




L
L





L



L





respect to the fermion mass matrix m in Eq. (1).

The simplest example for a full theory of this class is a type III two Higgs doublet model

(2HDM) where both Higgses obtain a vev and couple to fermions. In the full theory both

of the scalars then have a Lagrangian of the form (1)

LY = �mif̄
i
Lf

i
R � Y a

ij(f̄
i
Lf

j
R)h

a + h.c.+ · · · , (8)

where the index a runs over all the scalars (with Y a
ij imaginary for pseudoscalars), and mi

receives contributions from both vevs. In addition there is also a scalar potential which

mixes the two Higgses. Diagonalizing the Higgs mass matrix then also changes Y a
ij , but

removes the Higgs mixing. For our purposes it is simplest to work in the Higgs mass basis.

All the results for a single Higgs are then trivially modified, replacing our final expressions

below by a sum over several Higgses. For a large mass gap, where only one Higgs is light, the

contributions from the heavier Higgs are power suppressed, unless its flavor violating Yukawa

couplings are parametrically larger than those of the light Higgs. The contributions from

the heavy Higgs correspond to the higher dimensional operators discussed in the previous

paragraph. This example can be trivially generalized to models with many Higgs doublets.

We next derive constraints on flavor violating Higgs couplings and work out the allowed

branching fractions for flavor violation Higgs decays. In placing the bounds we will neglect

the FV contributions of the remaining states in the full theory. Our bounds thus apply

barring cancellations with these other terms.

III. LEPTONIC FLAVOR VIOLATING HIGGS DECAYS

The FV decays h ! eµ, e⌧, µ⌧ arise at tree level from the assumed flavor violating Yukawa

interactions, Eq. (1), where the relevant terms are explicitly

LY �� YeµēLµRh� Yµeµ̄LeRh� Ye⌧ ēL⌧Rh� Y⌧e⌧̄LeRh� Yµ⌧ µ̄L⌧Rh� Y⌧µ⌧̄LµRh+ h.c. .

(9)

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)
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Figure 12: The two loop diagrams contributing to ⌧ ! µ�.
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the arguments are zth = m2

t/m
2

H , zWh = m2

W/m2

H , while the prefactor is

 =
↵

16⇡

g2

m2

W

v

m⌧

=
↵

2
p
2⇡

GF

v

m⌧

. (A9)

The contributions from the 2-loop diagrams with an internal Z are smaller as they are

suppressed by 1� 4s2W ' 0.08. They are

�ctZL = �6Qt

(1� 4s2W )(1� 4Qts
2

W )

16s2W c2W

v

mt

Y ⇤
⌧µ⇥

⇥ ⇥

Re(Ytt)f̃(zth, ztZ)� iIm(Ytt)g̃(zth, ztZ)
⇤

,

(A10)
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with sW ⌘ sin ✓W , cW ⌘ cos ✓W , tW ⌘ tan ✓W , ztz ⌘ m2

t/m
2

Z, zWZ ⌘ m2

W/m2

Z and the loop
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Figure 1: Diagrams contributing to the flavor violating decay ⌧ ! µ�, mediated by a Higgs boson

with flavor violating Yukawa couplings.

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
�

Yµµ

�

S

M

= mµ/v,
�

Y⌧⌧

�

S

M

= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.

A. Constraints from ⌧ ! µ�, ⌧ ! e� and µ ! e�

The e↵ective Lagrangian for the ⌧ ! µ� decay is given by

L
e

↵

= cLQL� + cRQR� + h.c. , (11)

where the dim-5 electromagnetic penguin operators are

QL�,R� =
e

8⇡2

m⌧

�

µ̄ �↵�PL,R⌧
�

F↵� ,
(12)

with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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Figure 5: Diagrams contributing to µ ! e conversion in nuclei via the flavor violating HiggsYukawa couplings Yµe and Yeµ.

e↵ective Lagrangian is

L
E

D

M

= � i

2
dµ

�

µ̄�↵��5µ
�

F↵� , (24)
with the electric dipole moment given by (neglecting the terms suppressed by mµ/m⌧ orm⌧/mh)

dµ ' � Im(Yµ⌧Y⌧µ)
16⇡2

em⌧

2m2

h

⇣

2 log
m2

h

m2

⌧

� 3
⌘

. (25)
The experimental constraint �10⇥ 10�2

0 e cm < dµ < 8⇥ 10�2

0 e cm [29] translates into therather weak limit �0.8 . Im(Yµ⌧Y⌧µ) . 1.0.
A similar diagram with electrons instead of muons on the external legs also contributes tothe electron EDM, de. The experimental constraint |de| < 0.105⇥ 10�2

6e cm [29] translatesinto |Im(Ye⌧Y⌧e)| < 1.1⇥10�8 for a tau running in the loop, and into |Im(YeµYµe)| < 9.8⇥10�8for a muon running in the loop.

