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Probing Lorentz invariance via diphoton decays of the Higgs boson
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The prospects for observing small departures from Lorentz invariance are studied using effective
interactions of the Higgs boson with photons. A single operator of mass-dimension five suffices to describe
all leading signatures of Lorentz violation in the diphoton decay channel. Comparison of the theoretical
modified decay rates with observed signal strengths measured by the ATLAS and CMS Collaborations at
the Large Hadron Collider indicates an estimated attainable sensitivity to the corresponding coefficients for

Lorentz violation of order 10~* GeV~'.

DOI: 10.1103/ff78-jwlc

I. INTRODUCTION

A central process in the physics of the Higgs boson £ is
the diphoton decay & — yy. In the Standard Model (SM),
no tree-level hyy coupling appears, so the decay & — yy
proceeds predominantly via one-loop diagrams involving a
pair of W bosons or top quarks. Despite the tiny theoretical
SM branching ratio BRgy ~ 0.2%, the diphoton channel
played a key role in the discovery of the Higgs boson [1,2],
in part due to the fine mass resolution and clean signal
reconstruction over a smooth background. A standard
measure is the signal strength

Hyy =0 Bchp/G : BRSM? (1)

where o is the total production cross section for the Higgs
boson and BR,,;, is the experimentally observed branching
ratio. The current ATLAS and CMS Collaboration results
show good agreement with the SM, with pTAS =
1045008 131 and pSMS = 1.127009 [4]. Given this
sub-10% precision on a loop-sensitive process, & — yy
provides an attractive channel to search for new physics
beyond the SM.

One intriguing prospective type of new physics involves
tiny observable violations of spacetime symmetries,
including Lorentz invariance, that could arise in a unified
description of the fundamental interactions and gravity
such as strings [5]. In the absence of an unambiguous
signal, a model-independent approach to studying this idea
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is desirable. Adopting the methods of effective field
theory [6] enables a comprehensive treatment of scenarios
incorporating violations of spacetime symmetries [7]. In
Minkowski spacetime, the general effective field theory of
this type, known as the Standard-Model Extension (SME)
[8], extends the SM by adding all possible additional
terms at the level of the action that violate particle Lorentz
invariance while preserving general coordinate invariance.
Each additional term is formed as the product of a
Lorentz-violating field operator contracted with a coef-
ficient governing the size of its effects. The terms can be
classified according to the operator mass dimension d,
with terms of smaller d expected to dominate at lower
energy scales. For the purposes of this work, we define the
minimal SME prior to electroweak symmetry breaking as
the subset of terms in the SME action that are of
renormalizable dimension d <4 and that involve local
gauge-invariant operators. This treatment can be further
extended to Riemann and other spacetimes to include
general relativity and its couplings to the SM. The result
provides a general description of violations of local
Lorentz invariance and diffeomorphism invariance and
of deviations from the equivalence principle [9,10]. The
coefficients play the role of backgrounds that modify the
inner product and geodesics for the spacetime, thereby
extending its geometry to that of a Finsler manifold [9,11].
In the context of fundamental physics the coefficients are
assumed perturbative, but SME terms with large Lorentz
violation are physically realized in certain semimetals near
nodal points in the band structure where an emergent
(3 + 1)-dimensional Lorentz invariance is expressed [12].
Reviews of the framework and its applications can be
found, for example, in Ref. [13].

In recent years, this general framework has been used to
analyze many experimental searches for Lorentz violation
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across a multitude of physical systems [14]. However,
numerous terms describing a broad spectrum of potential
observables remain experimentally unexamined to date.
Notable among these are effects in Minkowski spacetime
involving the strong and electroweak degrees of free-
dom [15]. Collider experiments provide a natural way to
search for many of these signals. For example, CPT-odd
terms in the quark sector leads to unique signals for Lorentz
violation in neutral-meson oscillations [16,17], which have
led to exceptionally sensitive searches with collider experi-
ments, including the KTeV, FOCUS, and DO Collaborations
at Fermilab [18-20], the BABAR Collaboration at the
Stanford Linear Accelerator Center [21], the KLOE
Collaboration at the Laboratori Nazionali di Frascati [22],
and the LHCb Collaboration at the Large Hadron Collider
(LHC) [23]. Recent theoretical progress has enabled a
subset of CPT-even and CPT-odd quark interactions to
be incorporated consistently into high-energy hadronic
observables [24-30], leading to further groundbreaking
searches for quark-sector Lorentz violation with colliders,
including via the DO Collaboration [31], the ZEUS
Collaboration at the Deutsche Elektronen-Synchrotron
(DESY) [32], and the Compact Muon Solenoid (CMS)
Collaboration at the LHC [33]. Other collider searches in the
strong and electroweak sectors of the SME have also been
suggested [34-38].

