
( christophe.grojean@cern.ch )

Ch!"ophe Grojean
ICREA@IFAE/Barcelona

CERN-TH 

ECFA LC2013
DESY, May 31, 2013

Ch!"ophe Grojean

Linear Collider
     Physics Outlook

        (after LHC8)



Christophe Grojean Linear Collider Physics Outlook DESY, 31st May 2o132

(picture: courtesy of A. Hoecker]

A global eff
ort

            R
. Heuer

We are living a privileged moment 
in the history of HEP

mailto:christophe.grojean?subject=Higgs%20press%20coverage
mailto:christophe.grojean?subject=Higgs%20press%20coverage


Christophe Grojean Linear Collider Physics Outlook DESY, 31st May 2o133

SM Higgs @ LHC
The production of a Higgs is wiped out by QCD background 

4. SM Higgs production at the LHC
Physics at the LHC: some generalities

LHC: pp collider

√
s=7+7=14 TeV⇒

√
seff∼

√
s/3 ∼ 5 TeV

L∼10 fb−1 first years and 100 fb−1 later

• Huge cross sections for QCD processes.
• Small cross sections for EW Higgs signal.

S/B >∼ 1010 ⇒ a needle in a haystack!

• Need some strong selection criteria:
Trigger: get rid of uninteresting events...

Select clean channels: H → γγ,VV → "

Use different kinematic features for Higgs

Combine different decay/production channels

Have a precise knowledge of S and B rates.

• Gigantic experimental (+theoretical) efforts!
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(for comparison, Shakespeare’s 43 works 
contain only 884,429 words in total)

LH
C8

Te
va

tr
on

LH
C1

4
furthermore many of the 

background events furiously look 
like signal events
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Where are we? 
“We have found a new particle”

we are living a privileged moment in the history of HEP

 Symmetry breaking? ground state doesn’t share the full symmetry of interactions

CMS

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067


Christophe Grojean Linear Collider Physics Outlook DESY, 31st May 2o13

 Triumph of QM+SR that predict (anti)particles of spin 0, 1/2, 1, (3/2 ?), 2
4

Where are we? 
“We have found a new particle”

28 8 Conclusions

are allowed to vary independently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to a particle with a unique mass
mX. The combined best-fit mass is mX = 125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV.

7.3 Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the SM Higgs boson is provided
by examination of the best-fit value for the common signal strength s/sSM, obtained in a com-
bination of all search channels. Figure 18 shows a scan of the overall s/sSM obtained in the
combination of all channels versus a hypothesised Higgs boson mass mH. The band corre-
sponds to the ±1 s uncertainty (statistical and systematic). The excesses seen in the 7 TeV and
8 TeV data, and in their combination, around 125 GeV are consistent with unity within the ±1 s
uncertainties. The observed s/sSM value for an excess at 125.5 GeV in a combination of all
data is 0.87 ± 0.23. The different decay channels and data sets have been examined for self-
consistency. Figure 19 shows the measured values of s/sSM results obtained for the different
decay modes. These results are consistent, within uncertainties, with the expectations for a SM
Higgs boson.
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Figure 17: The 68% CL contours for the signal strength s/sSM versus the boson mass mX for the
untagged gg, gg with VBF-like dijet, 4`, and their combination. The symbol s/sSM denotes the
production cross section times the relevant branching fractions, relative to the SM expectation.
In this combination, the relative signal strengths for the three decay modes are constrained by
the expectations for the SM Higgs boson.

8 Conclusions
Results are presented from searches for the standard model Higgs boson in proton-proton col-
lisions at

p
s = 7 and 8 TeV in the CMS experiment at the LHC, using data samples corre-

sponding to integrated luminosities of up to 5.1 fb�1 at 7 TeV and 5.3 fb�1 at 8 TeV. The search

“this discovery came at half the LHC design energy, much more severe pileup, and one-
third of the integrated luminosity that was originally judged necessary” ATLAS

 Spin 0? Against naturalness: small mass only if protected by symmetry

 Couplings not dictated by gauge symmetry? Against gauge principle 
(elegance, predictivity, robustness, variety) which used to rule the world (gravity, 
QCD, QED, weak interactions)

What’s next?

Higgs is the most exotic particle of the SM
its discovery has profound implications

we are living a privileged moment in the history of HEP

 Symmetry breaking? ground state doesn’t share the full symmetry of interactions

CMS

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
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Now what?

“The experiment worked better than 
expected and the analysis uncovered a 

very difficult to find signal”
the words of a string theorist

Why did it work better than expected?
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 Hard work from experimentalists
 Luck with a positive fluctuation
 Hard work from the theorists too

higher precision in theory 
calculation makes it easier to find 

the Higgs than initially thought

R. Harlander, talk @ LHCP’13

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/getFile.py/access?contribId=47&sessionId=1&resId=0&materialId=slides&confId=210555
https://indico.cern.ch/getFile.py/access?contribId=47&sessionId=1&resId=0&materialId=slides&confId=210555
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Now what?

“The experiment worked better than 
expected and the analysis uncovered a 

very difficult to find signal”
the words of a string theorist

but the experimentalists haven’t found what the theorists told them 
they will find in addition to the Higgs boson: 

no susy, no BH, no extra dimensions, nothing ...

Have the theorists been lying for so many years?

Have the exp’s been too naive to believe the th’s?

Why should you listen to the rest of this talk?
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What does come with the Higgs?
We know that the Higgs is not the end of the story

 dark matter
 matter antimatter asymmetry
 hierarchy/naturalness problem
 ...

