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Figure 23: Map of the likelihood ratio q(µggH,ttH, µVBF, VH) with mH treated as a nuisance pa-
rameter. The 1 ! and 2 ! uncertainty contours are shown. The cross indicates the best-fit values,
(µ̂ggH,ttH, µ̂VBF, VH) = ( 1.13, 1.15), and the diamond represents the SM expectation.
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Figure 24: Best-fit signal strength, µ̂, measured for each of the production processes in a com-
bined fit where the signal strengths of all four processes have been allowed to vary indepen-
dently in the fit. The signal mass, common to all four processes, is treated as a nuisance param-
eter in the fit. The horizontal bars indicate ± 1 ! uncertainties in the values for the individual
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FIG. 18. The signal strength for a Higgs boson of mass
mH = 125.4 GeV decaying via H ! !! as measured in groups
of categories sensitive to individual production modes, and
the combined signal strength, for the combination of the
7 TeV and 8 TeV data. The vertical hatched band indicates
the 68% confidence interval of the combined signal strength.
The vertical dashed line at signal strength 1 indicates the
SM expectation. The vertical dashed red line indicates the
limit below which the fitted signal plus background mass dis-
tribution for the combination of the V H categories becomes
negative for some mass in the fit range.
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FIG. 19. Measured signal strengths, for a Higgs boson of mass
mH = 125.4 GeV decaying via H ! !! , of the di↵erent Higgs
boson production modes and the combined signal strength
µ obtained with the combination of the 7 TeV and 8 TeV
data. The vertical dashed line at µ = 1 indicates the SM
expectation. The vertical dashed line at the left end of the
µZH result indicates the limit below which the fitted signal
plus background mass distribution becomes negative for some
mass in the fit range.

lation between the fitted values of µ
ggF

and µ
VBF

has

been studied by still fixing both µtH and µb¯bH to 1 and
profiling3 the remaining signal strengths µZH , µWH , and
µt¯tH . The best-fit values of µ

ggF

and µ
VBF

and the 68%
and 95% CL contours are shown in Fig. 20.

ggF
µ
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4 ATLAS
 = 7 TeVs, -1Ldt = 4.5 fb∫
 = 8 TeVs, -1Ldt = 20.3 fb∫

 = 125.4 GeVHm, γγ →H 

Best fit
68% CL
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SM

FIG. 20. The two-dimensional best-fit value of (µVBF , µggF )
for a Higgs boson of mass mH = 125.4 GeV decaying via
H ! !! when fixing both µtH and µbøbH to 1 and profil-
ing all the other signal strength parameters. The 68% and
95% CL contours are shown with the solid and dashed lines,
respectively. The result is obtained for mH = 125.4 GeV and
the combination of the 7 TeV and 8 TeV data.

Compared with the measured tt̄H signal strength pa-
rameter µt¯tH = 1.3 +2.5

! 1.7 (stat.) +0.8
! 0.4 (syst.) in Ref. [96],

µt¯tH measured in this analysis profits from the contribu-
tion of tt̄H events in other categories such as V H Emiss

T

and V H one-lepton. In addition, in this measurement
the other contributions to the signal strength are pro-
filed, whereas they are fixed at the SM predictions in
Ref. [96].

As mentioned in the introduction, in order to test the
production through VBF and associated production with
aW or Z boson or a tt̄ pair, independently of theH ! ��
branching ratio, the ratios µ

VBF

/µ
ggF

, µV H/µ
ggF

, and
µt¯tH/µ

ggF

are fitted separately by fixing µtH and µb¯bH

to 1 and profiling the remaining signal strengths. The
measured ratios

µ
VBF

/µ
ggF

= 0.6 +0.8
! 0.5,

µV H/µ
ggF

= 0.6 +1.1
! 0.6,

µt¯tH/µ
ggF

= 1.2 +2.2
! 1.4,

although not significantly di↵erent from zero, are
consistent with the SM predictions of 1.0. Like-
lihood scans of these ratios are presented in

3 Profiling here means maximizing the likelihood with respect to
all parameters apart from the parameters of interest µggF and
µVBF .
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Fig. 21. The result for µ
VBF

/ µ
ggF

is consistent
with µ

VBF+V H /µ
ggF+t ¯tH = 1 .1+0.9

�0.5 reported by ATLAS
with the same data in Ref. [13], although they are not
directly comparable.

ggFµ / 
X

µ
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 = 7 TeV s, -1Ldt = 4.5 fb∫

 = 8 TeV s, -1Ldt = 20.3 fb∫

 = 125.4 GeVHm, γγ →H 
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FIG. 21. Measurements of the µ
VBF

/µ
ggF

, µV H/µ
ggF

and
µt¯tH/µ

ggF

ratios and their total errors for a Higgs boson mass
mH = 125 .4 GeV. For a more complete illustration, the log-
likelihood curves from which the total uncertainties are ex-
tracted are also shown: the best Þt values are represented
by the solid vertical lines, with the total ± 1! and ± 2! un-
certainties indicated by the dark- and light-shaded band, re-
spectively. The likelihood curve and uncertainty bands for
µV H/µ

ggF

stop at zero because below this the hypothesized
signal plus background mass distribution in the V H dilepton
channel becomes negative (unphysical) for some mass in the
Þt range.

XI. CONCLUSION

A reÞned measurement of Higgs boson signal strengths
in the H ! �� decay channel is performed using the
proton-proton collision data recorded by the ATLAS ex-
periment at the CERN Large Hadron Collider at center-
of-mass energies of

"
s = 7 TeV and

"
s = 8 TeV corre-

sponding to a total integrated luminosity of 25 fb�1(the

LHC Run 1 dataset). The results are based on improved
calibrations for photons, electrons and muons and on
improved analysis techniques with respect to the pre-
viously published analysis of the same dataset. The
strength of the signal relative to the SM expectation,
measured at the combined ATLAS Higgs boson mass
mH = 125.4 GeV is found to be

µ = 1 .17± 0.27.

The compatibility with the SM prediction of µ = 1 cor-
responds to 0.7�. Signal strengths of the main produc-
tion modes are measured separately by exploiting event
categories that are designed to be sensitive to particular
production modes. They are found to be

µ
ggF

= 1 .32± 0.38,

µ
VBF

= 0 .8± 0.7,

µW H = 1 .0± 1.6,

µZH = 0 .1 +3.7
�0.1,

µt ¯tH = 1 .6 +2.7
�1.8,

where the statistical, systematic and theoretical uncer-
tainties are combined. The total uncertainty of both the
combined and the Þve individual signal strength param-
eters presented above is dominated by the statistical un-
certainty. These are the Þrst results obtained by ATLAS
in the diphoton Þnal state for these Þve production mech-
anisms simultaneously. No signiÞcant deviations from
the SM expectations are observed. More data are needed
to establish evidence for Higgs boson production in the
H ! �� decay channel via the VBF,WH, ZH, and tøtH
production mechanisms individually. These results su-
persede the previous ones and represent the new refer-
ence for the signal strengths of Higgs boson production
in the H ! �� decay channel measured by ATLAS with
the LHC Run 1 data.
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The minimal version of split SUSY cannot give a big enough e! ect Ð indeed, the only source for
enhancement is the same chargino loop as in natural SUSY. Thus a large enhancement of 1.5 - 2
immediately rules out this version of split SUSY. We can however certainly imagine extra fermions
near the TeV scale; a collection of fermions can have their masses protected by a common chiral
symmetry and set by the same scale.

In what follows we ask whether the recent LHC data can be explained in a framework of this
sort. We show that restricting to un-natural models with only new fermions immediately leads us
to a very narrow set-up with sharp theoretical and experimental implications: (1) new, vector-like,
un-colored fermions with electroweak quantum numbers must exist and be very light, within the range
100! 150 GeV; (2) the cut-o! scale of the theory where additional bosonic degrees of freedom must
kick in, cannot be high and is in fact bounded by" UV "< 1 ! 10 TeV. The cut-o! can be somewhat
increased but only at the expanse of signiÞcant model-building gymnastics, which further destroys any
hope of perturbative gauge coupling uniÞcation.

2 The diphoton rate

A fermionic loop contribution enhancing the Higgs-diphoton coupling requires vector-like represen-
tations and large Yukawa couplings to the Higgs boson. This has important ramiÞcations for the
consistency of the theory at high scale. To see this, note that in the presence of a new fermionf with
electric chargeQ, the h # �� partial width reads4
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SM = ! 6.49. Constructive interference between the

SM and the new fermion amplitude requires electroweak symmetry breaking to contribute negatively to
the mass of the new fermion. Thusf must be part of a vector-like representation with an electroweak-
conserving source of mass.

The basic building block is then the charged vector-like fermion mass matrix,
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with the Higgs VEV given by %H&= v/
'

2 = 174 GeV. Eq. (2.2) contains one physical phase,� =

arg
&
m⇤
 m

⇤
�yy

c
'

, that cannot be rotated away by Þeld redeÞnitions. It is straightforward to show that
� = 0 maximizes the e! ect we are after, making� (= 0 an un-illuminating complication for our current
purpose. Hence for simplicity we assume� = 0 in what follows. We are then allowed to take all of
the parameters in Eq. (2.2) to be real and positive. The two Dirac mass eigenvalues are split by an
amount
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4At leading-log plus leading Þnite-mass correction; see e.g. [ 4] for a recent discussion.
5At leading-log, the SM amplitude is given by the top quark and W boson contributions to the QED beta function,�

A�
SM

�
leading �log = bt + bW = + (4 /3)2 � 7. Finite mass corrections modify this prediction slightly to A�

SM = �6.49.
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Using Eq. (2.1) and assuming that the diphoton rate enhancement comes from changing the partial
width �(h ! !! ), with no change to the gluon fusion production cross section, we have6

µ�� =
�(h ! !! )

�(h ! !! )SM
⇡

����1 + 0.1 N Q2�2

v

⇣
1 +

q
�2

v + �2
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m

⌘! 1

����
2

, (2.4)

where we generalized to N copies of (2.2). Noting the LEPII constraint m
1 ⇠> 100 GeV, we immediately

see that large Yukawa couplings are required in order to achieve a noticeable e↵ect, at least for
common charge assignments Q2  1. Even if we maximize the e↵ect by tuning �m = �y = 0 (via

m = m�, y = yc), an enhancement of µ�� � 1.5 still requires yyc �
⇣

0.86
N Q2

m1
100 GeV

⌘
2

.