The existence of unexplored observables for Lorentz
violation and the experimentally attractive nature of the
diphoton channel % — yy naturally motivate collider
searches in the Higgs-boson sector. In the SME framework
in Minkowski spacetime, Lorentz-violating operators involv-
ing the Higgs boson appear at mass dimensions d > 3 [8].
However, none of the minimal-SME terms with d = 3 or 4
contain couplings directly generating the decay h — yy.
Instead, they first contribute as additional vertices within the
SM one-loop amplitude for the decay. Moreover, indirect
constraints on the coefficients for these terms inferred from
low-energy precision experiments [14] are far more stringent
than could be obtained from current or foreseeable mea-
surements in the diphoton channel, so these effects can
reasonably be neglected. Direct contributions to collider
studies of i1 — yy can therefore arise only from nonminimal
Lorentz-violating operators of dimension d > 5.

In this work, we show that in fact direct couplings to
h — yy first appear as terms at mass dimension d = 6 in the
unbroken phase of the nonminimal SME. These terms can be
viewed as generalizations of ones appearing in the Lorentz-
invariant SM effective field theory (SMEFT) [39—41]. After
symmetry breaking, they combine into a single Lorentz-
violating operator of mass dimension d = 5. We demon-
strate that this operator modifies the & — yy decay rate in
ways distinguishable from conventional SM effects, notably
through modulations with sidereal time, dependence on the
geographic location and orientation of the laboratory, and
novel kinematics. In particular, the modulations of the decay

rate due to the Earth’s rotation imply that a reanalysis of
existing data binned as a function of sidereal time can reveal
signatures otherwise hidden in standard time-averaged
analyses. The high-precision ATLAS and CMS measure-
ments of u,, thus offer a chance to probe directly the
corresponding coefficients for Lorentz violation for the
first time.

This paper is organized as follows. In Sec. II, we identify
the relevant Lorentz-violating operators and deduce the
effective diphoton interaction with the Higgs boson after
electroweak symmetry breaking. The result is decomposed
into rotationally irreducible components to facilitate the
identification of distinct experimental signatures. In
Sec. III, we determine the modified 7 — yy decay rates
at first and second order in the coefficient components.
Section IV discusses experimental signals, including
sidereal modulations and boost-dependent kinematics,
and it estimates the sensitivities achievable with current
LHC data. A summary and outlook form Sec. V. Natural
units with 72 = ¢ = 1 are used throughout.

II. EFFECTIVE OPERATORS

The set of Lorentz-violating Higgs couplings of mass
dimension d < 6 is tabulated in Table XVIII of Ref. [10].
Our focus here is on effects triggering the decay of a Higgs
boson /& into two photons (h — yy) at leading order in
Lorentz violation. Calculation reveals that this subset is
controlled by four terms involving operators of mass
dimension d = 6,

6 (G wpo i
‘CI(-Ii>ggs D Z(k%b)hp)} : B/pradﬂ(ﬁ
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in the unbroken phase, where ¢ is the conventional
Higgs-boson doublet and where the U(l1) and SU(2)
gauge field strengths are B,, and W, , respectively. In
Minkowski spacetime, these terms violate Lorentz sym-

metry but are CPT invariant. The coefficients for Lorentz
violation (lucg ¢)””””, (lvcl(;v)v(/))””””, (7(%3%,[,(/,_1)””/’”, and

v 6 . . . g—
(k%vilv(/lz)”wg are normalized to mass dimension GeV~2.

Contraction of the product of field strengths with a given
coefficient produces a quantity that is invariant under
general coordinate transformations. The breve diacritic on
the coefficients is a compact notation representing a
series of contractions of coefficients with the vierbein,
metric, and Levi-Civita tensor [10]. At leading order and
in Minkowski spacetime, only two terms are contained in
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the series for each coefficient appearing in Eq. (2),
(kO ywro = (koo 4 (k5w ebro. Although  these
two terms are nominally distinct, in practice they lead
to indistinguishable physics in Minkowski spacetime
because they have identical symmetries and contract with
the same product of field operators. In contrast, in curved
spacetime the Levi-Civita tensor depends on the square
root of the metric, which introduces a physical distinction
between the two terms. In what follows, we can therefore
drop the breve notation, (k©)2e — (k(0))mre without
loss of generality.

