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→ Unification of electromagnetic and weak interactions: 
SU(2)L⊗U(1)Y local gauge symmetry; massless carriers 
→ Symmetry spontaneously broken via Higgs field’s VEV≠0 
→ 4 degrees of freedom of Higgs field 
→ 3 become the vector bosons’ longitudinal polarisations 
→ the remaining is the Higgs boson 
→ most economic way for EWSB 

• h→VV defined by symmetry breaking 
• h→ffbar is Yukawa coupling∝mf 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It is of interest to inquire whether gauge
vector mesons acquire mass through interac-
tion'; by a gauge vector meson we mean a
Yang-Mills field' associated with the extension
of a Lie group from global to local symmetry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conserved currents. ' In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
uum is degenerate with respect to a compact
Lie group.
Theories with degenerate vacuum (broken

symmetry) have been the subject of intensive
study since their inception by Nambu. ' ' A
characteristic feature of such theories is the
possible existence of zero-mass bosons which
tend to restore the symmetry. 'y' We shall
show that it is precisely these singularities
which maintain the gauge invariance of the
theory, despite the fact that the vector meson
acquires mass.
~e shall first treat the case where the orig-

inal fields are a set of bosons qA which trans-
form as a basis for a representation of a com-
pact Lie group. This example should be con-
sidered as a rather general phenomenological
model. As such, we shall not study the par-
ticular mechanism by which the symmetry is
broken but simply assume that such a mech-
anism exists. A calculation performed in low-
est order perturbation theory indicates that

those vector mesons which are coupled to cur-
rents that "rotate" the original vacuum are the
ones which acquire mass [see Eq. (6)].
~e shall then examine a particular model

based on chirality invariance which may have a
more fundamental significance. Here we begin
with a chirality-invariant Lagrangian and intro-
duce both vector and pseudovector gauge fields,
thereby guaranteeing invariance under both local
phase and local y, -phase transformations. In
this model the gauge fields themselves may break
the y, invariance leading to a mass for the orig-
inal Fermi field. ~e shall show in this case
that the pseudovector field acquires mass.
In the last paragraph we sketch a simple

argument which renders these results reason-
able.
(1) Lest the simplicity of the argument be

shrouded in a cloud of indices, we first con-
sider a one-parameter Abelian group, repre-
senting, for example, the phase transformation
of a charged boson; we then present the general-
ization to an arbitrary compact Lie group.
The interaction between the y and the A &fields is

H. =ieA y~8 y-e'y*yA Aint p. p, p, p,
'

where y =(y, +iy, )/v2. We shall break the
symmetry by fixing &y) e0 in the vacuum, with
the phase chosen for convenience such that
&V) =&q ') =&q,)/~2.
%'e shall assume that the application of the
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well into account the radiation correction to the 
ß-decay constant found by Berman 3) and Kino- 
shita and Sirlin 4) we obtain for the muon life 
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where T µo is the muon life time calculated by 
means of universal theory of four fermion inter- 
action with a constant taken from ß-decay without 
any corrections, Aß is the cut off momentum due 

to the strong interactions, Aß M, E is the en- 
ergy of 0-transition. According to experimental 
data Tµ /T µ° = 0.988: 1 0.004. 

Substituting the numbers into (1) we obtain 
T µ/ Tµ=1.003 and the disagreement between 
the theory and experiment will be in our case 
1.5 * 0.4%. When discussing this result one should 
take into consideration that in (1) only the terms 

e2 In e-2 were correctly taken into account but 
the terms ^- e2 were discarded. 

It seems to us that the conclusion that in the 
theory of weak interaction with intermediate W- 

meson 0- and µ-constants must be with good ac- 
curacy the same (taking into account the correc- 
tions due to the electromagnetic and weak inter- 
actions), is in favour of the weak interaction the- 
ory with W-meson unlike the four-fermion theory. 

More detailed paper will be published else- 
where. 

The author is indebted to B. V. Geshkenbein, 
1. Yu. Kobsarev, L. B. Okun, A. M. Perelomov, 
1. Ya. Pomeranchuk, V. S. Popov, A. P. Rudik and 
M. V. Terentyev for valuable discussions. 
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Recently a number ofpeople have discussed 
the Goldstone theorem 1, -2): that any solution of a 
Lorentz-invariant theory which violates an inter- 
nal symmetry operation of that theory must con- 
tain a massless scalar particle. Klein and Lee 3) 

showed that this theorem does not necessarily ap- 
ply in non-relativistic theories and implied that 
their considerations would apply equally wgll to 
Lorentz-invariant field theories. Gilbert 4), how- 

ever, gave a proof that the failure of the Goldstone 
theorem in the nonrelativistic case is of a type 
which cannot exist when Lorentz invariance is im- 
posed on a theory. The purpose of this note is to 
show that Gilbert's argument fails for an impor- 
tant class of field theories, that in which the con- 
served currents are coupled to gauge fields. 

Following the procedure used by Gilbert 4), let 
us consider a theory of two hermitian scalar fields 
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In a recent note' it was shown that the Gold-
stone theorem, ' that Lorentz-covaria. nt field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson' has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.
The simplest theory which exhibits this be-

havior is a gauge-invariant version of a model
used by Goldstone' himself: Two real' scalar
fields y„y, and a real vector field A interact
through the Lagrangian density

2 2
L =-&(&v ) -@'7v )1 2

2 2 ~ JL(,V—V(rp + y ) -P'1 2 P,v

where

V p =~ p -eA
1 jL(, 1 p, 2'

p2 +eA {p1'

F =8 A -BA
PV P, V V

e is a dimensionless coupling constant, and the
metric is taken as -+++. I. is invariant under
simultaneous gauge transformations of the first
kind on y, + iy, and of the second kind on A
Let us suppose that V'(cpa') = 0, V"(&p,') ) 0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating ~y„ay„and A & as small quantities]
governing the propagation of small oscillations

about the "vacuum" solution y, (x) =0, y, (x) = y, :
s "(s (np )-ep A )=0,1 0 (2a)

(&'-4e,'V"(y,')f(&y, ) = 0, (2b)

s r"'=eq (s"(c,p, ) ep A-t.
V 0 1 0 p,

(2c)

Pv 2 2
8 B =0, 8 t" +e y 8 =0.

v 0 (4)

Equation (4) describes vector waves whose quanta
have (bare) mass ey, . In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term. '
When one considers theoretical models in

which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion. ' The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y=0,
I3=0 members of the octet. There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe

Equation (2b) describes waves whose quanta have
(bare) mass 2po(V"(yo'))'"; Eqs. (2a) and (2c)
may be transformed, by the introduction of new
var iables

fl =A -(ey ) '8 (n, (p ),
p. 0 p, 1'

G =8 B -BB =F
IL(.V p. V V p, LL(V

into the form
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from one or more compound states, probably in
the 'P and S configurations. '~'
The position of the hydrogen resonance on the

energy scale is in very good agreement with the-
oretical predictions, which range from 9.6 to
9.8 ev.
Because of the difficulty of the present experi-

ment the author had to seek advice on many as-
pects of the experiment. He is indebted to A. O.
McCoubrey, R. F. C. Vessot, and F. Kaufman
for advice on handling of atomic hydrogen; to
B.R. McAvoy, J. L. Pack, and J. L. Moruzzi
for advice on and loan of high-power microwave
equipment; to A. V. Phelps and P. J. Chantry for
frequent discussions; and to %. J. Uhlig, J. Kear-
ney, and H. T. Garstka for technical assistance.
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volved is the ~S state.
P. G. Burke and K. Smith, in Atomic Collision

Processes, edited by M. R. C. McDowell (John Wi-
ley @ Sons, Inc. , New York, 1964). They calculate
the energy at resonance resulting from the {2s2P}P
state to be 9.78 eV, width 0.009 eV. They also cal-
culate resonances resulting from (ls2s) ~S and
(ls2P) ~P configurations at much lower energies.
M. Gailitis and R. Damburg, Proc. Phys. Soc.

(London) 82, 192 (1963), find the minimum of the
cross section at 9.6 eV (singlet) and 9.8 eV (no ex-

change) i
M. H. Mittleman, Phys. Rev. Letters 10, 145

(1962), finds the minimum in the cross section at
9.8 eV.
~K. Smith, R. F. Eachran, and P. A. Frazer,

Phys. Rev. 125, 553 (1962).
~A. Temkin and R. Pohle, Phys. Rev. Letters
10, 22 (1963), find the minimum in the cross sec-
tion just below 9.7 eV.
VA. Herzenberg, K. L. Kwok, and F. Mandl, Proc.

Phys. Soc. (London) 84, 345 (1964), discuss the 'S
level at 9.61 eV.
G. J. Schulz, Phys. Rev. Letters 10, 104 (1963).
R. J. Fleming and G. S. Higginson, Proc. Phys.

Soc. (London) 81, 974 (1963); see also J. A. Simpson
and U. Fano, Phys. Rev. Letters 11, 158 (1963).
~OG. J. Schulz, Phys. Rev. 136, A650 (1964).
'~In addition to the usual problems encountered in
calibrating energy scales, the charging of the glass
and the existence of a residual plasma in the region
in which the electron beam traverses the gas stream
may play a role in establishing the potential in that
region.
' The elastic cross section in both molecular and
atomic hydrogen decreases with electron energy;
thus the transmitted current vs electron energy under
our operating conditions is a steeply rising function.
On such a curve it would be very difficult to observe
a resonance. Fortunately„ the elastic cross section
of H20 increases with energy in the 9- to 10-eV range
and thus it is possible to alter the slope of the trans-
mitted current vs electron energy by admixing vari-
ous amounts of H20 to Hz.' In a mixture of H2 and H20 it is difficult to estab-
lish the proper energy scale. In a mixture of H2 and
Ne, the rare gas serves both as a buffer gas for en-
hanced dissociation and as a calibrating gas.

