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The LHC program
• The primary goal of the LHC is to probe the mechanism of Electroweak 

Symmetry Breaking

• existence of Higgs boson(s)? their properties?

• is the Electroweak scale stabilized by a natural mechanism?

• Other LHC goals

• Top physics (LHC is a top factory)

• Physics beyond the Standard Model at the TeV scale

• weak-scale WIMP dark matter

• new hidden sectors (valleys)

• …

2



EF issues

• What is left out after 300fb-1 @ 14TeV?

• What can 3000fb-1 can add?

• What can an e+e- machine can add? Which energy?

• (LHC energy upgrade?)
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EWSB after 300 fb-1
• Higgs-like boson has been found

• By 300fb-1 we may or may not have found other signs of new 
physics:

• If new physics is found there will be an extensive (obvious) 
program for studying it

• in the following: scenario where no clear signal of BSM physics 
is present before the end of the 300 fb-1 run (besides the Higgs)
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EWSB after 300 fb-1

What are the important measurements in the EW sector?

• Higgs σ’s & BR’s
• W,Z self-couplings
• H self-couplings
• high energy behavior of Vector Boson Fusion
• ...

(Many measurements interesting regardless of the 
presence of the Higgs…)
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Studying the Higgs
• We know the projections for Higgs couplings measurements:
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume

�
tot

=
X

obs

�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g

SM

t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [22].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [17, 18]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
tot

.
Schematically, the total width is

�
tot

 �⌫⌫bb/�Zbb

�ZWW /�ZH
⇥ �ZH . (4)

This results in a precision of about 10% [19] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [23]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ra-

tios BRx or particle widths �x are crucial [24]. As theory
errors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [7]. The error
on the branching ratios follows from simple error propa-
gation, where theory errors are added linearly,

�BRx =
X

k

����
@

@�k
BRx

���� ��k

=
1

�
tot

 
BRx

X

k

��k + (1� 2BRx) ��x

!
. (5)

Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [25]
or in simple strongly interacting extensions [26]. In Fig. 1
we see that we can measure this single parameter at the
HL-LHC with an error around 4%. A further increase
in statistics would not improve this error as this deter-
mination is limited by the theoretical error. Reducing
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Studying the Higgs
• We know the projections for Higgs couplings measurements:

5

More recent assessments

CMS submission to Strategy Group,
https://indico.cern.ch/contributionDisplay.py?contribId=177&confId=175067 

Scenario 1: same systematics as 2012 (TH and EXP)
Scenario 2: half the TH syst, and scale with 1/sqrt(L) the EXP syst

Note: assume no invisible Higgs decay contributing to the 
Higgs width

TGC’s precision: any significant 
probe of Higgs anomalous couplings?

Plus Hμμ coupling to better than 5% 
at 3000fb–1

Note: results of scenario 1 @ 300/fb are ~ consistent with 
Peskin’s estimates

Note: results of scenario 2 @ 3000/fb are almost as powerful as ILC@500GeV !!

M. Mangano, GGI Nov. 2012
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the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [23]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ra-

tios BRx or particle widths �x are crucial [24]. As theory
errors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [7]. The error
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Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [25]
or in simple strongly interacting extensions [26]. In Fig. 1
we see that we can measure this single parameter at the
HL-LHC with an error around 4%. A further increase
in statistics would not improve this error as this deter-
mination is limited by the theoretical error. Reducing

Studying the Higgs
• What does that mean?

New Physics affects Higgs properties → g/gSM-1 ~ # * v2/M2

if “#” = 1

M~800GeV

M~550GeV

M~1.2TeV
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New Physics & Higgs properties
• Higgs is partially composite:

• # is O(1)-O(10) (recall, gρππ~6 in QCD…)

• new physics affecting Higgs may be quite 
heavy for LHC14 (and Higgs fine-tuned)

Higgs

New Resonances?

Strongly coupled theory

• Extended Higgs sector (2HDM, 2HDM+1singlet, …)

• # is due to mixing between Higgs states

• the more gW,gZ are SM-like the more new additional Higgses 
are not SM-like (→ suppression in LHC production)

• H→hh decays possible
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New Physics & Higgs properties

• New particles coupling perturbatively and affecting 
Higgs properties at loop level:

• #~ 1/16π2 for W,Z,t,b,.. 

