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Reasons to believe in new physics accessible to LHC:

• Naturalness of Higgs mass

• Dark matter

• "Who ordered that?”

Independent of SUSY!

“The SUSY train is late.”
— G. Altarelli, 2001
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• Makes sense only if there is a theory wheremh is calculable
in terms of more fundamental parameters.

• “Naturalness” is the requirement that mh is not the result
of a large unexplained cancelation.

m2
h = 44848354663004959003564458711382292 GeV2

� 44848354663004959003564458711366667 GeV2

= (125 GeV)2

Example: mt̃ ⇠ 100 TeV
) threshold correction �m2

h ⇠ 105 ⇥ (125 GeV)2
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Is Naturalness Physical?

The naturalness criteria relates observable quantities (mh)
to quantities that cannot be observed even in principle.

Is it an artifact of our method of calculation?

Example: t̃ threshold contribution to m2
h

(Note: present in dimensional regularization!)

Compute loop effects in terms of observable quantities
) no quadratic dependence on heavy masses.

S. Chang, ML, unpublished
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= + + · · ·

| {z }

⇠
y2t m

2
h

s

| {z }

⇠ y4t

Use to compute loop corrections to hh! hh:

t! 0 : A(s) =
1

�

Z �

0
ds0

�mA(s0)
s0 � s = log UV divergent

) can write once-subtracted dispersion relation

Im

t

t̄

= + · · ·Optical theorem:



Is Naturalness Physical?
Summary:

• All quantities measurable

• No quadratic UV divergences

• No quadratic dependence on heavy masses



Is Naturalness Physical?
Summary:

• All quantities measurable

• No quadratic UV divergences

• No quadratic dependence on heavy masses

Extreme interpretations:



Is Naturalness Physical?
Summary:

• All quantities measurable

• No quadratic UV divergences

• No quadratic dependence on heavy masses

Extreme interpretations:

• The naturalness “problem” arises only if we insist on talk-
ing about unphysical quantities.



Is Naturalness Physical?
Summary:

• All quantities measurable

• No quadratic UV divergences

• No quadratic dependence on heavy masses

Extreme interpretations:

• The naturalness “problem” arises only if we insist on talk-
ing about unphysical quantities.

The first commandment of quantum mechanics: “Thou shalt
not ascribe reality to quantities that cannot be measured.”



Is Naturalness Physical?
Summary:

• All quantities measurable

• No quadratic UV divergences

• No quadratic dependence on heavy masses

Extreme interpretations:

• The naturalness “problem” arises only if we insist on talk-
ing about unphysical quantities.

• Restricting attention to the S-matrix alone is artificial.
Quantum field theory defines the theory in terms of cou-
plings, and tuning of couplings is unnatural.

The first commandment of quantum mechanics: “Thou shalt
not ascribe reality to quantities that cannot be measured.”



Is Naturalness Physical?
Summary:

• All quantities measurable

• No quadratic UV divergences

• No quadratic dependence on heavy masses

Extreme interpretations:

• The naturalness “problem” arises only if we insist on talk-
ing about unphysical quantities.

• Restricting attention to the S-matrix alone is artificial.
Quantum field theory defines the theory in terms of cou-
plings, and tuning of couplings is unnatural.

My conclusion: think harder!

The first commandment of quantum mechanics: “Thou shalt
not ascribe reality to quantities that cannot be measured.”
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Implications of Naturalness
The standard model is incomplete.

• Dark matter

• Baryogenesis

• Too many free parameters
(Gauge unification, origin of masses, mixings, � angle, . . .)

• Inflation

• Not UV complete

The strongest evidence for new physics at
high scales is tensor modes observed by
BICEP2.�

V(�)

�

(1016 GeV)4

�If the result holds up.

Gauge unification, � masses, flavor, . . . have simplest explanation
in terms of physics at scales � TeV.
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Implications of Naturalness
Naturalness requires a mechanism to prevent physics at high
scales from contributing to m2

h.

�m2
h = ⇠

�2m2
X

16�2

Two mechanisms:

X

SUSY: �m2
h =

X X̃

+ + · · · ⇠
�2

16�2
Ä
m2

X �m
2
�̃

ä

Compositeness: �m2
h =

X
⇠

��2

16�2

� = scale of form factors

= compositeness scale

= mass scale of resonances/KK modes

Motivates � ⇠ TeV
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• PNGB Higgs

• Technicolor plus SUSY (???)
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PNGB Higgs

� = 0

ƒ
�⌧ ƒ

� = ƒ (Technicolor)

Space of vacua:

ghVV

g(SM)hVV

= 1+O(10%) ) �2

ƒ2
< 10%

tuning ⇠
�2

ƒ2
⇠ 10%

) precision Higgs coupling measurements directly probe tuning
in PNGB Higgs models
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t
⇠
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) ⇠ 1% tuning

Naturalness requires additional light states

) top partners

(PNGB Higgs would have preferred mh ⇠ 300 GeV . . .)



Inclusive'searches'

29'

CMS'@'19.5'}W1:'
Exclusion:''
T’:'687'–'782'GeV''
(for'diff.'BRs'to'bZ,'tW,'tH)'

CMS:,PLB,729,(2014),149,',

PNGB Higgs
Top quark is a potential additional source of tuning:

t
⇠

y2t �
2

16�2
� ⇠ 4�ƒ

) ⇠ 1% tuning

Naturalness requires additional light states

) top partners

(PNGB Higgs would have preferred mh ⇠ 300 GeV . . .)
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2 ⇠m2
Z

tuning ⇠ 10%⇥
✓ mt̃

500 GeV

◆2

�� ⇠
3y4t
16�2

ln
mt̃

mt
t̃ loops:

Take as hint for BMSSM physics.