Before pursuing further the implications of Eq. (2.4), we pause to point out that we find it
implausible for colored particles (either fermions or bosons, for that matter) to deliver the e↵ect
we are after. For colored fermions, the gluon fusion rate is approximately given by an equation
similar to (2.1), but replacing

�
4NcQ

2/3A�
SM

�
! 2tc, where tc and Nc are the color representation

constant and dimension. A diphoton width enhancement, �(h ! !! )/�(h ! !! )SM = |1 + " |2,
would lead to a digluon e↵ect µGG ⇡

��1 � 9.7(tc/NcQ
2)"

��2, going through to the ZZ,WW channels
as µV V ⇡ µGG. For scalars (vector bosons), we would simply rescale " by a factor of 4

�
� 4

21

�
, arriving

at the same result. For example, Q = 2/3 particles in the 3 of color would give µGG ⇡ |1 � 3.6 " |2. To
accommodate both of Eqs. (1.1-1.2) in this case, one would need – similar to our discussion of tree-
level solutions – to accept large distortions of the SM couplings that conspire to leave a moderately
small net observable e↵ect. In Fig. 1 we illustrate this point, by plotting µ�� and µGG as a function
of the diphoton amplitude modification " , for Q = 2/3 particles. For uncolored particles (smooth)
we have µGG = µV V = 1 and µ�� = |1 + " |2, while for particles in the 3 of color (dashed) we have
µGG = µV V = |1 � 3.6 " |2 and µ�� = |1 + " |2|1 � 3.6 " |2. It is obvious from the plot that substantial
tuning is required for the colored solution to roughly satisfy Eqs. (1.1-1.2). Note that while there are
two separate colored solutions to µ�� ⇠ 1.5 � 2, one with " ⇡ +0.5 and one with " ⇡ �0.15, the
former would imply some ZZ suppression, µV V ⇠ 0.6 � 0.8, while the latter would greatly overshoot
the SM value µV V ⇠ 2 � 3. We therefore discard the possibility of colored particles for addressing the
diphoton rate anomaly, at least for electric charge assignments Q2  1.

We now turn our attention to Eq. (2.4) and to the large Yukawa couplings that it requires (given
some reasonable assumptions about the sorts of multiplets we allow), in order to give an enhancement
of µ�� ⇠ 1.5 � 2. In fact, the needed Yukawa couplings are so large that, unless the new particles are
extremely light, the Higgs quartic coupling # is rapidly driven negative at high scales. Importantly, if
we assume only fermions up to high scale, the addition of any other fermions only drives the quartic
even more negative. Thus vacuum stability becomes an important constraint. At some scale ⇤UV , #
gets so negative that the tunneling rate through false vacuum bubbles of size ⇤! 1

UV becomes less than
the age of the universe. We define ⇤UV as the cut-o↵ scale of the (un-natural) theory: here, new
bosonic fields must kick in to remedy the instability.

To substantiate these statements, we next consider two concrete examples. Our Higgs field trans-
forms as H ⇠ (1, 2) 1

2
. It remains to assign SU(2) representations to the fermions in Eq. (2.2).

Vector doublets + singlets (Òvector-like leptonÓ): $ ,$ c ⇠ (1, 2)± 1
2
, %,%c ⇠ (1, 1)" 1

. The
Lagrangian leading to (2.2) is

� L = m $$ c + m�%%c + yH$%+ ycH   $ c%c + cc. (2.5)

6In Eq. ( 2.4), for clarity, we neglected sub-leading Þnite-mass terms that amount to < 10% correction for mf >
100 GeV. However, we keep these terms in our plots.
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iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c (3̄, 1) 1
3

, u c (3̄, 1)� 2
3

, l (1, 2) 1
2

,
e c (1, 1)1. The first and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄�̄µDµq + i d c �̄µDµd c + i u c �̄µDµu c + i l̄ �̄µDµl + i e c �̄µDµe c

�¶yd H †qd c + yu H T✏qu c + ye H †l e c + c c
©

. (2.1)

We use ✏12 = �✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�Le f f = ciOi + c c . (2.2)

Following [25] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = i H †DµH l̄ �̄µl , O 0hl = i
�

H †Dµ�H
� ·Äl̄ �̄µ�l q
ä

, Ohe = i H †DµH e c �̄µe c

OY e = |H |2H †l e c , O 0Y e =
�

H †�H
� · �H †�l
�

e c

Ohq = i H †DµH q̄�̄µq , O 0hq = i
�

H †Dµ�H
� ·Äq̄�̄µ�q
ä

Ohd = i H †DµH d c �̄µd c , Ohu = i H †DµH u c �̄µu c

OYd = |H |2H †qd c , O 0Yd =
�

H †�H
� · �H †�q
�

d c

OY u = |H |2H T✏qu c , O 0Y u =
�

H †�H
� · �H T✏�q
�

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f ⌘
⇣

g h f f � g SM
h f f

⌘

/g SM
h f f . We find

�rd = � v 3p
2md

Ä

cYd + c 0Yd

ä

, �g V d = �v 2
⇣

chq + c 0hq + chd

⌘

, �g Ad = �v 2
⇣

chq + c 0hq � chd

⌘

, (2.4)

�ru = � v 3p
2mu

Ä

cY u � c 0Y u

ä

, �g V u = �v 2
⇣

chq � c 0hq + chu

⌘

, �g Au = �v 2
⇣

chq � c 0hq � chu

⌘

, (2.5)

�re = � v 3p
2me

Ä

cY e + c 0Y e

ä

, �g V e = �v 2
Ä

chl + c 0hl + che
ä

, �g Ae = �v 2
Ä

chl + c 0hl � che
ä

, (2.6)

�g V ⌫ = �v 2
Ä

chl � c 0hl

ä

, �g A⌫ = �v 2
Ä

chl � c 0hl

ä

. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =

p
2m f

v

✓

1� �r f

2

◆

. (2.8)

2.1 Hbb

2.2 H⌧⌧

To begin, consider a vector-like copy of the usual SM leptons, L ⇠ (1, 2)� 1
2

, Lc ⇠ (1, 2) 1
2

, E c ⇠ (1, 1)1, E ⇠ (1, 1)�1.
The potential reads

�L = M L LLc + M E E E c + y H †l e c + Yl H †l E c + Ye c H †Le c + Y H †LE c + Y c H Lc E + c c , (2.9)
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Table 2: Quarks, UV Lagrangian

representation �LN P

DI Q(3,2) 1
6
, Qc(ø3,2)� 1

6
YQd c H   Qd c +YqD c H   qD c +YQDc H   QDc +YQcD H T ! QcD

D (3,1)� 1
3
, Dc(ø3,1) 1

3
+M QQT ! Qc +M D DD c + cc

DII Q0(3,2)� 5
6
, Q 0c(ø3,2) 5

6
YQ0d c H T ! Q0d c +YqD c H   qD c +YQ0Dc H T ! Q0Dc +YQ0cD H   Q 0cD

D (3,1)� 1
3
, Dc(ø3,1) 1

3
+M Q0Q

0T ! Q 0c +M D DD c + cc

DIII Q(3,2) 1
6
, Qc(ø3,2)� 1

6
YQd c H   Qd c +YqD 0c H   " q ·D 0c +YQD 0c H   " Q ·D 0c +YQcD 0H T !" Qc ·D 0

D 0(3,3)� 1
3
, D 0c(ø3,3) 1

3
+M QQT ! Qc +M D 0D 0 ·D 0c + cc

DIV Q0(3,2)� 5
6
, Q 0c(ø3,2) 5

6
YQ0d c H T ! Q0d c +YqD 0c H   " q ·D 0c +YQ0D 0c H T !" Q0 ·D 0c +YQ0cD 0H

  " Q 0c ·D 0
D 0(3,3)� 1

3
, D 0c(ø3,3) 1

3
+M Q0Q

0T ! Q 0c +M D 0D 0 ·D 0c + cc

UI Q(3,2) 1
6
, Qc(ø3,2)� 1

6
YQu c H T ! Qu c +YqU c H T ! qU c +YQU c H T ! QU c +YQcU H   QcU

U (3,1) 2
3
, U c(ø3,1)� 2

3
+M QQT ! Qc +M U UU c + cc

UII Q 00 (3,2) 7
6
, Q 00c(ø3,2)� 7

6
YQ00u c H   Q 00u c +YqU c H T ! qU c +YQ00U c H   Q 00U c +YQ00cU H T ! Q 00cU

U (3,1) 2
3
, U c(ø3,1)� 2

3
+M Q00Q

00T ! Q 00c +M U UU c + cc

UIII Q(3,2) 1
6
, Qc(ø3,2)� 1

6
YQu c H T ! Qu c +YqU 0c H T !" q ·U 0c +YQU 0c H T !" Q ·U 0c +YQcU 0H   " Qc ·U 0

U 0(3,3) 2
3
, U 0c(ø3,3)� 2

3
+M QQT ! Qc +M U 0U 0 ·U 0c + cc

UIV Q 00 (3,2) 7
6
, Q 00c(ø3,2)� 7

6
YQ00u c H   Q 00u c +YqU 0c H T !" q ·U 0c +YQ00U 0c H   " Q 00 ·U 0c +YQ00cU 0H

T !" Q 00c ·U 0
U 0(3,3) 2

3
, U 0c(ø3,3)� 2

3
+M Q00Q

00T ! Q 00c +M U 0U 0 ·U 0c + cc

DV Q0(3,2)� 5
6
, Q 0c(ø3,2) 5

6
YQ0d c H T ! Q0d c +YQ0D 00c H   " Q0 ·D 00c +YQ0cD 00H

T !" Q 0c ·D 00
D 00 (3,3)� 4

3
, D 00c(ø3,3) 4

3
+M Q0Q

0T ! Q 0c +M D 00D
00 ·D 00c + cc

UV Q 00 (3,2) 7
6
, Q 00c(ø3,2)� 7

6
YQ00u c H   Q 00u c +YQ00U 00c H T !" Q 00 ·U 00c +YQ00cU 00H

  " Q 00c ·U 00
U 00 (3,3) 5

3
, U 00c(ø3,3)� 5

3
+M Q00Q

00T ! Q 00c +M U 00U
00 ·U 00c + cc

Table 3: Quarks, contribution to non-renormalizable operators

Effective operators

DI chd =� |YQd c |2
2|M Q |2 , c0hq = chq =� |YqDc |2

4|M D |2 , cYd =
Yqd c |YqDc |2

2|M D |2 +
Yqd c |YQd c |2

2|M Q |2 �
YQc D YQd c YqDc

M QM D
, cYu =

Yqu c |YqDc |2
2|M D |2

DII chd =
|YQd c |2
2|M Q |2 , c0hq = chq =� |YqDc |2

4|M D |2 , cYd =
Yqd c |YqDc |2

2|M D |2 +
Yqd c |YQd c |2

2|M Q |2 +
YQc D YQd c YqDc

M QM D

DIII chd =� |YQd c |2
2|M Q |2 , 3c0hq =�chq =

3|YqDc |2
4|M D |2 , c0Yd =

Yqd c |YqDc |2
2|M D |2 �

YQc D YQd c YqDc

M QM D
, cYd =

Yqd c |YQd c |2
2|M Q |2 , c0Yu =�Yqu c |YqDc |2

|M D |2
DIV chd =

|YQd c |2
2|M Q |2 , 3c0hq =�chq =

3|YqDc |2
4|M D |2 , c0Yd =

Yqd c |YqDc |2
2|M D |2 +

YQc D YQd c YqDc

M QM D
, cYd =

Yqd c |YQd c |2
2|M Q |2

UI
UII
UIII
UIV
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Table 4: Quarks, effective Lagrangian

�! Le f f

DI i
|YQd c |2

|MQ |2 d c H T✏ ø�µDµ
Qc✏H ⇤d c � i

|YqDc |2

|M D |2
øqH ø�µDµ

D H   q +
!

