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Higgs and New physics
The Higgs discovery completely modified our perspective on BSM

Before Higgs After Higgs

guaranteed discovery at LHC 
(ensured by no-lose theorem)

• strongly coupled processes at 
energy scales ~few TeV

renormalizable theory of EW 
and strong interactions

• only no-lose for gravity… but 
new-physics could be at MPl

Additional considerations:

✦ there is experimental evidence for BSM (dark matter, neutrino masses) 
but not necessarily light and strongly-coupled enough to be 
detectable at LHC



What can we (still) learn from LHC?

Still many open questions we could hope to address

✦ Naturalness:  explain microscopic origin of EW scale

✦ Dark matter:  if  WIMP,  it could be tested at colliders

Natural BSM can still be discovered at LHC



What can we (still) learn from LHC?

Still many open questions we could hope to address

✦ Naturalness:  explain microscopic origin of EW scale

✦ Dark matter:  if  WIMP,  it could be tested at colliders

Natural BSM can still be discovered at LHC

✦ rule out classes of BSM theories
✦ encourage a paradigm shift

   … but also negative answer could provide important information



What can we (still) learn from LHC?

Broad search program that could cover a large range of BSM

✦ direct exploration  (high-energy frontier)

✦ indirect tests  (precision frontier)



The Naturalness argument
Although not a theorem, Naturalness provides a guideline for BSM

Higgs mass sensitive to UV physics
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The Naturalness argument

LHC and future colliders allow to test Naturalness by probing the 
scale of BSM physics

Even “discovering” Un-Naturalness can have strong consequences

1. Standard scenarios too fine-tuned: 
alternative non-minimal theories should be considered 
(eg. neutral naturalness)

2. Complete change of paradigm 
(eg. dynamical generation of EW scale, relaxion)

3. Higgs mass as a fundamental parameter 
(anthropic selection?)



“Standard” Natural scenarios
Two “standard” approaches to the Naturalness problem

Low-energy SUSY Composite Higgs

• Higgs as a bound state (Goldstone) 
of a new strong sector

• Fermionic partners of the top 
stabilize Higgs mass

• Elementary Higgs

• SUSY partners with opposite 
statistics

• Bosonic partners of the top (stops) 
stabilise Higgs mass

+

h h

top

top

h h
∼ finite

stop

+
h h

top

top

h h

Ψ

Ψ

‣ Natural frameworks to discuss LHC implications for Naturalness



Direct Searches at LHC



= stop mass

Direct searches for partners
Direct searches provide the simplest way to test scale of new physics

In many cases direct connection with tuning         test of Naturalness

Low-energy SUSY Composite Higgs

� �
✓

⇤sm

500GeV

◆2

⇤sm = top partners mass⇤sm

• current bounds ~ 1 TeV

• in minimal models (MSSM) 
additional tuning from gluinos 
mgluinos > 1 TeV

• current bounds ~ 1.2 TeV

‣ Current bounds still allow minimal models with ~10% tuning!
‣ Fast progress with 13TeV runs, but slower at HL-LHC (saturation)



Fermionic partners
HL-LHC can push top partners scale well above the TeV, probing 
models with minimal tuning
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Example:  Projected bounds on top partners

‣ Current bounds still allow for ~ 5-10 % tuning
‣ HL-LHC tests multi-TeV states and completely probes 1/Δ > 2 %

[Matsedonskyi, GP,  Wulzer ’15]



SUSY partners

 [GeV]stopm
200 400 600 800 1000 1200 1400

 [G
eV

]
LS

P
m

0
100
200
300
400
500
600
700
800
900

1000
ATLAS Simulation Preliminary

=14 TeVs

0 and 1-lepton combined

 discoveryσ>=60) 5µ (<-1300 fb
>=60) 95% CL exclusionµ (<-1300 fb

 discoveryσ>=140) 5µ (<-13000 fb
>=140) 95% CL exclusionµ (<-13000 fb

ATLAS 8 TeV (1-lepton): 95% CL obs. limit
ATLAS 8 TeV (0-lepton): 95% CL obs. limit

… similar situation for SUSY partners

‣ Bounds on the stop at HL-LHC can reach 1.5 TeV

‣ but still space for discovery



Indirect Searches at LHC



Higgs couplings

Parameter value
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
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ATLAS+CMS
ATLAS
CMS

 intervalσ1
 intervalσ2

Precision measurement of Higgs couplings allows for test of SM and 
probe of BSM theories

✦ deviations expected in many BSM 
scenarios  (eg. SUSY and composite Higgs)