F. Constraints from µ ! e conversion in nuclei

Very stringent constraints on the FV Yukawa couplings Yµe and Yeµ come from experi-mental searches for µ ! e conversion in nuclei. The relevant diagrams with one insertion ofthe FV Yukawa coupling are shown in Fig. 5. An e↵ective scalar interaction arises alreadyat tree level from the first diagram in Fig. 5, while vector and electromagnetic dipole contri-butions arise at one loop level. We give complete expressions for the tree level and one loopcontributions in Appendix A 3. There are also two-loop contributions, similar to the ones
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Electron EDM is 
interesting here!
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Figure 3: Diagram leading to muonium–antimuonium oscillations.
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Figure 4: A diagram contributing to the anomalous magnetic moment g � 2 of the muon through

FV couplings of the Higgs to ⌧µ.

where "X and #X are the spin orientations of particle X. We can work in the non-

relativistic limit here. For a contact interaction, the spatial wave function of muonium,

�
1s = exp(�r/aM)/[⇡a3M ]1/2 only needs to be evaluated at the origin. (Here r is the

electron–antimuon distance and aM = (me +mµ)/(memµ↵) is the muonium Bohr radius.)

The resulting mass splitting between the two mass eigenstates of the mixed M–M̄ system

is [34],

�M = 2 |M
¯MM | = |Yµe + Y ⇤

eµ|2
2⇡a3m2

h

, (19)

and the time-integrated conversion probability is

P (M ! M̄) =

Z 1

0

dt�µ sin2(�M t) e��µt =
2

�2

µ/(�M)2 + 4
. (20)

The bound from the MACS experiment [33] then translates into |Yµe + Y ⇤
eµ| < 0.079.

D. Constraints from magnetic dipole moments

The CP conserving and CP violating parts of the diagram in Fig. 4 generate magnetic

and electric dipole moments of the muon, respectively. Since the experimental value of the

11
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ū

c

c̄

uY ⇤
ctPL + YtcPR

Y ⇤
tuPL + YutPR Y ⇤

ctPL + YtcPR

Y ⇤
tuPL + YutPR

(a) (b)

Figure 7: Two representative diagrams through which flavor violating Higgs Yukawa couplings can

contribute to neutral meson mixing.

the reach of the LHC as we shall show in Sec. V. The allowed sizes of these two decay widths

are comparable to the sizes of decay widths into nonstandard decay channels (such as the

invisible decay width) that are allowed by global fits [38]. If there is no significant negative

contribution to Higgs production through gluon fusion, one has BR(h ! invisible) . 20%,

while allowing for arbitrarily large modifications of gluon and photon couplings to the Higgs

constrain BR(h ! invisible) . 65% [38]. These two bounds apply without change also to

BR(h ! ⌧µ), BR(h ! ⌧e) and BR(h ! eµ).

In contrast to decays involving a ⌧ lepton, the branching ratio for h ! eµ is extremely

well constrained by µ ! e� and µ ! e conversion bounds, and is required to be below

BR(h ! eµ) . 2⇥ 10�8, well beyond the reach of the LHC.

IV. HADRONIC FLAVOR VIOLATING DECAYS OF THE HIGGS

We next consider flavor violating decays of the Higgs to quarks. We first discuss two-body

decays to light quarks, h ! b̄d, b̄s, s̄d, c̄u, and then turn to FV three body decays mediated

by an o↵-shell top, h ! t̄⇤c ! Wb̄c and h ! t̄⇤u ! Wb̄u as well as FV top decays to t ! ch

and t ! uh. Our limits are summarized in Table II.
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Technique Coupling Constraint