YQc D YQd c YqDc

MQ M D
|H |2H   qd c + c c

"

DII �i
|YQd c |2

|MQ |2 d c H   ø�µDµ
Qc d c H � i

|YqDc |2

|M D |2
øqH ø�µDµ

D H   q � !
YQc D YQd c YqDc

MQ M D
|H |2H   qd c + c c

"

DIII i
|YQd c |2

|MQ |2 d c H T✏ ø�µDµ
Qc✏H ⇤d c � i

|YqDc |2

|M D |2
#

øq�H
$

ø�µDµ
D

#
H  �q

$
+

!
YQc D YQd c YqDc

MQ M D

#
H  �H

$
á
#

H  �q
$

d c + c c
"

DIV �i
|YQd c |2

|MQ |2 d c H   ø�µDµ
Qc d c H � i

|YqDc |2

|M D |2
#

øq�H
$

ø�µDµ
D

#
H  �q

$� !
YQc D YQd c YqDc

MQ M D

#
H  �H

$
á
#

H  �q
$

d c + c c
"

UI �i
|YQu c |2

|MQ |2 u c H   ø�µDµ
Qc Hu c + i

|YqUc |2

|MU |2
øq✏H ⇤ ø�µDµ

U H T✏q � !
YQc U YqUc YQu c

MQ MU
|H |2H T✏qu c + c c

"

UII i
|YQu c |2

|MQ |2 u c H T✏ ø�µDµ
Qc✏H ⇤u c + i

|YqUc |2

|MU |2
øq✏H ⇤ ø�µDµ

U H T✏q +
!

YqUc YQu c YQc U

MQ MU
|H |2H T✏qu c + c c

"

UIII �i
|YQu c |2

|MQ |2 u c H   ø�µDµ
Qc Hu c + i

|YqUc |2

|MU |2
#

øq�✏H ⇤$ ø�µDµ
U

#
H T✏�q

$� !
YQc U YqUc YQu c

MQ MU

#
H  �H

$
á
#

H T✏�q
$

u c + c c
"

UIV i
|YQu c |2

|MQ |2 u c H T✏ ø�µDµ
Qc✏H ⇤u c + i

|YqUc |2

|MU |2
#

øq�✏H ⇤$ ø�µDµ
U

#
H T✏�q

$
+

!
YqUc YQu c YQc U

MQ MU

#
H  �H

$
á
#

H T✏�q
$

u c + c c
"

The mass terms for the down quark sector is

%
d  �1/ 3 �

&Md

'

(
)

d c

�c

 c (1/ 3)

*

+
, + h.c., whereMd =

'

(
(
)

yd
vp
2

yQ�c
vp
2

MQ

y d
vp
2

Y �c
vp
2

M 

M d M� Y c�
vp
2

*

+
+
, (B.3)

The mass matrix is diagonalized as Mu = V u Du U u andMd = V d Dd U d .
The corrections to the Z couplings are

g u
L =

-
1

2
� 2

3
s 2

W

.

, (B.4)

g u
R =

-
2

3
s 2

W

.

� 1

2

/
/U u

12

/
/2 , (B.5)

g d
L =

-

�1

2
+

1

3
s 2

W

.

+
1

2

/
/V d

31

/
/2 , (B.6)

g d
R =

-

�1

3
s 2

W

.

+
1

2

/
/U d

13

/
/2 , (B.7)

where here and in the following, the Þrst term in the parenthesis is the SM predication.
The modiÞcations to the Yukawa couplings are

ru = 1�
0

V u  

1
0 MQ

0 M 

2

U u  

3

11

(B.8)

and

rd = 1�
4

5
6 V d  

'

(
)

0 0 MQ

0 0 M 

M d M� 0

*

+
, U d  

7

8
9

11

(B.9)
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Table 4: Quarks, contribution to Higgs-fermion and Z-fermion coupling deviations

Coupling deviations

DI, DIII �rd ! " �gV d +
YQc D v
#

2m d

∆

�

��g 2
V d " �g 2

Ad

�

�, �gV d = v 2
Å

|YqDc |2

2|M D |2 +
|YQd c |2

2|M Q|2

ã

, �gAd = v 2
Å

|YqDc |2

2|M D |2 "
|YQd c |2

2|M Q|2

ã

DII, DIV �rd ! " �gAd "
YQc D v
#

2m d

∆

�

��g 2
V d " �g 2

Ad

�

�, �gV d = v 2
Å

|YqDc |2

2|M D |2 "
|YQd c |2

2|M Q|2

ã

, �gAd = v 2
Å

|YqDc |2

2|M D |2 +
|YQd c |2

2|M Q|2

ã

UI
UII
UIII
UIV

Table 5: Quarks, effective Lagrangian

" ! $ e f f

DI i
|YQd c |2

|M Q|2 d cH T✏�̄µ%µQc✏H &d c " i
|YqDc |2

|M D |2 q̄H �̄µ%µD H †q +
n

YQc D YQd c YqDc

M QM D
|H |2H †qd c + cc

o

DII " i
|YQd c |2

|M Q|2 d cH †�̄µ%µQc d cH " i
|YqDc |2

|M D |2 q̄H �̄µ%µD H †q "
n

YQc D YQd c YqDc

M QM D
|H |2H †qd c + cc

o

DIII i
|YQd c |2

|M Q|2 d cH T✏�̄µ%µQc✏H &d c " i
|YqDc |2

|M D |2
�

q̄�H
�

�̄µ%µD
�

H †�q
�

+
n

YQc D YQd c YqDc

M QM D

�

H †�H
�

á
�

H †�q
�

d c + cc
o

DIV " i
|YQd c |2

|M Q|2 d cH †�̄µ%µQc d cH " i
|YqDc |2

|M D |2
�

q̄�H
�

�̄µ%µD
�

H †�q
�

"
n

YQc D YQd c YqDc

M QM D

�

H †�H
�

á
�

H †�q
�

d c + cc
o

UI " i
|YQu c |2

|M Q|2 u cH †�̄µ%µQc Hu c + i
|YqU c |2

|M U |2 q̄✏H &�̄µ%µU H T✏q "
n

YQcU YqU c YQu c

M QM U
|H |2H T✏qu c + cc

o

UII i
|YQu c |2

|M Q|2 u cH T✏�̄µ%µQc✏H &u c + i
|YqU c |2

|M U |2 q̄✏H &�̄µ%µU H T✏q +
n

YqU c YQu c YQcU

M QM U
|H |2H T✏qu c + cc

o

UIII " i
|YQu c |2

|M Q|2 u cH †�̄µ%µQc Hu c + i
|YqU c |2

|M U |2
�

q̄�✏H &
�

�̄µ%µU
�

H T✏�q
�

"
n

YQcU YqU c YQu c

M QM U

�

H †�H
�

á
�

H T✏�q
�

u c + cc
o

UIV i
|YQu c |2

|M Q|2 u cH T✏�̄µ%µQc✏H &u c + i
|YqU c |2

|M U |2
�

q̄�✏H &
�

�̄µ%µU
�

H T✏�q
�

+
n

YqU c YQu c YQcU

M QM U

�

H †�H
�

á
�

H T✏�q
�

u c + cc
o
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iments: the discovery of Higgs coupling modiÞcation at the level of 10% ! 50% would indirectly establish the
existence of a bosonic threshold at a scale ! B ! 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1,2) 1
2
, q(3,2) 1

6
, d c(ø3,1) 1

3
, u c(ø3,1)! 2

3
, l (1,2) 1

2
,

ec(1,1)1. The Þrst and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

" SM = i øq ø! µ# µq + i d c ø! µ# µd c + i u c ø! µ# µu c + i øl ø! µ# µl + i ec ø! µ# µec

!
!
yd H   qd c + yu H T " qu c + yeH   l e c + cc

"
. (2.1)

We use" 12 = ! " 21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

" " e f f = ci $ i + cc. (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

$hl = iH   # µH øl ø! µl , $ %
hl = i

#
H   # µ! H

$
á
%

øl ø! µ! l
&

, $he = iH   # µH ec ø! µec

$Ye = |H |2H   l e c, $ %
Ye =

#
H   ! H

$
á
#
H   ! l

$
ec

$hq = iH   # µH øq ø! µq, $ %
hq = i

#
H   # µ! H

$
á
%

øq ø! µ! q
&

$hd = iH   # µH d c ø! µd c, $hu = iH   # µH u c ø! µu c

$Yd = |H |2H   qd c, $ %
Yd =

#
H   ! H

$
á
#
H   ! q

$
d c

$Yu = |H |2H T " qu c, $ %
Yu =

#
H   ! H

$
á
#
H T "! q

$
u c. (2.3)

For fermion f , we deÞne the modiÞcation to the Higgs coupling as #r f &
'

gh f f ! gSM
h f f

(
/gSM

h f f . We Þnd

#rd = ! v 3
'

2m d

%
cYd + c%

Yd

&
, # gV d = ! v 2

'
chq + c%

hq + chd

(
, # gAd = ! v 2

'
chq + c%

hq ! chd

(
, (2.4)

#ru = ! v 3
'

2m u

%
cYu ! c%

Yu

&
, # gVu = ! v 2

'
chq ! c%

hq + chu

(
, # gAu = ! v 2

'
chq ! c%

hq ! chu

(
, (2.5)

#re = ! v 3
'

2m e

%
cYe + c%

Ye

&
, # gVe = ! v 2

%
chl + c%

hl + che

&
, # gAe = ! v 2

%
chl + c%

hl ! che

&
, (2.6)

# gV $ = ! v 2
%
chl ! c%

hl

&
, # gA$ = ! v 2

%
chl ! c%

hl

&
. (2.7)

In addition, for any f , the coupling yf of Eq. (2.1) is constrained by

yf =

'
2m f

v

)

1 !
#r f

2

*

. (2.8)

# gV b , # gAb < 10! 3 (2.9)

3

iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B ! 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c (3̄, 1) 1
3

, u c (3̄, 1)� 2
3

, l (1, 2) 1
2

,
e c (1, 1)1. The first and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄�̄µDµq + i d c �̄µDµd c + i u c �̄µDµu c + i l̄ �̄µDµl + i e c �̄µDµe c

� !
yd H †qd c + yu H T✏qu c + ye H †l e c + c c

"
. (2.1)

We use ✏12 = �✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�Le f f = ciOi + c c . (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = i H †DµH l̄ �̄µl , O 0hl = i
#

