
13/10/16 17:10VUB-LOGO-BLACK

Page 1 of 1https://cas.vub.ac.be/cas/images/logo.svg

Low mass diphoton
resonances at the LHC

Alberto Mariotti

53rd Rencontres de Moriond - EW 2018

HEP@

10-17 March 2018

Based on arXiv:1710.01743 with:
Diego Redigolo, Filippo Sala and Kohsaku Tobioka 



Resonance searches at colliders
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�# Powerful probe for new physics

�# Led to great discoveries

... and to some premature 
excitement ...

exploit data

driven techniques

J/ ! , " , Z, BEH boson ...

"look for a bump"



Resonance searches at the LHC
�# LHC has a vast program of bump 

searches for BSM physics

diphotons

dileptons dihiggsesditaus

dijets dibosons(Z,W)

�# Typically focuses on high mass resonances O(100)GeV

Resonance in

diphotons
down mostly to 65 GeV
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Resonance searches at the LHC
�# LHC has a vast program of bump 

searches for BSM physics

diphotons

dileptons dihiggsesditaus

dijets dibosons(Z,W)

Resonance in

diphotons

Why not below?
! Common lore: Low mass constrained by previous colliders

! Signal would not pass minimal pt requirements at the LHC

! Often theory bias towards heavy BSM physics
Trigger and/or

selections

down mostly to 65 GeV
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�# Typically focuses on high mass resonances O(100)GeV

THIS TALK: DECIPHER LOW MASS RESONANCES



Axion Like Particle (ALP)

ma

! NP ! g! f a

MASS 
SCALE

Decay constant: 
control couplings to SM

Scale of new physics

ALP mass

Note that ALP mass can be arbitrarily low!

f a ! 0.1 " 10 TeV

Relevant ra
nge for

present colliders

aLight pNGB very common in BSM physics
Emerging from breaking of a global symmetry

�# SUSY R-axion

�# Composite Higgs models

�# Axion models for CP problem

�# Pions from hidden QCD
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SpeciÞcally for Axion-like particles of the KSVZ -type
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Huge hole  between  
10-50 GeV

bounds from 

                     h ! aa

ALP present coverage: the R-axion

Filippo Sala (DESY Hamburg)                         “10-100 GeV ALPs”                           2nd FCC Workshop

Present ALP mass coverage
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⌥

b̄

b

É..

Bellazzini Mariotti Redigolo FS Serra 1702.02152 

L int =
a

4⇡fa

h
↵sc3G ÷G + ↵2c2W ÷W + ↵1c1B ÷B

i
+iCf mf

a

fa
f̄ ! 5f + Chv

!
" µa

fa

"2
h+ · · ·

a

Bounds from  
h ! aa

HOLE between
10 - 60 GeV

LEP constraints smaller 

values of f_a

Can we cover the hole @ LHC???
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Low mass resonance @ LHC

UV MOTIVATIONS

1) The usual suspects addressing
Naturalness of EW scale

ÒSUSY R-axionÓ

2) Cool axion models addressing
     strong CP

3) New pions from  hidden QCD

ÒFerrettiÕs cosetsÓBarnard, Gherghetta, Ray (Õ13), Ferretti (Õ16)... 

Dimopoulos, Hook, Huang, Marques-Tavares (Õ16)

Gherghetta, Nagata, Shifman (Õ16)

Agrawal, Howe (Õ17)

ÒHeavy QCD-axionÓ

Kilic, Okui, Sundrum  (Õ09) ÉÒVector-like conÞnementÓ

4) Light Dark Matter mediators

Bellazzini, Mariotti, D.R., Sala, Serra (Ô17) 

Banerjee, Barducci, Blanger,
Fuks, Goudelis, Zaldivar  (Õ09) É

FOCUS HERE: dominant WZW couplings with gauge bosons (KSVZ  ALPs) 

I suspect there could be a similar story for fermion couplingsÉ

Òtop-philic dark matterÓ

NEW BOUND(s)

g

g

dijets diphotons

from boosted dijets searches 

from xsec diphoton measurements Mariotti, D.R., Sala, Tobioka (Ô17) 

CMS (Ô17) 

NEW BOUND(s)

g

g

dijets diphotons

from boosted dijets searches 

from xsec diphoton measurements Mariotti, D.R., Sala, Tobioka (Ô17) 

CMS (Ô17) 

Dijets Diphotons

�# Simple Lagrangian (couplings with gauge bosons)

�# Very large production cross 
section at LHC for low masses

Main LHC signatures
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Can reach  

~10^5 fb

�# Focus on low mass range
10GeV ! ma ! 125GeV
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 gluon fusion @ LHC



Challenges for low mass @ LHC

Pass the minimal pt cuts

Lower kinematical bound on invariant mass

Recoil against ISR's

m!! > ! R
!

pmin
T1

pmin
T2

! R =
!