• #~1 for g,γ 

• M ~ few hundreds GeV → direct searches @ LHC14?

• Other Higgs decay channels (“exotic” Higgs decays)
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New Physics & Higgs properties

• New physics affecting Higgs properties that does not 
show up directly at LHC14 w/ 300fb-1:

• may be too heavy (e.g. composite Higgs models with 
heavy resonances having largish couplings) → HE-LHC 

• may be light but weakly coupled (extra Higgses, new 
weakly coupled particles, …) → e+e- machines vs.      
HL-LHC (HE-LHC) depends on their mass

• may be difficult to find (e.g. invisible Higgs width) →    
e+e- machines 
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Studying the EW Sym’ Breaking
• We need to understand whether it’s a (partially) 

composite scalar (“pion”) or not

+ O(p6) terms... Contino et al. 1002.1011

SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation
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with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
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Studying the EW Sym’ Breaking
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Figure 1: Leading diagrams for the VLVL ! VLVL (upper row) and VLVL ! hh (lower row)
scatterings at high energies.
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Goldstone boson interpretation. The prediction for d3 and d4 is more model dependent, as

it relies on the way the Higgs potential is generated. As benchmark values for the trilinear

coupling d3 we consider those predicted in the SO(5)/SO(4) minimal models of Ref. [4]

(MCHM4) and Ref. [5] (MCHM5), respectively with spinorial and fundamental fermion
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the mass of the Higgs and of the fermions fixed.
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d4:

• If a≠1, b≠1 scattering amplitudes involving WL,ZL,h grow with 
energy (Higgs alone not sufficient to unitarize scattering)         
→ need to map the s1/2 behavior
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Christophe Grojean Implications of Possible New Physics Kracow, 10rd Sept. 2o1220

often said that measurement of h3 is a crucial to establish the Higgs mechanism
... beautiful dedicated studies HH➙bbWW, bbγγ

 30% sensitivity @ HL-LHC, 20% @ ILC, 20% @CLIC
(possible improvement but using additional jet radiation)

h

h

W+

W-

b

two models with 
same asymptotic regime but 
different higgs-self-coupling
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Which Higgs couplings?

non-standard “b” coupling
could also modify the 

sensitivity on h3

however h3 affects threshold physics only and doesn’t modify asymptotic behavior
Dolan, Englert, Spannowsky  ’12
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Looking for VBF
• “Unitarization” models in MC introduce model dep’ (ok for 

sensitivity studies but in the end we will need dσ/dmVV …)

• Challenges for forward jet tagging and jet veto in high luminosity 
environment due to pile-up

• Challenges for theoretical calculations → the central jet veto 
introduces logs more difficult to deal with (various ongoing 
efforts)

• Focusing on the high energy regime, W’s, Z’s and h’s tend to be 
boosted → benefit by recent progress in boosted objects 
reconstruction (performance w/ high pile-up?)

• publicly available collider studies after Higgs discovery?

15



• Cross sections for VBF diboson larger than di-Higgs: 
start to be accessible before 300 fb-1

• Di-Higgs is 3000 fb-1 realm:

Studying the EW Sym’ Breaking
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Figure 10: Upper panel: Cross section of pp ! hhjj as a function of the cut on mhh. Filled red
circles, empty green circles and empty blue squares respectively correspond to the MCHM4, the
LMCHM4 with m⌘ = 1.5TeV, the LMCHM4 with m⌘ = 2.0TeV. The continuous curves denote
the corresponding analytic results. Lower panel: relative di↵erence between the Montecarlo and
the analytic predictions, � = (�(MC)��(analytic))/�(analytic), as a function of the cut on mhh.
In all the models ⇠ = 0.5. The vertical bars report the statistical theoretical error in each point.
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Figure 11: As in Fig. 10 but for the MCHM5 and its linearized version.
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h

h

W+

W-

b

‘b’ is a high energy quantity: 
question to address is very different than measurement of h3. 