Extracting the couplings to the electromagnetic field is
achieved by assuming the standard SU(2) x U(1) — U(1)
breaking of the electroweak symmetry and working in the
unitary gauge ¢ = (0, r{/,)/\/i where r; = v+ h with
vacuum expectation value v and Higgs boson h. We find
the diphoton interactions with the Higgs boson are con-
trolled by a single term involving an operator of mass
dimension d = 5,

5 1 5 vpo
Ly = Z(k;}h)ﬂ PR, F o, (3)

where F,, is the electromagnetic field strength. The

coefficient (kf}h)””/’” for Lorentz violation has dimensions
of GeV~! in natural units and is controlled by the vacuum
expectation value v, by the electroweak mixing angle 0y,
and by the four unbroken-phase coefficients introduced in
Eq. (2). In principle, other Lorentz-violating effects can
induce shifts in conventional electroweak parameters [8].
However, in the present context such contributions only

appear as higher-order terms mixing (kf}h)””’"’ and the
unbroken-phase coefficients. Neglecting these subleading
contributions, we find

5 vpo 6 vpo
K8 = o0, K

1 . 6 4

— Y sin 29W(k§3&/¢)w
1

+7 vsinzew(kﬁg)w(/,,] Jere
1

+5 vsinzéw(kﬁg)w,p,z)ﬂwg' (4)

The focus of this work is the direct effects of the
coefficient (kf}h)””/’” on the diphoton decays & — yy. In
the analysis to follow, we take the dominant effects to arise
either from interference of the 1-loop SM process with the

interaction (3) or from the tree-level process at second order
in (kgf}h)/‘”/"’. In principle, additional SME coefficients
with higher d or from other sectors could contribute to the
analysis, but it is reasonable to take these to be suppressed
or negligible because terms with higher d are subdominant

and others are experimentally constrained to be tiny or
involve suppressed couplings.

While our focus here is on direct effects in collider
experiments, we note in passing that investigations of
contributions from indirect processes to other measurements
could also be of interest. Consider, for example, the term

1
£ = : KO F (5)

which appears in the broken phase of the minimal SME and
acts to modify the photon propagator. When the Higgs field
acquires its expectation value, the unbroken-phase operators

in Egggs given in Eq. (2) generate additional tree-level
contributions with the same operator structure as those in
E/(f). The net effect on a physical photon therefore arises
from a combination of the coefficients appearing in Eﬁf) and
£©

Higgs*
these contributions together with the tight existing exper-
imental limits on modifications to photon propagation could
lead to corresponding constraints on the coefficients appear-

(6)
Higgs

Adopting various assumptions for the relative sizes of

ing in £ and hence provide information about the

Lorentz-violating couplings Efyl of the Higgs boson to
the photon. Constraints of this type are evidently model
dependent, a feature that can be intuitively viewed as arising
because the propagation of a photon is a physically different
process from the interaction of the Higgs boson with two
photons. In a general theoretical framework, two indepen-
dent measurements are therefore required to establish direct
constraints on both.

As another example of an indirect constraint, consider
radiative effects arising from the interaction (3). One

involving the coefficient (kf}h)’“’/’” is a second-order
contribution to the one-loop photon vacuum polarization,
which generates corrections to the photon propagator with

the same operator structure as the minimal-SME term L',/(f).
This again suggests that under suitable theoretical assump-

tions indirect constraints on (kf;h)’“’”" could be inferred
from known experimental bounds on modifications to
photon propagation. The indirect approach in this case
necessarily comes with model dependence not only
because cancellations may occur among various contribu-
tions to the modified photon propagator but also because
the interaction (3) is nonrenormalizable. In contrast to these
indirect examples, the effects on diphoton decays of the
Higgs boson studied here are model independent in the
sense that the interaction (3) is the term at lowest mass
dimension that generates direct & — yy couplings, so its
contributions to the decay rate are unambiguous predictions
at leading order.