D0 oscillations [48]
|Yuc|2, |Ycu|2 < 5.0⇥ 10�9

|YucYcu| < 7.5⇥ 10�10

B0

d oscillations [48]
|Ydb|2, |Ybd|2 < 2.3⇥ 10�8

|YdbYbd| < 3.3⇥ 10�9

B0

s oscillations [48]
|Ysb|2, |Ybs|2 < 1.8⇥ 10�6

|YsbYbs| < 2.5⇥ 10�7

K0 oscillations [48]

Re(Y 2

ds), Re(Y
2

sd) [�5.9 . . . 5.6]⇥ 10�10

Im(Y 2

ds), Im(Y 2

sd) [�2.9 . . . 1.6]⇥ 10�12

Re(Y ⇤
dsYsd) [�5.6 . . . 5.6]⇥ 10�11

Im(Y ⇤
dsYsd) [�1.4 . . . 2.8]⇥ 10�13

single-top production [49]

p

|Y 2

tc|+ |Yct|2 < 3.7
p

|Y 2

tu|+ |Yut|2 < 1.6

t ! hj [50]

p

|Y 2

tc|+ |Yct|2 < 0.34
p

|Y 2

tu|+ |Yut|2 < 0.34

D0 oscillations [48]

|YutYct|, |YtuYtc| < 7.6⇥ 10�3

|YtuYct|, |YutYtc| < 2.2⇥ 10�3

|YutYtuYctYtc|1/2 < 0.9⇥ 10�3

neutron EDM [37] Im(YutYtu) < 4.4⇥ 10�8

Table II: Constraints on flavor violating Higgs couplings to quarks. We have assumed a Higgs mass

mh = 125 GeV, and we have taken the diagonal Yukawa couplings at their SM values.

by an o↵-shell top, h ! t̄⇤c ! Wb̄c and h ! t̄⇤u ! Wb̄u as well as FV top decays to t ! ch

and t ! uh. Our limits are summarized in Table II.

A. Flavor violating Higgs decays into light quarks

Flavor violating Higgs couplings to quarks can generate flavor changing neutral currents

(FCNCs) at tree level, see Fig. 7 (a), and are thus well constrained by the measured Bd,s �
B̄d,s, K0 � K̄0 and D0 � D̄0 mixing rates. Integrating out the Higgs generates an e↵ective
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where "X and #X are the spin orientations of particle X. We can work in the non-

relativistic limit here. For a contact interaction, the spatial wave function of muonium,

�
1

s = exp(�r/aM)/[⇡a3M ]1/2 only needs to be evaluated at the origin. (Here r is the

electron–antimuon distance and aM = (me +mµ)/(memµ↵) is the muonium Bohr radius.)

The resulting mass splitting between the two mass eigenstates of the mixed M–M̄ system

is [34],

�M = 2 |M ¯MM | = |Yµe + Y ⇤
eµ|2

2⇡a3m2

h

, (19)

and the time-integrated conversion probability is

P (M ! M̄) =

Z 1

0

dt�µ sin2(�M t) e��µt =
2

�2

µ/(�M)2 + 4
. (20)

The bound from the MACS experiment [33] then translates into |Yµe + Y ⇤
eµ| < 0.079.

D. Constraints from magnetic dipole moments

The CP conserving and CP violating parts of the diagram in Fig. 4 generate magnetic

and electric dipole moments of the muon, respectively. Since the experimental value of the
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that the sensitivity is equally strong for the CP even and
odd couplings in the case of h�� indicating sensitivity to
the CP properties and potential CP violation.
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FIG. 8. �(Ai
n) vs. NS for each coupling in Eq. (4) utiliz-

ing Relaxed�⌥ cuts including the qq̄ ! 4` background for
the combined 2e2µ, 4e, and 4µ channels. On the top axis
we also show an approximate projection for the luminosity
⇥ e�ciency needed at the LHC to obtain a given number
of signal events assuming SM production cross section and
branching fraction values obtained from the LHC Higgs Cross
Section Working Group [64, 65]. We indicate by the green
dashed line the value 0.008 and the pink dashed line the value
0.014 corresponding roughly to the magnitude of A��

2 and
AZ�

2 respectively as predicted by the SM at 125 GeV [51]. All
couplings (defined in Eq. (3)) and background fractions are
floated simultaneously and we have fit to a true point of
~A = (0, 0, 0, 0, 0, 0) and background fraction as indicated
in Table I for the range 115� 135 GeV [4, 5].

