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•  There are strong motivations for the BSM 
physics at the weak scale






•  In many cases BSM states may interact with 

the Higgs




•  However, directly observing new states may 

be difficult due to mass/couplings/decays….


Hierarchy Problem
 Dark Matter


Top Partners
 Higgs Portal


What next in High Energy Physics?




•  Can search for indirect effects of BSM by 
measuring SM processes to high precision


•  The greater the precision, the greater the 
discovery potential.


H
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Standard Model


Standard Model


Standard Model


Standard Model


What next in High Energy Physics?




A Dream Measurement


•  An e+e- collider is the surgeon’s scalpel of 
particle physics.


•  Dominant Higgs production at lower energies 
is associated production:












•  Can measure Z-recoils alone

– Total cross section measurement 

independent of Higgs decays!
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•  At CEPC could measure this cross section with 
accuracy of 0.5%.  What does this mean?














•  Probe quantum regime of Higgs:

–  Can probe new physics near weak scale with 

perturbative Higgs couplings!
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SM 1-loop 
electroweak 
corrections to 
cross section 
are around 3%


A Dream Measurement




Outline


•  I want to focus on what we can learn about the 
quantum Higgs world.  Tree-level modifications 
due to e.g. extended scalar sectors, have been well 
studied already.


•  New particle benchmarks

•  Vector-like leptons

•  Higgs Portal


•  Modified Higgs interactions

•  Higgs self-coupling


•  Conclusions




Probing New Particles


•  BSM States considered:

– Uncolored

– Coupled to Higgs

– Possibly electroweak-charged


•  This leaves two main observables:


 

•  CEPC+LHC sensitivity.


�2� (BRh!��) ⇡ 5% �2� (�e+e�!hZ) ⇡ 1%

Higgs-Diphoton
 Higgs production




Probing New Particles


•  Diphoton decay diagrams:


�2� (BRh!��) ⇡ 5%

Higgs-Diphoton


SM and 
BSM Fields




Probing New Particles


•  Associated production diagrams:


�2� (�e+e�!hZ) ⇡ 1%

Higgs production


SM and 
BSM Fields




Vector-Like Fermions

•  Vector-like fourth generation leptons


•  Simplify via:

–  Common “vector-like” mass:

–  Common “chiral” mass:


–  EW precision important

Violates Custodial


Englert, MM.  2013
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Results: Vector-Like Leptons

•  Superimpose EW Precision constraints:


Lightest charged

fermion mass


Englert, MM.  2013
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Mini-Summary


•  A)  If Higgs is coupled to new electroweak 
states then precision Higgs measurements 
can probe large swathes of parameter space.


•  B)  Even though diphoton modifications are 
leading-order, and cross section modifications 
are NLO both are complementary, 
comparable, probes.


•  C)  For CEPC need to think beyond Higgs-
Diphoton paradigm for e.g. charged states if 
we are to fully exploit the measurements.




Hidden New Physics


•  Imagine Higgs Portal to gauge-neutral scalar


•  If                            then we may have invisible Higgs 
decays:


•  However, if                             , which is very 
plausible, then no invisible decays, no modified 
diphoton rate!


•  What can we do in this very difficult situation? 


L = c�|H|2�2

�
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�

E, M.  2013.  
C, E, M. 2013




Physical Effects at NLO


•  Staring at this:


•  Is it physical?  Integrating out generates:


•  In EW breaking vacuum this feeds into all 
Higgs couplings.
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(Not-so) Hidden New Physics


•  Thus, due to extremely high precision 
measurements, in this very challenging 
scenario an e+e- collider offers the possibility 
of discovering the indirect effects of hidden 
particles.


•  Cross section at CEPC modified by:


where                          and 


Figure 10: Combined reach of direct searches in VBF, ggH and tt̄H channels at
p

s = 100

TeV for 3 ab�1 (left) and 30 ab�1 (right) compared to select parameter spaces for motivated

Higgs Portal scenarios. In each plot the red lines denotes the 1� exclusion, 2� exclusion, and

5� discovery reach from direct searches at
p

s = 100 TeV. The region to the left of the green

line denotes the LUX exclusion for Higgs Portal dark matter with thermal abundance given

by c�, m�. The region to the left of the dark blue line denotes the possible parameter space

for two-step baryogenesis, while the region between the light blue and dark blue lines denotes

the possible parameter space for one-step baryogenesis (defined by vc/Tc � 0.6). The purple

line denotes the 2� contour for ��Zh at a future e+e� circular collider such as TLEP. The

dashed gray line denotes the e↵ective coupling of six complex scalar top partners.

of the weak scale on the order of 30% from the neutral top partners alone [54], and in com-

plete models with neutral top partners the fine-tuning is expected to be considerably worse.

Considering that this scenario represents the worst-case scenario for electroweak naturalness

(from the perspective of collider signatures), pushing naturalness to the 30% level in this case

represents an impressive achievement.