For our analysis, it is convenient to decompose

(kg}h)"””” into components that are irreducible under
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rotations. The procedure is similar to that performed in
Ref. [42] for the minimal-SME coefficient (kz)**#°, which
exhibits the symmetries of the Riemann tensor with a
vanishing double trace and thus contains 19 independent

components. The coefficient (kf}h)””/’” has an analogous
symmetry but contains a total of 21 independent compo-
nents. The two additional degrees of freedom govern
Lorentz scalars. One arises from the dependence of the
double trace of hF,, F,, on h, which precludes removing
the double trace from the theory via a field redefinition. The
second Lorentz scalar arises from the dependence of the
totally antisymmetric piece of hF,, F,, on h, which
precludes interpreting this operator component as a surface
term in the action. The 21 independent components of

(kl(psl)ph)""” admit a decomposition as

(KDEh)jk = —Z(kgv}h)oj()k,
. 1 .
() = S (5 o,

(kpgn)* = —(kcupn)¥ = (Kiopy,)0Paekra.— (6)

Here, the double trace (kf}h)”” = tr[kpgn) + tr[kpp,) and

v
the antisymmetric component e"”ﬂ"(k%s}h) ape = T[Kppp]

are generically nonvanishing. The subscripts involving
E, D, B, H are adopted in parallel with the notation for
the analogous decomposition of the minimal-SME coef-
ficient (kz)*° in Ref. [42].

The matrices (kpg,)’* and (kyp,)/* mix under rotations,
while (kpg,)/* contains two sets of components that trans-
form independently. The rotationally irreducible sets gov-
erning effects of even (e¢) and odd (o) parity are given by

1

(Rppnes )™ = 3 (kpen + Kupn)’*

- gtr[KDEh + kppn)&,

» . 1 .
(Repne-)* = 2 (KpEn — Kupn)™*
- gtr[KDEh — Kupn)&,
i o .
(Repnos)* = 2 (Kpsn + Kuen)’*,
1

(kFFh,o—)jk = B (kpBh — KHEh)jk,
Kppnis = gtr[KDEh + Kppal»
Kpphu— = gtr[KDEh — Kpign)»

Kppnu— = gtf[KDBh — Kpgn)- (7)

The matrices (’?FFh,eJr)jkv (’?FFh,e—)jk» and (Rppp,,- )7 are
symmetric and traceless and hence each contain five
independent components. The matrix (Rpgy 4 )/ is anti-
symmetric and so involves three independent components.
The traces Kppjqy and Kgpy,,_ govern Lorentz-scalar
operators, while Kz, — controls a rotational pseudoscalar
operator. The decomposition (7) therefore incorporates all 21

independent components of (kgh)”"/"’, as desired.
Expressing the Lagrange density (3) in terms of the
irreducible coefficients (7), the electric field E, and the

magnetic field B yields

5 L . 2 2
£](17>7 Y h[Rppnus (E* = B?) + 2Rpppu-(E - B)

+ Rppp - (E* + B?)
+E - (Rppnes + Kpppe-) - E
— B (Rpppes = Rppne-) - B

+2E - (Rppn,ot + Kppno-) E] (8)

The first two terms involve Lorentz-invariant operators and
appear in the SMEFT [41]. The third term governs boost
violations, while the remaining three terms describe rota-
tion violations. This expression directly confirms that
Repnge and (Rpppe.)’* are associated with even-parity
effects, while odd-parity effects are controlled by Kz,
and (Rppp. o+ ). Note that the coefficients with subscript +
distinguish couplings to the electric and magnetic fields due
to antisymmetry under the interchange E< E’, whereas
those with subscript — are symmetric under this interchange
regardless of parity.

III. &~ — yy DECAY RATES

The one-loop SM amplitude expressed in terms of the
outgoing photon 4-momenta k% = (w;,k;) and kb =
(@, ky) is [43]

My = = (VIGR) R (pir® = 2Ktk )es (ko).
(9)

where o and G are the fine-structure and Fermi constants,
F is a dimensionless complex number quantifying the loop
contributions, p7 = (k; + k;)* is the invariant mass
squared of the Higgs boson, and €#(k) is the polarization
4-vector for the outgoing photon of 4-momentum k. In
existing experiments studying the diphoton decays of the
Higgs boson, the electromagnetic calorimeters are insensi-
tive to the photon polarizations, implying a sum over the
polarizations must be performed in the squared modulus of
the amplitude (9). The resulting unpolarized differential
decay width evaluated in the center-of-mass frame is
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dly _ <1)2 GrlFPpy (10)

dQ  \4n) 16V27°E,’

where I’y is the SM width for the diphoton decay, € is the
photon solid angle, and E,, is the energy of the 4.