✦ useful to derive bounds  
(can be competitive with direct searches)



Higgs coupling modifications expected (a priori) from 
second doublet mixing:

But no direct coupling/tuning connection in MSSM

8 HIGGS PORTAL TO DARK MATTER 12
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width
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Indirect II: Higgs couplings in MSSM
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Higgs couplings in SUSY

Higgs couplings modifications expected from mixing with second Higgs 
doublet

exclusions have no direct impact on fine-tuning in MSSM

[ATLAS 1509.00672]
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Higgs couplings in SUSY
In MSSM main source of tuning from reproducing Higgs massNatural MSSM is fine with couplings, but killed by mass
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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
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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)
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Exponentially 
heavy stops

Exponentially 
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� & 100

Indirect II: Higgs couplings in MSSM

‣ heavy stops needed to raise Higgs mass         significant tuning

‣ minimal tuning ~ 1 %

[Hall, Pinner and Ruderman ‘12]



Higgs couplings in   -SUSY

In non-minimal SUSY models one can avoid heavy stops

example:  adding an extra singlet         [Barbieri et al. ’06, Hall et al. ’12, Barbieri et al. ‘13]
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Tuning set by mass of heavy Higgses:

‣ direct connection between scalar sector and Naturalness



Higgs coupling bounds (singlet decoupled): LHC-300
(improved        )H⌧⌧
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Figure 2. Singlet decoupled. Isolines of � (solid) and mH± (dashed). Left: hLHC > h3. Right:
hLHC < h3. The orange region would be excluded at 95%C.L. by the experimental data for the
signal strengths of h1 = hLHC with SM central values and projected errors at the LHC14 as discussed
in the text. The blue region is unphysical.

the one loop corrections to the 11 and 12 entries of the mass matrix, Eq. (2.5), as long as
(µAt)/hm2

t̃
i . 1, which is again motivated by naturalness.

From all this we can represent in Fig. 1 the allowed regions in the plane (tan �,mh3) and
the isolines of � and mH± both for h3 < hLHC(< h3(= S)) and for hLHC < h3(< h3(= S)),
already considered in Ref. [1]. At the same time the knowledge of � in every point of the same
(tan �,mh3) plane fixes the couplings of h3 and hLHC, which allows to draw the currently
excluded regions from the measurements of the signal strengths of hLHC. We do not include
any supersymmetric loop e↵ect other than the ones that give rise to Eq. (2.5). As in Ref. [1],
to make the fit of all the data collected so far from ATLAS, CMS and Tevatron, we adapt
the code provided by the authors of Ref. [26]. Negative searches at LHC of h3 ! ⌧̄ ⌧ may
also exclude a further portion of the parameter space for h3 > hLHC. Note, as anticipated,
that in every case � is bound to be above about 0.6. To go to lower values of � would require
considering �t & 85 GeV, i.e. heavier stops. On the other hand in this singlet-decoupled case
lowering � and raising �t makes the NMSSM close to the minimal supersymmetric Standard
Model (MSSM), to which we shall return.
When drawing the currently excluded regions in Fig. 1, we are not considering the pos-

sible decays of hLHC and/or of h3 into invisible particles, such as dark matter, or into any
undetected final state, because of background, like, e.g., a pair of light pseudo-scalars. The
existence of such decays, however, would not alter in any significant way the excluded regions
from the measurements of the signal strengths of hLHC, which would all be modified by a
common factor (1 + �inv/�vis)�1. This is because the inclusion in the fit of the LHC data of
an invisible branching ratio of hLHC, BRinv, leaves essentially unchanged the allowed range
for � at di↵erent tan � values, provided BRinv . 0.2.
The significant constraint set on Fig. 1 by the current measurements of the signal strengths

of hLHC suggests that an improvement of such measurements, as foreseen in the coming stage

5

�
=
3�
=
10

�
[Barbieri et al. 2006, Hall et al. 2012, Barbieri et al. 2013]
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Higgs couplings in   -SUSY

Higgs coupling bounds (singlet decoupled): current
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Figure 1. Singlet decoupled. Isolines of � (solid) and mH± (dashed). Left: hLHC > h3. Right:
hLHC < h3. The orange region is excluded at 95%C.L. by the experimental data for the signal
strengths of h1 = hLHC. The blue region is unphysical.

