2
_ 2meX, _MpL —"MRR 3.9
5204 = m2 —m2 "’ C29, = m2 — m2 ( : )
q1 G2 q1 q2
1
2 _ .2, 1] 2 2 2 .2 32 2 y2
m[jl,Q - mq + 2 mryp, + MerRr F \/(mLL mRR) + 4quq . (310)

We see that in the stop sector the mixing is strong for large values of the parameter
X = Ay — pcot B, which generates a large mass splitting between the two physical mass
eigenstates and makes ¢; much lighter than the other sparticle gs.

~10 -
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Figure 2. Values of AR, defined in (3.11), in the degenerate case mg = mg, =m; for tan f = 20
and the indicated values of X;, as a function of mj (left panel), and as functions of m;, (right panel).

We now compare the values of the ¢, coefficients calculated in the MSSM and the EFT:?

EEFT

AR = 1. (3.11)

9 _
GMSSM
Figure 2 displays values of AR for the degenerate case mg = mg, = mg, three different
values of X; and the representative choice tan 8 = 20. In the left panel we plot AR as
functions of m;, and the right panel shows AR as functions of the lighter stop mass, mjz, .
We see that in both cases AR S 0.1 for mz(m;,) 2 500 GeV, with a couple of exceptions.
One is for the relatively large value X; = 3m; in the left panel, for which AR 2 0.1 for
m; S 1000 GeV, and the other is for X; = 2m; and m; ~ 290 GeV in the right panel,
which is due to a node in Elg\/[SSM. These results serve as a warning that, although the
EFT approach is in general quite reliable for stop mass parameters 2 500 GeV, care should
always be exercised for masses < 1000 GeV.

A similar message is conveyed by figure 3, which uses colour-coding to display values of

the differences [cZFT — 2)5SM| (left panel) and [cPFT — gMSSM|

(right panel) in (X¢/mg, m;)
planes for the degenerate case mg = Mg, = my with tan 8 = 20. Also shown are contours
of mj = 200GeV (red), 500 GeV (green) and 1TeV (yellow) and regions where the #;
becomes tachyonic (shaded grey). We see that the differences are generally < 2.5 x 1076
for \EEFT — EE/ISSM] and < 1075 for \EEFT — EE\Y/ISSM] when mz > 500 GeV, even for large
values of X¢, but that much larger differences are possible for m; < 200GeV, even for

small values of X;.

4 Constraints on light stops from a global fit

We now discuss the constraints on the lighter stop mass that are imposed by the current
experimental constraints on the coefficients ¢, and ¢, comparing them with the constraints
imposed by electroweak precision observables via the oblique parameters S and T' [104-107],

9We omit RGE effects that mix the coefficients in the running [90-97], as they would be higher-order
corrections beyond the one-loop level of our analysis.
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as well as the ranges favoured by measurements of the Higgs mass M}, and direct searches
at the LHC. We note that the S and T parameters are related to the dimension-6 operator
coefficients ¢y, ¢g and ér, as defined in the basis of [18],!° through

4sin? Oy
S=————(c cg) ~ 119(¢c C
Oé(mz) (CW + CB) (CW + CB) ,
1
T = cr ~ 129¢r .
a(mz)

We shall quote the electroweak precision constraints on ¢y + ¢p and ¢ instead of S and
T, in keeping with the EFT approach. The stop contributions to these coefficients were
given in [72, 73], and table 1 displays the current experimental constraints on ¢4, ¢, ¢y and
cw + cp that we apply.