All these point towards an extended EW/Higgs sector
but so far this extension has been very elusive

 Direct searches @ LHC: Mnew >~ O(500 GeV) unless reduced couplings to fermions/gluons
 EW precision data: Mnew >~ O(TeV) unless some selection rules (eg R-parity)
 Flavor data: Mnew >~ O(1000 TeV) unless some protection (eg MVF...)
 ...

let’s use what we have at our disposal (the Higgs) to explore BSM sector
and see which machine can help us 

HEP future:
exploration/discovery era or consolidation/measurement era?
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Now what? What’s next?
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies 

(true credit: F. Maltoni
actually, first google hit gives a link to an article of 

the Guardian on... the Higgs boson!) 

which, in particle physics, really means

Higgs properties
1

JPC
Important & nice to see progresses but 
“this question carries a similar potential 
for surprise as a football game between 

Brazil and Tonga” Resonaances

Higgs couplings
2

BSM implications
3

LBSM =?

http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
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SM & New Physics

D=4 Lagrangian
describes perfectly the data

but... it is not enough

⇤4
UV

p
g cosmological constant D=0

+⇤2
UV|H|2 Higgs mass D=2

+✓QCD Gµ⌫G̃
µ⌫ strong CP problem D=4

}
3 problems

imposed to us by data:
whatever the scale of NP is, 

some special structure is 
needed to avoid these pbs

D=5 operators are needed 
to generate neutrino masses

⇤UV ⇠ 1014÷18 GeV?+
bij
⇤UV

LiLjH
2

D=6 operators 
capture the leading effects of 

New Physics

+
cijkl
⇤2
UV

F̄iFjF̄kFl + . . . (59 independent structures)

+
cijkl
⇤2
UV

F̄iFjF̄kFl + . . . (59 independent structures)
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Which New Physics?
What about other options?

➥ similar physics at the LHC

2) Large extra dimensions: 
MP  not a new fundamental scale: 

        Large because gravity propagates 
in δ extra dim of radii R:

1) Warped extra dimensions
                ≈ Strongly coupled theories 
                           (by the AdS/CFT correspondence)

Validity of 
the SM  
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TeV
Hard to make precise predictions:

String modes at the TeV, 
but also gravitons can be produced and 

Black Holes, ... 
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➥ Both give New Physics at the LHC

New Physics

SM

Anthropic

A. Pomarol, lecture @ CERN, ’13

unlikely
still plausible

but may be not in their
minimal/simplest incarnations

Will we 
ever 

know?

natural unnatural

(can the Nature be unnatural?)

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://indico.cern.ch/conferenceDisplay.py?confId=240954
http://indico.cern.ch/conferenceDisplay.py?confId=240954
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Higgs couplings = test of Naturalness?

SM + Higgs

Mass

SM New�m2
H = + ⇠ 0

The more natural the theory the more the Higgs rates deviate from SM
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Generically, natural scenarios come with deviations of the Higgs coupling

nice to be able to measure Γ @ ILC
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Higgs couplings = test of Naturalness?
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Figure 4: Fine-tuning as a function of the fractional deviation of the Higgs coupling to gluons

(left panel) and photons (right panel) from the SM value, and the energy scale ⇤ (in GeV) where

the logarithmic divergence in the Higgs mass renormalization is cut o↵. Top row: Spin-0 top

partner. Bottom row: Spin-1/2 top partner. Regions currently allowed by the LHC and Tevatron

data are shown in green (68 % c.l.) and yellow (95 % c.l.).

sum rule is imposed. We expect that throughout most of the parameter space of a given model,

the correlation between Higgs couplings and fine-tuning studied in Section 3 continues to hold.

However, there could be special regions of parameter space where it can fail, due to cancellations

9

simple toy model: a single spin-½ top partner
deviation in the couplings ⬄ amount of fine-tuning  Δ=δmH2/mH2

allowed by LHC/Tevatron
at 68%CL

allowed by LHC/Tevatron
at 95%CL

Λ cutoff scale of log. divergences to the Higgs mass

Lo
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Λ/
Ge

V)

Lo
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Higgs scale models (Λ ~1016GeV) come with a generic fine-tuning O(1/30)
 increasing the couplings measurement to 1% precision will raise the fine-tuning to O(1/400)

Δ~30

Δ~3

Farina, Perelstein, Rey-Le Noisier, ’13

level. We focus on the couplings of the Higgs to gluons and photons. At the one-loop order,

the contributions of particles with masses � m
h

to these couplings are described by e↵ective

operators,
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The Wilson coe�cients can be found using the well-known “low-energy theorems” [2]:
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where the first term is the contribution of the SM top loops, the sum runs over the top partners,

and N
c,i

and Q
i

are the dimension of the SU(3)
c

representation and the electric charge (in units

of electron charge) of the particle i. Note that the exact same objects, the Higgs-dependent

masses of top partners m
i

(h), enter the CW potential and the Higgs couplings, providing a very

general and robust connection between these quantities. In the approximation of Eq. (6), we

obtain

C
�

⇡ 1 +
3

4

X

f

N
c,f

Q2
f

c
f

v2

m2
0,f + c

f

v2
+

3

16

X

s

N
c,s

Q2
s

c
s

v2

m2
0,s + c

s

v2
,

C
g

⇡ 1 + 2
X

f

C(r
f

)c
f

v2

m2
0,f + c

f

v2
+

1

2

X

s

C(r
s

)c
s

v2

m2
0,s + c

s

v2
. (12)

The set of coe�cients {m0,i, ci} determines both the fine-tuning � and the Wilson coe�cients,

generically resulting in a correlation between these quantities. Assuming that there are no other

non-SM contributions to the Higgs couplings to photons and gluons, the deviations of these

couplings from the SM in the presence of top partners are given by

R
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⌘ g(hgg)

g(hgg)|SM
= C
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⇡ 1� 0.27 (C
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where the contribution of the W loop has been taken into account in the photon coupling.

