
Search for two-body resonances
(a selection of topics with theoretical bias)

Dario Buttazzo

Physik-Institut, Universität Zürich

pp@LHC  –  Pisa, 16.5.2016



Two body resonances
• Theoretically quite simple: 
 
 
 
the cross-section is determined from the branching ratios of X.  
Observable signals (if narrow width): 

• Example: scalar at 13 TeV 

• Peak around the invariant mass of the resonance.  
Final state gives informations about spin, parity, … (e.g. vector          )

�(pp ! X) =
1

MXs

X

ij
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[Franceschini et al. 1604.06446]

Figure 2: Global fit of
p
s = 8, 13TeV data for the 750GeV excess assuming that it is due

to a new resonance z that decays into 1) hypercharge vectors; 2) into gluons; 3) into a third

channel considering those listed in the legend. In the left (right) panel we assume a broad

(narrow) resonance.

can never become relevant compared to photon-fusion, and can therefore be neglected. The
situation is di↵erent for the transverse VBF, which can give a sizeable contribution to the total
production.

From eq. (1) we obtain, at
p
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We do not consider production from a loop of t quarks because it cannot reproduce the diphoton
excess without predicting, at the same time, a �(F ! tt̄) above the bound in table 2. Assuming
that z decay to a single parton channel saturates the z decay width at �/Mz ' 0.06 implies
BR(z ! ��) ⇡ {0.018, 0.70, 1.6, 3.8} ⇥ 10�3 for } =

�
gg, s̄s, c̄c, b̄b

 
in order to reproduce the

observed �(pp ! z ! ��).
In eq. (2) we omitted QCD K-factors describing higher order corrections, since they are not

known for all channels. In the case of the gluons and quarks contributions they are given at
NLO by Kgg ' 1.5 and Kqq̄ ' 1.2 (see for instance [3, 94]). In the rest of the paper we will
systematically avoid including any K factor, since they are not known for the majority of the
processes we consider.
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Sketch of the talk

• Scalar singlets: diboson and di-Higgs 

• The diphoton “resonance” 

• An explicit model: the NMSSM 

• Vector resonances: beyond the simplest scenario  

• A composite model with scalars and vectors



Scalar singlets



Scalar singlets
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• If a CP-even scalar, the mixing with the Higgs boson can be sizeable: 
‣ can be singly produced 
‣ decays to SM particles 
‣ modified Higgs couplings

Hunting the singlet Higgs bosons

Higgs couplings
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Parametrization is simple enough to make simple ”projections”:
sin � and m�

[in EFT approach the comparison with direct searches is lost]
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Scalar singlets

The phenomenology of φ mainly depends on 3 parameters: 
(ignoring effects of higher dimensional operators)

Higgs-singlet mixing: main features

SM + 1 real singlet: H = (i⇡+, v+h0+⇡0
p
2

), S = vs + s0.

Mass eigenstates: h = h0 cos � + s0 sin �, � = s0 cos � � h0 sin �.

The phenomenology mainly depends on only 3 parameters:

µh = c2� ⇥ µSM,

µ�!V V,ff = s2� ⇥ µSM(m�) ⇥ (1 � BR�!hh),

µ�!hh = s2� ⇥ �SM(m�) ⇥ BR�!hh,

� is like a heavy SM Higgs, with narrow width + hh channel
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Scalar singlet decays
• At high mass the equivalence theorem relates the decay widths  
 
 
 
(these are the dominant channels, fermionic modes suppressed) 

➡ Phenomenology roughly determined just by mφ and Mhh at high mass!
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Direct searches: VV & hh
• Several LHC searches for resonances in the WW, ZZ, hh channels 
• Run-I limits still stronger below ~ 1 TeV (but Run-II almost comparable)
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• Combination of all 
ZZ, WW channels 

• hh mainly 4b 
(also 2b2γ, 2b2τ, 4τ, 
2b2W…)



Projections for the futureProjections for the future

How to get fast estimates of the reach of future machines?