The constraints on the coefficients in the penultimate column of table 1 are taken from
a recent global analysis [18] of LEP, LHC and Tevatron data on Higgs production and
triple-gauge couplings. For ¢, and ¢, we list the current 95% CL ranges after marginalising
a two-parameter fit in which both ¢, and ¢, are allowed to vary,! as well as considering the
more restrictive ranges found when only ¢, or ¢, # 0 individually, with the other operator
coefficients set to zero. Similar marginalized and individual 95% CL limits on ¢r and
cw + cp are displayed, where the two-parameter fit varying ¢y and ¢y + ¢g simultaneously
is equivalent to the S, T ellipse, as reproduced in [18]. We note that the stop contributions
to the coefficients of the other relevant operators are far smaller than the ranges of these
coefficients that were found in the global fit. This indicates that one is justified in setting

1071 other bases éw and &z may be eliminated in favour of éw .

n any specific model there may be model-dependent correlations between operator coefficients. In the
case with only light stops and nothing else one expects the relation between ¢, and ¢, shown in (3.4) to
hold, as studied in [88]. Here we use the more conservative marginalized ranges shown in the middle and
right panels of figure 4, thereby allowing for additional loop contributions to ¢4 or ¢,.
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deg. m;.,
Coeff. | Experimental constraints 95 % CL limit i? mz)l
t =
_ marginalized [—4.5,2.2] x 1075 | ~ 410 GeV
Cq LHC o s
individual [—3.0,2.5] x 10 ~ 390 GeV
B marginalized [~6.5,2.7] x 107% | ~ 215GeV
Cy LHC L -
individual [—4.0,2.3] x 10 ~ 230 GeV
B marginalized [~10,10] x 107% | ~ 290 GeV
cr LEP o
individual [-5,5] x 107 | ~ 380GeV
B - marginalized [~7,7] x 107 | ~ 185GeV
¢w +¢p | LEP e 4
individual [—5,5] x 10~ ~ 195 GeV

Table 1. List of the experimental 95% CL bounds on coefficients used in setting current limits on
stops, which are taken from [18]. The marginalized LHC limits are for a two-parameter fit allowing
¢q and ¢, to vary, and the marginalized LEP limits are for a two-parameter fit of ¢z and cw + ¢p.
The corresponding lightest stop mass limits shown are for degenerate soft-supersymmetry breaking
masses mg = mg, = m; with X; = 0.
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Figure 4. Results based on the global fit in [18], varying ¢, and ¢, simultaneously but setting to
zero the coefficients of the other dimension-6 operators contributing to the Higgs sector. The dotted,
dashed and solid contours on the left denote the allowed 68%, 95% and 99% CL regions respectively.
The middle and right figures show the marginalized x2 functions for ¢, and ¢4 respectively.

these other operator coefficients to zero when considering bounds on the stop sector, if one
assumes that there are no important contributions from other possible new physics.

4.1 Degenerate stop masses

Figure 5 displays the current constraints in the case of degenerate soft masses mg =
mg, = m; with decoupled sbottoms, in the upper panels for m; as functions of X; /m;
and in the lower panels for mj, as functions of m; , in both cases for tan 3 = 20. The
left panels show the stop constraints from the current marginalized 95% bounds on ¢4 (red
lines) and ¢, (blue lines), and the right panels show the corresponding bounds from the
current marginalized 95% bounds. The solid (dashed) lines are obtained from an exact
one-loop MSSM analysis and the EFT approach, respectively. The purple lines show the
individual bound from ¢ in the EFT approach. The bounds from ¢y + ¢p corresponding
to the S parameter are negligible and omitted here. The grey shaded regions are excluded
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Figure 5. Compilation of the constraints in (upper panels) the (X;/mz ,mz) plane and (lower
panels) the (mg, mg,) plane from (left panels) the marginalized bounds on ¢, (red lines) and ¢, (blue
lines), and from (right panels) the individual bounds on &; and &,. Also shown are the EFT bounds
on ér (purple lines), the constraint that the lighter stop should not be tachyonic (grey shading)
and the region where M}, € (122,128) GeV according to a FeynHiggs 2.10.3 [98-102] calculation
assuming no other significant contributions from outside the stop sector (green shading).

because the lighter stop becomes tachyonic, and the green shaded regions correspond to
122 GeV< M), <128 GeV, as calculated using FeynHiggs 2.10.3 [98-102], allowing for a
theoretical uncertainty of £3 GeV and assuming that there are no other important MSSM
contributions to Mjp,.