Need LHC results to know which question to ask!
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• High energy behavior depends on “what’s next” (UV 
completions)

W+W+ ! W+W+

1000 2000 3000 4000101

102

103

104

s @GeVD

s
@pbD

W+W� ! hh

1000 2000 3000 4000101

102

103

104

s @GeVD

s
@pbD

Figure 3: Contribution of ⌘ to the W+

L W+

L ! W+

L W+

L (left) and W+

L W�
L ! hh (right) cross

sections for ⇠ = 0.5, m⌘ = 1.5TeV and a⌘ = 1, which implies �⌘ = 1.1TeV. The dotted red and
dashed black curves respectively show the O(p2) and O(p4) predictions, as obtained from eq.(61).
The solid black curve shows the full e↵ect of the ⌘ exchange, as computed by means of eq.(62).
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Figure 4: Contribution of ⌘ to the W+

L W�
L ! hh cross section for a⌘ = 0.5 (black solid curve),

a⌘ = 1 (red dotted curve) and a⌘ = 2 (blue dashed curve). The other input parameters are fixed
as in Fig. 3.

corresponds to the 9 and can be used to describe our scalar �. We thus define a 5⇥5 matrix

(�
5

(x))ij = �âˆb(x)
⇣
K âˆb

⌘

ij
, (65)

which contains 9 real scalar fields, denoted as �âˆb(x). Under a global transformation g 2
SO(5), �

5

transforms as
�

5

! h(⇧, g)�
5

h†(⇧, g) . (66)
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Studying the EW Sym’ Breaking

• Resonances likely to be present but maybe heavy or 
wide. Even when present may induce very different 
behaviors:
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Figure 2: Contribution of ⇢L to the W+

L W�
L ! W+

L W�
L (upper left), W+

L W�
L ! hh (upper right)

and W+

L W�
L ! ZLh (lower panel) cross sections for ⇠ = 0.5, m⇢L = 1.5TeV and a⇢L = 2/

p
3,

which implies �⇢L = 123GeV. The dotted red and dashed black curves respectively show the O(p2)
and O(p4) predictions, as obtained by using eq.(38) with ↵

1

= 0. The solid black curve shows the
full e↵ect of the ⇢L exchange, as computed by means of eq.(53).

shown the cross sections of W±
L ZL ! W±

L ZL and W+

L W+

L ! W+

L W+

L because they are
qualitatively equal to those of W+

L W�
L ! W+

L W�
L and W+

L W�
L ! hh respectively.

As one could have anticipated (see for example Ref. [7]), the contribution of the ⇢ en-
hances those processes where it can be exchanged in s channel, while it suppresses those
where it only enters via the t and u channels. More specifically, W+

L W�
L ! W+

L W�
L and

W±
L ZL ! W±

L ZL are enhanced, while W+

L W�
L ! hh and W+

L W+

L ! W+

L W+

L get suppressed
compared to the O(p2) result. Notice that the t- and u-channel contributions of ⇢L to
WLWL ! hh follow from the existence of the coupling ⇢L�h. In the case of SO(4)/SO(3),
with h an ordinary neutral scalar, that coupling can be forbidden by imposing parity invari-
ance. That is why the authors of Ref. [10] find no contribution to WLWL ! hh from the
exchange of a vector resonance.
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Direct resonance searches
• If Higgs is partially composite resonances are very likely 

to be present and can also be searched directly in other 
channels
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Figure 6: Cross section for the production of a single neutral (solid) and charged (dashed)

resonance at the LHC with
p

s = 7 TeV (on the left) and
p

s = 14 TeV (on the right) in the

Drell-Yan (red), VBF (orange) and ⇢-strahlung (brown) channels. We set g
⇢

= 4; for di↵erent

coupling these cross section scale as 1/g2
⇢

.