For the hZ� couplings the situation is less optimistic,
but perhaps still promising at the LHC. In particular
we see that ⇠ SM values will begin to be probed with
⇠ 1000fb�1 again assuming 100% e�ciency. More real-
istically 2000 � 5000fb�1 will likely be needed once ef-
ficiencies are accounted for. This may still perhaps be
within reach of a high luminosity LHC and certainly
should be within reach of a future higher energy hadron
collider. Again we see a similar, though not identical, sen-
sitivity to the CP even and CP odd couplings allowing
for the possibility to directly probe the CP properties
and potential CP violation in the Z� couplings.

We also see in Fig. 8 that the sensitivity to the higher
dimensional ZZ couplings is relatively weak requiring ⇠
3000fb�1, assuming 100% e�ciency, to probe couplings
of O(0.08 � 0.09) for the CP even coupling and O(0.2 �
0.3) for the CP odd coupling. This is significantly larger

than what would be expected from loop e↵ects which
might generate these couplings in the SM or in most BSM
extensions. The large di↵erence in sensitivity between the
CP odd and even couplings can be understood from the
fact that the sensitivity is driven by interference e↵ects
with the tree level SM hZµZ

µ

operator [38]. For the ZZ
couplings this interference is an order of magnitude larger
for the CP even operator (AZZ

2 ) than for the CP odd
operator (AZZ

3 ) in contrast to the case of �� and Z�
where the size of the interference is of the same order for
the CP odd and even couplings as can be seen in Fig. 5.

B. Probing CP Properties in hZ� and h��

The results in Fig. 8 indicate that the LHC may be able
to directly probe the CP properties of the hZ� and espe-
cially h�� couplings even for values close to the SM pre-
diction. This is especially exciting since there is presently
no other direct probe of the CP properties of these
couplings (with the possible exception of h ! 2`� de-
cays [41]). To further investigate this we perform a second
fit, but now to a true point ~A = (0, 0, 0.014, 0, �0.008, 0)
corresponding to the SM values for AZ�

2,3 and A��

2,3 at 1-
loop and 125 GeV [51]. We again include the qq̄ ! 4`
background while floating all couplings and background
fractions simultaneously. Instead of the sensitivity curves
however, we examine in Fig. 9 the 1� confidence in-
terval for AV �

2 vs. AV �

3 (V = Z, �) couplings utilizing
CMS-tight (large, light turquoise ellipse) and Relaxed�⌥
(small, dark turquoise ellipse) cuts assuming 4000 events
corresponding roughly to 3000fb�1 [64, 65]. For compar-
ison and as a demonstration of the ideal case, we also
show in the red ellipses the 1� interval obtained assum-
ing a pure signal sample.

Probing CP properties of hZ�: On the left in Fig. 9 we

show results for the sensitivity of our analysis in the AZ�

2

vs. AZ�

3 plane. We also indicate by the pink rings the pro-
jected 1� interval from the on-shell h ! Z� decay rate for
3000fb�1 respectively [40]. Our true point is represented
by the star at (AZ�

2 , AZ�

3 ) = (0.014, 0). In Fig. 9 one can
see clearly the improvement in sensitivity one obtains
using the Relaxed-⌥ cuts versus standard CMS-tight
cuts. Qualitatively we see that in the case of Relaxed-
⌥ cuts almost the entire 1� region lies on the positive
side of zero for AZ�

2 indicating that with these cuts the
LHC has a better chance to establish the overall sign of
the AZ�

2 coupling than with the standard CMS cuts and
something which can not be done in h ! Z� on-shell two
body decays. One can quantify this further by taking the
ratio of the area corresponding to the CMS-tight 1� el-
lipse over the corresponding one for Relaxed-⌥ cuts. For
the ellipses in Fig. 9 corresponding to ⇠ 3000fb�1 we
find this ratio to be ⇠ 2.2 implying a ⇠ 120% improve-
ment. We also notice the asymmetric nature of the el-
lipses indicating a somewhat stronger sensitivity to the
CP even coupling than for the CP odd as already im-
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Figure 1: Left: Comparison of the data (solid circles) failing the m1 ' m2 requirement in the
control sample where no isolation requirement is applied to reconstructed dimuons with the
prediction of the background shape model (solid line) scaled to the number of entries in the
data. The insets show the B17+8 and B8+8 templates (solid lines) for dimuons obtained with
background-enriched data samples. Right: Distribution of the invariant masses m1 vs. m2 for
the isolated dimuon systems for the three events in the data (shown as empty circles) surviving
all selections except the requirement that these two masses fall into the diagonal signal region
m1 ' m2 (outlined with dashed lines). The intensity (color online) of the shading indicates the
background expectation which is a sum of the bb and the direct J/y pair production contribu-
tions.