We see in the upper panels of figure 5 that the ¢, constraints on mj are generally
the strongest, except for large |X;/m;|. We also observe that the MSSM and EFT eval-
uations give rather similar bounds on m;, for |X;/m;| < 1 and 2 2. However, there are
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significant differences for 1 < [X;/m;| < 2, due to the fact that the two evaluations have
zeroes at different values of X;/m;. The next most sensitive constraints are those from 7,
parametrised here by the coefficient ¢, which become competitive with the ¢, constraints at
large | X;/mj|, but are significantly weaker for small values of X;/m;. The constraints from
¢ are weaker still for all values of X;/m;, as might have been expected because the global
fit in [18] gave constraints on ¢, that are weaker than those on ¢,. Indeed, the ¢, constraint
is not significantly stronger than the constraint that the #; not be tachyonic, as shown by
the grey shading in the upper panels of figure 5. We also note that the LHC measurement
of My, favours | X;/m;| 2 2 and values of m; that are consistent with the EFT bounds.

These results are reflected in the lower panels of figure 5, where we present the
(mz,,mz,) planes with the marginalized constraints (left panel) and the individual con-
straints (right panel). The MSSM and EFT implementations of the ¢, constraint give
qualitatively similar results, and (except for extreme values of mz /mg ) are generally
stronger than the constraints from ¢z, which are in turn stronger than the ¢, constraint.
We also note that the LHC measurement of M, favours moderate values of m;z /m;, and
values of mjz or mg, 2 520 GeV.

The limits on the lightest stop mass for degenerate soft-supersymmetry breaking
masses mep = Mg, = Mg with X; = 0 are shown in the last column of table 1.

4.2 Non-degenerate stop masses

We consider now cases with non-degenerate stop soft mass parameters, allowing also for
the possibility that the lighter sbottom squark plays a role. We show in figure 6 various
planes under the hypotheses my = mg, and tan 8 = 20, considering several possibilities for
X;. In all panels, the constraints from the individual 95% bound on ¢, are indicated by red
lines and those from ¢, are indicated by blue lines (solid for the exact MSSM evaluation
and dashed for the EFT approach), and the region allowed by the exact calculation is
shaded pink.

The upper left panel is for X; = 0: we see that in the limit m;, > my the ¢,
constraint imposes m;, 2 300 GeV, with a difference of ~ 20 GeV between the exact and
EFT calculations. On the other hand, if m;, = m; we find m;, 2 380 GeV, again with the
EFT calculation giving a bound ~ 20 GeV stronger than the exact MSSM calculation. The
corresponding bounds from the individual 95% constraint on ¢, are ~ 100 GeV weaker.
However, we note that the LHC constraint on M}, is not respected anywhere in this plane.

Turning now to the case X; = 1TeV shown in the upper right panel of figure 6, we see
a grey shaded band around the mj = mg, line that is disallowed by t1 — to mixing, and
other grey shaded regions where m; < mg, (or vice versa) and the lighter stop is tachyonic.
In this case the M}, constraint (green shaded band) can be satisfied, with small strips of
the parameter space ruled out by the ¢, constraint. The ¢, constraint is unimportant in
this case.

When X is increased to 3 TeV, as shown in the lower left panel of figure 6, the diagonal
band forbidden by mixing expands considerably, and the ¢, constraint disappears. In this
case the ¢, constraint would allow (mj ,mz,) 2 (400,1100) GeV on the boundary of the

~
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Figure 6. Compilation of the constraints in the case of non-degenerate soft mass parameters,
including also sbottom squarks and assuming mj = mj, under the hypotheses tan 8 = 20 and
X: = 0 (upper left panel), X; = 1TeV (upper right panel), X; = 3TeV (lower left panel) and
X; = /6m;,m;, (lower right panel). The red (blue) lines show the current individual 95% CL
constraints from ¢, (¢,) as evaluated exactly in the MSSM (solid lines) and in the EFT approach.
Additionally, the region compatible with ¢, is shaded pink, the band compatible with Mj, is shaded

green, and regions disallowed by the mixing hypothesis or the appearance of a tachyonic stop are
shaded grey.