It should be noted that in the above discussion, we assumed that the top loop contribution to

the Higgs couplings is exactly equal to its value in the SM. In some relevant models of new physics,

this assumption is not valid, due to deviations of the top Yukawa from its SM value. Little Higgs

models provide an example. In Little Higgs, the shift in the top loop contribution to hgg and

h�� couplings is of the same order as the top partner loop contributions to these couplings [10];

moreover, a cancellation between these e↵ects may occur due to the specific structure of the top
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The set of coe�cients {m0,i, ci} determines both the fine-tuning � and the Wilson coe�cients,

generically resulting in a correlation between these quantities. Assuming that there are no other

non-SM contributions to the Higgs couplings to photons and gluons, the deviations of these

couplings from the SM in the presence of top partners are given by
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where the contribution of the W loop has been taken into account in the photon coupling.

It should be noted that in the above discussion, we assumed that the top loop contribution to

the Higgs couplings is exactly equal to its value in the SM. In some relevant models of new physics,

this assumption is not valid, due to deviations of the top Yukawa from its SM value. Little Higgs

models provide an example. In Little Higgs, the shift in the top loop contribution to hgg and

h�� couplings is of the same order as the top partner loop contributions to these couplings [10];

moreover, a cancellation between these e↵ects may occur due to the specific structure of the top

4

http://arXiv.org/abs/1002.1011
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Higgs couplings = test of Naturalness?
MSSM: more complicated situation: 2 stops w/ mixing
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Direct vs. indirect search for top partners

Properties of the discovered particle?

Measurements of the discovered particle’s properties needed
to make sure it is the Standard Model Higgs boson
– or a Standard Model like one?

Can the particle’s couplings give hints about
the underlying model?

If no beyond Standard Model physics is seen at the LHC:

How large can deviations from
the Standard Model Higgs couplings be?

) How well do we need to know these couplings?

How well do we need to measure the Higgs boson couplings? Heidi Rzehak Linear Collider Workshop, 28 May 2013

Gupta, Rzehak, Wells ’12

see Rzehak’s talk

Conclusion

How large can the maximal deviations from the SM Higgs couplings be
if no new physics is discovered by the LHC?

The answer in the context of 3 different models:

|�hVV | |�ht̄t | |�hb̄b| |�hhh|

Mixed-in Singlet 6% 6% 6% 18%

Composite Higgs 8% tens of % tens of % tens of %

MSSM < 1% 3% 10%, 100% 2%, 15%

tan� > 20
no superpartners

all other
cases
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error bars)
1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and 250 fb�1

(‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a program
with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). More details of the presentation
are given in the caption of Fig. 1. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.
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Peskin ’12

Precision Higgs physics can capture New Physics that LHC has missed!
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Chiral Lagrangian for a light Higgs-like scalar

A few (reasonable)
 assumptions:

γγ WW & ZZ

EWPD

Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

a = b = c = d3 = d4 = 1
c2 = cWW = cZZ = cZ� = c�� = . . . = 0

SM

 spin-0 & CP-even

 custodial symmetry

 no Higgs FCNC         
(generalization of Glashow-Weinberg th.)
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A few (reasonable)
 assumptions:

γγ WW & ZZ

EWPD

Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

a = b = c = d3 = d4 = 1
c2 = cWW = cZZ = cZ� = c�� = . . . = 0

SM

 spin-0 & CP-even

 custodial symmetry

 no Higgs FCNC         
(generalization of Glashow-Weinberg th.)

Chiral Lagrangian for a light Higgs-like scalar
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Not enough data/sensitivity to 
determine all these parameters

But we can put some of the SM 
structures under probation

➾ ➾ ➾

➾ ➾ ➾

still large LO parameter space

4 operators @ O(p2): cV, ct, cb, cτ

2 operators @ O(p4): cg cγ

(contribute to the same order as O(p2) to gg➛h and h➛γγ)

➾ ➾ ➾

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011


Christophe Grojean Linear Collider Physics Outlook DESY, 31st May 2o13

0.6 0.8 1.0 1.2 1.4
-2

-1

0

1

2

a

c

7&8 TeV LHC & Tevatron data

17

Higgs coupling fits: test of unitarity

SM

Espinosa, Grojean, Muhlleitner, Trott ’12 
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Figure 2: The allowed parameter space of the e�ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1⇤ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ� � 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e�ective 5-dimensional hGa
µ⇥G

a
µ⇥ and hAµ⇥Aµ⇥ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e�ective 5-dimensional operators, which implies the relation

⇥c� = (2/9)⇥cg. The results are shown for 3 di�erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8

Carni, Falkowski, Kuflik, 
Volansky ’12
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ⇤ �1, which ensures an enhanced ��

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a ⇧ 1.15, c ⇧ 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% � 30% larger than their SM expectations (R�� ⇧ 1.4 and

RWW = RZZ ⇧ 1.3 for (a = 1.15, c = 1.0)). While the maximum at c ⇧ 1 already emerges

from the fit when including the channels WW , ZZ and �� alone, we find that the ⇥⇥ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ⇥ 4.9 fb�1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h ⌅ WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ⇤ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best
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Figure 4: Left: fit of the Higgs boson coupling parameters a, c to vector bosons and fermions,
respectively (assuming a common rescaling factor with respect to the SM prediction in both
cases). Right: fit to the t-quark and to b-quark and ⇥ -lepton Yukawa couplings assuming the
SM couplings to gauge bosons.