• Singlet decoupled:

s2↵ = s2�
2�2v2 �m2

Z �m2
A|mh1

m2
A|mh1

+m2
Z + �2t � 2m2

h1

, (2.10)

m2
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= m2
A|mh1

+m2
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h1
, (2.11)

where
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Z)s
2
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h1
(m2

h1
�m2

Z � �2t )�m2
Z�

2
t c

2
�

m2
hh �m2

h1

. (2.12)

All the equations in this section are valid in a generic NMSSM. Specific versions of it may
limit the range of the physical parameters mh1,2,3 ,mH± and ↵, �, � but cannot a↵ect any of
these equations.

3 Singlet decoupled

From Eqs. (2.10)-(2.12) and (2.6), sincemh1 is known,mh3 ,mH+ and the angle � are functions
of (tan �,�,�t). From our point of view the main motivation for considering the NMSSM
is in the possibility to account for the mass of hLHC with not too big values of the stop
masses. For this reason we take �t = 75 GeV, which can be obtained, e.g., for an average
stop mass of about 700 GeV. In turn, as it will be seen momentarily, the consistency of Eqs.
(2.10)-(2.12) requires not too small values of the coupling �. It turns out in fact that for
any value of �t . 85 GeV, the dependence on �t itself can be neglected, so that mh3 ,mH±

and � are determined by tan � and � only. For the same reason it is legitimate to neglect

4

�
=
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=
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�
[Barbieri et al. 2006, Hall et al. 2012, Barbieri et al. 2013]
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[Barbieri et al.  ’13]

Bounds from Higgs coupling measurements

[Barbieri et al.  ’13]
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Higgs couplings in CH
The Higgs compositeness induces modification of Higgs couplings

✦ coupling to gauge fields

✦ Yukawa’s

‣ universal, determined by symmetry:  eg. SO(5)/SO(4)   ) kV =
p

1� ⇠

‣ depends on partners quantum numbers:      eg. MCHM5 

                                                                   MCHM4

kF =
1� 2⇠p
1� ⇠

kF =
p
1� ⇠

‣ current bounds ⇠ . 0.1

‣ space for improvement? 
crucially related to systematics… see later

[ATLAS Collab. 1509.00672]

Direct connection with tuning:                         (               )⇠ = v2/f2� & 1/⇠
compositeness scale



Higgs couplings at HL-LHC
Slow progress on Higgs couplings in future runs

‣ Not far from threshold due to systematics

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k
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p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

[CERN-CMS-NOTE-13-002]
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Table 3: Precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. These values are obtained
at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are

% uncertainties on couplings for [Scenario 2, Scenario 1] as described in the text. For the fit
including the possibility of Higgs boson decays to BSM particles d the 95% CL on the branching
fraction is given.
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Figure 14: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time
of the pre-approval. Uncertainties are 1/2). The projections assume

p
s = 14 TeV and an

integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right). The projections are obtained with the
two uncertainty scenarios described in the text.

where f (i),µn ( f̃ (i),µn) is the (conjugate) field strength tensor of a Z boson with polarization vector
ei and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0�
correspond to the terms with a1 and a3, respectively.

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.
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Higgs couplings at HL-LHC

Systematics can play a crucial role for BSM interpretation

✦ Scenario 1: systematics do not allow for improvement   (          )

✦ Scenario II: possible to probe
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The Higgs Self-Couplings



The Higgs self-interactions

Measuring the Higgs self-interactions is an essential step to understand 
the structure of the Higgs potential

‣ related to properties of EW phase transition  (relevant for cosmology)

‣ distortions expected in many BSM scenarios

� ⌘ �3

�sm
3

eg.  Higgs-portal models can give large corrections only in Higgs self couplings

L = ✓g⇤m⇤H
†H�� m4

⇤
g4⇤

V (g⇤�/m⇤)
��

�cz
⇠ ✓g2⇤

�sm
3

� 1

✓, g⇤ ⇠ 1for

L = �m2
h

2
h2 � �3vh

3 � �4h
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The trilinear Higgs coupling

Different final states accessible:

HL-LHC (3 ab�1) Allowed region on c̄6

68% probability 95% probability

Cut-based analysis

bb̄�� (exclusive) [�0.98, 2.2] [ [3.1, 5.3] [�1.8, 6.6]

bb̄⌧+⌧� [�0.87, 6.1] [�2.5, 8.8]

Combined [�0.91, 2.3] [ [3.4, 5.3] [�1.6, 6.5]

Multivariate analysis

bb̄�� (exclusive) [�0.99, 1.8] [ [3.4, 5.1] [�1.4, 5.9]

bb̄⌧+⌧� [�0.89, 3.3] [ [4.1, 6.4] [�1.8, 8.5]

Combined [�0.96, 1.9] [ [3.8, 5.0] [�1.3, 5.8]