The SME term Egj,l given in Eq. (8) initiates the
diphoton decay h — yy starting at tree level. Following
standard practice, we adopt the narrow-width approxima-
tion to factorize the Higgs-boson production from the
decay. Tree-level Lorentz violation leaves unaffected
the Higgs-boson propagator and has negligible effect on
the integrated width I'j & 4 MeV [44], implying the nar-
row-width approximation remains valid. The production
cross section ¢ is dominated by gluon-gluon fusion and
other nonelectromagnetic channels. Under these assump-
tions, the theoretical signal strength is

puh ~ 1+ dT/T, (11)

where dI" is the Lorentz-violating correction. In principle,
the comparison of Egs. (11) to (1) then provides access to

the 21 independent components (kf}h)””/’” for Lorentz
violation.

We begin by calculating the first-order effects via inter-
ference with the relevant SM amplitude M, given in Eq. (9).
The first-order decay rate is proportional to the interference
|M1m|2 = M()Ml* + MO*MI = ZRC(MO*Ml), where
we find the Lorentz-violating amplitude M is given by

M, = =2k ok kogei (k) es(ka). (12)

(5)
hyy
electromagnetic Ward identity via substitution of a polari-

zation vector €j;(k) with the corresponding four-momentum
k,, as expected. After summing over polarizations, we find

The gauge invariance of £;/ ensures that M satisfies the

- 5
|Mint|2 & (p%,”m) - 2k1pk2y)kluk2(;(k§~"l)7h)ﬂwm’ (13)
Only a subset of the components of (kf}h)””/"’ generates
nonzero contributions to the spin-averaged interference
| My |>. The nine Ricci-like degrees of freedom in the
coefficients (Rgpp.e— ), (Repnoy)’*, and Rppp o can be
expressed covariantly as

5 vpo 1 5 vo {o} 5 17
(K)o = 3 (7 (ki)' = (K, )

7 5 o Vo 5

=P (ki) + o (kEp)). (14)
(5) vo __ (5> av o g o

where (kjp,)"" = (kpp,)™," is symmetric and traceless.

Assuming the form of Eq. (14) in Eq. (13) yields a

vanishing contraction. This can be viewed as a consequence

of the zero spin of the initial Higgs boson together with
conservation of angular momentum for the photons, which

follows from the absence of photon birefringence in the
combination (14) [45]. The contribution from the totally
antisymmetric component of (kf}h)””ﬂ" proportional to
Kgpne— also vanishes by symmetry, since the associated
operator is odd under a CP transformation while the
unpolarized diphoton decay & — yy is a CP-even process
[41]. Nontrivial contributions to the spin-averaged inter-
ference | M,y |? therefore arise only from the ten compo-
nents of the coefficients (Rppy., )/* and (Rppp,_ )/ that
govern rotation violations, along with the scalar coeffi-
cient K g, g -

After some calculation, we find that the explicit first-
order rate can be written in the form

dly  a(V2Gp)yRelF][ 1
E:W _thKFFh,trJr

1 =
N - > 2 ~
+ V- Kpppes - V- + Ephkl “Kppnet - ko

T (F xR - Rpno. - ] , (15)

where for compactness here and below we define the
combinations of vectors v, = w,k; & wk,. The symmetry

under the interchange 1?1 <~ 1?2 implies the solid angle Q
can be taken with respect to either of the photons. Note that
the violation of rotation invariance introduces a nontrivial
angular dependence in the final state. A realistic compari-
son with experiment therefore necessitates integration over
the detector fiducial volume.

The size of the first-order correction dl'; is determined
by the product of the coefficient for Lorentz violation with
the SM-interference coupling a\/GRe[F] ~ 10~* GeV~!.
In contrast, the second-order correction is determined by
the product of two coefficients for Lorentz violation, with
the SM-interference coupling absent. This suggest that an
experiment with weaker sensitivity >107* GeV~! to the

components of (kf}h)’”’”" is best suited to extract con-
straints from terms contributing at second order in the
coefficient (kg} ,)FP?, rather than from the first-order result
dl'|. Moreover, the form of the amplitude M for second-

order effects implies sensitivity to all 21 components of
(kg}h)””/’”. Taken together, these features motivate the
explicit calculation of the decay rate for 4 — yy at second
order in Lorentz violation.