Finally, we can compare the combined reach at 100 TeV to the sensitivity of indirect

probes of the Higgs Portal via shifts in the Zh production cross section. The leading order

shift due to (1.1) is [19, 20]
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where ⌧� = m2
h/4m2

� and ��Zh = (�Zh � �SM
Zh )/�SM

Zh . In Fig. 10 we compare the 2� reach at a

future e+e� machine such as CEPC/TLEP to the 2� exclusion reach and 5� discovery reach

at a 100 TeV pp machine, with an eye towards determining whether observed deviations in

the Zh cross section may lead to the discovery of new singlet states. We use the Snowmass

projections for TLEP sensitivity at
p

s = 240 GeV [21]. The 2� exclusion reach of a 100 TeV
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(Not-so) Hidden New Physics


•  The 2σ reach for CEPC is:
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That you could 
indirectly probe 
completely 
neutral scalars 
which interact 
with the Higgs at 
the CEPC is 
extraordinary.




Mini-Summary


•  Even if the only new states at the weak scale are 
gauge neutral scalars coupled to the Higgs, CEPC 
would offer an indirect test.


Comment

•  All of the probes discussed here are indirect.  Can 

be used to set limits on scenarios under 
assumption that no other contributions cancel.


•  If a deviation were observed, underlying cause 
would remain unclear.  Other higher energy 
measurements would be required to fully 
determine the nature of underlying new physics.


•  Indirect probes are a tried and tested concept in 
HEP.  Think of LEP, flavor, etc.









Modified Higgs Interactions: �
Self Coupling


•  Why is it important?

– White Whale of phenomenologists…


– It is there, so we should try to measure it.


– Known Higgs mass means it is predicted in 
SM.  Important test of EW breaking.


– Probe of SM scalar potential, with 
implications for many aspects of phsyics, 
including lifetime of Universe!


MM.  2014




Measuring the Self-Coupling 
Directly


•  At LHC (Requires ECM > 2 mh):


•  At ILC (Requires ECM > 2 mh + mZ):


Figure	
  from	
  J.	
  Tian,	
  K.	
  Fujii	
  

Figure	
  from	
  
Dolan,	
  Englert,	
  	
  
Spannowsky	
  

MM.  2014




What if ECM < 2 mh + mZ?

•  At 240 GeV:




•  But what if we have a modified self-

coupling?


•  We would never know from CEPC?


h


Z
e


e


2

�Zh =

MM.  2014




Self-Coupling Indirectly at NLO


•  At NLO modified coupling enters in the 
following loops:




•  And also:                         


MM.  2014




Self-Coupling at NLO


•  Result:



•  At CEPC sensitive to:



•  Thus a modified self-coupling of:



•  … would generate a       deviation in the 

cross section measurement! 


�240� =
��h 6=0

��h=0

� 1 = 1.4⇥ �h%

�Zh
2� ⇡ 1%

�h
3

2� ⇡ 71%
2�

MM.  2014




Self-Coupling at NLO

•  In most realistic BSM scenarios not just 

self-coupling modified and if rescaled 
couplings, really measure:


•  Can’t “fingerprint” modified self-coupling 
from a single cross section deviation.

– For similar examples of tree vs loop see many 

LEP papers (available on request).

•  However, for constraint to be invalidated 

would require unnatural cancellation 
between different contributions.


�240� = 100 (2�Z + 0.014�h)%

MM.  2014




Final Conclusions


A measurement of the total Higgs production 
cross section at the CEPC with accuracy of 


Would be a tremendous human achievement.



Staying mindful of the dangers of over-
interpreting a single measurement, it is clear 
that this measurement could shed light on key 
questions in fundamental physics.






�2� (�e+e�!hZ) ⇡ 1%

1

1 1

11

1

e+

e�

e+

e�

e+

e�

e+

e�

e+

e�

e+

e�h h h

h

Z

h

Z

h

t̃

t̃

t̃

t̃

t̃

t̃
t̃

t̃

Z Z

Z

�/Z

�/Z

�/Z �/Z

Z

Z

Z Z

�/Z �/Z



Conclusions


The CEPC would thoroughly explore the quantum 
Higgs world, e.g.











This would open exciting new avenues for 
investigation.  I have only managed to cover:

•  New particles interacting with the Higgs entering 

at one loop.

•  Modified Higgs self-coupling entering at one loop.
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Inert Higgs Doublet

•  “Inert” Higgs doublet model


•  Trade these parameters for more intuitive 
set:

–  Charged scalar mass:

–  Charged scalar trilinear coupling to Higgs:

–  Charged-neutral mass-splitting:




•  Where we define                                  

–  Think precision electroweak…


m�+

A�+

��

�� = m�0 �m�+

Englert, MM.  2013


V � m2
�|�|2 + �|H|2|�|2 + �0|H · �†|2



Results: Inert Doublet


•  As expected, corrections to associated 
production are observable!