This mixing arises due to non-diagonal entries in the gauge boson mass matrix implied by

the lagrangian Eq. (2.3). At the leading order in 1/g
⇢

the mass eigenstates are reached by

the rotation of the SM gauge bosons (see Appendix A)

W±
µ

! W±
µ

� g

2g
⇢

⇢±
µ

,

Z
µ

! Z
µ

� g2 � g02

2g
⇢

p

g2 + g02
⇢0
µ

,

A
µ

! A
µ

� e

2g
⇢

⇢0
µ

, (4.1)

and the corresponding rotation of ⇢. As a result, the heavy mass eigenstates ⇢0, ⇢± couple

to the SM fermions,

� g2

2
p
2g

⇢

⇢±
µ

f
L

�
µ

T±f
L

� 1

2g
⇢

⇢0
µ

f�
µ

�

(g2 � g02)T 3 + g02Q
�

f. (4.2)

fraction for the decay of the resonances into these fermions, see e.g. Ref. [34]. Alternatively, a suppressed

coupling can also be achieved and which can improve electroweak precision fits [19].
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Falkowski et al. 1108.1183

Some xsec large enough to 
start exploring with 300fb-1, 
full program likely to need 

3000 fb-1
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In this plot 500GeV e+e- is only marginally better than HL-LHC
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Vector Boson self-couplings
• Triple and quartic gauge couplings measurements via di- and tri-boson 

production is also complementary to Higgs studies:

σWWW ~ O(50 fb) → σ<1 fb xsec incl’ BR’s
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Fig. 3: Expected 95% C.L. constraints on Triple Gauge Couplings in ATLAS, resulting from two-parameter fits (Λ =10 TeV).
The contours correspond to 14 TeV and 100 fb−1 (solid), 28 TeV and 100 fb−1 (dot dash), 14 TeV and 1000 fb−1 (dash) and
28 TeV and 1000 fb−1 (dotted).

Table 5: 1σ limits on the anomalous quartic couplings αi at LHC and SLHC (95% C.L. limits are also given in this case), as
well as the present indirect bounds from Ref. [16].

Indirect Limits LHC, 100 fb−1 LHC, 6000 fb−1 LHC, 6000 fb−1

Coupling (1σ) (1σ) (1σ) 95% C.L.
(×10−3) (×10−3) (×10−3) (×10−3)

α4 −120. ≤ α4 ≤ 11. −1.1 ≤ α4 ≤ 11. −0.67 ≤ α4 ≤ 0.74 −0.92 ≤ α4 ≤ 1.1
α5 −300. ≤ α5 ≤ 28. −2.2 ≤ α5 ≤ 7.7 −1.2 ≤ α5 ≤ 1.2 −1.7 ≤ α5 ≤ 1.7
α6 −20. ≤ α6 ≤ 1.8 −9.6 ≤ α6 ≤ 9.1 −3.5 ≤ α6 ≤ 3.2 −4.3 ≤ α6 ≤ 3.9
α7 −19. ≤ α7 ≤ 1.8 −10. ≤ α7 ≤ 7.4 −4.4 ≤ α7 ≤ 2.2 −5.4 ≤ α7 ≤ 2.8
α10 −21. ≤ α10 ≤ 1.9 −24. ≤ α10 ≤ 24. −4.1 ≤ α10 ≤ 4.1 −4.8 ≤ α10 ≤ 4.8

10

ph/0204087

Table 4: Expected 95% C.L. constraints on Triple Gauge Couplings in ATLAS for various luminosity/energy scenarios
(Λ =10 TeV). Only one coupling is allowed to vary at the time, while the others are fixed at their SM values. The last col-
umn shows the expectation for a Linear Collider with

√
s=500 GeV and 500 fb−1 [10].

Coupling 14 TeV 14 TeV 28 TeV 28 TeV LC
100 fb−1 1000 fb−1 100 fb−1 1000 fb−1 500 fb−1, 500 GeV

λγ 0.0014 0.0006 0.0008 0.0002 0.0014
λZ 0.0028 0.0018 0.0023 0.009 0.0013

∆κγ 0.034 0.020 0.027 0.013 0.0010
∆κZ 0.040 0.034 0.036 0.013 0.0016
gZ
1 0.0038 0.0024 0.0023 0.0007 0.0050

parameters, which do not exhibit a strong energy dependence and which are optimally constrained by
angular measurements in the clean environment of an e+e− machine.