Increase Higgs quartic:

• F terms (NMSSM, . . .)

• D terms (new gauge interactions)

Another possibility:

• Higgs tadpole from “auxiliary” Higgs sector
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SUSY

aux
MSSM �,�

��H

If auxiliary sector is at a strong conformal fixed point,
SUSY breaking triggers confinement and electroweak
symmetry breaking at the TeV scale.

Veff 'm2
HH

†H + �H†e��/ ƒ
Ç
0
ƒ

å
+ h.c.

m2
H > 0 � =

�ƒ

m2
H

) “induced EWSB”

Azatov, Galloway, ML, 2012
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Fig. 3. Electroweak fit for f = 100 GeV, tan � = 5, Bµ = 0. The inner (outer)

ellipse is the 95% (99%) confidence level allowed region for a reference Higgs mass of

120 GeV [27]. The dotted blue (dashed red) line corresponds to a light Higgs mass

of 120 (350) GeV in the model of Section 3. The dot-dashed black line corresponds

to the model of Section 4. As discussed in the text, there are large uncertainties in

these curves; in particular it is plausible that the S parameter is significantly smaller.

The assumptions that go into these curves are described in the text.

the region where the theory is under theoretical control. There is a large theoretical

uncertainty in the predictions for S and T , so the plots cannot be taken too literally,

and our conclusion is that precision electroweak data does not strongly constrain

these models given our present knowledge. In fact, the only scenarios we can envision

that precision electroweak can rule out these models is if either the S parameter is

much larger than expected, or the UV contributions to the T parameter are negative.

Neither of these is expected.

Finally, we consider Z ! b̄b. the strong sector couples weakly to the elementary

Higgs fields, which have the Yukawa couplings to the top and bottom quarks. This

means that any correction to gZb̄b from the strong sector must be suppressed by y2t
as well as �2

u,d. We write the third generation Yukawa couplings as

�L = QT
L✏HyQc

R + h.c., (3.48)

25

mh = 120 GeV

95%

99%
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Signals:

• Non-minimal Higgs signals

A! Zh, tt,��
H!WW,hh

�!WW,AA, . . .
Chang, ML, Salvioni, Tsai, to appear
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ellipse is the 95% (99%) confidence level allowed region for a reference Higgs mass of

120 GeV [27]. The dotted blue (dashed red) line corresponds to a light Higgs mass

of 120 (350) GeV in the model of Section 3. The dot-dashed black line corresponds

to the model of Section 4. As discussed in the text, there are large uncertainties in

these curves; in particular it is plausible that the S parameter is significantly smaller.

The assumptions that go into these curves are described in the text.

the region where the theory is under theoretical control. There is a large theoretical

uncertainty in the predictions for S and T , so the plots cannot be taken too literally,

and our conclusion is that precision electroweak data does not strongly constrain

these models given our present knowledge. In fact, the only scenarios we can envision

that precision electroweak can rule out these models is if either the S parameter is

much larger than expected, or the UV contributions to the T parameter are negative.

Neither of these is expected.

Finally, we consider Z ! b̄b. the strong sector couples weakly to the elementary

Higgs fields, which have the Yukawa couplings to the top and bottom quarks. This

means that any correction to gZb̄b from the strong sector must be suppressed by y2t
as well as �2

u,d. We write the third generation Yukawa couplings as

�L = QT
L✏HyQc

R + h.c., (3.48)
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Can also construct perturbative calculable models
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Figure 4. ATLAS lower limits at 90% CL on M∗ for different masses of χ—the region below
the limit lines is excluded. The 90% instead of the 95% CL lower limits are plotted because the
former are used in the following figures 5 and 6. Observed and expected limits including all but
the theoretical signal uncertainties are shown as dashed black and red solid lines, respectively. The
grey ±1σ band around the expected limit is the variation expected from statistical fluctuations and
experimental systematic uncertainties on SM and signal processes. The impact of the theoretical
uncertainties is shown by the thin red dotted ±1σ limit lines around the observed limit. The M∗

values at which WIMPs of a given mass would result in the required relic abundance are shown as
rising green lines (taken from [32]), assuming annihilation in the early universe proceeded exclusively
via the given operator. The shaded light-grey regions in the bottom right corners indicate where
the effective field theory approach breaks down [32]. The plots for D1, D5, D8 are based on SR3,
those for D9 and D11 on SR4.
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Generalized to mono-X searches . . .
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Effective WIMPs

Fig. 5. Limits on Majorana dark matter coupling to the lightest two generations.

Labeling as in Fig. 4.

Fig. 6. Limits on Majorana dark matter coupling to third generation only. Labeling

as in Fig. 4.

3.2 Real scalar dark matter

For this model, both the s- and p-wave annihilation cross sections are chirally sup-

pressed. Therefore, if the dark matter couples only to the lightest two generations,

its interaction strength is required to be non-perturbatively strong to get the right

relic abundance unless m
Q

. 400 GeV. However, this region is excluded by the

XENON100 and CMS monojet limits. Thus, we present results only for the cases of

19

Majorana fermion dark matter
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