I Rescale 8 TeV LHC data with the parton luminosity of the bkg
see also Salam, Weiler ’14; Thamm, Torre, Wulzer ’15

The limit on the cross-section is mainly determined by the number
of background events around the resonance peak

� ! V V channel
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� ! hh(4b) channel
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These results are valid for any scalar resonance decaying to V V , hh
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Singlets: direct searches at the LHC
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Considering both � ! V V and � ! hh the combined reach does
not strongly depend on BR�!hh [DB, Sala, Tesi 1505.05488]
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Singlets: direct vs. indirect

• Direct searches dominate over 
Higgs couplings for low masses 

• LHC is starting to explore a new 
territory, still not probed by 
Higgs couplings.
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Diphotons



Facts about the diphoton excess
• 8 TeV: small fluctuations at 1-2   , but no significant excess 

• 13 TeV: excess of events at the level of 3.5-4 

• Both ATLAS and CMS 

• No other hard activity in  the events 

• A naïve combination, assuming  
gluon-fusion production: 
 
 
[DB, Greljo, Marzocca 2016]  
 
 
see also Franceschini et al. 2015  
Falkowski et al. 2015  
… many others…
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The minimal framework: only loops
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A generic scalar: other (tree-level) SM couplings

• Main decay widths: 

• Contribution to γγ and gg also from SM loops:
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It is not possible to get the γγ signal only with SM particles: �tt & 10m�

• Singlet: cV ~ cf 

• Pseudo-scalar: cV = 0 

• Other SU(2) representation:  
charged states at ~ 750 GeV



Experimental bounds
• Run-I limits still stronger at 750 GeV (but Run-II almost comparable)
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Large width

• Dijet bound: 

• A large width (~ 45 GeV) can be only into tt or invisible!
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Supersymmetry



SUSY: the NMSSM

W = WMSSM + �SHuHd + f(S)

• MSSM + a scalar singlet: 3 CP-even states (h,H,S), 2 CP-odd (A, P) 

➡ interesting limit when one doublet is heavy:  h – S mixing 
A simple case analogous to the one already discussed



SUSY: the NMSSM

• Extra tree-level contribution to the Higgs mass 

• Alleviates fine-tuning of the electroweak scale for λ ~ 1 and small tan β 

• Non-perturbative regime at high scales (100 – 1000 TeV) if λ > 0.7
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• MSSM + a scalar singlet: 3 CP-even states (h,H,S), 2 CP-odd (A, P) 
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A simple case analogous to the one already discussed



SUSY: the NMSSM
• Recast the bounds for a generic singlet in the (Mhh, mφ) plane
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(and                       )

The NMSSM with vector-like matter
• Can the singlet of the NMSSM be responsible for the γγ excess? 

➡ Need for extra matter! Can this be motivated by fundamental arguments? 

Add 1 generation of vector-like matter:  
 
 
 
        scale invariant potential 

• Masses of vector-like fermions 

• Assume all the Yukawa couplings  
get large at a common scale Λ

SUSY particles in the loop 
not sufficient (unless more 
complicated final-state)
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[Barbieri, DB, Hall, Marzocca 1603.00718]



The NMSSM with vector-like matter
➡ The gauge couplings unify at a  

semi-perturbative value 
➡ If Λ ~ 104 –107 GeV, 

from RGE running one gets 
λH ~ 0.6 – 1 
 
Higgs mass naturally 
reproduced!
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Pseudo-scalar phenomenology: diphoton
• Diphoton: scalar or pseudo-scalar?
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➡ Diphoton signal can be 
reproduced for vs ~ TeV

cgg,�� ⇠
X

�i
mP

Mi
=

X mP
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�(S ! ZZ)

�(S ! ��)
= 3⇥ 106

s2�
|c�� |2

. 6 ) s� . 10�3|c�� |

�(P ! tt̄)

�(P ! ��)
= 2⇥ 106

s2✓
t2� |c�� |2

. 300 ) s✓ . 10�2t� |c�� |

s✓ . 0.05 ) BR(P ! tt̄) . 20%

µWW ⇠ 25 fb

µZZ ⇠ 10 fb

µZ� ⇠ 1.5 fb



Scalar phenomenology: diboson
• The real scalar mixes with the Higgs,  

• Mass predicted in terms of the parameters of the potential (vs, κ)
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P ! ��

• The other doublet is heavy, 
mA ~ 1 – 2 TeV

Signal in ZZ expected soon, 
in any case in Run-II!