TABLE IV: The allowed region on c̄6 for the exclusive bb̄��, inclusive bb̄⌧+⌧� and combined
channels. The 68% and 95% probability intervals are extracted from the marginalized likelihoods
(over c̄g and c̄u) for the cut-based and the multivariate analyses. The interval on c̄6 can be
translated to that of c3 via the relation c3 = 1 + c̄6, assuming c̄H = 0.

independent phenomenological studies. The most important factors will be the improved ⌧ ,

c, b-tagging along with the reduced mis-tag rates, ✏j!⌧ , ✏j!b, ✏c!b and the improved photon

identification, ✏�, and invariant mass resolutions. To estimate the impact of those factors

on the precision of the Higgs self coupling as our special interest (also for simplicity), we

vary them one-by-one to obtain the precision of the Higgs self coupling as a function of each

improvable factor. Our result is illustrated in Figs. 16 and 17 where we show the upper

value of the 68% probability interval of the Higgs self coupling around the SM point, c̄6+, as

a function of each improvable factor using the multivariate analysis. To save computational

time, we do not perform marginalization over other correlated couplings in Figs. 16 and 17.

We vary only c̄6 (or equivalently c3 = 1 + c̄6) while setting other EFT coe�cients to SM

values. Also, for simplicity, we take the combined analysis of the inclusive analyses of the

bb̄�� and bb̄⌧+⌧� decay channels in Figs. 16 and 17. The first interval of c̄6 around the SM

point among two peaks of the likelihood (for instance, see Fig. 14) is selected for illustration.

We do this exercise for the purpose of illustration.

The dependence of the positive deviation of c̄6 on the ✏b and ✏⌧ is illustrated in Fig. 16.

The signal rate scales like ⇠ ✏2b and ⇠ ✏2⌧ for the bb̄�� and bb̄⌧+⌧� decay channels respectively

which means that the significance scales with one less power of tag rate, namely ⇠ ✏b and

⇠ ✏⌧ . On the other hand, the dependence on the fake rates which can widely change the size

of the backgrounds are shown in Fig. 17. The improvements are less pronounced compared

to those by ✏b and ✏⌧ .

Based on the previous exercise and the recent progress on the performance of the b- and

⌧ -tagging algorithms [63, 70], we select the following benchmark scenario as an optimistic

30
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shaded regions (both orange and light blue colors) in Fig. 13 indicate the strong correlation

between c̄u and c̄g coe�cients which means that the marginalization over c̄g can significantly

a↵ect the precision on c̄u and vice versa (for example, see right panels of Figs. 10 and 11).

Another benefit of the double Higgs production is seen in the right panel of Fig. 12 where

one of two islands in the single Higgs fit away from the SM point is disfavored by the double

Higgs production process.

-� -� � � � � �
����

����

����

����

����

����

����

��

bbγγ (Incl)

bbγγ (Excl)

bbτ+τ- (Incl)

combined

FIG. 14: Likelihood distributions as a function of c̄6 using the cut-based analyis (left) and the
multivariate analysis (right). The combined analysis corresponds to the exclusive analysis of the
bb̄�� plus the inclusive analysis of the bb̄⌧+⌧�. All the other parameters were set to the SM values
(no marginalization).

Finally, we derive 68% and 95% probability intervals on the Higgs cubic coupling, namely

c̄6, from the marginalized likelihood (over c̄u and c̄g) as a function of c̄6. The result is given

in Table IV 17. When c̄H = 0 is assumed, the sensitivity on c̄6 can be directly translated into

17 Our 68% probability interval extracted from the exclusive bb̄�� (or combined) analysis employing the

multivariate analysis is close to what has been reported in [11], namely c̄
6

= [�1.0, 1.8] [ [3.5, 5.1].

However, as was shown in Table I, the newly done cut-based analysis with modifications mentioned below

(but with cuts in [11]) loses a sensitivity, and the lost sensitivity is apparently recovered by the multivariate

analysis. On the other hand, our result appears more pessimistic compared to what was reported in [21].