• the partonic cross sections for gg ⇤ h and for gg ⇤ tt̄h get rescaled by R2
t ;

• the partonic cross sections for qq̄ ⇤ qq̄h and for qq̄ ⇤ V h get rescaled by R2
V ;

• the decay widths h ⇤ V V � get rescaled by R2
V where V = {W,Z};

• the decay widhts h ⇤ ff̄ get rescaled by R2
f where f = {b, ⇥, . . .};

• the decay width h ⇤ ��, arising from the interference of one-loop diagrams mediated by
the top and by the W , gets rescaled by (1.28RW � 0.28Rt)2 for mh = 125GeV;

• similarly the decay width h ⇤ Z� (not yet measured) gets rescaled by (1.05RZ�0.05Rt)2.

A simplifying case considered in previous analyses [10, 11, 12] is a common rescaling factor
a for Higgs boson coupling to vectors and a common rescaling factor c for Higgs boson coupling
to fermions:

a = RV ⇥ RW = RZ , c = Rt = Rb = R� . (14)

We show in the left panel of Fig. 4 the resulting fit (continuous yellow contours). For comparison
the dashed contours show the result obtained ignoring the ��jj data from CMS and ATLAS, as
is also done in Fig. 2. This allows to compare our results with the ones of previous analyses [10,
11, 12] (although some other data has also been modified and added by experiments). Our
results essentially agree, up to the di�erence due to our use of more recent data.

We see that a negative RtRW < 0 is favoured because it implies a constructive interference
between the top quark and W boson loops in the decays h ⇤ �� increasing the corresponding

8
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Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ⇥ 125 GeV arising from the (left) b̄b and (centre) WW � final states, and (right)
their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass
⇥ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW � and �� sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = �c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ⇥ ⇤ 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see �� signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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Figure 2: The allowed parameter space of the e�ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1⇤ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ� � 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e�ective 5-dimensional hGa
µ⇥G

a
µ⇥ and hAµ⇥Aµ⇥ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e�ective 5-dimensional operators, which implies the relation

⇥c� = (2/9)⇥cg. The results are shown for 3 di�erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ⇤ �1, which ensures an enhanced ��

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a ⇧ 1.15, c ⇧ 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% � 30% larger than their SM expectations (R�� ⇧ 1.4 and

RWW = RZZ ⇧ 1.3 for (a = 1.15, c = 1.0)). While the maximum at c ⇧ 1 already emerges

from the fit when including the channels WW , ZZ and �� alone, we find that the ⇥⇥ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ⇥ 4.9 fb�1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h ⌅ WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ⇤ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best
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Figure 4: Left: fit of the Higgs boson coupling parameters a, c to vector bosons and fermions,
respectively (assuming a common rescaling factor with respect to the SM prediction in both
cases). Right: fit to the t-quark and to b-quark and ⇥ -lepton Yukawa couplings assuming the
SM couplings to gauge bosons.

• the partonic cross sections for gg ⇤ h and for gg ⇤ tt̄h get rescaled by R2
t ;

• the partonic cross sections for qq̄ ⇤ qq̄h and for qq̄ ⇤ V h get rescaled by R2
V ;

• the decay widths h ⇤ V V � get rescaled by R2
V where V = {W,Z};

• the decay widhts h ⇤ ff̄ get rescaled by R2
f where f = {b, ⇥, . . .};

• the decay width h ⇤ ��, arising from the interference of one-loop diagrams mediated by
the top and by the W , gets rescaled by (1.28RW � 0.28Rt)2 for mh = 125GeV;

• similarly the decay width h ⇤ Z� (not yet measured) gets rescaled by (1.05RZ�0.05Rt)2.

A simplifying case considered in previous analyses [10, 11, 12] is a common rescaling factor
a for Higgs boson coupling to vectors and a common rescaling factor c for Higgs boson coupling
to fermions:

a = RV ⇥ RW = RZ , c = Rt = Rb = R� . (14)

We show in the left panel of Fig. 4 the resulting fit (continuous yellow contours). For comparison
the dashed contours show the result obtained ignoring the ��jj data from CMS and ATLAS, as
is also done in Fig. 2. This allows to compare our results with the ones of previous analyses [10,
11, 12] (although some other data has also been modified and added by experiments). Our
results essentially agree, up to the di�erence due to our use of more recent data.

We see that a negative RtRW < 0 is favoured because it implies a constructive interference
between the top quark and W boson loops in the decays h ⇤ �� increasing the corresponding

8
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Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ⇥ 125 GeV arising from the (left) b̄b and (centre) WW � final states, and (right)
their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass
⇥ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW � and �� sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = �c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ⇥ ⇤ 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see �� signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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 custodial symmetry: CW=CZ?
 probing the weak isospin symmetry: Cu=Cd?
 quark and lepton symmetry: Cq=Cl?
 new non-SM particle contribution: BRinv? Cg=Cγ=0?
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χ2 fit: other tests of the SM structures
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Higgs couplings: the need to go beyond current channels

the LHC measurements are plagued with several degeneracies
 inability to resolve the top loops

 inability to measure the total width

L =
↵scg
12⇡

|H|2Ga 2
µ⌫ +

↵c�
2⇡

|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

cannot separate modified Yukawa from contact operators
having access to htt final state will resolve this degeneracy

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

L =
cH
2

�
@|H|2

�2
� = (1� cHv2/2)2 �SM + �inv.

cannot separate universal coupling rescaling from undetected width (portal to DM?)