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*
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In all of the fairly numerous attempts to date to
formulate a consistent field theory possessing a
broken symmetry, Goldstone's remarkable the-
orem' has played an important role. This theo-
rem, briefly stated, asserts that if there exists
a conserved operator Q; such that

[q.,a (x)j=Q f. .„X (x),

and if it is possible consistently to take Q&f. &k ggk
x(OIAy I 0)t 0, then A (x) has a zero-mass par-
ticle in its spectrum. It has more recently been
observed that the assumed Lorentz invariance
essential to the proof' may allow one the hope of
avoiding such massless particles through the in-

troduction of vector gauge fields and the conse-
quent breakdown of manifest covariance. ' This,
of course, represents a departure from the as-
sumptions of the theorem, and a limitation on
its applicability which in no way reflects on the
general validity of the proof.
In this note we shall show, within the frame-

work of a simple soluble field theory, that it is
possible consistently to break a symmetry (in
the sense that Q~t;&~(OIA~ I 0) x 0) without requir-
ing that A(x) excite a zero-mass particle. While
this result might suggest a general procedure
for the elimination of unwanted massless bosons,
it will be seen that this has been accomplished
by giving up the global conservation law usually
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The Higgs boson in the Standard Model

2

Higgs Mechanism: Scalar Couplings Structure

Bosonic sector:

• EWSB gives mass to W+,W�,Z bosons

• Higgs couplings proportional to m2
W/Z

gHVV =
2m2

V

v

H

V

V

gHV V

gHff̄
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f

f̄

Fermionic sector:

• After introducting Higgs field, can add
Yukawa terms to Lagrangian

• Higgs couplings proportional to fermion mass

gHf f̄ = Yf =
mf

v

• v is Higgs field vacuum expectation value

• Loops (e.g. �, gluon) sensitive to BSM physics
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How many Higgs bosons?

3

1 Introduction

The gauge boson and fermion sectors of the Standard Model of the electroweak inter-
actions have been extremely well probed phenomenologically; yet, its scalar sector has
not yet been directly explored. In the Standard Model (SM) the simplest possible scalar
structure—just one SU(2) doublet—is assumed [1, 2, 3, 4, 5]; on the contrary, the fermion
structure, with more than one family and with family mixing, is not simple at all.

One critical piece of evidence about the scalar structure is the parameter ρ. In the
SU(2)×U(1) gauge theory, if there are n scalar multiplets φi, with weak isospin Ii, weak
hypercharge Yi, and vacuum expectation value (vev) of the neutral components vi, then
the parameter ρ is, at tree level [6],

ρ =

n∑

i=1

[
Ii (Ii + 1)− 1

4 Y
2
i

]
vi

n∑

i=1

1
2 Y

2
i vi

. (1)

Experimentally [7] ρ is very close to one. According to eq. (1), both SU(2) singlets with
Y = 0 and SU(2) doublets with Y = ±1 give ρ = 1, since they both have I (I + 1) = 3

4 Y
2.

Other scalars with vevs in much larger SU(2) multiplets, scalars with small or null vevs,
and models with triplets and a custodial SU(2) global symmetry [8], are compatible with
ρ = 1; but such scalar sectors tend to be large and complex—the simplest extension of
the SM consists in simply adding scalar doublets and singlets.

In this review we focus on one of the simplest possible extensions of the SM—the
two-Higgs-doublet model (2HDM) [9]. There are many motivations for 2HDMs. The best
known motivation is supersymmetry [10]. In supersymmetric theories the scalars belong
to chiral multiplets and their complex conjugates belong to multiplets of the opposite chi-
rality; since multiplets of different chiralities cannot couple together in the Lagrangian, a
single Higgs doublet is unable to give mass simultaneously to the charge 2/3 and charge
−1/3 quarks. Moreover, since scalars sit in chiral multiplets together with chiral spin-1/2
fields, the cancellation of anomalies also requires that an additional doublet be added.
Thus, the Minimal Supersymmetric Standard Model (MSSM) contains two Higgs dou-
blets.

Another motivation for 2HDMs comes from axion models [11]. Peccei and Quinn [12]
noted that a possible CP-violating term in the QCD Lagrangian, which is phenomenolog-
ically known to be very small, can be rotated away if the Lagrangian contains a global
U(1) symmetry. However, imposing this symmetry is only possible if there are two Higgs
doublets. While the simplest versions of the Peccei–Quinn model (in which all the New
Physics was at the TeV scale) are experimentally ruled out, there are variations with sin-
glets at a higher scale that are acceptable, and the effective low-energy theory for those
models still requires two Higgs doublets [11].

Still another motivation for 2HDMs is the fact that the SM is unable [13] to generate
a baryon asymmetry of the Universe of sufficient size. Two-Higgs-doublet models can do
so, due to the flexibility of their scalar mass spectrum [13] and the existence of additional
sources of CP violation. There have been many works on baryogenesis in the 2HDM [14,

5

The ρ-parameter constrains the structure of the scalar sector 
In SU(2)L⊗U(1)Y, ρ=1 at tree level for scalar sectors with: 
→ singlets with Y=0 
→ doublets with Y=±1 
→ more complex arrangements…

10. Electroweak model and constraints on new physics 37

10.7. Constraints on new physics

The masses and decay properties of the electroweak bosons and low energy data can be
used to search for and set limits on deviations from the SM. We will mainly discuss the
effects of exotic particles (with heavy masses Mnew ≫ MZ in an expansion in MZ/Mnew)
on the gauge boson self-energies. (Brief remarks are made on new physics which is not
of this type.) Most of the effects on precision measurements can be described by three
gauge self-energy parameters S, T , and U . We will define these, as well as the related
parameters ρ0, ϵi, and ϵ̂i, to arise from new physics only. In other words, they are equal
to zero (ρ0 = 1) exactly in the SM, and do not include any (loop induced) contributions
that depend on mt or MH , which are treated separately. Our treatment differs from most
of the original papers.

The dominant effect of many extensions of the SM can be described by the ρ0
parameter,

ρ0 ≡
M2

W

M2
Z ĉ 2

Z ρ̂
, (10.57)

which describes new sources of SU(2) breaking that cannot be accounted for by the SM
Higgs doublet or mt effects. ρ̂ is calculated as in Eq. (10.12) assuming the validity of the
SM. In the presence of ρ0 ̸= 1, Eq. (10.57) generalizes the second Eq. (10.12) while the
first remains unchanged. Provided that the new physics which yields ρ0 ̸= 1 is a small
perturbation which does not significantly affect other radiative corrections, ρ0 can be
regarded as a phenomenological parameter which multiplies GF in Eqs. (10.16)–(10.17),
(10.32), and ΓZ in Eq. (10.44c). There are enough data to determine ρ0, MH , mt, and
αs, simultaneously. From the global fit,

ρ0 = 1.00040 ± 0.00024 , (10.58)

αs(MZ) = 0.1194 ± 0.0017, (10.59)

and MH and mt are as given in Table 10.6 and Table 10.5. The result in Eq. (10.58) is
1.7 σ above the SM expectation, ρ0 = 1. It can be used to constrain higher-dimensional
Higgs representations to have vacuum expectation values of less than a few percent of
those of the doublets. Indeed, the relation between MW and MZ is modified if there are
Higgs multiplets with weak isospin > 1/2 with significant vacuum expectation values. For
a general (charge-conserving) Higgs structure,

ρ0 =

∑
i[t(i)(t(i) + 1) − t3(i)

2]|vi|2

2
∑

i t3(i)2|vi|2
, (10.60)

where vi is the expectation value of the neutral component of a Higgs multiplet with
weak isospin t(i) and third component t3(i). In order to calculate to higher orders in
such theories one must define a set of four fundamental renormalized parameters which
one may conveniently choose to be α, GF , MZ , and MW , since MW and MZ are directly
measurable. Then ŝ 2

Z and ρ0 can be considered dependent parameters.

August 21, 2014 13:18

Measurement:

Simplest extensions of scalar sector

Higgs doublet + Singlet 
singlet can be real or complex 
real: h, s 
complex: h, s, a

Two Higgs doublets 
5 physical Higgs bosons 
(CP-conserving scenario: h/H, A, H±)

LEP, SLD, Tevatron, …

In the Standard Model (tree level) it is predicted that: ⇢ =

m2
W

m2
Z cos

2 ✓w
= 1
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Landscape of studies in Higgs sector

4
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SM Higgs boson production and decay at the LHC

5

86% 

7%

5%

1.5%

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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mh~125 GeV gives access to several decay channels 
Gauge bosons: γγ, ΖΖ*, WW*, Zγ  

Fermions: bb, ττ, µµ  

mH = 125 GeV
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SM Higgs boson production versus √s 
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Pile-up

7

Z→µµ candidate with 25 reconstructed vertices (2012). Good quality tracks with pT>0.4GeV shown.