4.1.3 Quartic gauge boson couplings
Quartic boson couplings (QGC) are an essential component of the EW theory. Similarly to the TGCs,
they are required by gauge invariance and their values are uniquely determined within the SM by the
value of the EW gauge coupling. As in the case of TGC’s, possible deviations from the SM prediction
are parametrised in terms of effective terms in the Lagrangian.

The results presented here are based on the work of Ref. [12], where the following operators
leading to genuine quartic vertices are considered:

L4 = α4 [Tr (VµVν)]
2 , (3)

L5 = α5 [Tr (VµV µ)]2 , (4)
L6 = α6 Tr (VµVν)Tr (TV µ)Tr (TV ν) , (5)
L7 = α7 Tr (VµV µ) [Tr (TV ν)]2 , (6)

L10 =
α10

2
[Tr (TVµ) Tr (TVν)]

2 . (7)

In the unitary gauge, there are new anomalous contributions to the ZZZZ vertex coming from all five
operators, to the W+W−ZZ vertex from all operators except L10, and to the W+W−W+W− vertex
from L4 and L5. A possible way to probe these couplings is via the scattering of gauge bosons in
reactions like pp → qqV V → V V jj [13, 14, 15], with V = W± or Z .

Table 5 shows the limits on the couplings αi (i = 4, 5, 6, 7, 10) expected at the LHC, as a function
of integrated luminosity, compared to current indirect limits from Ref. [16]. Fully leptonic final states
were required and the cuts applied are those of Eq. (1). It can be seen that in few cases the improvement
obtained with the luminosity upgrade goes beyond the simple statistical scaling. This is due to the fact
that almost no events are expected in the ZZ final state at 1034 cm−2s−1. The interplay among the
various channels, and the correlations among different parameters αi, are shown in Figs. 4–6.

In addition to the vector boson scattering processes, an alternative probe of quartic couplings is
given by the production of three gauge bosons via the off-resonance production of a W or Z decaying into
a system of three gauge bosons (V ∗→V V V ). In this case, a different kinematical configuration is probed.
For vector boson scattering, two of the bosons are space-like, with virtualities of the order of MW ; for
triple gauge boson production, one is off-shell but is time-like and with large virtuality. The observation
of anomalies in the two channels would therefore provide complementary information, and would also
be sensitive to different combinations of the QGC parameters. For triple gauge boson production we
updated the studies presented in [9], assuming a total integrated luminosity of 6000 fb−1. Given the
number of events quoted in Table 3, and using just the ZZZ final state, the limit |α4 + α5| < 0.025 was
obtained at 95% C.L. for Λ = 2 TeV. This is to be compared with 0.09 with 100 fb−1.

9

Heavy resonance can generate deviations:

Christophe Grojean Implications of Possible New Physics Kracow, 10rd Sept. 2o12

TGC are generated by heavy resonances

sensitive to resonance 
up to mρ~800 GeV

not competitive with the measure of S at LEPII

T. Abe et al, Snowmass ‘01

sensitive to resonance 
up to mρ~8TeV

Triple gauge boson couplings @ LC 

0.1‰ accuracy

e+e- → W+W-

Z

e+

e-

W+

W -
ν

e+

e-

W+

W -

➾

27

LV = �ig cos ✓W gZ1 Z
µ
�
W+⌫W�

µ⌫ �W�⌫W+
µ⌫

�
� ig (cos ✓WZZ

µ⌫
+ sin ✓W�F

µ⌫
)W+

µ W�
⌫

gZ1 =
m2

Z

m2
⇢

cW � =
m2

W

m2
⇢

⇣ g⇢
4⇡

⌘2
(cHW + cHB) Z = gZ1 � � tan

2 ✓W

gZ1 ⇠ 1% � ⇠ Z ⇠ 5%

need per-mille 
sensitivity to beat LEP 
bounds on resonances

21



“Precision” Higgs?
• ideally one would like to measure as many Higgs BR’s as possible

• Well known BR’s targets: γZ, µµ, invisible, but there is more...  