ILC500  can measure the Higgs width to 6% accuracy (BRinv up to 1%)500
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Top partners & Composite Higgs physics
~ current single higgs processes are insensitive to top partners ~

two competing effects that cancel:
 T’s run in the loops
 T’s modify top Yukawa coupling

Falkowski ’07
Azatov, Galloway ’11

Delaunay, Grojean, Perez, ’13

~ sensitivity in double Higgs production ~
Gillioz, Grober, Grojean, Muhlleitner, Salvioni ’12 

�SM
14TeV = 17.9fb

�SM
14TeV ⇡ 50 pb
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The 2 questions about the Nature of the Higgs
Is the Higgs elementary or composite?1.

single Higgs production

deviations in Higgs couplings can be due either to 
1. weakly coupled light states

2. strongly coupled heavy states

�gh
gh

⇠ g2⇤
g2SM

m2
W

M2

observing deviations of order δh  and no new states up to M 
would be an indication of Higgs compositeness g⇤ >

p
�h M/v

WW scattering

h
W W

W W an excess δhh @ energy E 
also gives a lower bound on g*

would be a direct evidence of Higgs compositeness

g⇤(E) >
p

�hh E/v

A ⇠ �h
s

v2
⌘ g2⇤(E)
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The 2 questions about the Nature of the Higgs

Does New Physics flow towards the SM in the IR?

need to promote the chiral Lagrangian to an SM gauge invariant Lagrangian
pioneering work by Buchmuller-Wyler ’86

complete classification by Grzadkowski et al ‘1008.4884

for PGB Higgs

production and decay rates in agreement with SM is a good hint
but can never exclude a malicious conspiracy

and the SU(2)xU(1) quantum # of the Higgs cannot be measured in single higgs processes

Higgs doublet?
not an easy question at the LHC since we need multi-Higgs couplings

3.4 Double Higgs production via gluon fusion

Within the SM, double Higgs production via gluon fusion received interest mainly because it is
sensitive to the trilinear Higgs self-coupling [42], see the first diagram in Fig. 2. In composite Higgs

g
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Figure 2: Generic diagrams contributing to double Higgs production via gluon fusion in composite Higgs
models with nf novel fermionic resonances of mass mi (i = 1, ..., nf ). The index j ⇧= i is introduced to
indicate that the fermions in the loops can be di�erent.

models, the process gg ⇤ hh is a�ected essentially in two ways. First, the nonlinearity of the
strong sector gives rise to a ff̄hh coupling (which vanishes in the SM) and thus to a genuinely
new contribution to the amplitude, see the second diagram in Fig. 2. Second, one should take into
account the e�ects of top partners, which include also new box diagrams involving o�-diagonal
Yukawa couplings (shown in the second line of Fig. 2). A first study of gg ⇤ hh in composite
Higgs models, neglecting top partners, was performed in Ref. [3], where it was found that a very
strong enhancement of the cross section is possible due to the new tt̄hh coupling. For example,
in MCHM5 with ⇤ = 0.25, which corresponds to f ⌅ 500GeV, the cross section was found to be
about 3.6 times larger than in the SM. Recently, Ref. [4] performed a model-independent study
of the process, making reference to the e�ective Lagrangian in Eq. (6) and thus again neglecting
the e�ects of top partners, and found a large sensitivity of the cross section to the c2 coe⇤cient
parameterizing the tt̄hh coupling.

In this paper we include for the first time the e�ects of top partners in double Higgs production
via gluon fusion. This is especially interesting in the light of the results of Refs. [49], where a light
composite Higgs was shown to be tightly correlated with the presence of light top partners, as such
light resonances can in principle a�ect the gg ⇤ hh cross section in a sizable way. Our analysis
will confirm that this is indeed the case.

We start by discussing the cross section in the LET approximation, which greatly simplifies
the computation. In this limit, the amplitude is simply the sum of two e�ective diagrams, one
with the e�ective hgg coupling followed by a trilinear Higgs coupling and the other involving the
e�ective hhgg coupling. Adopting the SILH formalism, and recalling the expressions of the relevant
Feynman rules, which we already derived and report here for convenience

hgg : i �s
3⌅v ⇥

ab(p⇤1p
µ
2 � p1 · p2gµ⇤)

⌥
1
2

⇧
⌃

⌃ logH log detM2(H)
⌃

H=v
� cH

2 ⇤
�
,

hhgg : i �s
3⌅v2 ⇥

ab(p⇤1p
µ
2 � p1 · p2gµ⇤)

⌥
1
2

⇧⇧
⌃2

⌃(logH)2 � ⌃
⌃ logH
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⌃
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� cr

4 ⇤
�
,

h3 : �i 3
m2

h
v

⇤
1 + ⇤

�
c6 � 3

2cH � 1
4cr

⇥⌅
(31)

(where p1,2 denote the momenta of the incoming gluons), we can write the amplitude as

Alet (gg ⇤ hh) =
�s

3⌅v2
⇥ab(p⇤1p

µ
2 � p1 · p2gµ⇤)C(ŝ) , (32)
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Is the Higgs part of an SU(2) doublet?2.
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�b. The case of maximally strong

dynamics g⇢ ⇠ 4⇡ corresponds to the highest possible New Physics scale ⇤ ⌘ 4⇡v/
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4⇡f . From Table 6 we conclude that CLIC3 TeV can reach a sensitivity on ⇤ of the order
⇠ 20TeV with an accumulated luminosity of 1 ab�1 which is about half of the scale reached by
including single-Higgs production processes [6]. This has to be compared with the sensitivity
⇠ 5 ÷ 7TeV expected at the LHC by including both VLVL scattering and single Higgs
production processes [13, 53] (see also [54] for a recent analysis of double Higgs production
via gluon fusion), and the sensitivity ⇠ 45TeV expected at a 500 GeV ILC with 1 ab�1 using
single Higgs production [6].

From Table 6, one also sees that for �b = 0 the precision attainable on �d3 is ⇠ 0.2� 0.3,
which means that a measure of the Higgs trilinear coupling in the SM should be possible
with a precision of 20 � 30% . This estimated sensitivity agrees with the one reported in
Table 4.3 of Ref. [55] and in Ref. [5].