H †Dµ�H
$·%l̄ �̄µ�l

&
, Ohe = i H †DµH e c �̄µe c

OY e = |H |2H †l e c , O 0Y e =
#

H †�H
$·#H †�l

$
e c

Ohq = i H †DµH q̄�̄µq , O 0hq = i
#

H †Dµ�H
$·%q̄�̄µ�q

&

Ohd = i H †DµH d c �̄µd c , Ohu = i H †DµH u c �̄µu c

OYd = |H |2H †qd c , O 0Yd =
#

H †�H
$·#H †�q

$
d c

OY u = |H |2H T✏qu c , O 0Y u =
#

H †�H
$·#H T✏�q

$
u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f ⌘
'

g h f f � g SM
h f f

(
/g SM

h f f . We find

�rd = � v 3p
2md

%
cYd + c 0Yd

&
, �g V d = �v 2

'
chq + c 0hq + chd

(
, �g Ad = �v 2

'
chq + c 0hq � chd

(
, (2.4)

�ru = � v 3p
2mu

%
cY u � c 0Y u

&
, �g V u = �v 2

'
chq � c 0hq + chu

(
, �g Au = �v 2

'
chq � c 0hq � chu

(
, (2.5)

�re = � v 3p
2me

%
cY e + c 0Y e

&
, �g V e = �v 2

%
chl + c 0hl + che

&
, �g Ae = �v 2

%
chl + c 0hl � che

&
, (2.6)

�g V ⌫ = �v 2
%

chl � c 0hl

&
, �g A⌫ = �v 2

%
chl � c 0hl

&
. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =

p
2m f

v

)

1� �r f

2

*

. (2.8)

�g V b , �g Ab < 10�3 (2.9)

If |�rb | " 0.01, then

�rb ⇡�0.05 YQc D

+ ,
,�g 2

V d ��g 2
Ad

,
,

10�3 (2.10)

3

iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B ! 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c (3̄, 1) 1
3

, u c (3̄, 1)� 2
3

, l (1, 2) 1
2

,
e c (1, 1)1. The first and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄�̄µDµq + i d c �̄µDµd c + i u c �̄µDµu c + i l̄ �̄µDµl + i e c �̄µDµe c

�¶yd H †qd c + yu H T✏qu c + ye H †l e c + c c
©

. (2.1)

We use ✏12 =�✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�Le f f = ciOi + c c . (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = i H †DµH l̄ �̄µl , O 0hl = i
�

H †Dµ�H
� ·Äl̄ �̄µ�l
ä

, Ohe = i H †DµH e c �̄µe c

OY e = |H |2H †l e c , O 0Y e =
�

H †�H
� · �H †�l
�

e c

Ohq = i H †DµH q̄�̄µq , O 0hq = i
�

H †Dµ�H
� ·Äq̄�̄µ�q
ä

Ohd = i H †DµH d c �̄µd c , Ohu = i H †DµH u c �̄µu c

OYd = |H |2H †qd c , O 0Yd =
�

H †�H
� · �H †�q
�

d c

OY u = |H |2H T✏qu c , O 0Y u =
�

H †�H
� · �H T✏�q
�

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f ⌘
⇣

g h f f � g SM
h f f

⌘

/g SM
h f f . We find

�rd =� v 3p
2md

Ä

cYd + c 0Yd

ä

, �g V d =�v 2
⇣

chq + c 0hq + chd

⌘

, �g Ad =�v 2
⇣

chq + c 0hq � chd

⌘

, (2.4)

�ru =� v 3p
2mu

Ä

cY u � c 0Y u

ä

, �g V u =�v 2
⇣

chq � c 0hq + chu

⌘

, �g Au =�v 2
⇣

chq � c 0hq � chu

⌘

, (2.5)

�re =� v 3p
2me

Ä

cY e + c 0Y e

ä

, �g V e =�v 2
Ä

chl + c 0hl + che
ä

, �g Ae =�v 2
Ä

chl + c 0hl � che
ä

, (2.6)

�g V ⌫ =�v 2
Ä

chl � c 0hl

ä

, �g A⌫ =�v 2
Ä

chl � c 0hl

ä

. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =
p

2m f

v

✓

1� �r f

2

◆

. (2.8)

�g V b , �g Ab < 10�3 (2.9)

If |�rb | " 0.01, then

|�rb |⇡ 0.05

∆

�

��g 2
V b ��g 2

Ab

�

�

10�3

�

�YQc D

�

� (2.10)

YQc D (500 GeV) = 1, ⇤UV ⇠ 30 TeV |�rb |> 0.1 ⇤UV < 10 TeV (2.11)

|�r⌧|> 0.2

3



Table 4: Quarks, contribution to Higgs-fermion and Z-fermion coupling deviations

Coupling deviations

DI, DIII �rd ⇡��g V d +
YQc D vp

2md

∆

�

��g 2
V d ��g 2

Ad

�

�, �g V d = v 2
Å |YqDc |2

2|M D |2 +
|YQd c |2
2|MQ |2
ã

, �g Ad = v 2
Å |YqDc |2

2|M D |2 �
|YQd c |2
2|MQ |2
ã

DII, DIV �rd ⇡��g Ad � YQc D vp
2md

∆

�

��g 2
V d ��g 2

Ad

�

�, �g V d = v 2
Å |YqDc |2

2|M D |2 �
|YQd c |2
2|MQ |2
ã

, �g Ad = v 2
Å |YqDc |2

2|M D |2 +
|YQd c |2
2|MQ |2
ã

UI
UII
UIII
UIV

Table 5: Quarks, effective Lagrangian

��Le f f

DI i
|YQd c |2
|MQ |2 d c H T✏�̄µDµQc✏H ⇤d c � i

|YqDc |2
|M D |2 q̄H�̄µDµD H †q +

n

YQc D YQd c YqDc

MQ M D
|H |2H †qd c + c c

o

DII �i
|YQd c |2
|MQ |2 d c H †�̄µDµQc d c H � i

|YqDc |2
|M D |2 q̄H�̄µDµD H †q �nYQc D YQd c YqDc

MQ M D
|H |2H †qd c + c c

o

DIII i
|YQd c |2
|MQ |2 d c H T✏�̄µDµQc✏H ⇤d c � i

|YqDc |2
|M D |2
�

q̄�H
�

�̄µDµD �H †�q
�

+
n

YQc D YQd c YqDc

MQ M D

�

H †�H
� · �H †�q
�

d c + c c
o

DIV �i
|YQd c |2
|MQ |2 d c H †�̄µDµQc d c H � i

|YqDc |2
|M D |2
�

q̄�H
�

�̄µDµD �H †�q
��nYQc D YQd c YqDc

MQ M D

�

H †�H
� · �H †�q
�

d c + c c
o

UI �i
|YQu c |2
|MQ |2 u c H †�̄µDµQc Hu c + i

|YqUc |2
|MU |2 q̄✏H ⇤�̄µDµU H T✏q �nYQc U YqUc YQu c

MQ MU
|H |2H T✏qu c + c c

o

UII i
|YQu c |2
|MQ |2 u c H T✏�̄µDµQc✏H ⇤u c + i

|YqUc |2
|MU |2 q̄✏H ⇤�̄µDµU H T✏q +

n

YqUc YQu c YQc U

MQ MU
|H |2H T✏qu c + c c

o

UIII �i
|YQu c |2
|MQ |2 u c H †�̄µDµQc Hu c + i

|YqUc |2
|MU |2
�

q̄�✏H ⇤��̄µDµU �H T✏�q
��nYQc U YqUc YQu c

MQ MU

�

H †�H
� · �H T✏�q
�

u c + c c
o

UIV i
|YQu c |2
|MQ |2 u c H T✏�̄µDµQc✏H ⇤u c + i

|YqUc |2
|MU |2
�

q̄�✏H ⇤��̄µDµU �H T✏�q
�

+
n

YqUc YQu c YQc U

MQ MU

�

H †�H
� · �H T✏�q
�

u c + c c
o
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iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c (3̄, 1) 1
3

, u c (3̄, 1)� 2
3

, l (1, 2) 1
2

,
e c (1, 1)1. The first and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄�̄µDµq + i d c �̄µDµd c + i u c �̄µDµu c + i l̄ �̄µDµl + i e c �̄µDµe c

�¶yd H †qd c + yu H T✏qu c + ye H †l e c + c c
©

. (2.1)

We use ✏12 = �✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�Le f f = ciOi + c c . (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = i H †DµH l̄ �̄µl , O 0hl = i
�

H †Dµ�H
� ·Äl̄ �̄µ�l
ä

, Ohe = i H †DµH e c �̄µe c

OY e = |H |2H †l e c , O 0Y e =
�

H †�H
� · �H †�l
�

e c

Ohq = i H †DµH q̄�̄µq , O 0hq = i
�

H †Dµ�H
� ·Äq̄�̄µ�q
ä

Ohd = i H †DµH d c �̄µd c , Ohu = i H †DµH u c �̄µu c

OYd = |H |2H †qd c , O 0Yd =
�

H †�H
� · �H †�q
�

d c

OY u = |H |2H T✏qu c , O 0Y u =
�

H †�H
� · �H T✏�q
�

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f ⌘
⇣

g h f f � g SM
h f f

⌘

/g SM
h f f . We find

�rd = � v 3p
2md

Ä

cYd + c 0Yd

ä

, �g V d = �v 2
⇣

chq + c 0hq + chd

⌘

, �g Ad = �v 2
⇣

chq + c 0hq � chd

⌘

, (2.4)

�ru = � v 3p
2mu

Ä

cY u � c 0Y u

ä

, �g V u = �v 2
⇣

chq � c 0hq + chu

⌘

, �g Au = �v 2
⇣

chq � c 0hq � chu

⌘

, (2.5)

�re = � v 3p
2me

Ä

cY e + c 0Y e

ä

, �g V e = �v 2
Ä

chl + c 0hl + che
ä

, �g Ae = �v 2
Ä

chl + c 0hl � che
ä

, (2.6)

�g V ⌫ = �v 2
Ä

chl � c 0hl

ä

, �g A⌫ = �v 2
Ä

chl � c 0hl

ä

. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =

p
2m f

v

✓

1� �r f

2

◆

. (2.8)

�g V b , �g Ab < 10�3 (2.9)

3

iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ! B ! 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c(3̄, 1) 1
3

, u c(3̄, 1)� 2
3

, l (1, 2) 1
2

,
ec(1, 1)1. The first and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄ !̄ µDµq + i d c !̄ µDµ d c + i u c !̄ µDµ u c + i l̄ !̄ µDµ l + i ec !̄ µDµ ec

�¶yd H †qd c + yu H T " qu c + yeH †l e c + cc
©

. (2.1)

We use " 12 =�" 21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

" Le f f = ci Oi + cc. (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = iH †Dµ H l̄ !̄ µ l , O 0hl = i
�

H †Dµ ! H
�

á
Ä

l̄ !̄ µ ! l
ä

, Ohe = iH †Dµ H ec !̄ µ ec

OYe= |H |2H †l e c , O 0Ye=
�

H †! H
�

á
�

H †! l
�

ec

Ohq = iH †Dµ H q̄ !̄ µq , O 0hq = i
�

H †Dµ ! H
�

á
Ä

q̄ !̄ µ ! q
ä

Ohd = iH †Dµ H d c !̄ µ d c , Ohu = iH †Dµ H u c !̄ µ u c

OYd = |H |2H †qd c , O 0Yd =
�

H †! H
�

á
�

H †! q
�

d c

OYu = |H |2H T " qu c , O 0Yu =
�

H †! H
�

á
�

H T "! q
�

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as #r f ⌘
⇣

gh f f � g SM
h f f

⌘

/ g SM
h f f . We find

#rd =� v 3p
2m d

Ä

cYd + c0Yd

ä

, # gV d =�v 2
⇣

chq + c0hq + chd

⌘

, # gAd =�v 2
⇣

chq + c0hq � chd

⌘

, (2.4)

#ru =� v 3p
2m u

Ä

cYu � c0Yu

ä

, # gVu =�v 2
⇣

chq � c0hq + chu

⌘

, # gAu =�v 2
⇣

chq � c0hq � chu

⌘

, (2.5)

#re =� v 3p
2m e

Ä

cYe+ c0Ye

ä

, # gVe =�v 2
Ä

chl + c0hl + che

ä

, # gAe =�v 2
Ä

chl + c0hl � che

ä

, (2.6)

# gV $ =�v 2
Ä

chl � c0hl

ä

, # gA$ =�v 2
Ä

chl � c0hl

ä

. (2.7)

In addition, for any f , the coupling yf of Eq. (2.1) is constrained by

yf =
p

2m f

v

✓

1� #r f

2

◆

. (2.8)

# gV b , # gAb < 10�3 (2.9)

If |#rb | " 0.01, then

#rb ⇡�0.05YQcD

∆

�

�# g 2
V d �# g 2

Ad

�

�

10�3 (2.10)
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iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B ! 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c (3̄, 1) 1
3

, u c (3̄, 1)� 2
3

, l (1, 2) 1
2

,
e c (1, 1)1. The first and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄�̄µDµq + i d c �̄µDµd c + i u c �̄µDµu c + i l̄ �̄µDµl + i e c �̄µDµe c

�¶yd H †qd c + yu H T✏qu c + ye H †l e c + c c
©

. (2.1)

We use ✏12 =�✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�Le f f = ciOi + c c . (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = i H †DµH l̄ �̄µl , O 0hl = i
�

H †Dµ�H
� ·Äl̄ �̄µ�l
ä

, Ohe = i H †DµH e c �̄µe c

OY e = |H |2H †l e c , O 0Y e =
�

H †�H
� · �H †�l
�

e c

Ohq = i H †DµH q̄�̄µq , O 0hq = i
�

H †Dµ�H
� ·Äq̄�̄µ�q
ä

Ohd = i H †DµH d c �̄µd c , Ohu = i H †DµH u c �̄µu c

OYd = |H |2H †qd c , O 0Yd =
�

H †�H
� · �H †�q
�

d c

OY u = |H |2H T✏qu c , O 0Y u =
�

H †�H
� · �H T✏�q
�

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f ⌘
⇣

g h f f � g SM
h f f

⌘

/g SM
h f f . We find

�rd =� v 3p
2md

Ä

cYd + c 0Yd

ä

, �g V d =�v 2
⇣

chq + c 0hq + chd

⌘

, �g Ad =�v 2
⇣

chq + c 0hq � chd

⌘

, (2.4)

�ru =� v 3p
2mu

Ä

cY u � c 0Y u

ä

, �g V u =�v 2
⇣

chq � c 0hq + chu

⌘

, �g Au =�v 2
⇣

chq � c 0hq � chu

⌘

, (2.5)

�re =� v 3p
2me

Ä

cY e + c 0Y e

ä

, �g V e =�v 2
Ä

chl + c 0hl + che
ä

, �g Ae =�v 2
Ä

chl + c 0hl � che
ä

, (2.6)

�g V ⌫ =�v 2
Ä

chl � c 0hl

ä

, �g A⌫ =�v 2
Ä

chl � c 0hl

ä

. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =
p

2m f

v

✓

1� �r f

2

◆

. (2.8)

�g V b , �g Ab < 10�3 (2.9)

If |�rb | " 0.01, then

|�rb |⇡ 0.05

∆

�

��g 2
V b ��g 2

Ab

�

�

10�3

�

�YQc D

�

� (2.10)

YQc D (500 GeV) = 1, ⇤UV ⇠ 30 TeV |�rb |> 0.1 ⇤UV < 10 TeV (2.11)

|�r⌧|> 0.2
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Table 2: Quarks, UV Lagrangian

representation �LN P

DI Q(3,2) 1
6
, Qc (ø3,2)� 1

6
YQd c H   Qd c + YqDc H   qDc + YQDc H   QDc + YQc D H T ! Qc D

D(3,1)� 1
3
, Dc (ø3,1) 1

3
+ MQQT ! Qc + M D DDc + c c

DII Q 0(3,2)� 5
6
, Q 0c (ø3,2) 5

6
YQ 0d c H T ! Q 0d c + YqDc H   qDc + YQ 0Dc H T ! Q 0Dc + YQ 0c D H   Q 0c D

D(3,1)� 1
3
, Dc (ø3,1) 1

3
+ MQ 0Q

0T ! Q 0c + M D DDc + c c

DIII Q(3,2) 1
6
, Qc (ø3,2)� 1

6
YQd c H   Qd c + YqD 0c H   " q ·D 0c + YQD 0c H   " Q ·D 0c + YQc D 0H T !" Qc ·D 0

D 0(3,3)� 1
3
, D 0c (ø3,3) 1

3
+ MQQT ! Qc + M D 0D 0 ·D 0c + c c

DIV Q 0(3,2)� 5
6
, Q 0c (ø3,2) 5

6
YQ 0d c H T ! Q 0d c + YqD 0c H   " q ·D 0c + YQ 0D 0c H T !" Q 0 ·D 0c + YQ 0c D 0H

  " Q 0c ·D 0
D 0(3,3)� 1

3
, D 0c (ø3,3) 1

3
+ MQ 0Q

0T ! Q 0c + M D 0D 0 ·D 0c + c c

UI Q(3,2) 1
6
, Qc (ø3,2)� 1

6
YQu c H T ! Qu c + YqU c H T ! qU c + YQU c H T ! QU c + YQc U H   QcU

U (3,1) 2
3
, U c (ø3,1)� 2

3
+ MQQT ! Qc + MUUU c + c c

UII Q 00(3,2) 7
6
, Q 00c (ø3,2)� 7

6
YQ 00u c H   Q 00u c + YqU c H T ! qU c + YQ 00U c H   Q 00U c + YQ 00c U H T ! Q 00cU

U (3,1) 2
3
, U c (ø3,1)� 2

3
+ MQ 00Q

00T ! Q 00c + MUUU c + c c

UIII Q(3,2) 1
6
, Qc (ø3,2)� 1

6
YQu c H T ! Qu c + YqU 0c H T !" q ·U 0c + YQU 0c H T !" Q ·U 0c + YQc U 0H   " Qc ·U 0

U 0(3,3) 2
3
, U 0c (ø3,3)� 2

3
+ MQQT ! Qc + MU 0U 0 ·U 0c + c c

UIV Q 00(3,2) 7
6
, Q 00c (ø3,2)� 7

6
YQ 00u c H   Q 00u c + YqU 0c H T !" q ·U 0c + YQ 00U 0c H   " Q 00 ·U 0c + YQ 00c U 0H

T !" Q 00c ·U 0
U 0(3,3) 2

3
, U 0c (ø3,3)� 2

3
+ MQ 00Q

00T ! Q 00c + MU 0U 0 ·U 0c + c c

DV Q 0(3,2)� 5
6
, Q 0c (ø3,2) 5

6
YQ 0d c H T ! Q 0d c + YQ 0D 00c H   " Q 0 ·D 00c + YQ 0c D 00H

T !" Q 0c ·D 00
D 00(3,3)� 4

3
, D 00c (ø3,3) 4

3
+ MQ 0Q

0T ! Q 0c + M D 00D
00 ·D 00c + c c

UV Q 00(3,2) 7
6
, Q 00c (ø3,2)� 7

6
YQ 00u c H   Q 00u c + YQ 00U 00c H T !" Q 00 ·U 00c + YQ 00c U 00H

  " Q 00c ·U 00
U 00(3,3) 5

3
, U 00c (ø3,3)� 5

3
+ MQ 00Q

00T ! Q 00c + MU 00U
00 ·U 00c + c c

Table 3: Quarks, contribution to non-renormalizable operators

Effective operators

DI chd = � |YQd c |2
2|MQ |2 , c 0hq = chq = � |YqDc |2

4|M D |2 , cYd =
Yqd c |YqDc |2

2|M D |2 +
Yqd c |YQd c |2

2|MQ |2 �
YQc D YQd c YqDc

MQ M D
, cY u =

Yqu c |YqDc |2
2|M D |2

DII chd =
|YQd c |2
2|MQ |2 , c 0hq = chq = � |YqDc |2

4|M D |2 , cYd =
Yqd c |YqDc |2

2|M D |2 +
Yqd c |YQd c |2

2|MQ |2 +
YQc D YQd c YqDc

MQ M D

DIII chd = � |YQd c |2
2|MQ |2 , 3c 0hq = �chq =

3|YqDc |2
4|M D |2 , c 0Yd =

Yqd c |YqDc |2
2|M D |2 �

YQc D YQd c YqDc

MQ M D
, cYd =

Yqd c |YQd c |2
2|MQ |2 , c 0Y u = �Yqu c |YqDc |2

|M D |2
DIV chd =

|YQd c |2
2|MQ |2 , 3c 0hq = �chq =

3|YqDc |2
4|M D |2 , c 0Yd =

Yqd c |YqDc |2
2|M D |2 +

YQc D YQd c YqDc

MQ M D
, cYd =

Yqd c |YQd c |2
2|MQ |2

UI
UII
UIII
UIV
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iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c (3̄, 1) 1
3

, u c (3̄, 1)� 2
3

, l (1, 2) 1
2

,
e c (1, 1)1. The first and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄�̄µDµq + i d c �̄µDµ d c + i u c �̄µDµ u c + i l̄ �̄µDµ l + i e c �̄µDµ e c

� !
yd H †qd c + yu H T✏qu c + ye H †l e c + c c

"
. (2.1)

We use ✏12 =�✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�Le f f = ciOi + c c . (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = i H †Dµ H l̄ �̄µ l , O 0hl = i
#