Run 1

Run 2
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h→ZZ(*)→4l (l=e,µ)

9

- Two same-flavour opposite-sign di-leptons (e/µ) 
- pT1,2,3,4 > 20, 15, 10, 7 GeV (6 GeV for µ) 
- Single lepton and di-lepton triggers

µ+µ-

- Tracking and calorimeter isolation 
- Impact Parameter (IP) significance

e+e-

50 GeV < m12 < 106 GeV,  
mthr(m4l)< m34 <115GeV mthr=12-50GeV (140-190 GeV) 
→ same-flavour opposite-sign pairs mll>5 GeV 
→ ∆Rl,l′>0.10(0.20) for (not-)same-flavour 
→ Final State Radiation Recovery (~3% in resolution)  
→ mZ constraint (~15% in resolution)

h→ZZ(*)→4l (l=e,µ) 
Narrow peak in m4l over 

smooth background 
S/B ~ 2
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h→ZZ(*)→4l

10
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h→γγ

11

ET1=62.2 GeV and η1=0.39  
ET2=55.5 GeV and η2=1.18  
mγγ=126.9 GeV and pTt=6.5 GeV

• Narrow peak in mγγ (S/B ~3-4%) 
• Main Backgrounds:  

~80% di-photon → mγγ resolution 
~20% γj and jj    → photon-ID 

• Background from data side-bands 
• Selection: Two isolated photons (|η|
<2.47) with ET>0.35(0.25)*mγγ

m2γγ=2Ε1Ε2(1-cosα)
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h→γγ

12
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Freakish Papers  
(courtesy: times higher education)

13

https://www.timeshighereducation.com/blog/world-university-rankings-blog-dealing-freak-research-papers
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Τhe Higgs boson mass

14

ATLAS measurement: 125.36 ± 0.37(stat) ± 0.18 (syst) GeV  
CMS measurement: 125.02 +0.26-0.27 (stat) +0.14-0.15 (syst) GeV

Phys.Rev.Lett 114 (2015) 191803

δm/m~0.19%
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Calibration

15

electrons from W→ev
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Differential cross sections

16

arxiv:1512.08377PRL115 (2015) 091801



K. Nikolopoulos Mar 21st, 2016Status of the Higgs sector at the LHC

H→WW(*)→lvlv

17

• Signature: l+l- + MET  
• Main observable mT 

• Backgrounds: WW, tt/Wt, W/Z+jets, Wγ/Wγ*/WZ 
• Separate final states:  

• lepton flavours: µe, eµ, µµ, ee 
• jet multiplicities: 0, 1, ≥2

pTe=33 GeV, pTµ=24 GeV, mll=48 GeV, ∆φll=1.7, MET=37 GeV, mT=98 GeV

H�WW*�l
l
 

•  Signature: 
•  2 isolated opposite-sign leptons & large ETmiss    

•  Sensitive channel in wide mass range ~ 
125-180 GeV  (� ~ 200 fb) 
•  Challenging: two missing 
 � no mass 

reconstruction/peak 

•   Observable: mT 

•  Main backgrounds: WW, top, Z+jets, W+jets 
•  Excellent understanding of background in signal 

region ! use signal-free control regions in data to 
constrain MC ! use MC to extrapolate to the 
signal region 

•  Further categorization to improve sensitivity: 
•  Range dilepton mass: mll 

•  lepton flavors: 	e, e	, 		, ee  
•  jet multiplicities: 0, 1, ≥2  

15/1/14 Ludovica Aperio Bella 19 
Ev

en
ts

 / 
10

 G
eV

100

200

300

400

500

600

700

800  Data 2011+2012
 Total sig.+bkg.
 SM Higgs boson

 = 125 GeVH     m

 WW

t t
 Other VV
 Single Top
 W+jets

*a Z/

ATLAS
-1 Ldt = 4.6 fb0 = 7 TeV  s

-1 Ldt = 20.7 fb0 = 8 TeV  s

 + 0/1 jetsililAWW*AH

 [GeV]Tm
60 80 100 120 140 160 180 200 220 240 260

Da
ta

 - 
Bk

g.

-20
0

20
40
60
80

100  Bkg. subtracted data
 = 125 GeV

H
 SM Higgs boson m

JHEP 1401 (2014) 096 

Phys.Rev. D92 (2015) 012006



K. Nikolopoulos Mar 21st, 2016Status of the Higgs sector at the LHC

H→WW(*)→lvlv: Differential cross section

18

S. Zenz - Scalar to Bosons - Moriond EW - 16 March 2016

Unfolded Results

30

• Unfold using Singular Value Decomposition CMS-PAS-HIG-15-010

Use the eµ channel only 
Analysis inclusive to the number of jets  

For each pT,H bin perform 2D fit in mll and mT
CMS-PAS-HIG-15-010
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Snapshot of cross section measurements

19
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h→γγ and h→ZZ→4l: Run 2

20

S. Zenz - Scalar to Bosons - Moriond EW - 16 March 2016

Inclusive mɣɣ Distribution

15

• Both experiments: fix mass to Run 1 measurement, much more precise than 
constraints from Run 2 data

• CMS: sum over all categories, weighted over S/(S+B)

1.7σ (2.7σ)

2.5σ (3.4σ)

CMS-PAS-HIG-15-004ATLAS-CONF-2015-059

ATLAS-CONF-2015-060

1.5σ (1.9σ)

~0.6σ (2.8σ)

S. Zenz @ Moriond EW’16
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Cross section versus energy

21

CMS-PAS-HIG-15-004ATLAS-CONF-2015-069
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Search for New Physics

22

Searches for additional resonances in 
h→ZZ→4l

Search for Dark Matter 
candidates in h→γγ+MET

CMS-PAS-HIG-15-004

ATLAS-CONF-2016-011

CMS-PAS-HIG-15-004 ATLAS-CONF-2015-059

ATLAS-CONF-2016-011
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H→bb 

H→bb 

K. Nikolopoulos Mar 21st, 2016Status of the Higgs sector at the LHC

h→bb

24

H→bb 

Jet PT scale uncertainty

• Largest BR (58%@mH=125 GeV)  
• Large multi-jet background 

• Associated production with W/Z 
• VBF also considered 

• Backgrounds: W/Z+jets and top 
• Final discriminant: BDTVH 

including mbb 

• Separate final states:  
• number of leptons: 0, 1, 2 
• PT(V) or MET 
• number of jets and b-tags

Phys.Rev. D89 (2014) 012003
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h→bb

25

Phys.Rev. D89 (2014) 012003

JHEP 01 (2015) 069

Significance µ95%upper

ATLAS 1.4σ (2.6σ) 1.2 (0.8)

CMS 2.1σ (2.1σ) 1.89 (0.95)

Combined 2.6σ (3.7σ) -

Run I dataset ~SM sensitivity 
ATLAS/CMS observe excess over 

expected background

20 8 Results
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Figure 6: Left: The expected and observed 95% CL upper limits on the product of the VH pro-
duction cross section times the H ! bb branching fraction, with respect to the expectations for
the standard model Higgs boson. The limits are obtained combining the results of the searches
using the 2011 (7 TeV) and 2012 (8 TeV) data. The red dashed line represents the expected limit
obtained from the sum of expected backgrounds and the SM Higgs boson signal with a mass
of 125 GeV. Right: local p-values and corresponding significance (measured in standard devi-
ations) for the background-only hypothesis to account for the observed excess of events in the
data.

Table 10: The expected and observed 95% CL upper limits on the product of the VH production
cross section times the H ! bb branching fraction, with respect to the expectations for the stan-
dard model Higgs boson, for partial combinations of channels and for all channels combined,
for mH = 125 GeV. Also shown are the expected and observed local significances.

mH = 125 GeV s/sSM (95% CL) s/sSM (95% CL) Significance Significance
median expected observed expected observed

W(`n, tn)H 1.6 2.3 1.3 1.4
Z(``)H 1.9 2.8 1.1 0.8
Z(nn)H 1.6 2.6 1.3 1.3

All channels 0.95 1.89 2.1 2.1

for the signal strength for the combination of all channels is 1.0± 0.5. In the right panel of Fig. 7
the correlation between the signal strengths for the separate WH and ZH production processes
is shown. The two production modes are consistent with the SM expectation, within uncertain-
ties. This figure contains slightly different information than the one on the left panel as some
final states contain signal events that originate from both WH and ZH production processes.
The WH process contributes approximately 20% of the Higgs boson signal event yields in the
Z(nn)H channel, resulting from events in which the lepton is outside the detector acceptance,
and the Z(``)H process contributes less than 5% to the W(`n)H channel when one of the lep-
tons is outside the detector acceptance. The dependency of the combined signal strength on
the value assumed for the Higgs boson mass is shown in the left panel of Fig. 8.