6.4 Double Higgsstrahlung

The cross section for double higgs production through WW fusion drops as the energy
of the collider is lowered: in the SM it goes from 1 fb for 3TeV c.o.m. energy, down to
0.01 fb for a 500 GeV c.o.m. energy machine. At such low energies one has to resort to
other kind of processes in order to have the possibility to measure the anomalous Higgs
coupling �b and �d3 . One opportunity is provided by the double Higgsstrahlung process
[56, 57] e+e� ! hhZ whose rate is maximal for a light Higgs at

p
s ⇡ 500GeV. There

are only 4 diagrams contributing to the process (see Fig. 9) and for this reason the double
Higgsstrahlung di↵erential cross section can be calculated explicitly (see Appendix B).

From the diagrams in Fig. 9 it is clear that the double Higgsstrahlung cross section will
depend on a, b and d3. We can then parametrize the total cross section as in Eq. (47). Using
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500 GeV ⇠ 0.01 fb

double Higgsstrahlung
maximal at √s=500GeV

ILC1000  can measure the linear Higgs couplings with % accuracy but limited on quad. coup.
500

CLIC1000  can measure the quadratic Higgs couplings with % accuracy3TeV

Contino, Grojean, Pappadopoulo,
 Rattazzi, Thamm ‘to appear

Higgs is a doublet Higgs is a Goldstone boson

bV-1 = 2(cV2-1)+O(cV2-1)2 bV-1 = 2(cV2-1)

Given the % precision on ‘cV’ and ‘bV’, if we see some deviations, what can we conclude

 1% deviations: we can tell if (*) is fulfilled, hence tell if h is part of a doublet
 (for instance for a dilaton bV-1 = (cV2-1))

 10% deviations: we can distinguish (*) from (**) and tell if h is a Goldstone or not

(*) (**)

Higgs self-coupling:
difficult measurement

won’t teach us much about NP
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Higgs rare decays
ILC TDR, ’13

Isidori et al ’13

G. Isidori –  Adding “flavor” to Higgs studies                 Planck '13, Bonn, May 2013

The rare h → VP decays

The SM rates are suppressed but not outrageously small (thanks to mh ~125 GeV), 

and some channels may have a (relatively...) clean signature 

V (p,ε)

h

q

q
_

P

Quite easy to get O(1) modifications in “conservative” BSM frameworks 
(even without introducing new contact interactions).

They definitely deserve a dedicated experimental search !

GI, Manohar, Trott, '13

rare semi-hadronic decays of the type 
h → W/Z+P 

can be a good probe of NP➾ ➾

we need to estimate ILC/CLIC sensitivities

3

2 Look for SM forbidden LF violating decays h → µτ and h → eτ
not currently strongly constrained: BR<10%
ATLAS and CMS have in principle the sensitivity to set bounds O(1%)
but ILC/CLIC can certainly do much better 

Blankenburg, Ellis, Isidori ’12

Harnik et al ’12
Davidson, Verdier ’12

h → µµ (together with h → ττ): 

provides an insight into lepton mass generation

Chapter 2. Higgs Boson

Table 2.5. Expected accuracies for top Yukawa and self-coupling measurements of the 125 GeV h boson, with the
specified energies and luminosity samples. The current analyses use the h æ bb mode only.

process
Ô

s [GeV] L [fb≠1] (Pe≠ , Pe+ ) �(‡ · BR)/(‡ · BR) �g/g

tth 500 500 (-0.8,+0.3) 35% 18%
Zhh 500 500 (-0.8,+0.3) 64% 104%
tth 1000 1000 (-0.8,+0.2) 8.7% 4.0%
‹‹hh 1000 1000 (-0.8,+0.2) 38% 28%

Table 2.6. Expected accuracies for Higgs boson couplings derived from the accuracy estimates for measured rates
given in Tables 2.4 and 2.5. For the invisible branching ratio, the numbers quoted are 95% confidence upper lim-
its. The four columns refer to: LHC, 300 fb≠1, 1 detector; ILC at 250 GeV, with 250 fb≠1; ILC at 500 GeV, with
500 fb≠1; ILC at 1000 GeV, with 1000 fb≠1. Each column includes the stated data set and all previous ones [65].

Mode LHC ILC(250) ILC500 ILC(1000)
W W 4.1 % 1.9 % 0.24 % 0.17 %
ZZ 4.5 % 0.44 % 0.30 % 0.27 %
bb 13.6 % 2.7 % 0.94 % 0.69 %
gg 8.9 % 4.0 % 2.0 % 1.4 %
““ 7.8 % 4.9 % 4.3 % 3.3 %
·+·≠ 11.4 % 3.3 % 1.9 % 1.4 %
cc – 4.7 % 2.5 % 2.1 %
tt 15.6 % 14.2 % 9.3 % 3.7 %
µ+µ≠ – – – 16 %
self – – 104% 26 %
BR(invis.) < 9% < 0.44 % < 0.30 % < 0.26 %
�T (h) 20.3% 4.8 % 1.6 % 1.2 %

2.7 Summary of measurement precisions expected at ILC

For historical reasons, most of the full simulation studies we discussed above were done for mh =
120 GeV. Given the likelihood that the new particle discovered at the LHC is a Higgs boson, we
would like to know the ILC capabilities for a Higgs boson of mass 125 GeV. These can be obtained
by extrapolation of the full-simulation results, taking into account the changes in the signal and
background as well as the changes in the pattern of Higgs boson branching ratios as the assumed
mass is changed. The extrapolated results for the ‡ · BR measurements at di�erent energies are
summarized in Table 2.4. In the extrapolation, we scaled the signal and the background with the
e�ective cross sections calculated with the new TDR beam parameters and, for the signal, applied
the LHC-recommended branching ratios for mh = 125 GeV. For the 1 TeV results, there are some
di�erences between ILD and SiD as seen in the benchmark results described in the corresponding
DBD chapters. We listed the SiD values here to be conservative.