band forbidden by the mixing hypothesis, but the M} constraint is stronger, enforcing
(mz,,mg,) 2 (800,1300) GeV along this boundary.
Finally, we consider in the lower right panel of figure 6 the so-called maximal-mixing

hypothesis Xy = |/6mz mg,. In this case, almost the entire (mgl,mgz)) plane is allowed by
the ¢, constraint, whereas a triangular region at small m; and/or mg, is forbidden by the
M, constraint.
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It is interesting to compare the limits on mj that we find with those found in a recent
global fit to the pMSSM [103] in which universal third-generation squark masses were
assumed at the renormalisation scale ,/mzm;,, the first- and second-generation squark
masses were assumed to be equal, but allowed to differ from the third-generation mass
as were the slepton masses, arbitrary non-universal gaugino masses M 23 were allowed,
and the trilinear soft supersymmetry-breaking parameter A was assumed to be universal
but otherwise free. That analysis included LHC, dark matter and flavour constraints,
as well as electroweak precision observables and Higgs measurements, and found m; 2
400 GeV. The analysis of this paper uses somewhat different assumptions and hence is not
directly comparable, but it is interesting that the one-loop sensitivity of ¢, to the stop mass

parameters is quite comparable.

5 Sensitivities of possible future precision measurements

We saw in the previous section that the precision of current measurements does not ex-
clude in a model-independent way most of the parameter space for a stop below the TeV
scale, and barely reaches into the region required for a 125 GeV Higgs mass in the MSSM.
However, future colliders will increase significantly the precision of electroweak and Higgs
measurements to the level required to challenge seriously the naturalness paradigm and
test the MSSM calculations of Mj,.

In this section we assess the potential improvements for constraints on a light stop
possible with future eTe™ colliders. As previously, we perform an analysis in the EFT
framework via the corresponding bounds on the relevant dimension-6 coefficients, and
compare it with the exact one-loop MSSM calculation. As representative examples of
future ete™ colliders, we focus on the ILC [110] and FCC-ee [108, 109] (formerly known
as TLEP) proposals. The scenarios considered here for the ILC and FCC-ee postulate
centre-of-mass energies of 250 and 240 GeV with luminosities of 1150 fb~! and 10000 fb~!,
respectively.

Table 2 lists the prospective 95% CL limits obtained on ¢4, ¢y, ér, and ¢y + ¢p from a
x? analysis, with the marginalized constraints on ¢4 and ¢, obtained in a two-parameter fit
to just these coefficients, and similarly for ¢ and ¢y + ¢p, corresponding to the T" and S
parameters respectively, as well as the constraints obtained when each operator coefficient
is allowed individually to be non-zero. The target precisions on experimental errors for the
electroweak precision observables myy, I'z, R; and A; at the ILC are given in [110], and those
at FCC-ee were taken from [108, 109], and include important systematic uncertainties. The
errors on the Higgs associated production cross-section times branching ratio are from [111]
for the ILC and from [83] for FCC-ee. The numbers quoted in table 2 neglect theoretical
uncertainties, in order to reflect the possible performances of the experiments.'> The
treatment of the dimension-6 coefficients in the observables follows a procedure similar
to that of the global fit performed in [18], and we use the results of [74] to rescale the
constraint from associated Higgs production.

12VWe also show as dashed purple lines in the FCC-ee panels the weaker constraints obtained using the
estimates of theoretical uncertainties in [112], while noting that these have not been studied in detail.