H †Dµ�H
$

á
%

l̄ �̄µ�l
&

, Ohe = i H †Dµ H e c �̄µ e c

OY e = |H |2H †l e c , O 0Y e =
#

H †�H
$

á
#

H †�l
$

e c

Ohq = i H †Dµ H q̄�̄µq , O 0hq = i
#

H †Dµ�H
$

á
%

q̄�̄µ�q
&

Ohd = i H †Dµ H d c �̄µ d c , Ohu = i H †Dµ H u c �̄µ u c

OYd = |H |2H †qd c , O 0Yd =
#

H †�H
$

á
#

H †�q
$

d c

OY u = |H |2H T✏qu c , O 0Y u =
#

H †�H
$

á
#

H T✏�q
$

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f ⌘
'

g h f f � g SM
h f f

(
/ g SM

h f f . We find

�rd =� v 3p
2md

%
cYd + c 0Yd

&
, �g V d =�v 2

'
chq + c 0hq + chd

(
, �g Ad =�v 2

'
chq + c 0hq � chd

(
, (2.4)

�ru =� v 3p
2mu

%
cY u � c 0Y u

&
, �g V u =�v 2

'
chq � c 0hq + chu

(
, �g Au =�v 2

'
chq � c 0hq � chu

(
, (2.5)

�re =� v 3p
2me

%
cY e + c 0Y e

&
, �g V e =�v 2

%
chl + c 0hl + che

&
, �g Ae =�v 2

%
chl + c 0hl � che

&
, (2.6)

�g V ⌫ =�v 2
%

chl � c 0hl

&
, �g A⌫ =�v 2

%
chl � c 0hl

&
. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =
p

2m f

v

)

1� �r f

2

*

. (2.8)

�g V b , �g Ab < 10�3 (2.9)

If |�rb |¶ 0.01, then

�rb ⇡�0.05 YQc D

+ ,
,�g 2

V d ��g 2
Ad

,
,

10�3 (2.10)

YQc D (500 GeV) = 1 (2.11)
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iments: the discovery of Higgs coupling modiÞcation at the level of 10% � 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1,2) 1
2
, q (3,2) 1

6
, d c (ø3,1) 1

3
, u c (ø3,1)� 2

3
, l (1,2) 1

2
,

e c (1,1)1. The Þrst and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i øq ø�µDµq + i d c ø�µDµd c + i u c ø�µDµu c + i øl ø�µDµl + i e c ø�µDµe c

�¶yd H   qd c + yu H T✏qu c + ye H   l e c + c c
©

. (2.1)

We use✏12=�✏21= 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�Le f f = ciOi + c c . (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = i H  DµH øl ø�µl , O 0hl = i
�

H  Dµ�H
� ·Äøl ø�µ�l
ä

, Ohe = i H  DµH e c ø�µe c

OY e = |H |2H   l e c , O 0Y e =
�

H  �H
� · �H  �l
�

e c

Ohq = i H  DµH øq ø�µq , O 0hq = i
�

H  Dµ�H
� ·Äøq ø�µ�q
ä

Ohd = i H  DµH d c ø�µd c , Ohu = i H  DµH u c ø�µu c

OYd = |H |2H   qd c , O 0Yd =
�

H  �H
� · �H  �q
�

d c

OY u = |H |2H T✏qu c , O 0Y u =
�

H  �H
� · �H T✏�q
�

u c . (2.3)

For fermion f , we deÞne the modiÞcation to the Higgs coupling as �r f ⌘
⇣

g h f f � g SM
h f f

⌘

/g SM
h f f . We Þnd

�rd =� v 3p
2md

Ä

cYd + c 0Yd

ä

, �g V d =�v 2
⇣

chq + c 0hq + chd

⌘

, �g Ad =�v 2
⇣

chq + c 0hq � chd

⌘

, (2.4)

�ru =� v 3p
2mu

Ä

cY u � c 0Y u

ä

, �g V u =�v 2
⇣

chq � c 0hq + chu

⌘

, �g Au =�v 2
⇣

chq � c 0hq � chu

⌘

, (2.5)

�re =� v 3p
2me

Ä

cY e + c 0Y e

ä

, �g V e =�v 2
Ä

chl + c 0hl + che
ä

, �g Ae =�v 2
Ä

chl + c 0hl � che
ä

, (2.6)

�g V ⌫ =�v 2
Ä

chl � c 0hl

ä

, �g A⌫ =�v 2
Ä

chl � c 0hl

ä

. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =
p

2m f

v

✓

1� �r f

2

◆

. (2.8)

�g V b , �g Ab < 10�3 (2.9)

If |�rb |¶ 0.01, then

�rb ⇡�0.05YQc D

∆

�

��g 2
V d ��g 2

Ad

�

�

10�3 (2.10)

YQc D (500 GeV) = 1, ⇤UV ⇠ 30 TeV (2.11)
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iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q(3, 2) 1
6

, d c(3̄, 1) 1
3

, u c(3̄, 1)� 2
3

, l (1, 2) 1
2

,
ec(1, 1)1. The first and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄ !̄ µDµq + i d c !̄ µDµ d c + i u c !̄ µDµ u c + i l̄ !̄ µDµ l + i ec !̄ µDµ ec

� !
yd H †qd c + yu H T " qu c + yeH †l e c + cc

"
. (2.1)

We use " 12 = �" 21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�Le f f = ci Oi + cc. (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = iH †Dµ H l̄ !̄ µ l , O 0hl = i
#
H †Dµ ! H

$
á
%
l̄ !̄ µ ! l

&
, Ohe = iH †Dµ H ec !̄ µ ec

OYe = |H |2H †l e c , O 0Ye =
#
H †! H

$
á
#
H †! l

$
ec

Ohq = iH †Dµ H q̄ !̄ µq , O 0hq = i
#
H †Dµ ! H

$
á
%
q̄ !̄ µ ! q

&

Ohd = iH †Dµ H d c !̄ µ d c , Ohu = iH †Dµ H u c !̄ µ u c

OYd = |H |2H †qd c , O 0Yd =
#
H †! H

$
á
#
H †! q

$
d c

OYu = |H |2H T " qu c , O 0Yu =
#
H †! H

$
á
#
H T "! q

$
u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as #r f ⌘
'

gh f f � g SM
h f f

(
/ g SM

h f f . We find

#rd = � v 3p
2m d

%
cYd + c0Yd

&
, # gV d = �v 2

'
chq + c0hq + chd

(
, # gAd = �v 2

'
chq + c0hq � chd

(
, (2.4)

#ru = � v 3p
2m u

%
cYu � c0Yu

&
, # gVu = �v 2

'
chq � c0hq + chu

(
, # gAu = �v 2

'
chq � c0hq � chu

(
, (2.5)

#re = � v 3p
2m e

%
cYe + c0Ye

&
, # gVe = �v 2

%
chl + c0hl + che

&
, # gAe = �v 2

%
chl + c0hl � che

&
, (2.6)

# gV $ = �v 2
%
chl � c0hl

&
, # gA$ = �v 2

%
chl � c0hl

&
. (2.7)

In addition, for any f , the coupling yf of Eq. (2.1) is constrained by

yf =

p
2m f

v

)

1� #r f

2

*

. (2.8)

# gV b , # gAb < 10�3 (2.9)

If |#rb |¶ 0.01, then

#rb ⇡�0.05YQcD

+ ,
,# g 2

V d �# g 2
Ad

,
,

10�3 (2.10)

YQcD (500 GeV) = 1, ⇤UV ⇠ 30 TeV |#rb | > 0.1 ⇤UV < 10 TeV (2.11)

3

iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ! B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c(3̄, 1) 1
3

, u c(3̄, 1)� 2
3

, l (1, 2) 1
2

,
ec(1, 1)1. The first and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄�̄µDµq + i d c�̄µDµd c + i u c�̄µDµu c + i l̄ �̄µDµl + i ec�̄µDµec

�¶yd H †qd c + yu H T✏qu c + yeH †l e c + cc
©

. (2.1)

We use ✏12 =�✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

" Le f f = ci Oi + cc. (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = iH †DµH l̄ �̄µl , O 0hl = i
�

H †Dµ�H
�

á
Ä

l̄ �̄µ�l
ä

, Ohe = iH †DµH ec�̄µec

OYe= |H |2H †l e c , O 0Ye=
�

H †�H
�

á
�

H †�l
�

ec

Ohq = iH †DµH q̄�̄µq , O 0hq = i
�

H †Dµ�H
�

á
Ä

q̄�̄µ�q
ä

Ohd = iH †DµH d c�̄µd c , Ohu = iH †DµH u c�̄µu c

OYd = |H |2H †qd c , O 0Yd =
�

H †�H
�

á
�

H †�q
�

d c

OYu = |H |2H T✏qu c , O 0Yu =
�

H †�H
�

á
�

H T✏�q
�

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f ⌘
⇣

gh f f � g SM
h f f

⌘

/g SM
h f f . We find

�rd =� v 3p
2m d

Ä

cYd + c0Yd

ä

, �gV d =�v 2
⇣

chq + c0hq + chd

⌘

, �gAd =�v 2
⇣

chq + c0hq � chd

⌘

, (2.4)

�ru =� v 3p
2m u

Ä

cYu � c0Yu

ä

, �gVu =�v 2
⇣

chq � c0hq + chu

⌘

, �gAu =�v 2
⇣

chq � c0hq � chu

⌘

, (2.5)

�re =� v 3p
2m e

Ä

cYe+ c0Ye

ä

, �gVe =�v 2
Ä

chl + c0hl + che

ä

, �gAe =�v 2
Ä

chl + c0hl � che

ä

, (2.6)

�gV⌫ =�v 2
Ä

chl � c0hl

ä

, �gA⌫ =�v 2
Ä

chl � c0hl

ä

. (2.7)

In addition, for any f , the coupling yf of Eq. (2.1) is constrained by

yf =
p

2m f

v

✓

1� �r f

2

◆

. (2.8)

�gV b , �gAb < 10�3 (2.9)

If |�rb |¶ 0.01, then

�rb ⇡�0.05YQcD

∆

�

��g 2
V d ��g 2

Ad

�

�

10�3 (2.10)

YQcD (500 GeV) = 1, ! UV ⇠ 30 TeV |�rb |> 0.1 ! UV < 10 TeV (2.11)
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iments: the discovery of Higgs coupling modification at the level of 10% ! 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c (3̄, 1) 1
3

, u c (3̄, 1)! 2
3

, l (1, 2) 1
2

,
e c (1, 1)1. The first and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

" SM = i q̄�̄µ# µq + i d c �̄µ# µd c + i u c �̄µ# µu c + i l̄ �̄µ# µl + i e c �̄µ# µe c

!
¶

yd H †qd c + yu H T✏qu c + ye H †l e c + c c
©

. (2.1)

We use ✏12 = ! ✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�" e f f = ci $ i + c c . (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

$hl = i H †# µH l̄ �̄µl , $ %
hl = i
�

H †# µ�H
� ·Äl̄ �̄µ�l
ä

, $he = i H †# µH e c �̄µe c

$Y e = |H |2H †l e c , $ %
Y e =
�

H †�H
� · �H †�l
�

e c

$hq = i H †# µH q̄�̄µq , $ %
hq = i
�

H †# µ�H
� ·Äq̄�̄µ�q
ä

$hd = i H †# µH d c �̄µd c , $hu = i H †# µH u c �̄µu c

$Yd = |H |2H †qd c , $ %
Yd =
�

H †�H
� · �H †�q
�

d c

$Y u = |H |2H T✏qu c , $ %
Y u =
�

H †�H
� · �H T✏�q
�

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f &
⇣

g h f f ! g SM
h f f

⌘

/g SM
h f f . We find

�rd = ! v 3
'