The relevant squared amplitude can be obtained directly
from Eq. (12) by summing over polarizations,

AA 5 el 5 a
M = 40k 1 (k) sprpkask RS (16)

Some calculation yields the second-order rate dI';/dQ. Tt
contains the terms
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o2 e (7 G + B
+ (0105 + Ky - I:Z)Zk%Fh.tr—

+ o105 (010, + ki - ;Z)tr[<kFFlz,e+>2]

=Ty Rppnes)? By + (ky - Rppper - Ko)?
+ w10 (0105 = Ky - K)tr[ (R o))

=T Rppne-)? - U= + (Ky - Rpppe- - K2)?
— 0105 (0,0; + ki - k)t [(Rppn o))

+ By - Repnos)? - Bo + (ki - Rppos - K2)?
+ 010y (0,05 + ky - k)[R )]

-

— Uy - (Rppno-)* - Uy + (ky - Rpppom - k)| (17)

The complete expression for dI',/dQ is lengthy and
involves also cross terms containing products of distinct
coefficients. The result (17) is relevant for a maximum-
reach analysis, in which limits are obtained on independent
coefficient components taken one at a time. This procedure
is standard practice, providing a useful search measure of
depth and breadth [14]. Note that the rate dI'; /dQ depends
on the coefficients (Kpryo— )%, (Rrppor ), and Rppp - for
rotation violation and the coefficient Kppy— for boost
violation, in addition to those appearing in the rate dT"; /dQ.
Note also that both the first- and second-order decay rates
(15) and (17) reduce to the result for the SMEFT [41] in the
special limit of Lorentz invariance.

IV. SIGNALS AND SENSITIVITIES

The structure of the first-order rate (15) reveals that
rotation violations governed by the 10 independent com-
ponents of the coefficients (Rppper)’* and (Rppy - )*
control the leading experimental observables when the
experimental sensitivity <107 GeV~!. For the weaker-
sensitivity scenario, the second-order rate (17) instead
determines the leading experimental observables, which
involve both rotation and boost violations governed by the
19 independent components of the coefficients (Rppy 04 )%,
(Rerno-)*s Repne=)"*s (Repnot)’™, and Rpppu—. The
remaining coefficients Kppj oy and Kpp,_ generate
Lorentz-invariant ~ shifts in the theoretical signal
strength p.

One striking and unique signature for Lorentz violation is
the appearance of sidereal and annual modulations in the
measured & — yy rate. These arise because any Earth-based
laboratory is noninertial. The Earth’s rotation about its axis
and revolution around the Sun ensure that the laboratory
orientation changes with time, so the presence of rotation
violations can induce corresponding changes in experimen-
tal observables. The modulations depend on the geographic

position and orientation of the laboratory, thus implying
potentially distinct signatures for each experiment.

To facilitate direct comparisons between experiments, it
has become standard practice to report the results of searches
for Lorentz violation using a canonical Cartesian reference
frame, which offers an excellent approximation to an inertial
frame over the relevant timescales and in which the
coefficients for Lorentz violation can be taken as constant.
The established choice for this frame is the Sun-centered
frame (SCF) with time coordinate 7 and spatial coordinates
J€{X,Y,Z} defined such that the Z-axis is parallel to the
Earth’s rotation axis, the X-axis points from the Earth to the
Sun at the 2000 vernal equinox coincident with 7 = 0, and
the Y-axis completes a right-handed orthogonal basis
[42,46]. It is convenient to introduce also a standard
right-handed laboratory frame (LF) with spatial coordinates
j€{x,y,z}, where the x-axis points locally south and the
y-axis locally east, and a standard right-handed detector
frame (DF) with spatial coordinates j' € {x,y’, 7'} defined
to have 7’-axis along the beamline direction and x’-axis
horizontal to the Earth’s surface at the location of the
laboratory.

Since the Earth’s boost in the SCF is of order 1074, it
suffices for our purposes to approximate the Lorentz
transformation connecting the SCF to the LF by the rotation

cosycoswgTg cosysinwglg —siny
RV = —sinwgTg cos wgTg 0 ,
sinycoswgTq sinysinwglg cosy
(18)

where y is the LF colatitude and wg ~27/Ty is the
sidereal-rotation frequency of the Earth, with T4y ~23 h
56 min. The local sidereal time T convenient in the LF is
shifted relative to T by [47]

(A =4o)

To~T
o~ 1T 360

Tsidv (19)

where 1 is the LF longitude and 1, =~ 66.25°. An additional
rotation is required to connect the LF to the DF. Assuming
an upward-inclined beamline with positive angle « and at
an angle f east of due south, the rotation from the LF to the
DF is given by

—sin cos f} 0
RV = | —sinacosfp —sinasing cosa |. (20)
cosacosff  cosasinf sina

The total rotation from the SCF to the DF is therefore given
by the product R/ =3~ RIVR.