In the right panel of Fig. 8 the best-fit values for the kV and kb parameters are shown. The
parameter kV quantifies the ratio of the measured Higgs boson couplings to vector bosons
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• Promising for down-type fermion/lepton couplings 
• Backgrounds 

• Z → ττ dominant [embedding] 
• “Fakes”: Multijet, W+jets, top [data-driven] 
• “Other”: Dibosons/Η->WW* [MC] 

•  Three sub-channels: τlepτlep, τlepτhad, τhadτhad  
[ mT ~ 1.78 GeV and cτ ~ 87.1 µm, T→leptons 35%,  T→hadrons 65%] 
• Sensitivity from VBF and boosted topologies

h→ττ

26

epT = 56 GeV, τhad pT = 27 GeV, MET=113 GeV, mj1,j2=1.53 TeV, 
mττMMC=129 GeV, BDT score = 0.99. S/B ratio of this bin 1.0

e
τ 1-prong

VBF H→τlepτhad

JHEP 05 (2014) 104

Final discriminant 
• BDT for each category: di-tau 
properties (mττ, ΔRττ, ...), jet 
topology (mjj, Δηjj, ...), event 
activity/topology (scalar/vector pT 
sum, object centralities, …) 
• Detailed categorisation, fit of mττ



K. Nikolopoulos Mar 21st, 2016Status of the Higgs sector at the LHC

h→ττ: Results

27

JHEP 1504 (2015) 117
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Evidence for Higgs boson decays to τ-leptons 

mH=125.09 GeV Significance Signal Strength

ATLAS 4.5σ (3.4σ) 1.41+0.40-0.35

CMS 3.2σ (3.5σ) 0.89+0.31-0.28

Combined 5.5σ (5.0σ) 1.12+0.25-0.23

mH=122±7 GeV

JHEP 05 (2014) 104

JHEP 05 (2014) 104

JHEP 1504 (2015) 117
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mh=125 GeV µ95%upper Significance Reference

CMS (125.6 GeV) 4.5 (1.7) 3.4(1.2) JHEP 1409(2014) 087

ATLAS bb 3.4 (2.2) 1.4(1.1) Eur.Phys.J. C75 (2015) 349

ATLAS multi-leptons 4.7 (2.4) 1.8(0.9) Phys.Lett.B749(2015)519

ATLAS γγ (125.4 GeV) 6.7 (4.9) - Phys.Lett. B740(2015) 222

ATLAS Couplings 
(125.36 GeV) - 2.5(1.5) Eur.Phys.J. C76 (2016) 6 

Combined - 4.4(2.0) ATLAS-CONF-2015-044 
CMS-PAS-HIG-15-002

Phys.Lett.B749(2015)519 JHEP 1409 (2014) 087

h→ttbar kinematically forbidden; direct 
information on top-Yukawa through 
associated production 

Complex final states: 
• tth→γγ 
• tth→multi-leptons  

• (h→WW*,ZZ*, ττ) 
• tth→bb 
Categories based on the decays of the 
top quarks (di-leptons, l+jets,…)



K. Nikolopoulos Mar 21st, 2016Status of the Higgs sector at the LHC

ttH in Run 2

31

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 20

Summary

> Top-Higgs coupling only accessible
via associated ttH production
! Important to understand loop contributions

> First 13 TeV measurements performed
! In γγ, multilepton and bb decay modes
! Similar sensitivity as Run 1 analysis
! Overall in agreement with SM

> Foundation with improved
analysis techniques for 13 TeV
! Many more results to come with incoming data

5.4
6.3obs 8.3ˆ +

−=µ

8.1
8.1obs 0.2ˆ +

−−=µ

4.1
1.1obs 6.0ˆ +

−=µ

ttH(γγ)

ttH(multilepton)

ttH(bb)

 CMS updated all ttH analyses with Run 2 data 
Amount effectively to ~50% of the Run 1 dataset 

No conclusive, but ready for 2016 dataset!

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 9

> High-purity ttH selection
! Statistically limited, small impact of systematics

ttH(γγγγγγγγ) – Signal Separation

5.4
6.3obs 8.3ˆ +

−=µ

> Same strategy as for inclusive H"γγ

! Search for resonance in mγγ

> Smooth fit functions,
several functional forms
! Control regions by

inverting photon ID + loosened event selection

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 10

ttH(multileptons)

> Smallest irreducible background, focus on reducible
! tt+V, tt+jets ("fake leptons)

> Categorise 2 same-sign (SS) leptons, ≥3 leptons
! Lepton triggers and offline selections

! ≥4, ≥2 jets

! ≥1 b-tag

! Sub-categories: lepton flavour, lepton charge,
presence of τh, presence of 2 b-tags

> Separation of prompt leptons from fakes
via Boosted Decision Tree (BDT)

> Modelling of fake lepton backgrounds from
control region relaxing lepton selection
! Mis-identification (fakes)

! Charge mis-reconstruction of electrons (flips)

e±µ±

CMS-PAS-HIG-16-004

J. Hauk @ Moriond EW’16
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mµµ

[Phys.Lett. B738 (2014) 68]
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• Probing 2nd generation Yukawa couplings 
• BRSM~2⋅10-4(125 GeV); S/B~0.2% 
• Simple Final State 

• µ+µ- (pT>25,15 GeV, pTµµ>15 GeV)  
• Backgrounds: Z/γ*→µµ, top, dibosons 

• Parametric Model: Breit-Wigner+Expo 
• Categorisation: central/non-central muons  
and/or production mechanism  
• 95% CL upper limit @mH=125 GeV:  

ATLAS : 9.8 (8.2)xSM 
CMS : 7.4 (6.5)xSM

no universal Higgs boson 
coupling to fermions

[Phys.Lett. B744 (2015) 184]

CMS search for h→e+e-  
BR(h→ee)<1.9·10-3 

BRSM(h→ee)~5⋅10-9  

[Phys.Lett. B744 (2015) 184]
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FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase
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“Direct” “Indirect”
[ Phys.Lett. B82 (1979) 411; Phys.Rev. D27 (1983) 2762; 
Yad.Fiz. 46, 864 (1987); Phys.Rev. D88 (2013) 053003; 
Phys.Rev. D90 (2014) 113010, JHEP 1508 (2015) 012]

Indications for non-universal Higgs 
boson couplings to quarks. 

BR 95% CLs upper limits: 
~10-3 level for Higgs boson decays 

(SM production) and  
~10-6 for the Z boson decays

CMS 95% CL upper limit on  
BR[H→(J/ψ)γ] < 1.5x10-3  

[PLB 753 (2016) 341]

PRL 114 (2015) 121801

PRL 114 (2015) 121801
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Table 11: Measured signal strengths µ and their total uncertainties for di�erent Higgs boson decay channels. The
results are shown for the combination of ATLAS and CMS and separately for each experiment, for the combinedp

s = 7 and 8 TeV data. These results are derived assuming that the Higgs boson production process cross sections
at
p

s = 7 and 8 TeV are the same as in the SM.

Decay channel ATLAS+CMS ATLAS CMS
µ�� 1.16+0.20

�0.18 1.15+0.27
�0.25 1.12+0.25

�0.23

µZZ 1.31+0.27
�0.24 1.51+0.39

�0.34 1.05+0.32
�0.27

µWW 1.11+0.18
�0.17 1.23+0.23

�0.21 0.91+0.24
�0.21

µ⌧⌧ 1.12+0.25
�0.23 1.41+0.40

�0.35 0.89+0.31
�0.28

µbb 0.69+0.29
�0.27 0.62+0.37

�0.36 0.81+0.45
�0.42

Table 12: Measured and expected significances for the observation of Higgs boson production processes and decay
channels for the combination of ATLAS and CMS. Not included here are the ggF production process and the
H ! Z Z , H ! WW , and H ! �� decay channels, which have been already clearly observed. All results are
obtained constraining the decays to their SM values when considering the production modes, and constraining the
production modes to their SM values when studying the decays.

Production process Measured significance (�) Expected significance (�)
VBF 5.4 4.7
W H 2.4 2.7
Z H 2.3 2.9
V H 3.5 4.2
ttH 4.4 2.0
Decay channel
H ! ⌧⌧ 5.5 5.0
H ! bb 2.6 3.7

Assuming the SM values for the Higgs boson branching ratios, namely µf = 1 in Eq. 7, the five main
Higgs boson production processes are explored with independent signal strengths: µggF, µVBF, µWH ,
µZH and µt tH . A combined analysis of the ATLAS and CMS data is performed with these five signal
strengths as the parameters of interest and the results are shown in Table 10 for the combined

p
s = 7 and

8 TeV datasets. The signal strengths at the two energies are assumed to be the same for each production
process. Figure 11 illustrates these results with their total uncertainties. The p-value of the compatibility
between the data and the SM predictions is 24%.

Similarly to the production case, Higgs boson decays can be studied with five independent signal strengths,
one for each decay channel included in the combination, assuming that the Higgs boson production
cross sections are the same as in the SM. Unlike the production, these decay-based signal strengths are
independent of the collision centre-of-mass energy and therefore the

p
s = 7 and 8 TeV datasets can

be combined without additional assumptions. Table 11 and Fig. 12 show the best-fit results for the
combination of ATLAS and CMS and separately for each experiment. The p-value of the compatibility
between the data and the SM predictions is 60%.

29

ATLAS-CONF-2015-044 
CMS-PAS-HIG-15-002

Higgs boson production processes and decay channels, in particular those which are expected to be small
in the SM but might be enhanced if new physics beyond the SM would be present.