background shapes are collected with the same trigger and with kinematic properties similar to
those bb events passing the selections of the main analysis. These event samples do not overlap
the sample containing two dimuons that is used for the main analysis, and they have negligible
contributions from non-bb backgrounds. The B17+8 and B8+8 distributions, fitted with a para-
metric analytical function using a combination of Bernstein polynomials [62] and Crystal Ball
functions [63] describing resonances, are shown as insets in Fig. 1 (left). Once the Bbb(m1, m2)
template is constructed, it is used to provide a description of the bb background shape in the
main analysis.

To validate the constructed Bbb(m1, m2) template, we compare its shape with the distribution
of the invariant masses m1 vs. m2 from events obtained with all standard selections except
the requirement that each of the two reconstructed dimuons is isolated. Omitting the isolation
requirement provides a high-statistics control sample of events with two dimuons highly en-
riched with bb events. To avoid unblinding the search, the diagonal signal region is excluded
in both the data and the template, i.e. the comparison has been limited to the data events that
satisfy all analysis selections but fail the m1 ' m2 requirement. Distributions of m1 and m2 are
consistent with the projections of the Bbb(m1, m2) template on the respective axes normalized
to the number of events in the data control sample. The sum of the m1 and m2 distributions
agrees well with the sum of the template projections as shown in Fig. 1 (left).

Another cross-check has been performed using data events which satisfy all analysis selec-
tions except that the isolation parameters of each dimuon system have been required to satisfy
3 GeV/c < Isum < 8 GeV/c, which removes potential signal events since the signal selections
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FIG. 9. Left: Results for the for AZ�
2 vs. AZ�

3 assuming 4000 events corresponding to roughly 3000fb�1 [64, 65] (after accounting

for e�ciencies). The same fit as in Fig. 8 is performed only we fit to a true point of ~A = (0, 0, 0.014, 0,�0.008, 0) represented
by the star and corresponding to the SM values for AZ�

2 and A��
2 at 125 GeV [51]. The turquoise ellipses correspond to the

1� confidence interval obtained in the golden channel for CMS-tight (large, light turquoise) and Relaxed�⌥ (small, dark
turquoise). The pink ring indicates the projected 1� confidence interval which will be achieved on the h ! Z� [40] rate for the
same luminosity. We also show in the red ellipse the projected sensitivity assuming a pure signal sample. Right: Same as in
left, but for A��

2 vs. A��
3 . We also include a thin green line showing the severe, but model dependent constraint coming from

the electron EDM in a minimal model where the mass of the states which generate these operators is a TeV and that the Higgs
couplings to first generation fermions are of order their SM value [53, 54].
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FIG. 10. Same as Fig. 9, but for 20,000 events which should be well within reach of a future high energy hadron collider. On
the left we show AZ�

2 vs. AZ�
3 and on the right A��

2 vs. A��
3 . The pink rings indicate the projected 1� confidence interval which

will be achieved on the h ! Z� and h ! �� rates obtained by simply rescaling the projections at 3000 fb�1 [40].
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nal events assuming � = � in bin i of the ⇥ dis-
tribution. In our ILC treatment, we neglect ZZ and
Z ! ⌧⌧ continuum backgrounds and so we set Bi = 0.
Here, Pois(k|�) is the usual Poisson distribution function,
Pois(k|�) = �ke��/k!.

We parametrize the signal ⇥ distribution with
a c�A cos(⇥� 2�) fit function, where the o↵set con-
stant c and oscillation amplitude A are fixed by the fit
of the standard model ⇥ distribution with � = 0, giving
c
0

and A
0

respectively. Then, the resulting S�=� signal
⇥ distribution is given by c

0

� A
0

cos(⇥ � 2�). We con-
struct the binned likelihood7 according to (38) for vari-
ous � hypotheses to test the discrimination against the
SM hypothesis. With 1 ab�1 of ILC luminosity, we find
1� discrimination at � = 0.077 rad = 4.4�, which is a
highly promising degree of sensitivity for measuring the
CP phase of the Higgs coupling to taus. We summarize
our rate estimate and accuracy result in table I.