The rotations (18) and (20) can be used to express the
noninertial DF coefficients appearing in the decay rates
(15) and (17) as linear combinations of the inertial SCF
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coefficients in harmonics of wg. As an example, the DF
coefficient (Rpppo.)*” decomposes in terms of SCF
coefficients as

2y Y (54, — CaCps,)

(548, + cacpcy)
coSpl cos(wgTg)

= (Rernos)”
+ [(Repnos)”

— (Rppnor)™?

~ [(Repnos ) (sq Sy

+ (Repnor) “Caspl sin(wg T ). (21)

(E‘FFh.O-’r)

+ cucpey)

where s, = sina, ¢, = cosa, and where analogous defini-
tions hold for the other angles. This implies, for instance, that
a nonzero component (EFF,,,M)M induces a time-indepen-
dent offset controlled by (Rpz; 04 )%Y and time-dependent
modulations governed by (Xrp .1 )% and (Rppp.o. )Y
For the coefficient (R, ) ¥, the result (21) contains
first harmonics in the sidereal frequency wg, a result that
can be traced to the antisymmetry in j'k’. Expressed in terms
of SCF coefficients, the other three sets of DF coefficients
Rprner) (Repn.e-)’ ¥, and (Rppp,-)"* include harmon-
ics at both wg and 2wg. The first-order rate (15) therefore
includes harmonics at wg and 2wg, while the second-order
rate (17) includes harmonics at 2wg, 3wg,, and 4awg. We can
therefore compactly display the time dependence of both
Lorentz-violating decay rates in the generic form

dl'i»
dQ

4
=Ay+ Z[A,, cos(nwgTq) + B, sin(nwgTg)).

n=1

(22)

where the expansion parameter A, controls time-indepen-
dent effects and parameters A,, B, govern the time-
dependent ones.

The time-independent shifts from Lorentz violation
parametrized by A, generically depend on the angular
LF variable y and DF variables a, f, as manifestly evident
in the example (21). In principle, this feature and the novel
kinematical dependence could be leveraged in an exper-
imental analysis to separate the underlying coefficients for
Lorentz violation from the Lorentz-invariant effects gov-
erned by Kppy vy and Kgp, . A treatment along these lines
using real data would be of definite interest but lies outside
our present scope. In what follows, we offer some com-
ments on time-dependent signals for rotation violations
determined by the parameters A, and B,,, n # 0, and on a
kinematical approach to measuring the coefficient &pp,
for boost violation.

Consider first rotation violations. Conventional measure-
ments of h — yy typically involve binning events as a
function of kinematical variables, independently of the
measurement time 7'g. This procedure effectively averages

away potential signatures for rotation violations involving
the parameters A, and B,, n # 0. To probe a dataset for
signals from the 18 independent components of the
coefficients for rotation violation, the data can be binned
at the event level in Tg. Note that a primary advantage of
studying sidereal modulations is the absence of SM back-
ground. This implies that normalizing the experimentally
measured rate I'e,,(Tg) to the leading SM prediction (10)
defines a time-dependent observable reducing to unity in
the limit of vanishing Lorentz violation. Analogous ideas
underpin the various prior searches and proposals [16-38]
for Lorentz and CPT violation using collider experiments.

While a detailed experimental analysis of sidereal
variations using a real dataset for diphoton decays
h — yy remains to be performed, we can make reasonable
assumptions to deduce order-of-magnitude sensitivities to the
coefficients for rotation violation attainable with existing
data. As an illustrative scenario, consider a hypothetical
laboratory with colatitude y = 50°, beamline orientation
p =30° and inclination @ = 1°. Using the second-order
decay rate (17) with a mean Higgs-boson momentum of
100 GeV, integrating the total phase space constrained by the
pseudorapidity endpoint || = 2.5, and assuming that a
signal modulation of order +10% is measurable, we con-
servatively estimate that a sensitivity of order 10™* GeV~!
can be attained to the SCF coefficient (Rpp,.)’K for
rotation violation. Given the similarity of the contributions
in the decay rate (17), it is reasonable that a generic
attainable sensitivity to each coefficient for rotation viola-
tion lies within an order of magnitude of 10~ GeV~!. Note
that this sensitivity implies that contributions from both
the first- and second-order decay rates (15) and (17) may be
relevant in measurements of the coefficients (chFh’eJr)J K
and (Rppy,-)’K. We remark in passing that extending the
limit of the phase-space integration over the full range of
the pseudorapidity # samples the total theoretical phase
space, thereby yielding an observable identical in form in
the SCF and DF and thus independent of time. Instead of
being viewed as a practical limitation of detector con-
struction, the restricted range of the pseudorapidity is thus
seen to be a required feature for these types of searches for
Lorentz violation, establishing an orientation for the
detector that provides access to signals for rotation
violations.