We performed a similar exercise for the top Yukawa coupling and the self-coupling measurements
and tabulated the results of the extrapolation in Table 2.5, where we just scaled the signal with
the background unchanged. Since the mass separation from W and Z bosons should be better for
mh = 125 GeV than for mh = 120 GeV, these estimates should be conservative.

The measurements in Tables 2.4 and 2.5 imply a very high level of precision for the various Higgs
boson couplings. To quantify this, we have carried out a global fit to these measurements, assuming
the errors given in these tables with the Standard Model as the central value in all cases. The fit is
done in parallel to the analysis reported above for the LHC in Fig. 2.4, with 9 parameters representing
independent Higgs boson couplings to WW , ZZ, bb, gg, ““, ·+·≠, cc, tt, and invisible final states.
The results for the errors on Higgs couplings are shown in Table 2.6. The four columns represent
the errors from LHC (300 fb≠1, 1 detector) only, and then, cumulatively, ILC at 250 GeV, ILC at
500 GeV, and ILC at 1000 GeV [65]. The result of this fit are shown graphically in Fig. 2.20.

42 ILC Technical Design Report: Volume 2

h → cc: 

provides an insight into 2nd gen. mass generation

1
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the SM vacuum is stable/metastable 
and the validity of the SM can be extended up to the Planck scale!

Degrassi et al ’12
Bezrukov et al ’12

26

The fate of the EW vacuum
Many of my theory colleagues also started wild speculations/extrapolations

Bezrukov et al ’12

It is almost certain (>4σ) that mH > Mmestability  and totally certain that mH < MLandau 
(even though this certainty might by questioned by threshold effects at the Planck scale Holthausen, Lim and Lindner ’12)

Not totally clear yet if mH is above Mstability, but rather important question since
 if mH > Mstability, the Higgs could serve as an inflaton

 if mH = Mstability the SM is asymptotically safe, ie consistent up to arbitrary high energy

h3

need precise Higgs&top mass/couplings (and αs) measurements (ILC, µ coll.)
and better understanding of pole vs MS top mass Alekhin, Djouadi, Moch ’12

ILC: mtop with 100 MeV accuracy (efficency of final b=90% & particle flow jet E reconstruction: 4%) 

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1205.2893
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Many of my theory colleagues started wild speculations/extrapolations

But these implications are based on the assumptions 
(1) that the 126 GeV particle observed is *exactly* the SM Higgs

 (2) that the Dark Matter sector is decoupled from the weak sector

EWSB determined by Planck physics? MPl calculable from weak scale non-gravitational quantities?
absence of new energy scale between the Fermi and the Planck scale?

Anthropic vs. natural EWSB...

From the EW scale to the Planck scale
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is the Higgs potential vanishing potential at MPl?
Degrassi et al ’12

Froggatt, Nielsen, Takanishi  ’01
Arkani-Hamed et al ’08

Shaposhnikov, Wetterich ’09

From the EW scale to MPl... and return 
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the value of the Higgs mass 
together with the absence of any additional new physics so far 

restrict any BSM model to exotic corners of its parameter space

125 GeV Higgs = Exotic BSM?

Higgs mass range

MSSM

SM (valid up to MP)

Composite Higgs

50 100 150 200
GeV

disclaimer
the notion of “exotic” has to be understood on a statistical basis, ie it depends on our culture (=what we are used to)

and there will always be someone to claim that his/her model is the most natural one

Pomarol ICHEP’12

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://indico.cern.ch/getFile.py/access?contribId=10&sessionId=18&resId=0&materialId=slides&confId=181298
http://indico.cern.ch/getFile.py/access?contribId=10&sessionId=18&resId=0&materialId=slides&confId=181298
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Weakly c#pled models
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Higgs & SUSY/MSSM
no new super-particles � decoupling limit?

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of ⇠ 126 GeV [1, 2]. The �� channel yields excesses at the 2–3 � level for ATLAS

and CMS, insu�cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 126 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 126 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 126 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2

h = M2

Z cos2 2� + �2t (1)

where �2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require �t ⇡ 87 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 126 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di↵ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 126 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 126 GeV without multi-TeV stops. Even at

maximal mixing, we must have
p
mQ3mu3 � 700 GeV (which, for degenerate soft masses, results

in squark masses hundreds of GeV heavier than have been directly probed by existing LHC

searches [12, 13]) and, as we will discuss in the next section, this implies that fine-tuning of at

least 1% is required in the MSSM, even for the extreme case of an ultra-low messenger scale of

10 TeV. Hence we seek an alternative, more natural setting for a 126 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

(125 GeV)2 (≥ 87GeV)2

substantial loop contribution 
from stops
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Xt � 0

Xt � Xtmax
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FeynHiggs

Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 126 GeV Higgs mass for
m

˜t1 in the range of 500–800 GeV, while the two lower lines are for zero top squark mixing and
do not yield a 126 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken tan � = 20. The
shaded regions highlight the di↵erence between the Suspect and FeynHiggs results, and may be
taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � ⇥ 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t � 32 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

126 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1 – 2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 126 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but is still of concern.