• Higgs is special: H

H

X

X

Allowed, with X completely 
neutral under SM interactions!

window on possible new 
sectors → “Higgs portal”

important to look for rare non-SM Higgs decays!!

H→XX

22



“Precision” Higgs?
H

H

X

X

• X stable: invisible Higgs width (hard), relevant for Dark Matter searches

• X decays back to known particles: 4-body Higgs decays (but also multibody 
like “lepton jets”, etc.):

• final states of X can be any SM pair (µµ,ττ,ee,bb,γγ,jj), some easier to look 
for

• angular separation depends on X mass (if light → boosted pair)

• pT is soft ~ 30-40GeV, but multiplicity or ΔR closeness may help to keep 
trigger rates small?  

Challenge for high luminosity trigger at LHC!!

X

X
H

SM
SM
SM
SM

Fox, Weiner, Chang, Dermisek, Yavin, Cranmer, 
Falkowski, Volansky, Strassler, Zurek, ...
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Non-Higgs physics
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Top physics

• Rare top decays (FCNCs): t→qZ, qγ, qg, qh

• Interesting region for models with non-trivial flavor structure 
at the TeV (e.g. Randall-Sundrum, ...) mostly @ (10-4)10-5

• constraints from B-factories still play a role below 10-4 → 
interesting interplay if signal is observed
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Figure 9: The present 95% CL observed limits on the BR(t ! q�) vs. BR(t ! qZ) plane are shown as
full lines for the LEP, ZEUS, H1, D0, CDF, ATLAS and CMS collaborations. The expected sensitivity at
ATLAS is also represented by the dashed lines. For an integrated luminosity of L = 3000 fb�1 the limits
range from 1.3 ⇥ 10�5 to 2.5 ⇥ 10�5 (4.1 ⇥ 10�5 to 7.2 ⇥ 10�5) for the t ! q� (t ! qZ) decay. Limits at
L = 300 fb�1 are also shown.

two-Higgs doublet (FC 2HDM) models, the minimal supersymmetric (MSSM) model, SUSY with R-
parity violation models, the Topcolour-assisted Technicolour model (TC2) [32] as well as models with
warped extra dimensions (RS) [33], that significantly enhance the FCNC decay branching ratios, up to
10�4. Here a model independent approach to top quark FCNC decays is performed using an e↵ective
Lagrangian [34, 35, 36]. Even if the LHC does not measure the top quark FCNC branching ratios, it
can test some of these models or constrain their parameter space, and improve significantly the current
experimental limits on the FCNC branching ratios. FCNC top-quark decays have been searched for in the
past. The best current direct search limits are 3.2% for t ! q� [37] and 0.34% for t ! Zq (q = u, c) [38].

Top quark pair production, in which one of the top quarks decays through the dominant Standard
Model channel (t ! bW) and the other through a FCNC channel (t ! q�, t ! qZ), is considered as
signal. Several Standard Model processes are background to the present analysis: tt̄ production (in which
both top quarks decay via Wb), W+jets and Z+jets production, diboson production (WW, WZ and ZZ)
and multi-jet production.

The sensitivity is evaluated selecting events as in [39] for the t ! qZ channel and [12] for the
t ! q� channel. For the t ! q� channel, the dominant backgrounds are tt̄, Z+jets and W+jets events.
For the t ! qZ channel, the background is mainly composed of tt̄, Z+jets and WZ events.

In the absence of FCNC decays, limits on production cross-sections are estimated and converted to
limits on branching ratios using the SM tt cross-section. The expected limits at 95% CL for the t ! q�
and the t ! qZ channels, are in the range between 10�5 and 10�4 (10�4 and 10�3) for an integrated
luminosity of 3000 fb�1 (300 fb�1). Figure 9 shows the expected sensitivity in the absence of signal, for
the t ! q� and t ! qZ channels. Further improvements could come from the use of more sophisticated
analysis discriminants.

14

• LHC is a top factory: high lumi 
→ tons of tops

• Precision measurement of top 
properties and differential xsec 
will constrain new physics
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Resonance searches

Limit in multi-TeV region → boosted techniques for 
decays to W’s,Z’s,h’s, tops: high pileup effects?