Next, we consider boost violations governed by the
coefficient kg, .. Setting all other coefficients to zero and
normalizing to the SM rate (10) yields

(dry/dQ) _
(dT/d)

167[2 (6()1602 + iél . ]_6)2) 5
K 23
\/EGZGF|F|2 p;t FFh,tr— ( )

Adopting the same experimental and kinematic values
taken for the illustrative scenario described above and
noting that the momentum dependence generates a factor of
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order one, we conservatively estimate that a sensitivity to
Rppn— of order 107* GeV~! can be attained. Note that the
sensitivities to both boost- and rotation-violating effects
could be improved via an event-level analysis comparing
the invariant-mass distribution p? to the product of photon
energies mw,.

V. SUMMARY AND OUTLOOK

This work investigates small departures from Lorentz
invariance in diphoton decays of the Higgs boson. Starting
from the set (2) of Lorentz-violating Higgs couplings at
mass dimension d < 6 in the unbroken phase of the SME,
we show that the single operator (3) at d = 5 controls the
leading signatures of Lorentz violation in & — yy. The

corresponding coefficient (kf}h)’”’”" contains 21 indepen-

dent components, of which 18 control rotation violations,
one governs boost violation, and the remaining two deter-

mine Lorentz-invariant effects. The coefficient (kf}h)””/’” is
decomposed into the rotationally irreducible sets (7), which
are used to express the first- and second-order modified
decay rates (15) and (17), respectively. At first order in
Lorentz violation, 10 independent components for rotation
violation and one Lorentz-invariant operator contribute via
interference with the SM one-loop amplitude (9). At
second order all 21 components contribute, including
the nine additional coefficients for rotation and boost
violations that are absent at first order. The second-order
contributions dominate over the interference-mediated
effects when the sensitivity to Lorentz violation exceeds
the scale a/GyRe[F] ~107* GeV~'.

The modified decay rates exhibit several features that
can be exploited in experimental analyses searching for
Lorentz violation, including modulations in time at har-
monics of the Earth’s sidereal frequency, dependence on
the location of the laboratory and on the orientation of the
detector, and novel kinematical properties. The 18 inde-
pendent components controlling rotation violations can be
studied by binning existing or future experimental data for
the h — yy rate at the event level as a function of sidereal
time. Using a plausible scenario for an experimental
geometry and kinematics, we estimate sensitivities of
order 107 GeV~! can be attained to these components
expressed in the canonical Sun-centered frame. We show

that the coefficient for boost violation can be accessed at a
comparable sensitivity through the dependence of the decay
rate (23) on the invariant mass. An experimental analysis
reporting measurements of any of these 19 coefficient
components would constitute the first direct constraint on
the corresponding Lorentz-violating interactions of photons
with the Higgs boson.

Future advances in sensitivity to these interactions can be
envisaged. The most direct prospect is the High-Luminosity
LHC (HL-LHC) upgrade, which is currently expected to
begin operations in the mid-2030s [48]. The HL-LHC is
planned to deliver 3000 fb~! of integrated luminosity at
\/s =14 TeV to both the ATLAS and CMS detectors,
totaling about 10 times the combined Run 1-3 datasets [49].
Along with the modest increase in the Higgs production
cross section [50], this implies a yield of roughly an order of
magnitude more 7 — yy events. The diphoton coupling to
the Higgs boson is projected to be measured with a precision
at the few-percent level [51,52], representing a notable
improvement over the current ~9% precision on u,,. This
improvement also favors prospective sidereal analyses, as
the sensitivity to rotation violation scales with the square
root of the number of events excluding the SM background.
Furthermore, neglecting the minute difference in detector
colatitudes and noting the symmetry under exchange of the
beamline directions, the ATLAS and CMS datasets could be
combined to provide a powerful search for Lorentz viola-
tion. Together, these considerations suggest the HL-LHC
could attain a conservative sensitivity of order 107> GeV~!
to Lorentz violation in the diphoton channel.
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