We remark that this sensitivity estimate is only driven
by statistical uncertainties, and systematic uncertainties
are expected to reduce the e�cacy of our result. Also,
detector resolution e↵ects and SM backgrounds, while
expected to be small, will also slightly degrade our pro-
jection. Based on our results, which surpass earlier accu-
racy estimates of 6� [18], a full experimental sensitivity
study incorporating these subleading e↵ects is certainly
warranted.

C. LHC

We now develop an LHC study for reconstructing the
⇥ distribution in p p ! h j in the ⇡+⇡0⇡�⇡0 + j + /E

T

final state. We use the h + j final state for a couple of
reasons. First, since hadronic taus can be faked by jets,
pp ! h ! two hadronic taus faces an immense back-
ground from multijet QCD. By requiring another object
in the final state, we gain handles to suppress the back-
ground. Second, the collinear approximation gives am-
biguous results if the two taus are back-to-back, so the
requirement of an additional object in the event guaran-
tees we are away from this configuration. One option is
associated production of a Higgs wit a W/Z. However
this rate is quite small, especially once the branching
ratios for W/Z into clean final states are taken into ac-
count. Other possibilities include Higgs production via
vector boson fusion and in association with a jet. Both
of these options give promising signal-to-background ra-
tios and both should be considered. For concreteness we
will consider pp ! h + j here as a demonstration of the
feasibility of our technique.

As mentioned before, the neutrinos are not recon-
structible in the hadron collider environment, and so we

7 We choose N = 100 bins, though we verified the number of bins
is immaterial for our results.
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FIG. 6: The distributions of the truth-⇥ and ⇥ from the
collinear approximation for � = 0.

will employ the collinear approximation [23] for the neu-
trino momenta. In figure 6, we show a comparison be-
tween the truth level ⇥ distribution and the ⇥ distribu-
tion using the collinear approximation for neutrino mo-
menta, for the � = 0 benchmark. While the collinear
approximation reduces the oscillation amplitude of the
distribution, the location of the minimum of the distri-
bution does not change. Therefore, measuring � is a
viable possibility at the LHC using the collinear approxi-
mation for the neutrino momenta. We remark that in the
collinear approximation, ⇥ is equivalent to the acopla-
narity angle �⇤ [15, 16]. Yet, we are the first feasibility
study for measuring CP violation in the Higgs coupling
to taus at hadron colliders using prompt tau decays and
kinematics. With a more sophisticated scheme than the
collinear approximation, the ⇥ variable will be superior
to �⇤.

At the LHC, the dominant background for the h j sig-
nal process is the irreducible Z j background, where the
Z decays to the same final state as the higgs. As shown
earlier in figure 2, the ⇥ distribution from Z events is
flat: importantly, this is true regardless of possible mass
window cuts on the reconstructed m⌧⌧ resonance. We
remark that the CP phase in the Higgs coupling to taus
does manifest in the Z–⌧–⌧ vertex at one loop. Since this
e↵ect is suppressed by ⇠ y2⌧/(16⇡

2) ⇠ O(10�4), whereas
the signal to background ratio will be O(60%), we can
safely ignore the loop induced CP phase in the Z–⌧–⌧
vertex. In addition, we will assume that the QCD back-
ground contribution also has a flat ⇥ distribution, since
the QCD contamination in the signal region is not ex-
pected to have any particular spin correlations.
Using our h j and Z j event samples from MadGraph 5

for a 14 TeV LHC, we first isolate the signal region with a
series of hard cuts. First, we apply a preselection require-
ment on the leading jet p

T

> 140 GeV with |⌘| < 2.5.
Using MCFM v.6.6 [28] with these preselection require-
ments on the leading jet, we obtain a h j NLO inclusive

LHC
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for a 14 TeV LHC, we first isolate the signal region with a
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ment on the leading jet p

T

> 140 GeV with |⌘| < 2.5.
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h

j

Z

j

Inclusive
� 2.0 pb 420 pb

Br(
⌧

+
⌧

� decay) 6.1% 3.4%
Br(

⌧

� !
⇡

�
⇡

0
⌫) 26% 26%

Cut e�ciency 18% 0.24%
Nevents 1100 1800

TABLE II: Cross sections, branching fractions, cut e�cien-cies, and expected number of events assuming 3 ab�1 and50%
⌧ tagging e�ciency for the Higgs signal and the