κ not too large from 
boundary conditions at Λ

[Barbieri, DB, Hall, Marzocca 1603.00718]



Composite scalars 
and vectors



• Simple parametrisation: HVT

LHVT = �1

4
D[µV

a
⌫]D

[µV ⌫]a +
m2

V

2
V a
µ V

µa + gHV a
µ (H

†⌧ai
 !
DµH) + V a

µ J
µa + · · ·

[Pappadopulo, Thamm, Torre, Wulzer 2014]

Heavy vectors



• Simple parametrisation: HVT [Pappadopulo, Thamm, Torre, Wulzer 2014]

bounded by LEP data: 
• S parameter 
• Zƒƒ couplings

• If Vƒƒ couplings flavour-universal, 
no effect on Z fermion couplings 

• If V couples mainly to 3rd gen.  
strongest bound from Zbb

[see e.g. 1402.4431]

[see e.g. 1506.01705]
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• Simple parametrisation: HVT

�(V ! WW ) ' �(V ! Zh) ' gV mV

192⇡
+ · · ·

only term responsible 
for V-diboson couplings

[Pappadopulo, Thamm, Torre, Wulzer 2014]

Main production mechanisms: 
VBF and Drell-Yan 
(the details depend on the model)

1402.4431
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• S parameter 
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[see e.g. 1506.01705]
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• Simple parametrisation: HVT

�(V ! WW ) ' �(V ! Zh) ' gV mV

192⇡
+ · · ·

only term responsible 
for V-diboson couplings

[Pappadopulo, Thamm, Torre, Wulzer 2014]

LHC is now really starting to probe the 
interesting region of masses > 2 TeV

see previous 2 talks

Main production mechanisms: 
VBF and Drell-Yan 
(the details depend on the model)

1402.4431

bounded by LEP data: 
• S parameter 
• Zƒƒ couplings

• If Vƒƒ couplings flavour-universal, 
no effect on Z fermion couplings 

• If V couples mainly to 3rd gen.  
strongest bound from Zbb

[see e.g. 1402.4431]

[see e.g. 1506.01705]
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• A new strongly interacting sector with confining gauge group SU(NTC)
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Vector-like confinement
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• A new strongly interacting sector with confining gauge group SU(NTC)

• Global flavour symmetry SU(NF) x SU(NF), spontaneously broken

• Higgs not necessarily part of the composite sector (but could be)

SU(NF)L x SU(NF)R x U(1)V

SU(NF)V x U(1)V

SM

confines 
at Λ ~ TeV

elementary 
TC fermions

SM gauging

mixing
qL, `L TC

baryons

SU(NTC)
 L,  R

Vector-like confinement

➡ pNGB: ➡ Vector mesons:⇡±,⇡0, ⌘, · · · ⇢±, ⇢0,!,�, · · ·



Diphotons from pions 
• Chiral symmetry breaking 

NF2 - 1 (pseudo) Goldstone bosons 

• Chiral anomaly:

h i ̄ji = �f2B0�ij

L�PT =
f2

4

⇣
Tr

h
(Dµ⌃)

†(Dµ⌃)
i
+ 2B0(Tr[M⌃] + Tr[M†⌃†])

⌘

SU(NF )⇥ SU(NF ) �! SU(NF )

M = diag(m i)Goldstone matrix,⌃ = exp

⇣
2i

f
ta⇡a

⌘

Chiral anomaly
Coupling to SM gauge fields through anomaly. For a singlet ⌘:

L
WZW

� � ⌘

16⇡2f

⇣
g2

1

A⌘
BBBµ⌫

eBµ⌫
+ g2

2

A⌘
WW W i

µ⌫
fWµ⌫

i + g2

3

A⌘
GGGA

µ⌫
eGµ⌫

A

⌘

A⌘
gg = 2NTCTr[t⌘T

aT a], A⌘
WW = 2NTCTr[t⌘⌧

i⌧ i], A⌘
BB = 2NTCTr[t⌘Y

2].

(no coupling to gluons for a non-singlet neutral state, e.g. ⇡0
)

Decay widths:

�⌘!�� =

↵2

64⇡3

A⌘
��

m3

⌘

f2

,

�⌘!gg =

↵2

s

64⇡3

A⌘
gg

m3

⌘

f2

.

Fitting the diphoton signal

f ⇡ (70 ÷ 80 GeV) ⇥ N
TC

(assuming gg ! ⌘ ! gg, ��, V V )
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LWZW � � ⌘

16⇡2f
2NTCTr[t

⌘tatb]F a
µ⌫

eF b
µ⌫

[see also Redi et al. 
1602.07297]

�⌘!�� =
↵2NTC

32⇡3
Tr[t⌘Q2]

m3
⌘

f2
,

�⌘!gg =
↵2
3NTC

32⇡3
Tr[t⌘tAtA]

m3
⌘

f2

Fitting the diphoton signal
f ⇡ (70÷ 80GeV)⇥NTC DB, Greljo, Isidori, Marzocca 1604.03940



Interlude: flavour
• Other 3 recent anomalies, at the level of 3–4σ: violation of Lepton 

Flavour Universality in B decays (to D, D*, and K)! 