2md

Ä

cYd + c %
Yd

ä

, �g V d = ! v 2
⇣

chq + c %
hq + chd

⌘

, �g Ad = ! v 2
⇣

chq + c %
hq ! chd

⌘

, (2.4)

�ru = ! v 3
'

2mu

Ä

cY u ! c %
Y u

ä

, �g V u = ! v 2
⇣

chq ! c %
hq + chu

⌘

, �g Au = ! v 2
⇣

chq ! c %
hq ! chu

⌘

, (2.5)

�re = ! v 3
'

2me

Ä

cY e + c %
Y e

ä

, �g V e = ! v 2
Ä

chl + c %
hl + che
ä

, �g Ae = ! v 2
Ä

chl + c %
hl ! che
ä

, (2.6)

�g V ⌫ = ! v 2
Ä

chl ! c %
hl

ä

, �g A⌫ = ! v 2
Ä

chl ! c %
hl

ä

. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =

'
2m f

v

✓

1 !
�r f

2

◆

. (2.8)

�g V b , �g Ab < 10! 3 (2.9)

If |�rb |¶ 0.01, then

�rb ( ! 0.05 YQc D

∆

�

��g 2
V d ! �g 2

Ad

�

�

10! 3 (2.10)

YQc D (500 GeV) = 1, ⇤UV ) 30 TeV |�rb |> 0.1 ⇤UV < 10 TeV (2.11)

3

iments: the discovery of Higgs coupling modification at the level of 10% ! 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1, 2) 1
2

, q (3, 2) 1
6

, d c (3̄, 1) 1
3

, u c (3̄, 1)! 2
3

, l (1, 2) 1
2

,
e c (1, 1)1. The first and second numbers in parenthesis denote the SU (3)c and SU (2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

" SM = i q̄�̄µ # µq + i d c �̄µ # µ d c + i u c �̄µ # µ u c + i l̄ �̄µ # µ l + i e c �̄µ # µ e c

!
!

yd H †qd c + yu H T✏qu c + ye H †l e c + c c
"

. (2.1)

We use ✏12 = ! ✏21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

�" e f f = ci $ i + c c . (2.2)

Following [?] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

$hl = i H †# µ H l̄ �̄µ l , $ %
hl = i

#
H †# µ�H

$
á
%

l̄ �̄µ�l
&

, $he = i H †# µ H e c �̄µ e c

$Y e = |H |2H †l e c , $ %
Y e =

#
H †�H

$
á
#

H †�l
$

e c

$hq = i H †# µ H q̄�̄µq , $ %
hq = i

#
H †# µ�H

$
á
%

q̄�̄µ�q
&

$hd = i H †# µ H d c �̄µ d c , $hu = i H †# µ H u c �̄µ u c

$Yd = |H |2H †qd c , $ %
Yd =

#
H †�H

$
á
#

H †�q
$

d c

$Y u = |H |2H T✏qu c , $ %
Y u =

#
H †�H

$
á
#

H T✏�q
$

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f &
'

g h f f ! g SM
h f f

(
/ g SM

h f f . We find

�rd = ! v 3
'

2md

%
cYd + c %

Yd

&
, �g V d = ! v 2

'
chq + c %

hq + chd

(
, �g Ad = ! v 2

'
chq + c %

hq ! chd

(
, (2.4)

�ru = ! v 3
'

2mu

%
cY u ! c %

Y u

&
, �g V u = ! v 2

'
chq ! c %

hq + chu

(
, �g Au = ! v 2

'
chq ! c %

hq ! chu

(
, (2.5)

�re = ! v 3
'

2me

%
cY e + c %

Y e

&
, �g V e = ! v 2

%
chl + c %

hl + che
&

, �g Ae = ! v 2
%

chl + c %
hl ! che

&
, (2.6)

�g V ⌫ = ! v 2
%

chl ! c %
hl

&
, �g A⌫ = ! v 2

%
chl ! c %

hl

&
. (2.7)

In addition, for any f , the coupling y f of Eq. (2.1) is constrained by

y f =

'
2m f

v

)

1 !
�r f

2

*

. (2.8)

�g V b , �g Ab < 10! 3 (2.9)

If |�rb |¶ 0.01, then

�rb ( ! 0.05 YQc D

+ ,
,�g 2

V d ! �g 2
Ad

,
,

10! 3 (2.10)

YQc D (500 GeV) = 1, ⇤UV ) 30 TeV |�rb | > 0.1 ⇤UV < 10 TeV (2.11)

|�r⌧| > 0.2
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1. A single representation of vector-like leptons – either L, Lc without E , E c , or E , E c without L, Lc – would
correspond to the limit Y ! 0. In that case, the Z !! coupling and the H !! coupling are directly related,
" r! ⇡ 0.05⇥103 " g A! . Given the experimental constraints in Eq. (2.20), this implies that the deviation in
H !! cannot be large, " r! = (�1.5±2.8)⇥ 10�2. We show below that the situation is similar for all other
representations of Eq. (??).

We conclude that, for an H !! coupling modification above a few percent, the minimal building block
involves at least two different vector-like representations: one with an SU(2) doublet, and the other with
an SU(2) singlet or triplet.

2. Even saturating the Z pole constraints, a sizable modification to the H !! vertex requires a sizable Yukawa
coupling: " r! ! 0.1 Y . This is the point where Higgs vacuum stability becomes interesting. The large
numerical value of Y , required for sizable H !! effect, drives the Higgs potential unstable at an energy
scale ! B . For Y ⇠O(1), the instability kicks in at ! B ⇠O(100 TeV) or less.

One might think that the vacuum instability could be postponed to higher scales, by using large Yukawa
couplings but at the same time taking large masses of order the cut-off for the vector fermions. This
apparent non-decoupling is bounded by the breaking of perturbativity. The saturation of the Z-pole
constraints requires

The EFT analysis above captures our main results. Nevertheless, it is useful to verify the result through a more
complete numerical calculation. The result of such calculation is shown in Fig. 1.

103 104 105 106
0.7

0.8

0.9

1

1.1

1.2

�RUV [GeV]

r l

M1=200 GeV

Figure 1: The maximum H !! coupling deviation vs. the corresponding instability scale ! B , obtained by adding vector-
like leptons to the SM. To produce this plot, we scan over the parameter space of Eq. (2.12), imposing that the lightest
charged vector-like lepton have physical mass M 1 > 200 GeV, and enforcing consistency with EWPT and Z-pole con-
straints at the 90%CL.

3 Explicit models and Results

In this section, we will present numerical results on the correlation between the new bosonic scale ! B and
Higgs coupling deviations in two representative models. One is the vector-like lepton model which we already

5

discussed in the previous section. The other one is the vector-like quark model.... In the end, we will list all
possible representations of fermions that could mix with the SM ones at tree-level.

To link the upper bound on the new bosonsÕ mass scale to Higgs coupling deviations, we scan over the
parameter space of these models imposing Z pole constraints, oblique electroweak-symmetry observable and
collider bounds. The indirect constraints include the LEP measurement of the tree-level parameters R! !

! (Z " ! ø! )/ ! (Z " hadrons ), A! = 2(g2
Z ! L ! L

# g2
Z ! R! R

)/ (g2
Z ! L ! L

+ g2
Z ! R! R

) and A0,!
F B = 3

4ASM
e A! plus the usual

T,S loop corrections [?]. The collider bounds are model dependent and will be discussed in the following.

3.1 Model 1: vector-like leptons

Table 1: Leptons

representation " gL " gR " r

L(1,2)# 1
2
, Lc(1,2) 1

2
0 0 0

E(1,1)1, Ec(1,1)1

L(1,2)# 1
2
, Lc(1,2) 1

2
0 0 0

T (1,3)1, T c(1,3)1

L(1,2)# 1
2
, Lc(1,2) 1

2
0 0 0

E(1,1)1, Ec(1,1)1

L(1,2)# 1
2
, Lc(1,2) 1

2
0 0 0

E(1,1)1, Ec(1,1)1

L(1,2)# 1
2
, Lc(1,2) 1

2
0 0 0

E(1,1)1, Ec(1,1)1

The only Higgs coupling to leptons that is guaranteed to be measured better than 10% accuracy at the end
of the LHC14 run is the h## coupling. In Figure 1, we show how a measured deviation in r# = " r# + 1 is related
to the scale at which the electroweak vacuum becomes unstable. To obtain this results we have scanned over
the parameter space given by Eq. ( ??) imposing the Z pole constraints listed at the end of the previous section
and collider bounds from the LHC described below. For all the points with the same " B we take the one with
the largest coupling deviation, so given a measured r# the instability sets in at or below " B. complete

3.1.1 Collider constraints

this part may require rewritten. One will generate a too big neutrino mass by adding a singlet n . There are
already some collider studies in the literature. Check for example [?] and maybe Carlos / MarcelaÕs com-
panyÕs paper. pierce/ WeinerÕs paper and Wang/ Battell / GoriÕs paper in 2012 also has some discussions,
which may need to be updated.