Table 8 shows the results of the fit to the data with a breakdown of the statistical and total systematic
uncertainties, while the complete breakdown into the four components of the uncertainties is shown
in Table 19 in Appendix A. The assumptions that the coupling modifiers are the same at the two centre-of-
mass energies is assumed to be valid in this case as in the parameterisation of the ratios of cross sections
and branching ratios. These tables only show the values and uncertainties for positive values of all the
parameters, while Fig. 9 illustrates the complete ranges of allowed values with their total uncertainties,
including the negative ranges allowed for �WZ and � tg , the two parameters chosen to illustrate possible
interference e�ects due to ggZ H or tH production. Figure 10 shows the likelihood scan results for
these two parameters in the case of the combination of ATLAS and CMS, both for the observed and
expected results. In both cases, the best-fit values correspond to the positive sign, but the sensitivity to the
interference terms remains small at this stage. As described in Section 2.4, these are responsible for the
small asymmetry between the likelihood curves for the positive and negative values of these parameters
of interest. The p-value of the compatibility between the data and the SM predictions is 13%. As for the
first generic parameterisation, all results are consistent with the SM predictions within less than 2� except
for �bZ and �tg which reflect similar tensions to those described in Section 4.1 for the measurement of
the ratios of the bb and Z Z decay branching ratios and of the ttH and ggF production cross sections.

5. Measurements of signal strengths

In Section 4.1, the fit results from a generic parameterisation, expressed mostly as ratios of cross sections
and of branching ratios, have been shown. This section probes more specific parameterisations with
additional assumptions. In the following, results from the fits are presented starting with the most
restrictive parameterisation as a function of a single parameter of interest, which has historically been
the approach to assess the sensitivity of the experimental data to the presence of a Higgs boson. The
results are obtained from the combined fits to the

p
s = 7 and 8 TeV data under the premise that the signal

strengths are the same at the two energies.

5.1. Global signal strength

The simplest and most restrictive signal strength parameterisation is to assume that the µi and µf values
are the same for all production processes and decay channels. In this case, the SM predictions of signal
yields in all categories are scaled by a global signal strength µ. Such a parameterisation provides the
simplest test of the compatibility of the experimental data with the SM predictions. A fit to the combined
ATLAS and CMS data at

p
s = 7 and 8 TeV with µ as the parameter of interest results in the best-fit

value:
µ = 1.09+0.11

�0.10 = 1.09+0.07
�0.07 (stat) +0.04

�0.04 (expt) +0.03
�0.03 (thbgd)+0.07

�0.06 (thsig),

where the breakdown of the uncertainties into their four main components is done as described in Sec-
tion 3.3. The overall systematic uncertainty of +0.09

�0.08 is larger than the statistical uncertainty and its largest
component is the theoretical uncertainty on the ggF cross section. This result is consistent with the SM
expectation of µ = 1 within less than 1� and the p-value of the compatibility between the data and the SM
predictions is 34%. This result is shown in Table 9, together with that from each experiment, including

26

p-value for SM: 24%

p-value for SM: 60%

Table 3: Summary of the event generators used to model the Higgs boson production processes and decay channels
at
p

s = 8 TeV in the ATLAS and CMS experiments.

Production Event generator
process ATLAS CMS

ggF P����� [30–34] P�����
VBF P����� P�����
W H P�����8 [35] P�����6.4 [36]
Z H (qq ! Z H or qg ! Z H) P�����8 P�����6.4
ggZ H (gg ! Z H) P����� See text
ttH P����� [44] P�����6.4
tHq (qb! tHq) M��G���� [46] �MC@NLO [29]
tHW (gb! tHW ) �MC@NLO �MC@NLO
bbH P�����8 P�����6, �MC@NLO

2.3. Signal strengths

The signal strength parameter µ, defined as the ratio between the measured Higgs boson rate and its SM
expectation, has been extensively used to characterise the Higgs boson yields. However, the meaning of µ
varies depending on the analysis. For a specific production and decay channel i ! H ! f , the signal
strengths for the production, µi , and for the decay, µf , are defined as

µi =
�i

(�i )SM
and µf =

BR f

(BR f )SM.
(2)

Here �i (i = ggF,VBF,W H, Z H, ttH) and BR f ( f = Z Z,WW, ��, ⌧⌧, bb) are respectively the produc-
tion cross section for i ! H and the decay branching ratio for H ! f . The subscript "SM” refers to
their respective SM predictions, so by definition, µi = 1 and µf = 1 in the SM. Since �i and BR f cannot
be separately measured without additional assumptions, only the product of µi and µ f can be extracted
experimentally, leading to a signal strength µfi for the combined production and decay:

µfi =
�i · BR f

(�i )SM · (BR f )SM
= µi ⇥ µf (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisation
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are done
under the following assumptions: for the production processes, the bbH signal strength is assumed to
be the same as for ggF, the tH signal strength is assumed to be the same as for ttH , and the ggZ H
signal strength is assumed to be the same as for q-initiated Z H production; for the Higgs boson decays,
the H ! gg and H ! cc signal strengths are assumed to be the same as for H ! bb decays, and the
H ! Z� signal strength is assumed to be the same as for H ! �� decays. These assumptions are
di�erent from the ones made in the case of the fits using coupling modifiers described in Section 2.4.

9
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Vector boson vs fermion couplings: H ! ZZ (⇤) example

• Typically test benchmark scenarios based on -framework
• Example: model with one scale factor for all vector bosons (V ), one for all
fermions (F ), H ! ZZ (⇤) channel

H

Z

Z

2
V

2
f

g

g

H

Z

Z

2
V

2
V

W/Z

W/Z

q

q

2
H(

2
F ,

2
V ) = ↵ · 2

F + � · 2
V

µggF ;H!ZZ =
�(ggF ) · BR(H ! ZZ)

�SM(ggF ) · BRSM(H ! ZZ)

=
2
F · 2

V

↵ · 2
F + � · 2

V

µVBF ;H!ZZ =
2
V · 2

V

↵ · 2
F + � · 2

V

• For large F , µggF ;H!ZZ rate doesn’t depend
strongly on F !

Vκ

0.6 0.8 1 1.2 1.4 1.6 1.8 2

F
κ

0

1

2

3

4

5
ATLAS

l 4→ ZZ*→H
-1Ldt = 4.5 fb∫ = 7 TeV  s

-1Ldt = 20.3 fb∫ = 8 TeV  s  = 125.36 GeVHm

 68% CL 
 95% CL 
 SM
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Reminder: Production-based 
categorisation gives access to 

different Higgs boson couplings

For large κF:ggF rate doesn’t depend strongly on κF

Framework for Couplings based on 
LHC Higgs Cross Section WG. Leading 
order framework: 
• single resonance of 125.5 GeV 
• narrow width approximation 
• only modifications of the coupling strengths 
through multiplicative factors
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Common coupling scaling:  
Fermions (κF) and  

Bosons (kV);  
no BSM contributions

ATLAS-CONF-2015-044 
CMS-PAS-HIG-15-002



K. Nikolopoulos Mar 21st, 2016Status of the Higgs sector at the LHC

BSM contributions in decays/loops

39

ATLAS-CONF-2015-044 
CMS-PAS-HIG-15-002

kV<1;  
no BSM contributions

BRBSM<0.34(0.35)

To probe BSM contributions the loops  
are not resolved: κg, κγ. 

In one case no BSM decays (BRBSM=0),  
in the other allowing BRBSM to be free.
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ZH(→inv)

40

VBF analysis dominates the limit. 
CMS looked already at ZH→inv in 13TeV. More data needed

Phys. Rev. Lett. 112, 201802 (2014)
• SM “Invisible” decays suppressed; BR(H→ZZ*→4v)=1.2·10-3  

• Observation means New Physics!

CMS-PAS-HIG-16-008

EPJC 74 (2014) 2980

BR 95% CL 
Limit ATLAS CMS

 h(125)→inv <0.25(0.27) <0.58(0.44)
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µ→eγ

τ→eγ

τ→µγ/3µ

→ Indirect constraints from low-energy data; certain transitions still loosely constrained 
[ JHEP 03 (2013) 026; Phys.Lett. B712 (2012) 386 ] 
→ QFV: constraints from flavour physics 
→ LFV: constraints from µ→eγ, τ→µ/eγ, µ/e g-2, EDM 
BR(H→eµ)<10-8; BR(H→eτ)≲10%; BR(H→µτ)≲10%
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1 Introduction

The observation in 2012 by the ATLAS [1] and the CMS [2] Collaborations of a new boson with a
mass around 125 GeV, compatible with the long-sought Higgs boson [3–6], opens up the possibility
of searching for the decay of a top quark to a Higgs boson plus a light quark of charge 2/3. Such a
decay would proceed via a flavour changing neutral current (FCNC), analogous to the t → cZ decay.
According to the Standard Model (SM), FCNC processes are forbidden at tree level and, with respect
to the dominant decay mode (t → bW), very much suppressed at higher orders due to the Glashow-
Iliopoulos-Maiani (GIM) mechanism [7].

Observations of FCNC decays of the top quark would therefore provide a clear signal of new physics.
The t → c(u)Z decay mode has been searched for by ATLAS [8], CMS [9, 10], CDF [11] and the LEP
experiments [12] (via the crossed-process Z → t  c( u)+h.c.). The current best limit [10] for the branching
ratio is 0.07% at the 95% confidence level, obtained by CMS using 20 fb−1 of proton-proton collision
data at

√
s = 8 TeV.

In models beyond the SM, the GIM suppression can be relaxed, and loop diagrams mediated by new
bosons may contribute, yielding effective couplings orders of magnitude larger than those of the SM.
Examples of such extensions are the quark-singlet model (QS) [13–15], two-Higgs doublet models of
type I with explicit flavour conservation (FC-2HDM), or two-Higgs doublet models of type II, like the
minimal supersymmetric model (MSSM) [16–22]. In 2HDM without explicit flavour conservation (type
III), see Refs. [23–28] and recently Refs. [29, 30], the tc(u)H couplings are present at tree level. For a
general review see Ref. [31]. Table 1 shows typical predicted branching ratios (Br) for some of these
models, in comparison to those predicted by the SM.