Z back-ground: the background number of events includes an addi-tional 10% contribution from QCD multijet background.

cross section of 2.0 pb with mh = 126 GeV and a Z jNLO inclusive cross section of 420 pb. After applyingthe appropriate Higgs, Z, and tau branching fractions,we calculate a signal cross section of 8.2 fb and Z back-ground cross section of 970 fb.8 Next, we impose hardkinematic cuts to isolate the signal. Motivated by [11],we choose the signal region to be:
• /E

T

> 40 GeV,

• p⇢
±

T

> 45 GeV,

• |⌘⇢±| < 2.1,

• m
c

o

l

l

> 120 GeV,

where m
c

o

l

l

is the reconstructed Higgs mass by using thecollinear approximation. The hard m
c

o

l

l

cut stronglysuppresses the Z + j background, but is less e↵ectiveon multijet QCD. To reduce the multijet component –and its accompanying uncertainty – to less than 10% ofthe total background we impose a high /E
T

cut. The nete�ciencies for signal and Z background after these cutsare 18% and 0.24%, respectively. Rather than simulatethe QCD contribution, we account for QCD contamina-tion in the signal region by increasing the Z backgroundrate by 10%: a complete treatment of the expected QCDbackground is beyond the scope of this study. Finally, forhadronic ⌧ tagging e�ciency, we consider a standard 50%e�ciency and a more optimistic 70% e�ciency [26]. Wetherefore expect 1100 signal events and 1800 Z+ QCDbackground events with 3 ab�
1 of luminosity from the14 TeV LHC, assuming 50% ⌧ tagging e�ciency. Theserates are summarized in table II.

We note that although we generated signal and back-ground samples independently, there is a small interfer-ence between Higgs and Z diagrams in the gq ! ⌧+⌧�q

8 These numbers were generated using CTEQ6M parton dis-tribution functions. For the signal we use a factoriza-tion/renormalization scale of µF = mH/2, while for the back-ground we use µF =
q

M2
Z + p2T,j . These scale choices are

motivated by agreement with higher order (NNLO) calculations(where they exist).

⌧h e�ciency 50% 70%
3
�

L = 550 fb�1
L = 300 fb�1

5
�

L = 1500 fb�1
L = 700 fb�1

Accuracy(
L = 3 ab�1) 11

.5� 8
.0�

TABLE III: The luminosity required for distinguishing thescalar and pseudoscalar couplings and the accuracy in mea-suring � with 3 ab�1 of luminosity at the 14 TeV LHC.

diagram. Our checks of this interference on the ⇥ distri-butions for combined signal and background events ver-sus separate signal and background events showed a neg-ligible e↵ect: we thus ignore this interference e↵ect.We now perform a likelihood analysis (38) to quantifyhow e↵ectively the ⇥ distribution distinguishes betweensignal hypotheses with di↵erent CP phases in the pres-ence of Z+ QCD background. First, we test the discrim-ination between a pure scalar and a pure pseudoscalarh–⌧–⌧ coupling. We find that these two hypotheses canbe distinguished at 3� sensitivity with 550 (300) fb�
1

assuming 50% (70%) ⌧ tagging e�ciency. We can at-tain 5� sensitivity between pure scalar and pseudoscalarcouplings with 1500 (700) fb�
1 luminosity assuming 50%(70%) e�ciency.

We also estimate the possible accuracy for the LHCexperiments to measure � with an upgraded luminosityof 3 ab�
1. We adopt the same procedure as with theILC accuracy estimate described in the previous section,modified to account for the Z+ QCD background, whichis fixed to be flat in ⇥. We find that the accuracy in mea-suring � is 11.5� (8.0�) assuming 50% (70%) hadronic ⌧tagging e�ciency. The scalar versus pseudoscalar dis-crimination and the accuracy estimates are summarizedin table III.

Again, these estimates are based only on statisticaluncertainties without performing a full detector simula-tion. The e↵ects from pileup and detector resolution areexpected to degrade these projections, but correspond-ing improvements in the analysis, such as a more pre-cise approximation for the neutrino momenta, improvedbackground understanding (from other LHC measure-ments) or multivariate techniques, could counterbalancethe decrease in sensitivity. The promising results of ourstudy strongly motivate a comprehensive analysis by theLHC experiments for the prospect of measuring the CPphase �.