17 -



deg. m;
Coeff. | Experimental constraints 95 % CL limit ©8- My
Xt =0 Xt == m£/2
. . _ _6 ~ ~
ILC%%S%%\? marginalized | [—7.7,7.7] x 10 675 GeV 520 GeV
) individual | [=7.5,7.5] x 1076 | ~ 680 GeV | ~ 545GeV
C
I roc marginalized | [—3.0,3.0] x 1076 | ~ 1065 GeV | ~ 920 GeV
-ee
individual | [=3.0,3.0] x 1076 | ~ 1065 GeV | ~ 915 GeV
L marginalized | [-3.4,3.4] x 107* | ~200GeV | ~ 40GeV
) © individual | [-3.3,3.3] x 107* | ~200GeV | ~ 35GeV
C
K . marginalized | [—6.4,6.4] x 1075 | ~ 385GeV | ~ 250 GeV
-ce
individual | [<6.3,6.3] x 1075 | ~ 390 GeV | ~ 260 GeV
. . _4
ILC%%S%fb\;l marginalized | [—3,3] x 10 ~ 480 GeV | ~ 285 GeV
B ¢ individual [~7,7] x 107° | ~930GeV | ~ 780GeV
C
g e marginalized | [~3,3] x 107 | ~ 1410 GeV | ~ 1285 GeV
-ee
individual | [—0.9,0.9] x 1075 | ~ 2555 GeV | ~ 2460 GeV
ILC%%S%“’; marginalized | [-2,2] x 107* | ~230GeV | ~ 170 GeV
e ¢ individual [—6,6] x 107> | ~340GeV | ~ 470GeV
C C
s e marginalized | [~2,2] x 1070 | ~ 545GeV | ~ 960 GeV
-ee
individual | [—0.8,0.8] x 1075 | ~ 830GeV | ~ 1590 GeV

Table 2. List of the 95% CL bounds on EFT operator coefficients from projected constraints on
Higgs couplings and electroweak precision observables at the future e™e™ colliders ILC and FCC-
ee. The marginalized limits on ¢, or &, (¢ér or éw + ¢p) are for a two-parameter fit allowing ¢,
and ¢, (¢r and ¢w + €g) to vary simultaneously but setting other operator coefficients to zero.
The corresponding lightest stop mass limits shown are for degenerate soft-supersymmetry breaking
masses Mg = mg, = mg with Xy =0 and X;/m; = 2.

5.1 Degenerate stop masses

Contours from possible future constraints on ¢4, ¢, and ¢r for the case of degenerate soft
masses mp = Mj, = My are plotted in figure 7, using again the value tan 8 = 20. The
upper panels show results for the ILC, the lower panels for FCC-ee, the left panels show the
marginalized constraints and the right panels show the individual constraints. The grey and
green shaded regions are the same as in figure 7. We see that the marginal and individual
sensitivities to m; from ¢, and ¢, are very similar, whereas the individual sensitivity of
¢r are much stronger, particularly at FCC-ee. We see that ILC is indirectly sensitive to
m; ~ 600 GeV, and that FCC-ee is indirectly sensitive to stops in the TeV range. The
measurement of the ¢r coefficient at FCC-ee has the highest potential reach, though this
will be highly dependent on future improvements in reducing theory uncertainties [83, 112].

The limits on the lightest stop mass for degenerate soft-supersymmetry breaking
masses 1mg = Mg, = My with X; = 0 and X;/m; = 2 are shown in the two last columns of
table 2.
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Figure 7. The (X;/mj, m;) planes, analogous to those in the upper panels of figure 5, show-
ing prospective marginalized bounds (left panels) and individual bounds (right panels) from the
ILC [110] with 1150fb™! of luminosity at 250 GeV (upper panels) and from FCC-ee [108, 109]
with 104 fb™! of luminosity at 240 GeV (lower panels). In the latter case, the solid purple lines
are the 95% CL contours for electroweak precision measurements from FCC-ee incorporating the
projected statistical and systematic experimental errors alone, and the dashed purple lines also
include theory errors from [112].

5.2 Non-degenerate stop masses

Moving on to the non-degenerate case, the ¢, and ¢y, 95% CL limits for ILC and FCC-ee
are plotted in the m; vs mg, plane for various X; values in figure 8 and 9 respectively. The
top left, top right, and bottom left plots correspond to X; = 0,1 and 3 TeV respectively,
while the bottom right plot is for the maximal-mixing hypothesis X; = | /6m; mz,. We see
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Figure 8. Compilation of projected ILC 95 % CL bounds from &, (¢,) given by red (blue) lines
in the m;, vs mg, plane, analogous to figure 6, with m; = m;, and tan 5 = 20. Values of X; =

0,1,3,,/6mz m;, TeV are shown clockwise from top left. The marginalized limits are displayed and
the individual bounds are very similar.

that the ILC sensitivity to ¢, begins to probe and potentially exclude parts of the green
shaded region compatible with the measured M}, while FCC-ee would push the sensitivity

of ¢, constraints into the TeV scale. In particular, it could eliminate the entire allowed M},
region for X; = 3 TeV.