Table 1: Theoretical values (typical or upper limits) for the branching fractions of electroweak FCNC
top quark decays predicted by the SM and exotic extensions (see text for references).

Process SM QS 2HDM-III FC-2HDM MSSM
t → uγ 3.7 · 10−16 7.5 · 10−9 — — 2 · 10−6

t → uZ 8 · 10−17 1.1 · 10−4 — — 2 · 10−6

t → uH 2 · 10−17 4.1 · 10−5 5.5 · 10−6 — 10−5

t → cγ 4.6 · 10−14 7.5 · 10−9 ∼ 10−6 ∼ 10−9 2 · 10−6

t → cZ 1 · 10−14 1.1 · 10−4 ∼ 10−7 ∼ 10−10 2 · 10−6

t → cH 3 · 10−15 4.1 · 10−5 1.5 · 10−3 ∼ 10−5 10−5

The numbers listed in the table show that, among all the possibilities, the largest branching ratio (∼
1.5·10−3) corresponds to the t → cH decay. It appears in 2HDM of type III, in which the FCNC tree level
coupling is not forbidden by an additional symmetry. The branching ratio quoted in the table corresponds
to a coupling which scales with quark masses as gtqH ∝

√

2mqmt/v, as advocated in Ref. [23], where
v/
√

2 is the Higgs vacuum expectation value (v = 246 GeV).
In this note a search for t → qH decays in t  t production is undertaken. The emphasis is put on the

t → cH channel, assuming that t → uH would give a much smaller contribution. While several decay
modes of the Higgs boson could be used for the search, the choice made here is to use the diphoton
(γγ) final state. Despite the small branching ratio (∼ 0.23% for a Higgs boson mass of 125 GeV), this
mode has proven to have a high significance for an inclusive search, with a rather large number of events
and a clean signature [1, 32]. The study presented here shows that the backgrounds corresponding to a
non-resonant γγ final state are small once a t  t-like topology is requested. Two final states are searched
for: the hadronic and leptonic channels, dedicated to events where the second top of the pair decays into

1
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the Higgs boson is lighter than the top quark, with a measured mass mH = 125.09 ± 0.24 GeV [3], such
interactions would manifest themselves as FCNC top quark decays, t ! Hq. In the SM, such decays are
extremely suppressed relative to the dominant t ! Wb decay mode, since tqH interactions are forbidden
at the tree level and even suppressed at higher-orders in the perturbative expansion due to the Glashow–
Iliopoulos–Maiani (GIM) mechanism [4]. As a result, the SM predictions for the t ! Hq branching
ratios are exceedingly small: BR(t ! Hu) ⇠ 10�17 and BR(t ! Hc) ⇠ 10�15 [5–8]. On the other hand,
large enhancements in these branching ratios are possible in some beyond-SM scenarios, where the GIM
suppression can be relaxed and/or new particles can contribute to the loops, yielding e↵ective couplings
orders of magnitude larger than those of the SM. Examples include quark-singlet models [9], two-Higgs-
doublet models (2HDM) of type I, with explicit flavour conservation, and of type II, such as the minimal
supersymmetric SM (MSSM) [10–12], or supersymmetric models with R-parity violation [13]. In those
scenarios, typical branching ratios can be as high as BR(t ! Hq) ⇠ 10�5. An even larger branching ratio
of BR(t ! Hc) ⇠ 10�3 can be reached in 2HDM without explicit flavour conservation (type III), since a
tree-level FCNC coupling is not forbidden by any symmetry [14–16]. While other FCNC top couplings,
tq�, tqZ, tqg, are also enhanced relative to the SM prediction in those scenarios beyond the SM, the largest
enhancements are typically for the tqH couplings, and in particular the tcH coupling. See ref. [7] for a
review.

Searches for t ! Hq decays have been performed by the ATLAS and CMS collaborations, taking ad-
vantage of the large samples of tt̄ events collected during Run 1 of the LHC. In these searches, one
of the top quarks is required to decay into Wb, while the other top quark decays into Hq, yielding
tt̄ ! WbHq.1 Assuming SM decays for the Higgs boson and mH = 125 GeV, the most sensitive single-
channel searches have been performed in the H ! �� decay mode which, despite the tiny branching
ratio of BR(H ! ��) ' 0.2%, is characterised by very small background and excellent diphoton mass
resolution. The resulting observed (expected) 95% confidence level (CL) upper limits on BR(t ! Hq)
are 0.79% (0.51%) and 0.69% (0.81%), respectively from the ATLAS [17] and CMS [18] collaborations.
These searches are insensitive to the di↵erence between t ! Hu and t ! Hc, and thus the above limits can
be interpreted as applying to the sum BR(t ! Hu)+BR(t ! Hc). The CMS Collaboration has also rein-
terpreted searches in multilepton (three or four leptons) final states [18] in the context of tt̄ ! WbHq with
H ! WW⇤, ⌧⌧, resulting in an observed (expected) upper limit of BR(t ! Hc) < 1.28% (1.17%) at the
95% CL. Multilepton searches are able to exploit a significantly larger branching ratio for the Higgs boson
decay compared to the H ! �� decay mode, and are also characterised by relatively small backgrounds.
However, in general they do not have good mass resolution,2 so any excess would be hard to interpret as
originating from t ! Hq decays. The combination of CMS searches in diphoton and multilepton (three
or four leptons) final states yields an observed (expected) upper limit of BR(t ! Hc) < 0.56% (0.65%)
at the 95% CL [18].

Upper limits on the branching ratios BR(t ! Hq) (q = u, c) can be translated to upper limits on the
non-flavour-diagonal Yukawa couplings �tqH appearing in the following Lagrangian:

LFCNC = �tcHt̄Hc + �tuHt̄Hu + h.c. (1)

The branching ratio BR(t ! Hq) is estimated as the ratio of its partial width [8] to the SM t ! Wb partial
width [19], which is assumed to be dominant. Both predicted partial widths include next-to-leading-order

1 In the following WbHq is used to denote both W+bHq̄ and its charge conjugate, HqW�b̄. Similarly, WbWb is used to denote
W+bW�b̄.

2 An exception is the H ! ZZ⇤ ! `+`�`0+`0� (`, `0 = e, µ) decay mode, which has a very small branching ratio and thus is not
promising for this search.

3
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Light quarks challenging, focus on top-quark decays 
ATLAS search for t→qh(→γγ, bb, WW, ττ), where q=(c,u)  

• 95% CL upper limit on BR(t→ch): 0.46% (0.25%) 
• 95% CL upper limit on BR(t→uh): 0.45% (0.29%) 

• CMS combined h→γγ and multi-lepton search.  
• 95% CL upper limit on BR(t→ch): 0.56% (0.65%)

[JHEP 1512 (2015) 061 ]
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Figure 6: Constraints on the flavour-violating Yukawa couplings, |Yµt| and |Ytµ|. The black
dashed lines are contours of B(H ! µt) for reference. The expected limit (red solid line)
with one sigma (yellow) and two sigma (green) bands, and observed limit (black solid line)
are derived from the limit on B(H ! µt) from the present analysis. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green). The
yellow line is the limit from a theoretical reinterpretation of an ATLAS H ! tt search [4]. The
light blue region indicates the additional parameter space excluded by our result. The purple
diagonal line is the theoretical naturalness limit YijYji  mimj/v2.

significance of 2.4 s is observed, corresponding to a p-value of 0.010. The best fit branching
fraction is B(H ! µt) = (0.84+0.39

�0.37)%. A constraint of B(H ! µt) < 1.51% at 95% confidence
level is set. The limit is used to constrain the Yukawa couplings,

p
|Yµt|2 + |Ytµ|2 < 3.6 ⇥ 10�3.

It improves the current bound by an order of magnitude.
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Lepton Flavour Violation: h→τµ, τe, µe
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• Direct search for Lepton Flavour Violating h→τµ 
• τhµ 

• Background: fake τ from W+jets/QCD/ttbar, Z→ττ 
• τeµ 

• Background: Z→ττ 
• Small contribution from h→ττ 

• Data driven background estimates 
• Z→ττ embedding 
• fake τ from side-band method 

• Discriminant: MMC (ATLAS), collinear mass of µτ system (CMS)

[arXiv:1508.03372]

• CMS 95% CL upper limit on 
BR(h→µτ)<1.51% (0.75%) 

• 2.4σ excess over background 
• ATLAS 95% CL upper limit on 
BR(h→µτ)<1.85% (1.24%) 
• New for Moriond: ATLAS 
BR(h→µτ) <1.43% (added τeµ)

Unitarity

 More stringent than 
indirect constraints
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CMS-PAS-HIG-14-040

BR 95% 
CLLimit ATLAS CMS

 τµ <1.43%* <1.51%

τe <1.04%* <0.69%

eµ - <0.036%

*New for Moriond
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CMS-PAS-HIG-14-041 CMS-PAS-HIG-15-011
h→aa→bbµµ 
2 b-jets, 2µ, ΜΕΤ 
significane<6 
|mbbµµ-mh|<25GeV

h→aa→ττµµ 
5 final states: 
µµτeτe,µµτeτµ,µµτhτe,µµτeτµ,µµτhτh  
|mττµµ-mh|<25GeV 
|mµµ-mττ|/mµµ<0.8  
|mvisττµµ-mh|>15GeV

9

10% depending on the final state. This uncertainty does not affect the shape of the mµµ distribu-
tions, and is treated as uncorrelated for final states using taus with different isolation working
points. The muon energy scale uncertainty, amounting to 0.2%, is found to shift the mean of
the signal distributions by up to 0.2%; this is taken into account as a parametric uncertainty on
the mean of the signal distributions.