• Moving from 300fb-1 to 3000fb-1 at 
the same energy will not significantly 
extend the mass range of the 
searches: O(20%) more mass reach
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Fig. 17: Expected number of Z′→µ+µ−, e+e− events in both experiments for integrated luminosities of 300 fb−1 per experi-
ment and 3000 fb−1 per experiment.

4.7 Extra-dimensions
Theories with large extra-dimensions, which aim at solving the hierarchy problem by allowing the gravity
scale to be close to the electroweak scale, have recently raised a lot of interest. They predict new phe-
nomena in the TeV energy range, which can therefore be tested at present and future colliders. Several
models and signatures have been considered in the study presented here. They are discussed below.

4.7.1 Direct graviton production in ADD models
In these models [37], the extra-dimensions are compactified to the sub-millimiter size and only gravity
is allowed to propagate in them, whereas the SM fields are confined to a 4-dimensional world. Gravitons
in the extra-dimensions occupy energy/mass levels which are separated by very small splittings, and
therefore give rise to a continuous tower of massive particles (‘Kaluza-Klein (KK) excitations’). The
presence of additional dimensions can therefore produce new phenomena involving gravitons, such as
direct graviton production at high energy colliders.
The most sensitive channel at the LHC should be the associated production of KK gravitons with a quark
or a gluon. The resulting signature is an energetic jet plus missing transverse energy, since the gravitons
escape detection. The cross-section depends on two parameters, the gravity scale MD and the number
of extra-dimensions δ, and decreases with increasing values of both MD and δ. The background is
dominated by the final state Z(→νν) + jets.

The discovery potentials of the LHC and SLHC are compared in Fig. 18. It can be seen that
a factor of ten in luminosity would improve the LHC mass reach by typically 30%. Major detector
upgrades are not crucial for this physics, since the search is based on events with jets and missing energy
in the TeV range. For comparison, doubling the LHC energy but keeping the instantaneous luminosity
of 1034 cm−2s−1 would approximately double the reach inMD for any value of δ [4].

28

• Improvement for M.Peskin’s “no boson left behind”*: 
keep improving limits on cross section of lower mass 
resonances

*SEARCH workshop, Maryland, 2011

ph/0204087
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SUSY (example for new phys’ relevant for stabilizing the weak scale)

• “Naturalness” of SUSY (=no large cancelations in the 
Higgs potential from different quantum corrections) 
during HL-LHC?

• for 1 in 100 cancelation (~what LEP did to the CMSSM): √
S = 1.96TeV
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Figure 4: Total NLO+NLL stop-pair cross section at the Tevatron and the LHC as a function
of the stop mass. The error band corresponds to the scale and pdf uncertainty of the prediction,
added in quadrature.
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• stops below ~2-2.5TeV, 
• gluino below 4TeV, 
• (some) charginos and neutralinos below 
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Figure 6: (a) The 95% CL exclusion limits for 3000 fb�1 (dashed) and 5� discovery reach (solid) for
300 fb�1 and 3000 fb�1 in the t̃, �̃0

1 mass plane assuming the t̃ ! t + �̃0
1 (red) or the t̃ ! b + �̃±1 , �̃

±
1 !

W + �̃0
1 (green) decay mode. (b) The mT2 distribution for two-lepton channel for SM background and 2

benchmark SUSY scenarios.

momentum and possibly leptons. Two studies are carried out targeting di↵erent decay modes and based
on standard counting analyses. A one-lepton-based selection (` 2 {e, µ}) with stringent requirements
on missing transverse momentum is employed to search for t̃ ! t + �̃0

1; in this case, the main SM
background arises from tt̄ production. A two-lepton-based selection (eµ only) is used for scenarios with
t̃ ! b + �̃±1 , �̃

±
1 ! W± + �̃0

1, where the dilepton mT2 [22, 23] variable is taken as the main discriminant
against SM background processes dominated by top and W pair production. Figure 6(a) shows the
discovery and exclusion potential versus the t̃ and �̃0

1 masses in the two studies. The mT2 distribution for
the two-lepton channel, useful to distinguish the SUSY signal from SM background processes, is shown
in Fig. 6(b). A ten-fold increase in integrated luminosity increases the sensitive stop mass range by up
to 200 GeV. Further improvements in analyses techniques exploiting specific features that di↵erentiate
signal from SM background (i.e. missing transverse momentum shape, angular correlations, boosted
objects) and taking into account additional final states can considerably extend the mass reach especially
in case of heavy �̃0

1.