• Can be explained by the tree-level exchange of vector resonances 
coupled to third generation leptons and quarks

�

!�

"�

#�

$%

!!"# !"! !"# !"$ !"%
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!#"!
!!"&
!!"'
!!"(
!!"$
!"!
!"$

!! � "!"!�!�!"#$#

�
!
!�

!"#$%&"'%()* ��!

[Greljo, Isidori, Marzocca 2015]

[DB, Greljo, Isidori, Marzocca 1604.03940]

• Perfect fit to experimental data (flavour 
+ diphoton) in vector-like confinement 

• Consistent with a weakly broken U(2)5 
flavour symmetry 

• Large couplings to 3rd generation 
fermions required



An explicit example
• Fermion content: 

• Symmetry breaking: 

• Baryons with SM-fermion quantum numbers: 

• Other decay channels

Q ⇠ (N,3,1)YQ , L ⇠ (N,1,2)YL

SU(5)L ⇥ SUR(5) ! SU(5)V

An explicit example: minimal model – SU(5)

⇧ coupling to quarks & gg anomaly ) coloured TC-fermions

⇧ coupling to doublets qL, `L ) at least a SU(2)L-doublet TC-quark

Minimal field content: {Q ⇠ (3,1, YQ), L ⇠ (1,2, YL)} ⇠ 5 + 5̄.

SU(5)L ⇥ SU(5)R ! SU(5)V : 24 pNGB

Flavour structure G
SM

irrep pNGB Mass m2

⇡

V (

¯QQ) (8,1, 0) 2B
0

mQ

U (

¯LQ) (3,2, YQ�YL) B
0

(mL + mQ)

⇡ (

¯LL) (1,3, 0) 2B
0

mL

⌘ 3(

¯LL) � 2(

¯QQ) (1,1, 0)

2

5

B
0

(3mL + 2mQ)

Plus gauge corrections �m2 ' 3⇤2

16⇡2

P
i g

2
iC

(i)
2 (⇡a) ⇡ (0.1÷ 0.3m⇢)

2

24 pNGB

|LLLi(1,2,± 1
2 )
, |QQLi(3̄,1,� 1

6 )

An explicit example: minimal model – SU(5)
N

TC

= 3: two choices of YQ,L that give baryons with quantum n. of q, `

| ¯B`(B`)i
(1,2,±1/2)

/ |LLLi, | ¯Bqi
(3̄,2,�1/6)

/ |QQLi,

for {YQ, YL} = {� 1

6

, 1

6

} or {YQ, YL} = {0, � 1

6

}.
No other mixing with SM states possible.

A⌘
BB = �2

r
3

5

NTC

�
Y 2

L � Y 2

Q

�
, A⌘

WW = �1

2

r
3

5

NTC , A⌘
gg =

r
3

5

NTC .

Assuming only decays through anomalies: f = 71 (79) N
TC

GeV.

(YQ, YL) RZ� RZZ RWW

A: (� 1
6 ,

1
6 ) 6.7 11 37

B: (0,� 1
6 ) 5.0 9.1 34

Experimental bounds:

RZ� . 5.6, RZZ . 11, RWW . 36.

(see e.g. B, Greljo, Marzocca 1512.04929)

all these predictions are model-dependent.



Vector mesons

• Mass of the vectors: 

• Coupling between vectors and baryons in the strong sector 
 
 
 
induces a coupling with SM fermions,  
if they mix with the TC-baryons 

• Exchange of vectors contributes to processes involving heavy 
fermions, both at low (flavour observables) and high (LHC) energies  

B̄

B

Vµ

ψ̄SM

ψSM

L! = g⇢(a
!
q B̄q�

µBq + a!` B̄`�
µB`)!µ

m2
Vij

= c20(4⇡f)
2 + c21B0(mi +mj), (c0,1 . 1)

|⇢ai(1,3,0) =
1p
2
| ̄�a i, |!i(1,1,0) =

1p
2
| ̄ i, · · ·

OZI rule



LHC phenomenology: ⇢ mesons
Due to large coupling, vector mesons decay mainly into 3rd gen. fermions.

�⇢0!⌧+⌧�
(⌫⌧ ⌫̄⌧ )

=

g2

`

96⇡
m⇢ , �⇢0!b¯b (t¯t) =

g2

q

32⇡
m⇢.