Statistical uncertainties on the parameterization of the signal are accounted for through the
uncertainties on the fit parameters describing the signal shape. The shape uncertainties of the
reducible background are taken into account with three uncorrelated parameters arising from
the fit uncertainties of the third-order Berstein polynomials. The uncertainty on the normaliza-
tion of the reducible background is obtained from varying the fit functions of the misidentifica-
tion rates within their uncertainties. Changes in yields lie between 25% and 50%; uncertainties
related to a given misidentification rate are correlated between corresponding final states.

Because of the limited number of MC events after the full selection, an uncertainty between
1 and 15% depending on the final state is attributed to the ZZ background. This uncertainty
is uncorrelated between all final states. Additionally, theoretical uncertainties are considered
for the ZZ background to account for uncertainties in the parton distribution functions (PDF),
and for the variations of the renormalization and factorization scales. No shape systematic is
considered on the ZZ background; as it is a mostly subdominant background the use of another
background model would have an impact on the final exclusion limits less than 1%.

Finally, 10% uncertainty is attributed to the signal prediction to reflect theory uncertainties,
including uncertainties on the PDF, and an additional yield uncertainty (between 5 and 8%
depending on the final state), related to the efficiency interpolation, is taken into account for
signal samples.

All sources of uncertainties are reported in Tab. 2, together with the change on yields or shapes
they imply for the different processes.

7 Results
In 2HDM and by extension 2HDM+S, the ratio of the decay widths of a pseudoscalar boson to
different types of leptons only depends on the masses of these leptons. In particular in the case
of muons and tau leptons, one has:

G(a ! µµ)
G(a ! tt)

=
m2

µ

q
1 � (2mµ/ma)2

m2
t

p
1 � (2mt/ma)2

. (2)

We use this relation to set upper limits on the production of h ! aa relative to the SM h pro-
duction (including gluon-gluon fusion, vector boson fusion and associated production with a
W boson, a Z boson or a pair of top quarks, with cross sections respectively equal to 19.3, 1.58,
0.70, 0.42 and 0.13 pb), scaled by B(a ! tt)2. In the hypothesis where the pseudoscalar a
boson only decays to leptons, one has B(a ! tt) > 0.995 for all a boson masses between 20
and 62.5 GeV. This hypothesis is a good approximation in 2HDM+S type-3 with large values of
tan b.

The parameterized di-muon mass distributions are shown in Fig. 4 for the five different final
states. The signal samples, for a mass ma = 40 GeV, are scaled with s(h) as expected in the SM
including all production modes, B(h ! aa) = 10% and considering decays of the pseudoscalar a
boson to leptons only (B(a ! tt) + B(a ! µµ) = 1, where the decay to electrons is neglected).
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Ecm 8 TeV 14 TeV 33 TeV 100 TeV

σNNLO 9.76 fb 40.2 fb 243 fb 1638 fb

Scale [%] +9.0− 9.8 +8.0− 8.7 +7.0− 7.4 +5.9− 5.8

PDF [%] +6.0− 6.1 +4.0− 4.0 +2.5− 2.6 +2.3− 2.6

PDF+αS [%] +9.3− 8.8 +7.2− 7.1 +6.0− 6.0 +5.8− 6.0

TABLE I. Total cross section as a function of the c.m. en-
ergy at NNLO accuracy. We use the exact LO prediction
to normalize our results. The different sources of theoretical
uncertainties are discussed in the main text.

ties we used the MSTW2008 90% C.L. error PDF sets
[31], which are known to provide very close results to the
PDF4LHC working group recommendation for the enve-
lope prescription [32]. We observe that nonperturbative
and perturbative uncertainties are of the same order.
The ratio between NNLO and NLO predictions as a

function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
in the range 8TeV ≤ Ecm ≤ 100TeV:

σNNLO

σNLO
= 1.149−0.326

(

Ecm

1TeV

)−1

+0.327

(

Ecm

1TeV

)−1/2

,

(19)
which runs from 1.22 at 8TeV to 1.18 at 100TeV. On
the other hand, the ratio between NNLO and LO runs

from 2.39 to 1.74 in the same range of energies, and can
be parametrized by the following expression

σNNLO

σLO
= 1.242−7.17

(

Ecm

1TeV

)−1

+5.77

(

Ecm

1TeV

)−1/2

.

(20)
Finally, the total scale variation at NNLO is approxi-
mately given by ±p(Ecm)%, with

p(Ecm) = 4.07− 9.8

(

Ecm

1TeV

)−1

+ 18.6

(

Ecm

1TeV

)−1/2

.

(21)
In this case, we have ±9.4% and ±5.8% at 8 and 100TeV
respectively.
It is worth noticing that the soft-virtual approxima-

tion presented in [17] gives an extremely accurate pre-
diction for the NNLO cross section, overestimating for
example the Ecm = 14TeV result by less than 2%. As
expected, this approximation works even better than for
single Higgs production, due to the larger invariant mass
of the final state.
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
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cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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FIG. 2. Higgs pair invariant mass distribution at LO (dotted
blue), NLO (dashed red) and NNLO (solid black) for the LHC
at c.m. energy Ecm = 14TeV. The bands are obtained by
varying µF and µR in the range 0.5Q ≤ µF , µR ≤ 2Q with
the constraint 0.5 ≤ µF /µR ≤ 2.

Again, we already included the counter terms in the

definition of σ̂(c+)
qg and σ̂(c−)

gq . Finally, for the quark-
antiquark subprocess we have

σ̂b
qq̄ =

∫

d cos θ1 dθ2 dy

√

x(x − 4M2
H/s)

512 π4
fqq̄(x, y, θ1, θ2) .

(17)
The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.†

III. PHENOMENOLOGY

We present, here, the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q ≤ µF , µR ≤ 2Q, with the constraint
0.5 ≤ µF /µR ≤ 2. We recall that we always normalize
our results with the exact top- and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(2)
HH =

C(2)
H . We analyzed the impact of this still unknown co-

efficient varying its value in the range 0 ≤ C(2)
HH ≤ 2C(2)

H

† We notice that the exact LO is taken into account in a slightly
different way in Ref. [16]. The numerical effect is anyway small.
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FIG. 3. Total cross section as a function of the c.m. energy
Ecm for the LO (dotted blue), NLO (dashed red) and NNLO
(solid black) prediction. The bands are obtained by varying
µF and µR as indicated in the main text. The inset plot shows
the corresponding K factors.

and found a variation in the total cross section of less
than 2.5%.
In Figure 2 we show the hadronic cross section for the

LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the pertur-
bative series appears, finding a nonzero overlap between
the NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.
In Figure 3 we present the total cross section as a func-

tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections.
In Table I we show the value of the NNLO cross sec-

tion for Ecm = 8, 14, 33 and 100TeV. We consid-
ered three different sources of theoretical uncertainties:
missing higher orders in the QCD perturbative expan-
sion, which are estimated by the scale variation as indi-
cated before, and uncertainties in the determination of
the parton distributions and strong coupling. To esti-
mate the parton flux and coupling constant uncertain-
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Ecm 8 TeV 14 TeV 33 TeV 100 TeV

σNNLO 9.76 fb 40.2 fb 243 fb 1638 fb

Scale [%] +9.0− 9.8 +8.0− 8.7 +7.0− 7.4 +5.9− 5.8

PDF [%] +6.0− 6.1 +4.0− 4.0 +2.5− 2.6 +2.3− 2.6

PDF+αS [%] +9.3− 8.8 +7.2− 7.1 +6.0− 6.0 +5.8− 6.0

TABLE I. Total cross section as a function of the c.m. en-
ergy at NNLO accuracy. We use the exact LO prediction
to normalize our results. The different sources of theoretical
uncertainties are discussed in the main text.

ties we used the MSTW2008 90% C.L. error PDF sets
[31], which are known to provide very close results to the
PDF4LHC working group recommendation for the enve-
lope prescription [32]. We observe that nonperturbative
and perturbative uncertainties are of the same order.
The ratio between NNLO and NLO predictions as a

function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
in the range 8TeV ≤ Ecm ≤ 100TeV:

σNNLO

σNLO
= 1.149−0.326

(

Ecm

1TeV

)−1

+0.327

(

Ecm

1TeV

)−1/2

,

(19)
which runs from 1.22 at 8TeV to 1.18 at 100TeV. On
the other hand, the ratio between NNLO and LO runs

from 2.39 to 1.74 in the same range of energies, and can
be parametrized by the following expression

σNNLO

σLO
= 1.242−7.17

(

Ecm

1TeV

)−1

+5.77

(

Ecm

1TeV

)−1/2

.

(20)
Finally, the total scale variation at NNLO is approxi-
mately given by ±p(Ecm)%, with

p(Ecm) = 4.07− 9.8

(

Ecm

1TeV

)−1

+ 18.6

(

Ecm

1TeV

)−1/2

.