2

large mixing 
heavy stops

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of ⇠ 126 GeV [1, 2]. The �� channel yields excesses at the 2–3 � level for ATLAS

and CMS, insu�cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 126 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 126 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 126 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2

h = M2

Z cos2 2� + �2t (1)

where �2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require �t ⇡ 87 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 126 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di↵ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 126 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 126 GeV without multi-TeV stops. Even at

maximal mixing, we must have
p
mQ3mu3 � 700 GeV (which, for degenerate soft masses, results

in squark masses hundreds of GeV heavier than have been directly probed by existing LHC

searches [12, 13]) and, as we will discuss in the next section, this implies that fine-tuning of at

least 1% is required in the MSSM, even for the extreme case of an ultra-low messenger scale of

10 TeV. Hence we seek an alternative, more natural setting for a 126 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

irreducible 
fine-tuning ~ O(1%)

➾ ➾

Hall, Pinner, Ruderman ’11
+ many similar analyses

high Higgs mass
implies 

susy is badly broken

http://arXiv.org/abs/arXiv:1112.2703
http://arXiv.org/abs/arXiv:1112.2703
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DESY
LC2013 G. Dissertori

Interpretations of generic searches

24

in the context of a concrete model, here MSUGRA/cMSSM

ATLA
S

-C
O

N
F-2013-047

here: example of scenario compatible with a low-mass Higgs as recently discovered 

in the context of a simplified MSSM scenario

eg. for m(squark) = m(gluino), exclude below ~1800 GeV

these searches typically target large Meff and large 

difference m(SUSY) - m(LSP)

the very inclusive searches keep sensitivity even for m(LSP) 

up to several hundreds of GeV (at some stage trigger-

constrained) 

recently also targeting more compressed 

spectra and higher jet multiplicities

ATLA
S

-C
O

N
F-2013-047

Cornering SUSY parameter space
see 

Dissertori’s talk

These bounds are not “robust” and don’t exclude weak scale SUSY 
but call for non-minimal models

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://ilcagenda.linearcollider.org/getFile.py/access?contribId=50&sessionId=3&resId=0&materialId=slides&confId=5840
https://ilcagenda.linearcollider.org/getFile.py/access?contribId=50&sessionId=3&resId=0&materialId=slides&confId=5840
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Saving SUSY

SUSY is Natural
but not plain vanilla

 CMSSM
 pMSSM
 NMSSM
 Hide SUSY

 reduce production (eg. split families)

 reduce MET (e.g. R-parity,   compressed 
spectrum)

 Split SUSY: 
susy scalars @ msusy, susy fermions @ mZ

 high scale SUSY: 
susy scalars & susy fermions @ msusy

unification etc...

string etc...

Giudice, Strumia ’11

SUSY solves the big hierarchy 
(or not even that)

but not the little hierarchy

Mahbubani et al

Csaki et al

Should be 
priority #1

ILC can 
complement LHC

http://arXiv.org/abs/arXiv:1108.6077
http://arXiv.org/abs/arXiv:1108.6077
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Higgsinos double-production, ,even if they are light,  
very difficult to be seen 

since one needs monojets/monophoton searches + missing ET

Mono-jet and mono-photon signatures of dark matter

Idea: Pair production of DM + some visible particles

Tevatron, LHC: Mono-jets
�–q coupling probed in jet(s) + /

E

T

q

q̄

�

�̄

CDF (1.1 fb�1): 0807.3132,
ATLAS (1 fb�1): ATLAS-CONF-2011-096,
CMS (1.1 fb�1) : CMS-PAS-EXO-11-059
Goodman Ibe Rajaraman Shepherd Tait Yu

1005.1286, 1008.1783
Rajaram Shepherd Tait Wijangco 1108.1196
Bai Fox Harnik, 1005.3797
Fox Harnik JK Tsai 1109.4398

LEP, Tevatron, LHC: Mono-�
�–f coupling probed in photon + /

E

f

f̄

�

�̄

DELPHI (650 pb�1): hep-ex/0406019, 0901.4486
CDF (2 fb�1): 0807.3132
DØ(1 fb�1): 0803.2137
CMS (1.14 fb�1): CMS-PAS-EXO-11-058
Fox Harnik JK Tsai 1103.0240, 1109.4398

Joachim Kopp Collider searches for dark matter 6

still bounds from LEP1 (>100 GeV) remain
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Open to variants:

Stops and Higgsinos are the lightest sparticles: 

MH~125 GeV obtained going beyond the MSSM

SUSY is natural but not minimal
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

➥     Stop mass ~ 500 GeV
           Higgisinos mass ~ 100 GeV

µ2 +m2
Hu

= �m2
h

2
≈ -(88 GeV)²

Searching SUSY @ ILC

Open to variants:

Stops and Higgsinos are the lightest sparticles: 

MH~125 GeV obtained going beyond the MSSM

SUSY is natural but not minimal
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

➥     Stop mass ~ 500 GeV
           Higgisinos mass ~ 100 GeV

µ2 +m2
Hu

= �m2
h

2
≈ -(88 GeV)²

A. Pomarol, lecture @ CERN, ’13
Pair produced Higgsinos are 

difficult to observe
(low ET soft non-isolated leptons)! 

monojet/monophoton + ET searches

LEP1 bound (100GeV) still holds

Good prospects @ ILC
(see benchmarks of ILC TDR)

ILC has also immense capabilities with EW gauginos 

ILC can also help identifying SUSY thanks to its unique 
capability to determine the spin of the particles

1

2

3

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://indico.cern.ch/conferenceDisplay.py?confId=240954
http://indico.cern.ch/conferenceDisplay.py?confId=240954
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Conclusions: Higgs = Person of year 2012?

[slide stolen  from A. David
talk@LHCHXSWG CERN ’12]
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Conclusions: Higgs = Person of year 2013?
A Nobel prize? A Milner prize?

2013 Prince of Asturias Award for Technical and Scientific Research
...better than nothing!

we’ll see in the fall, but we can already celebrate... 
An approved ILC?