Englert, MM.  2013
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Results: Vector-Like Leptons

•  Superimpose EW Precision constraints:


Lightest charged fermion mass
 S measures: |n L � n R |

Englert, MM.  2013
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More on self-coupling

•  A specific example….
 6

0 10 20 30 40 50 60 70
0

500

1000

1500

2000

2500

3000

Tan@bD

m
A
@GeV

D
ds
1-loop;h3êdstree;hZZ
ds
tree;hZZ = 0.1%

0.5

1

2
3

4

FIG. 4: Contours of the ratio of NLO modifications to
�(e+e� ! hZ) from a modified Higgs self-coupling relative
to the LO modifications due to the modified hZZ vertex in
a 2HDM as a function of the parameters � and mA. In the
gray region the LO modifications dominate and in the white
region the NLO corrections involving the self-coupling domi-
nate. Loops of additional heavy scalars are not included and
are estimated to be subdominant. The LO hZZ coupling
modification is set to a constant value of 0.1%, such that the
region above the dashed line corresponds to deviations greater
than the expected experimental sensitivity. For fixed � and
large mA we have � ⇠ �v2/2m2

A [35], where � is a combi-
nation of dimensionless couplings and mixing angles in the
Higgs sector, thus large mA and �2 = 0.1% large requires
almost non-perturbative couplings. This does not, however,
alter the ratio of the magnitude of e↵ects from the NLO self-
coupling modification relative to the LO hZZ modifications,
and large or non-perturbative couplings are not required for
the self-coupling modification to dominate.

The second line of Eq. (19) demonstrates that in
a generic 2HDM the modifications to the Higgs self-
coupling may be large, and in cases where mA � mh

they are typically larger than the modifications to the
hZZ coupling due to the m2

A/m2
h enhancement of the

�2 term. The deviations in the self-coupling may not be
arbitrarily large as the self-coupling still obeys the de-
coupling property in the large mA limit � / v2/m2

A [36],
thus the total deviation still decouples as �h / v2/m2

A.
However, the quantity of interest here is the ratio of devi-
ations due to the self-coupling relative to the deviations
from the modified hZZ coupling, and it has recently been
emphasized that �h/�Z ⇡ 4m2

A/m2
h [37], thus it is typical

in a 2HDM for the modification of the self-coupling to
be greater than the modification of the hZZ vertex, par-
ticularly in the decoupling limit mA � mh. This raises
the possibility of the loop-level modifications to the asso-
ciated production cross section involving the Higgs self-
coupling exceeding the tree-level modifications from the

hZZ vertex in this class of models. From Eq. (17) we see
that this occurs if 0.014�h > 2�Z , and from the previous
relation it is clear that for approximately mA & 750 GeV
this is the case.

In Fig. 4 contours are shown of the ratio of associated
production cross section modifications from the Higgs
self-coupling at one-loop divided by the tree-level modi-
fications due to the modified hZZ vertex at tree-level in
a 2HDM. In the gray shaded region the tree-level modifi-
cations dominate, and in the white region the loop-level
self-coupling modifications dominate.

For comparison with experimental prospects the modi-
fication of the hZZ vertex is set to �2 = 0.1%, thus above
the dashed line the deviations in the associated produc-
tion cross section due to the modified Higgs self-coupling
become comparable to the expected experimental sensi-
tivity. The funnel-like feature in Fig. 4 can be understood
as in the limit mA � mh the self-coupling correction is
dominated by the second term of Eq. (19) and this sec-
ond term vanishes for tan(�) ⇡ 2/�, independent of the
pseudoscalar mass.

To fully understand all relative contributions to the as-
sociated production cross section a complete calculation,
which is beyond the scope of this work, would also include
loops of heavy scalars. However in regions with large mA

the corrections from loops of heavy scalars would likely be
subdominant as although factors proportional to m2

A/m2
h

may appear in scalar vertices, the loop integrals would
also decouple with increasing mA, unlike the Higgs self-
coupling loops of Fig. 1, meaning that the modification
from the Higgs loops with modified self-coupling would
dominate over the heavy scalar loops.

This is an explicit demonstration of the existence of a
well-motivated perturbative model where modifications
of the self-coupling may lead to deviations in the asso-
ciated production cross section from NLO e↵ects which
are observable and dominate over the LO deviations from
the modified hZZ vertex. The indirect constraint on the
self-coupling proposed here would be very useful for con-
straining the self-coupling in this realistic and commonly
studied example. Furthermore, this also demonstrates
that if only LO coupling modifications are assummed the
precision constraints on scenarios such as 2HDMs could
be misinterpreted, and the opportunity to learn much
more about the structure of such models through NLO
e↵ects, including e↵ects due to the self-coupling, would
be missed.

D. Generic New Physics Scenarios

Model-independent scenarios are now finally consid-
ered. It is possible to capture the e↵ects of generic new
physics scenarios by allowing all higher dimension oper-
ators consistent with the gauge symmetries of the SM.
A number of operators which modify the tree-level hZZ
coupling arise at dimension six and have varying energy
dependence, increasing the list of undetermined param-