(21)
In this case, we have ±9.4% and ±5.8% at 8 and 100TeV
respectively.
It is worth noticing that the soft-virtual approxima-

tion presented in [17] gives an extremely accurate pre-
diction for the NNLO cross section, overestimating for
example the Ecm = 14TeV result by less than 2%. As
expected, this approximation works even better than for
single Higgs production, due to the larger invariant mass
of the final state.
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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FIG. 2. Higgs pair invariant mass distribution at LO (dotted
blue), NLO (dashed red) and NNLO (solid black) for the LHC
at c.m. energy Ecm = 14TeV. The bands are obtained by
varying µF and µR in the range 0.5Q ≤ µF , µR ≤ 2Q with
the constraint 0.5 ≤ µF /µR ≤ 2.

Again, we already included the counter terms in the

definition of σ̂(c+)
qg and σ̂(c−)

gq . Finally, for the quark-
antiquark subprocess we have

σ̂b
qq̄ =

∫

d cos θ1 dθ2 dy

√

x(x − 4M2
H/s)

512 π4
fqq̄(x, y, θ1, θ2) .

(17)
The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.†

III. PHENOMENOLOGY

We present, here, the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q ≤ µF , µR ≤ 2Q, with the constraint
0.5 ≤ µF /µR ≤ 2. We recall that we always normalize
our results with the exact top- and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(2)
HH =

C(2)
H . We analyzed the impact of this still unknown co-

efficient varying its value in the range 0 ≤ C(2)
HH ≤ 2C(2)

H

† We notice that the exact LO is taken into account in a slightly
different way in Ref. [16]. The numerical effect is anyway small.
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FIG. 3. Total cross section as a function of the c.m. energy
Ecm for the LO (dotted blue), NLO (dashed red) and NNLO
(solid black) prediction. The bands are obtained by varying
µF and µR as indicated in the main text. The inset plot shows
the corresponding K factors.

and found a variation in the total cross section of less
than 2.5%.
In Figure 2 we show the hadronic cross section for the

LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the pertur-
bative series appears, finding a nonzero overlap between
the NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.
In Figure 3 we present the total cross section as a func-

tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections.
In Table I we show the value of the NNLO cross sec-

tion for Ecm = 8, 14, 33 and 100TeV. We consid-
ered three different sources of theoretical uncertainties:
missing higher orders in the QCD perturbative expan-
sion, which are estimated by the scale variation as indi-
cated before, and uncertainties in the determination of
the parton distributions and strong coupling. To esti-
mate the parton flux and coupling constant uncertain-

SM hh production: destructive interference between the trilinear coupling 
diagram and the box diagram 
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Ecm 8 TeV 14 TeV 33 TeV 100 TeV

σNNLO 9.76 fb 40.2 fb 243 fb 1638 fb

Scale [%] +9.0− 9.8 +8.0− 8.7 +7.0− 7.4 +5.9− 5.8

PDF [%] +6.0− 6.1 +4.0− 4.0 +2.5− 2.6 +2.3− 2.6

PDF+αS [%] +9.3− 8.8 +7.2− 7.1 +6.0− 6.0 +5.8− 6.0

TABLE I. Total cross section as a function of the c.m. en-
ergy at NNLO accuracy. We use the exact LO prediction
to normalize our results. The different sources of theoretical
uncertainties are discussed in the main text.

ties we used the MSTW2008 90% C.L. error PDF sets
[31], which are known to provide very close results to the
PDF4LHC working group recommendation for the enve-
lope prescription [32]. We observe that nonperturbative
and perturbative uncertainties are of the same order.
The ratio between NNLO and NLO predictions as a

function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
in the range 8TeV ≤ Ecm ≤ 100TeV:

σNNLO

σNLO
= 1.149−0.326

(

Ecm

1TeV

)−1

+0.327

(

Ecm

1TeV

)−1/2

,

(19)
which runs from 1.22 at 8TeV to 1.18 at 100TeV. On
the other hand, the ratio between NNLO and LO runs

from 2.39 to 1.74 in the same range of energies, and can
be parametrized by the following expression

σNNLO

σLO
= 1.242−7.17

(

Ecm

1TeV

)−1

+5.77

(

Ecm

1TeV

)−1/2

.

(20)
Finally, the total scale variation at NNLO is approxi-
mately given by ±p(Ecm)%, with

p(Ecm) = 4.07− 9.8

(

Ecm

1TeV

)−1

+ 18.6

(

Ecm

1TeV

)−1/2

.

(21)
In this case, we have ±9.4% and ±5.8% at 8 and 100TeV
respectively.
It is worth noticing that the soft-virtual approxima-

tion presented in [17] gives an extremely accurate pre-
diction for the NNLO cross section, overestimating for
example the Ecm = 14TeV result by less than 2%. As
expected, this approximation works even better than for
single Higgs production, due to the larger invariant mass
of the final state.
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Difficult to probe due to the low predicted 
rate ~ several order of magnitudes smaller 

than the single h   
8

-

New Physics 

2 Higgs Self-Coupling Phenomenology

Higgs boson pair production from gluon fusion can be described at leading order (LO) by the Feyn-

man diagrams shown in Figure 1. Only the diagram on the left hand side includes a contribution from

the triple Higgs coupling, whereas in the case of the diagram on the right hand side the self-coupling

constant does not play a role. Both diagrams contain fermionic loops and are dominated by the con-

tribution from the top quark. There is a relative minus sign between the two contributions, resulting

in destructive interference that effectively reduces the total Higgs pair production cross section in the

Standard Model.

Figure 1: Feynman diagrams describing Higgs pair production from gluon fusion at LO.
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Figure 2: The dependence of the inclusive Higgs pair production cross section at
√

s = 14 TeV on

λHHH , on the left with a linear y-scale and with a log y-scale on the right. The LO and NLO values are

obtained with the HPAIR program [9], and for NNLO the results from Ref. [4, 5] are used.

This effect can be seen in Figure 2 (left), where di-Higgs cross sections for different values of the

self-coupling λHHH are shown, at LO, next-to-leading order (NLO), and next-to-next-to-leading order

(NNLO). A value of λHHH = 0 corresponds to the case where there is no self-coupling of the Higgs

boson, and thus the amplitude of the left diagram in Figure 1 vanishes. For this case the cross section is

enhanced by approximately a factor of two compared to the Standard Model [10, 11]. The cross section

decreases with increasing values of the self-coupling up to a value of 2.44 times the Standard Model

value (λS M
HHH

) where the cross section is at its minimum. Figure 2 (right) shows that the cross-section

is never zero. For larger values of λHHH the cross-section increases again. Due to the (approximately)

parabolic shape of the cross-section, measuring only the total cross section for the pair production

process does not allow the value of the self coupling constant to be inferred but the degeneracy could

be removed by further measurements of its dependence on kinematical variables.

Figure 2 also shows that the differences between cross-section predictions at different order in

pQCD are large. The NNLO values are used in the remainder of this note.
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hh Motivation 
•  SM hh production 
–  Direct test of  Higgs potential 
–  Small cross section: O(40 fb) at 14 TeV 

•  BSM hh production 
–  Higgs sector may be more complex than SM 

•  Additional Higgs, modified λ or new vertices, new particles in loop, … 

–  New resonances could greatly enhance hh production 
•  E.g. KK-Gravitons, H in 2HDM, new scalar in Higgs portal, … 

•  Focus on hh�4b channel 
–  Largest BR~33% 
–  Heavy resonances produce  

boosted Higgs-jets 
–  Must combine jet substructure  

with heavy flavor identification 

4"
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What about extensions to the SM?

• Can enhance non-resonant hh production in many 
extensions to the SM
• tthh interactions, light colored scalars, if Higgs 

boson self-coupling were                                         
altered, or if top quark had non-                         
standard Yukawa coupling

h

h

t
t
t

arXiv:1205.5444 (Contino et al) 1207.4496 (Kribs 
and Martin), 1212.5581 (Baglio et al) among many

A variety of extensions of the SM would enhance Higgs boson pair production 

Non resonant production 

- non SM Yukawa couplings 
- direct tthh vertex (composite models)
- addition of light colored scalars 
- dimension-6 gluon Higgs operators … 

Resonant production 

- SUSY: 2HDM the heavier H —>hh (—>1pb) 
- Production and decay of exotic particles: graviton, radion or stoponium.. 
- Hidden sector mixing with the observed h 

10

ATL-PHYS-PUB-2014-019 

PRD92(2015)092004
Phys.Lett. B749 (2015) 560CMS-HIG-15-013

Sensitive to: 
- trilinear Higgs boson self-coupling 
- resonances decaying to hh 
During Run 1 a number of final 
states have been considered: 
bbγγ, bbττ, bbbb, WWγγ

Non-resonant limit 70(48)xSM

hh→bbbb
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LHC upgrade timescale

• HL-LHC upgrade proposed
� Goal to collect 3000 fb�1 by 2035

• Corresponding proposals for upgrades of the LHC experiments

� Central feature of ATLAS upgrade programme a new, all silicon tracking system

36 of 39
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Higgs sector landscape  
transformed since July 4th, 2012! 

Observed Higgs boson now a tool for  
probing New Physics: 

- Precision property measurements 
(fiducial/differential cross-sections, couplings, etc.) 
- Anomalous/rare production/decays 

(FCNC, LFV, h→Qγ, …) 
- Εxtended sectors 
(H→hh, A→Zh, h→aa,…) 

On-going Run 2 will provide substantially 
enhanced sensitivity in all of these directions!

Follow the updates at: 
Latest ATLAS Higgs results 
Lates CMS Higgs results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/index.html