Electroweak Gaugino searches Based also on naturalness arguments the �̃±1 and �̃0
j ( j = 1, 2) are

expected to have masses in the hundreds of GeV range [20, 21] and potentially be within the reach of
the LHC. In scenarios with heavy squarks and gluinos, direct pair production of weak gauginos (and/or
sleptons) dominates the SUSY production at the LHC. The cross-section of �̃±1 -�̃0

2 associated production
ranges from 10 to 10�2 pb for masses between 50 and 600 GeV. The �̃±1 can decay as �̃±1 ! W±(⇤)�̃0

1

whereas the �̃0
2 as �̃0

2 ! Z(⇤) �̃0
1, leading to final states with three leptons and missing transverse momen-

tum where a pair of same-flavour and opposite-sign leptons has a mass consistent with that of a Z boson.
In the analysis, a BR(�̃±1 �̃

0
2 ! W (⇤) �̃0

1Z(⇤) �̃0
1) of 100% is assumed. The search is optimised using sev-

eral kinematic variables to discriminate the signal from the two dominant background processes, namely
top-pair and WZ production. With an integrated luminosity of 300 fb�1, scenarios with chargino masses
up to 250 GeV can be probed for �̃0

1 mass values below 100 GeV. With a ten-fold increase in luminos-
ity, the discovery potential is extended to scenarios with chargino masses values of ⇠800 GeV and �̃0

1
masses below ⇠300 GeV (see Figure 7(a)). Figure 7(b) shows the missing transverse momentum for the

10
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New non-colored particles
• DY production of non-colored particles (e.g. neutralinos 

and charginos in SUSY) naturally small at the LHC 

• if decays dominated by bosons (W,Z,h), further 
suppressions to get to final states with better S/B

• Direct production limits will benefit from high statistics

• Relevant for SUSY EW sector (charginos/neutralinos), 
but also for WIMP Dark Matter models

σ ~ O(few fb) for 500 GeV particle
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High lumi challenges
• Many new physics scenarios (including SUSY) have long-lived 

particles

• Various signatures, from HSCP to displaced vertices, to decays in 
outer detector, to disappearing tracks

• Higher occupancy render some of these searches more challenging to 
reconstruct. How much?

• Searches are still relevant at high luminosity (prod xsec can be small, 
mass can be higher, ...)
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Prompt Searches CHAMPs

??
• Efficiency hit easily O(10-1 - 10-2) to be picked up 

by standard searches (prompt, MET, HSCP), in 
many cases too much price...
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Conclusions
• Various options for what’s next if nothing is found at LHC14 besides the Higgs

• probing VBF di-boson production at high energy necessary irrespective of the 
discovery of the Higgs (if Higgs present then also Zh, Wh, and hh) → 
distinguish “pion” from fundamental scalar

• Precision tests of EW interactions with di and tri- boson production

• Some Higgs-related new physics may be too heavy for LHC14

• e+e- sub-TeV machines will improve Higgs couplings. HL-LHC may or may 
not be competitive with them on many couplings depending on future 
systematics

• e+e- sub-TeV machines may not provide a clear advantage over HL/HE-LHC 
for the question of Higgs compositeness → WW scattering @ ILC/CLIC would 
be needed
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Conclusions
• HL-LHC relevant

• precision top physics & top FCNCs

• Exploration of BSM models with low rates: 

• resonances with suppressed couplings

• pushing the limits on top partners down to 1% tuning

• exploring heavier DY-produced new electroweak particles

• Long lived particles / exotics searches would benefit from higher 
statistics, but challenge for reconstruction/cleanliness @ LHC? 
(HL-LHC vs e+e-?)
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