V. CONCLUSIONS

Higgs decays to tau leptons provide a singular opportu-nity to measure the CP properties of the Higgs-fermioncouplings. In this paper, we have studied the decay ofh ! ⌧+⌧� followed by ⌧± ! (⇢± ! ⇡±⇡0) ⌫. A new ob-servable, ⇥, was constructed in (36) using the momentaof the tau decay products. The di↵erential cross section

Promising accuracy:
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FIG. 4: The truth and reconstructed ⇥ distributions at the
ILC for � = 0.

neutrinos that escape the detector. We use the known ini-
tial four momenta, two tau mass and two neutrino mass
constraints to solve for each neutrino momentum compo-
nent. Note we will assume the Z decays to visible states,
which will reduce our event yield by 20%. Solving the
system of equations for the neutrino momenta gives rise
to a two-fold ambiguity, where one solution is equal to
the truth input neutrino momenta while the other gives a
set of wrong neutrino momenta. Note both solutions are
consistent with four-momentum conservation and there-
fore correctly reconstruct the Higgs mass. Since these
solutions are indistinguishable in the analysis, we assign
each solution half an event weight.

The resulting distribution of ⇥ for � = 0 is given in
figure 4, where we superimpose the truth level ⇥ distri-
bution for e+e� ! Zh events for easy comparison. We
can see that the oscillation amplitude at the ILC is de-
graded from the truth level result by ⇠ 30%. We also
show the reconstructed distribution for � = 0, � = ⇡/4,
and � = ⇡/2 in figure 5. While the two-fold ambiguity
for the neutrino momenta solution set does degrade the
truth level result, the reconstructable ⇥ distribution in
figure 5 shows significant discrimination power between
various � signal models. Note the amplitude of pseu-
doscalar distribution (� = ⇡/2) is slightly higher than
the scalar amplitude: here, the “wrong solution” approx-
imates the correct neutrino momenta on average better
than the other � = 0 or � = ⇡/4 cases. This small ef-
fect can be traced back to equation (9) where we derived
that a pseudoscalar decays to two taus in the singlet spin
state. As a result, in this case the two tau spins point
in opposite directions, regardless of the spin quantization
axis. In the pseudoscalar case the two tau decays thus
tend to occur with opposite orientation and the two neu-
trinos are slightly more back-to-back and consequently
the two solutions for their momenta are closer together.
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FIG. 5: The reconstructed ⇥ distribution at the ILC for
� = 0, � = ⇡/4, and � = ⇡/2.
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TABLE I: Cross section, branching fractions, expected num-
ber of signal events, and accuracy for measuring � for the
ILC with

p
s = 250 GeV and 1 ab�1 integrated luminosity.

We now discuss the projected ILC sensitivity for mea-
suring �. At the ILC, the cross section for Zh produc-
tion at

p
s = 250 GeV with polarized beams P (e�, e+) =

(�0.8, 0.3) for mh = 125 GeV is 0.30 pb [27].6 Assum-
ing a Higgs branching fraction to tau pairs of 6.1%, a
⌧� ! ⇢�⌫ ! ⇡�⇡0⌫ branching fraction of 26%, and a
Z-to-visible branching fraction of 80%, we calculate the
ILC should have 990 events with 1 ab�1 of luminosity.
Since the solved neutrino momenta correctly reconstruct
the Higgs mass, the ZZ backgrounds are negligible and
will be ignored.
To estimate the expected ILC accuracy for measuring

�, we perform a log likelihood ratio test for the SM hy-
pothesis with � = 0 against an alternative hypothesis
with � = �. In general, the likelihood ratio in N bins is
given by

L =

NQ
i=1

Pois
�
Bi + S�=0

i |Bi + S�=�
i

�

NQ
i=1

Pois
�
Bi + S�=0

i |Bi + S�=0

i

� , (38)

where Bi, S�=0

i and S�=�
i are the number of back-

ground events, signal events assuming � = 0, and sig-

6 We have checked the ⇥ distribution is insensitive to the polar-
ization of the e�-e+ beams.
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FIG. 4: The truth and reconstructed ⇥ distributions at the
ILC for � = 0.
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will be ignored.
To estimate the expected ILC accuracy for measuring
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pothesis with � = 0 against an alternative hypothesis
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