I ⇢ is expected to be a broad resonance
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Decays to pairs of pNGB through TC
interaction can also be sizable:

�⇢!⇡⇡ =

g2

⇢⇡⇡

192⇡
m⇢

✓
1 � 4m2

⇡

m2

⇢

◆
,

(L =
g⇢⇡⇡

2
✏abc⇢

a
µ⇡

b@µ⇡
c)

I Main production channel: b¯b ! ⇢0 single production.
For gq = 5, m⇢ = 1.7 TeV, one finds �b¯b/�uū ⇡ 7.

[DB, Greljo, Isidori, Marzocca 1604.03940]



LHC phenomenology: ⇢0 ! ⌧⌧
ATLAS search for Z 0 decaying into ⌧+⌧�, 1502.07177

J
H
E
P
0
7
(
2
0
1
5
)
1
5
7

τhadτhad channel

Z/γ∗ → ττ Multijet W/Z/γ∗+jets Top + diboson Z ′
SSM

Preselection 276(18) 611(5) 64(1) 24(2) 10.1(2)

OS 270(18) 316(4) 53(1) 21(2) 9.5(2)

∆φ(τ1, τ2) > 2.7 117(2) 209(3) 35(1) 11(2) 9.2(2)

τlepτhad channel

Z/γ∗ → ττ Jet → τ fake Z/γ∗ → ℓℓ Top + diboson Z ′
SSM

Preselection 46 800(300) 154 670(130) 17 340(250) 12 330(70) 14.3(2)

OS 46 300(300) 111 270(120) 16 180(240) 11 830(70) 13.9(2)

∆φ(ℓ, τ) > 2.7 32 200(300) 47 650(80) 12 490(210) 3530(40) 13.5(2)

mT < 50 GeV 29 490(230) 22 660(60) 11 240(210) 808(16) 8.5(2)

Table 3. Number of expected signal (mZ′
SSM

= 1750 GeV) and background events in the τhadτhad
and τlepτhad channels after successively applying each selection criterion. The statistical uncertainty
in the least significant digit(s) is shown in parentheses.
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Figure 6. The mtot
T distribution after event selection in the (left) τhadτhad and (right) τlepτhad

channels. The estimated contributions from SM processes are stacked and appear in the same order
as in the legend. The expected contributions from three Z ′

SSM signals with masses of 750, 1250
and 1750 GeV are shown, stacked on the total SM expectation. The events observed in data are
overlaid. The hatched area indicates the uncertainty on the total estimated background. The bins
have a constant width of (left) 0.153 and (right) 0.184 in log(mtot

T ). The last bin includes overflow
events. The inset shows the ratio of the observed events over the total expected SM contribution.
The statistical uncertainty from the observed events and the expected SM contribution are shown
on the points and by the yellow band, respectively. The red band depicts the total systematic and
statistical uncertainties on the SM contribution added in quadrature.

– 18 –

⇧ For large masses (above ⇠ 1.5 TeV), basically one bin in total
transverse mass: mT

tot

> 850 GeV.

⇧ 95% C.L. exclusion above 1.5 TeV: � < 4 fb (7 fb) for a narrow
width (20% width).



LHC phenomenology: ⇢0 ! ⌧⌧

Recast the exclusion approximating mT
tot

⇡ m⌧⌧ :

Γρ 0 / mρ

0.01
0.2
0.5

mρ = 1.7 TeV pp @ 8 TeV
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Cross-section �(pp ! ⇢ ! ⌧⌧), for m⌧⌧ > 850 GeV

ATLAS bound: � & 4 ÷ 7 fb. The relevant region above ⇠ 1.5 TeV still

allowed, but will be probed soon!

[DB, Greljo, Isidori, 
Marzocca 1604.03940]

A detailed recast for large width would be useful to get precise bounds…



LHC phenomenology: ρ    bb
• Large coupling to t, b:                can be another relevant channel⇢0 ! bb̄

• ATLAS (13 TeV) and CMS (8 TeV) 
searches for heavy resonances 

• At present, limit not yet 
comparable with τ+τ- channel, 
if 

• If              it could become an 
interesting channel soon!

pp ! X ! bb/jb/jj

gq ⇠ g`

gq > g`



Diphotons

Fermions 
ττ, bb, jj

Dibosons 
WW, ZZ, hh

Scalar singlets: 
✦ SUSY extra Higgses 
✦ Twin Higgs 
 

✦ composite Goldstones

Vector resonances: 
✦ composite Higgs 
✦ extended gauge group

Flavour anomalies

???

Other decay channels 
Zγ, ZZ, WW, … γγ + X 
measure its properties

Additional states: 
how to find them?

interesting region 
above ~ 2 TeV

relation with 
Higgs couplings

“who ordered it?”
Summary