The LHC collider bounds were obtained in analogy with []. If the mixing with the SM leptons gives the
dominant decays, we have mainly L1 " Z # and L1 " W $#. For a mixing angle bigger than $ 10# 4, the decays
are prompt and we will be concerned only with this case in what follows. We can also imagine that one or
more extra SM singlets n (Òsterile neutrino" or "bino") are present, with Yukawa couplings % = # yn H   ! n #
y c

n H ! cn + h.c. and mass term 1
2m n nn . This opens up the decay mode L1 " W (&)n 1, where the W boson can

be on- or off-shell depending on the mass splitting between L1 and n 1.
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iments: the discovery of Higgs coupling modiÞcation at the level of 10% ! 50% would indirectly establish the
existence of a bosonic threshold at a scale ! B ! 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1,2) 1
2
, q(3,2) 1

6
, d c(ø3,1) 1

3
, u c(ø3,1)! 2

3
, l (1,2) 1

2
,

ec(1,1)1. The Þrst and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

" SM = i øq ø! µ # µq + i d c ø! µ # µ d c + i u c ø! µ # µ u c + i øl ø! µ # µ l + i ec ø! µ # µ ec

!
!
yd H   qd c + yu H T " qu c + yeH   l e c + cc

"
. (2.1)

We use" 12 = ! " 21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

" " e f f = ci $ i + cc. (2.2)

Following [25] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

$hl = iH   # µ H øl ø! µ l , $ %
hl = i

#
H   # µ ! H

$·%øl ø! µ ! l q
&

, $he = iH   # µ H ec ø! µ ec

$Ye = |H |2H   l e c, $ %
Ye =

#
H   ! H

$·#H   ! l
$

ec

$hq = iH   # µ H øq ø! µq, $ %
hq = i

#
H   # µ ! H

$·%øq ø! µ ! q
&

$hd = iH   # µ H d c ø! µ d c, $hu = iH   # µ H u c ø! µ u c

$Yd = |H |2H   qd c, $ %
Yd =

#
H   ! H

$·#H   ! q
$

d c

$Yu = |H |2H T " qu c, $ %
Yu =

#
H   ! H

$·#H T "! q
$

u c. (2.3)

For fermion f , we deÞne the modiÞcation to the Higgs coupling as #r f &
'

gh f f ! gSM
h f f

(
/ gSM

h f f . We Þnd

#rd = ! v 3
'

2m d

%
cYd + c%

Yd

&
, # gV d = ! v 2

'
chq + c%

hq + chd

(
, # gAd = ! v 2

'
chq + c%

hq ! chd

(
, (2.4)

#ru = ! v 3
'

2m u

%
cYu ! c%

Yu

&
, # gVu = ! v 2

'
chq ! c%

hq + chu

(
, # gAu = ! v 2

'
chq ! c%

hq ! chu

(
, (2.5)

#re = ! v 3
'

2m e

%
cYe + c%

Ye

&
, # gVe = ! v 2

%
chl + c%

hl + che

&
, # gAe = ! v 2

%
chl + c%

hl ! che

&
, (2.6)

# gV $ = ! v 2
%
chl ! c%

hl

&
, # gA$ = ! v 2

%
chl ! c%

hl

&
. (2.7)

In addition, for any f , the coupling yf of Eq. (2.1) is constrained by

yf =

'
2m f

v

)

1 !
#r f

2

*

. (2.8)

2.1 Hbb

2.2 H %%

To begin, consider a vector-like copy of the usual SM leptons, L ( (1,2)! 1
2
, Lc ( (1,2) 1

2
, Ec ( (1,1)1, E ( (1,1)! 1.

The potential reads

!" = M LLLc + M E E Ec + y H   l e c + Yl H   l E c + Yec H   Lec + Y H  LEc + YcHLc E + cc, (2.9)

3

iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ! B Æ 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1,2) 1
2
, q (3,2) 1

6
, d c(3̄,1) 1

3
, u c(3̄,1)� 2

3
, l (1,2) 1

2
,

ec(1,1)1. The first and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

LSM = i q̄ !̄ µDµq + i d c !̄ µDµ d c + i u c !̄ µDµ u c + i l̄ !̄ µDµ l + i ec !̄ µDµ ec

� !
yd H †qd c + yu H T " qu c + yeH †l e c + cc

"
. (2.1)

We use " 12 =�" 21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

" Le f f = ci Oi + cc. (2.2)

Following [25] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = iH †Dµ H l̄ !̄ µ l , O 0hl = i
#
H †Dµ ! H

$
á
%
l̄ !̄ µ ! l q

&
, Ohe = iH †Dµ H ec !̄ µ ec

OYe= |H |2H †l e c , O 0Ye=
#
H †! H

$
á
#
H †! l

$
ec

Ohq = iH †Dµ H q̄ !̄ µq , O 0hq = i
#
H †Dµ ! H

$
á
%
q̄ !̄ µ ! q

&

Ohd = iH †Dµ H d c !̄ µ d c , Ohu = iH †Dµ H u c !̄ µ u c

OYd = |H |2H †qd c , O 0Yd =
#
H †! H

$
á
#
H †! q

$
d c

OYu = |H |2H T " qu c , O 0Yu =
#
H †! H

$
á
#
H T "! q

$
u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as #r f ⌘
'

gh f f � gSM
h f f

(
/ gSM

h f f . We find

#rd =� v 3p
2m d

%
cYd + c0Yd

&
, # gV d =�v 2

'
chq + c0hq + chd

(
, # gAd =�v 2

'
chq + c0hq � chd

(
, (2.4)

#ru =� v 3p
2m u

%
cYu � c0Yu

&
, # gVu =�v 2

'
chq � c0hq + chu

(
, # gAu =�v 2

'
chq � c0hq � chu

(
, (2.5)

#re =� v 3p
2m e

%
cYe+ c0Ye

&
, # gVe =�v 2

%
chl + c0hl + che

&
, # gAe =�v 2

%
chl + c0hl � che

&
, (2.6)

# gV $ =�v 2
%
chl � c0hl

&
, # gA$ =�v 2

%
chl � c0hl

&
. (2.7)

In addition, for any f , the coupling yf of Eq. (2.1) is constrained by

yf =
p

2m f

v

)

1� #r f

2

*

. (2.8)

2.1 Hbb

2.2 H %%

To begin, consider a vector-like copy of the usual SM leptons, L ⇠ (1,2)� 1
2
, Lc ⇠ (1,2) 1

2
, Ec ⇠ (1,1)1, E ⇠ (1,1)�1.

The potential reads

�L =M LLLc +M E E Ec + y H †l e c +Yl H †l E c +Yec H †Lec +Y H†LEc +YcHLc E+ cc, (2.9)
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iments: the discovery of Higgs coupling modiÞcation at the level of 10% ! 50% would indirectly establish the
existence of a bosonic threshold at a scale ! B ! 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1,2) 1
2
, q(3,2) 1

6
, d c(ø3,1) 1

3
, u c(ø3,1)! 2

3
, l (1,2) 1

2
,

ec(1,1)1. The Þrst and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is

" SM = i øq ø! µ # µq + i d c ø! µ # µ d c + i u c ø! µ # µ u c + i øl ø! µ # µ l + i ec ø! µ # µ ec

!
!
yd H   qd c + yu H T " qu c + yeH   l e c + cc

"
. (2.1)

We use" 12 = ! " 21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

" " e f f = ci $ i + cc. (2.2)

Following [25] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

$hl = iH   # µ H øl ø! µ l , $ %
hl = i

#
H   # µ ! H

$
á
%

øl ø! µ ! l
&

, $he = iH   # µ H ec ø! µ ec

$Ye = |H |2H   l e c, $ %
Ye =

#
H   ! H

$
á
#
H   ! l

$
ec

$hq = iH   # µ H øq ø! µq, $ %
hq = i

#
H   # µ ! H

$
á
%

øq ø! µ ! q
&

$hd = iH   # µ H d c ø! µ d c, $hu = iH   # µ H u c ø! µ u c

$Yd = |H |2H   qd c, $ %
Yd =

#
H   ! H

$
á
#
H   ! q

$
d c

$Yu = |H |2H T " qu c, $ %
Yu =

#
H   ! H

$
á
#
H T "! q

$
u c. (2.3)

For fermion f , we deÞne the modiÞcation to the Higgs coupling as #r f &
'

gh f f ! gSM
h f f

(
/ gSM

h f f . We Þnd

#rd = ! v 3
'

2m d

%
cYd + c%

Yd

&
, # gV d = ! v 2

'
chq + c%

hq + chd

(
, # gAd = ! v 2

'
chq + c%

hq ! chd

(
, (2.4)

#ru = ! v 3
'
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%
cYu ! c%

Yu

&
, # gVu = ! v 2

'
chq ! c%

hq + chu

(
, # gAu = ! v 2

'
chq ! c%

hq ! chu

(
, (2.5)

#re = ! v 3
'

2m e

%
cYe + c%

Ye

&
, # gVe = ! v 2

%
chl + c%

hl + che

&
, # gAe = ! v 2

%
chl + c%

hl ! che

&
, (2.6)

# gV $ = ! v 2
%
chl ! c%

hl

&
, # gA$ = ! v 2

%
chl ! c%

hl

&
. (2.7)

In addition, for any f , the coupling yf of Eq. (2.1) is constrained by

yf =

'
2m f

v

)

1 !
#r f

2

*

. (2.8)

2.1 Hbb

2.2 H %%

To begin, consider a vector-like copy of the usual SM leptons, L ( (1,2)! 1
2
, Lc ( (1,2) 1

2
, Ec ( (1,1)1, E ( (1,1)! 1.

The potential reads

!" = M LLLc + M E E Ec + y H   l e c + Yl H   l E c + Yec H   Lec + Y H  LEc + YcHLc E + cc, (2.9)
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iments: the discovery of Higgs coupling modification at the level of 10%� 50% would indirectly establish the
existence of a bosonic threshold at a scale ⇤B ! 100 TeV.
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2
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2
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ec(1, 1)1. The first and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is
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Following [25] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,

Ohl = iH †Dµ H l̄ �̄µ l , O 0hl = i
�

H †Dµ�H
� ·Äl̄ �̄µ�l q
ä

, Ohe = iH †Dµ H ec�̄µ ec

OYe = |H |2H †l e c , O 0Ye =
�

H †�H
� · �H †�l
�

ec

Ohq = iH †Dµ H q̄�̄µq , O 0hq = i
�

H †Dµ�H
� ·Äq̄�̄µ�q
ä

Ohd = iH †Dµ H d c�̄µ d c , Ohu = iH †Dµ H u c�̄µ u c

OYd = |H |2H †qd c , O 0Yd =
�

H †�H
� · �H †�q
�

d c

OYu = |H |2H T✏qu c , O 0Yu =
�

H †�H
� · �H T✏�q
�

u c . (2.3)

For fermion f , we define the modification to the Higgs coupling as �r f ⌘
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gh f f � g SM
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⌘
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h f f . We find

�rd = � v 3p
2m d

Ä
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In addition, for any f , the coupling yf of Eq. (2.1) is constrained by
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The potential reads

�L = M LLLc + M E E Ec + y H †l e c + Yl H †l E c + Yec H †Lec + Y H†LEc + YcHLc E + cc, (2.9)
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iments: the discovery of Higgs coupling modiÞcation at the level of 10% ! 50% would indirectly establish the
existence of a bosonic threshold at a scale ! B ! 100 TeV.

2 Higgs couplings to fermions

Our notation for the SM Higgs and fermion representations is H (1,2) 1
2
, q(3,2) 1
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, d c(ø3,1) 1

3
, u c(ø3,1)! 2

3
, l (1,2) 1

2
,

ec(1,1)1. The Þrst and second numbers in parenthesis denote the SU(3)c and SU(2)W representation, respec-
tively, and the subscript denotes the hypercharge. The fermion sector of the SM Lagrangian is
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We use" 12 = ! " 21 = 1.
Integrating out massive vector-like fermions generates non-renormalizable operators,

" " e f f = ci $ i + cc. (2.2)

Following [25] and adding operators that affect Yukawa couplings, we list the operators of interest as follows,
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In addition, for any f , the coupling yf of Eq. (2.1) is constrained by
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To begin, consider a vector-like copy of the usual SM leptons, L ( (1,2)! 1
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, Ec ( (1,1)1, E ( (1,1)! 1.

The potential reads

!" = M LLLc + M E E Ec + y H   l e c + Yl H   l E c + Yec H   Lec + Y H  LEc + YcHLc E + cc, (2.9)
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