6 Conclusions and prospects

In light of the SM-like Higgs sector and the current lack of direct evidence for additional
degrees of freedom beyond the SM, the framework of the Effective SM (ESM) is gaining in-
creasing attention as a general framework for characterising the indirect effects of possible
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Figure 9. Compilation of projected FCC-ee 95 % CL bounds from ¢, (¢,) given by red (blue)
lines in the m; vs m;, plane, analogous to figure 6, with m; = m; and tanf = 20. Values of
X; =0,1,3,/6m; m;, TeV is shown clockwise from top left. The marginalized limits are displayed
and the individual bounds are very similar.

new physics in a model-independent way. The ESM is simply the SM extended in the way it
has always been regarded: as an effective field theory supplemented by higher-dimensional
operators suppressed by the scale of new physics. The leading lepton-number-conserving
effects are parametrised by dimension-6 operators, whose coefficients are determined by
matching to a UV model and constrained through their effects on experimental observ-
ables. In this paper we have illustrated all these steps in the EFT approach for light
stops in the MSSM.

In particular, we employed the CDE method to compute the one-loop effective La-
grangian, showing how certain results derived previously under the assumption of a degener-
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ate mass matrix can be generalised to the non-degenerate case. The universal one-loop effec-
tive Lagrangian can then be used without caveats to obtain directly one-loop Wilson coeffi-
cients. The advantage of this was demonstrated here in the calculation of the ¢, and ¢, co-
efficients. One simply takes the mass and U matrices from the quadratic term of the heavy
field being integrated out, as defined in (2.1), and substitutes it with the corresponding field
strength matrix into the universal expression in (2.4) to get the desired operators, without
having to evaluate any loop integrals or match separate calculations in the UV and EFT.

Since the hgg and hyy couplings are loop-induced in the SM, the ¢, and ¢, coefficients
are currently the most sensitive to light stops. The stop contribution to these coefficients
is also loop-suppressed, thus lowering the EFT cut-off scale, and it is natural to ask at
what point the EFT breaks down and the effects of higher-dimensional operators are no
longer negligible. We addressed this question by comparing the EFT coefficients with
a full calculation in the MSSM, finding that the disagreement is generally < 10% for a
lightest stop mass m; 2 500 GeV, with the exception of a large |X;| > 3m; or accidental
cancellations in the Higgs-stop couplings.

The constraints on ¢, and ¢, from a global fit to the current LHC and Tevatron
data, and the constraints on ér and ¢y + ¢ from LEP electroweak precision observables,
were then translated into the corresponding constraints on the stop masses and X;. The
coefficient ¢, is the most sensitive, followed by ér, which is equivalent to the oblique T'
parameter. In the case of degenerate soft masses, this analysis requires m;, 2 410 GeV for
X =0, and my, 2 200 GeV if we also apply the Higgs mass constraint. This is competitive
with direct searches and is complimentary in the sense that it does not depend on how the
stop decays. The limits in the non-degenerate case are generally weaker than the Higgs
mass requirement, though a few strips in the parameter space compatible with My can
still be excluded.

The sensitivity of future colliders can greatly improve the reach of indirect constraints
into the region of parameter space compatible with the observed Higgs mass. The most
promising measurements will be the hgg coupling and the T parameter, with FCC-ee
capable of reaching a sensitivity to stop masses above 1 TeV. Thus, FCC-ee measurements
will be able to challenge the naturalness paradigm in a rather model-independent way.

As LHC Run 2 gets under way, the question how to interpret any new physics or lack
thereof will be aided by the systematic approach of the ESM. We have demonstrated this
for the case of light stops in the MSSM, showing how the EFT framework can simplify both
the calculation of relevant observables and the application of experimental constraints on
these observables, giving results similar to exact one-loop calculations in the MSSM.
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