Note that one sigma sensitivity in [21] was derived by a di↵erent statistical treatment, namely reading

o↵ the interval corresponding to 1 = ��2 =
P

i
(µi�1)

2

�2
i

where µi is a signal strength as a function of c̄
6

for i-th process. When a likelihood distribution is highly non-Gaussian like the case for the Higgs self

coupling at the HL-LHC, the Bayesian method used in our analysis does not necessarily give a similar

result to that from 1 = ��2. We find that the absence of the second interval in [21] is also due to the

di↵erent statistical treatment. For instance, applying 1 = ��2 method to the same likelihood of the

combined analysis using the multivariate technique in Table IV gives rise to c̄1=��2

6

= [�0.7, 1.3] which

corresponds to 43% probability interval.
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‣        :  cleanest channel with highest sensitivity, but low cross section
‣        :  larger statistics, but hard analysis
‣           ,        :  limited impact

b̄b��

b̄b⌧⌧

b̄bb̄bb̄bWW

only          determination possible at HL-LHCO(1)

[Kim, Sakaki, Son ’18]

Main channel double Higgs production via gluon fusion



The trilinear Higgs coupling
Precision determination of Higgs trilinear coupling possible at future 
colliders

✦ Hadron colliders:

✦ Lepton colliders:

‣ FCC-100 could reach ~ 5 % precision         [Contino et al., FCC report 1606.09408]

‣ High-energy LHC (~28 TeV) could reach ~ 30 % precision  
                                                                                                       [Gonçalves et al. ’18]

‣ low-energy machines (CEPC, FCC-ee) could reach ~ 40 % precision  
(indirectly through single Higgs processes)                                          [Di Vita et al. ’17]

‣ high-energy machines (ILC, CLIC) could reach ~ 20 % precision  
(directly through Higgs pair production)                        [see for instance: Barklow et al. ’17; 
                                                                                                                         Di Vita et al. ’17]

http://arxiv.org/abs/arXiv:1606.09408


Beyond Higgs Couplings



Beyond Higgs couplings

Higgs couplings are not the end of the story…

… LHC can also perform other indirect tests, probing the EW 
dynamics and the Higgs at high energy

example:  di-boson production can probe deviations in the Higgs dynamics

OW = (H†�i !D µH)(D⌫Wµ⌫)
i

OHW = (DµH)†�i(D⌫H)W i
µ⌫

q

q̄

Vµ

Vµ

⟨H⟩
⟨H⟩



Beyond Higgs couplings

                 energy helps accuracy

en
er

gy

accuracy

sizeable systematic errors in many cases do not 
allow for pole (or low-energy) precision 
measurements

however we can exploit the high energy reach
[Farina, GP, Pappadopulo,

Ruderman, Torre, Wulzer ’16]



Beyond Higgs couplings

                 energy helps accuracy

en
er

gy

accuracy

0.1 % at 100 GeV 10 % at 1 TeV
LEP energy LHC energy

sizeable systematic errors in many cases do not 
allow for pole (or low-energy) precision 
measurements

however we can exploit the high energy reach

✦ key point: deviations from SM typically grow with energy

Asm+bsm

Asm
⇠ 1 + #

E2

⇤2

LHC can match LEP sensitivity exploiting the high energy reach

[Farina, GP, Pappadopulo,
Ruderman, Torre, Wulzer ’16]



WZ: Reach at LHC

✦ Big improvement with respect to LEP

Estimate of the bounds on
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[Franceschini, GP, Pomarol, Riva, Wulzer ’17]



WZ: Reach at LHC

✦ Big improvement with respect to LEP

Estimate of the bounds on

✦ Accuracy plays an important role for the BSM reach
‣ weakly coupled new physics only accessible with low systematics  ( <<100% )

“weak” new physics
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~ mass of new states

[Franceschini, GP, Pomarol, Riva, Wulzer ’17]



Conclusions



Conclusions

The discovery of a SM-like Higgs boson changed our perspectives

1. confirmation of SM theory predictions (overall understanding of EWSB)

Two main directions for HL-LHC:
✦ direct exploration

✦ indirect tests

2. no more guaranteed discovery at colliders 
… but still plenty of room for discovery/learning

• probe new resonances (eg. partners of the top)              test tuning ~ few %

• Higgs couplings  (single Higgs couplings and Higgs self-interactions)

• precision measurements of EW processes (can indirectly test Higgs dynamics)
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Beyond Higgs couplings

✦ better determination on trilinear gauge couplings (      ) with respect to 
global fit at LEP

�gZ1

direction testable
with Zh

ZWW interaction
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Test universal theories in WZ production channel [Franceschini, GP, Pomarol, Riva, Wulzer ’17]



Beyond Higgs couplings

S�@LEP1 marginalized

S�@LEP1 T�=0
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✦ better determination on trilinear gauge couplings (      ) with respect to 
global fit at LEP

�gZ1

direction testable
with Zh

ZWW interaction

✦ LHC and LEP probe independent operators
• correlations can exist in specific theories  (eg. composite Higgs                )bS ' ��gZ1
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Test universal theories in WZ production channel [Franceschini, GP, Pomarol, Riva, Wulzer ’17]