! ! 2 + ! " 2

Photon/jet isolation Minimal pt 
requirements

�

P P

Extra ISR jets

�
Boosted

�# CMS dijet 1710.00159 Can we use 
diphoton 

cross section 
measurements?

" ISR 
" Jet substructure
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Figure 5: Di↵erential cross sections as functions of the various observables compared to the predictions from
Sherpa 2.2.1 and 2�NNLO. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and
bands around the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as
described in the text. Negative cross-section values are obtained with 2�NNLO when varying the renormalisation
scale in the first two bins of �⇤⌘ and therefore are not shown (see text).
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The efÞciency of the signal does not drop to zero!

p

pmin
T2

= 30 GeV

pmin
T1

= 40 GeV

p

the signal efÞciency does not drop to zero below the pT cuts!

below pT cuts  
the background has a structure so data-driven bkd. estimate are difÞcult 

BUT

Diphoton cross section measurement

" Cross section measurement is inclusive

" Background has shape due to pt cuts

�# BSM signal populate low mass region by recoiling

�

P P

Extra ISR jets

�
Boosted

Here recoiling is essential

! R
>
0.4

pmin
T1

+ pmin
T2
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Figure 4: Di! erential cross sections as functions of the various observables compared to the predictions from Diphox
and Resbos. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and bands around
the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as described in
the text. Only the central values are shown for Resbos. Negative cross-section values are obtained with Diphoxin
the Þrst (last) bin ofaT and! !

" (" ! ##) and therefore are not shown (see text).
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Figure 4: Di↵erential cross sections as functions of the various observables compared to the predictions from Diphox
and Resbos. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and bands around
the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as described in
the text. Only the central values are shown for Resbos. Negative cross-section values are obtained with Diphoxin
the Þrst (last) bin ofaT and�!

⌘ (����) and therefore are not shown (see text).
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Cross section measurement arXiv minimal pT� Low mass reach
ATLAS 7 TeV, 4.9 fb �1 1211.1913 (pmin

T1
, pmin

T2
) > (25, 22) GeV m!! > 9.4 GeV

ATLAS 8 TeV, 20.2 fb�1 1704.03839 (pmin
T1

, pmin
T2

) > (40, 30) GeV m!! > 14.2 GeV
CMS 7 TeV, 5.0 fb�1 1405.7225 (pmin

T1
, pmin

T2
) > (40, 25) GeV m!! > 13.9 GeV

Signal 
efÞciencies
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From cross section to bounds

14

Bound from Diphoton x-section measurement

1.Conservative bound

data=signal

Nbin+2! Nbin >Sa

2. Sensitivity(reach)

assume data=SM""

2! Nbin >Sa

 3. Narrow given bin(~10GeV) 
 to mass resolution(~3GeV)

2! Nresolution >Sa

m!!

N

rescale error by ! N

signal

For this measurement, signal is SM!! É

8

FIG. 3: Left: Total signal strengths from our MC simulation with minimal cuts (solid lines), compared with the LO theoretical
signal strengths (dashed lines). See text for more details. Right: diphoton background shapes from our MC simulation (solid
red) and from ATLAS cross section measurements (light blue) at 7 TeV.

the right pT distribution of the extra jets, we considered
matrix elements at parton level with up to two extra jets
in the Þnal state and then we matched them after parton
shower to avoid double counting [76, 77].! LO

!! is the LO
gluon fusion cross section from gluon PDF [58] times LO
diphoton branching ratio, the latter is the total diphoton
signal strength obtained from MC simulation including
only the minimal kinematical cuts on the two photons.
We see that, in the ma region where these cuts are not
e! ective, ! LO

!! reproduces extremely well thema shape of
! MCtot

!! upon rescaling it with a constant factor Cs. We
Þnd for the LHC C7 TeV ' C8 TeV ' 0.85 and for the
Tevatron C2 TeV ' 1.

To have a validation of our procedure with a measured
quantity, we simulate the SM diphoton background,
matching it with the case of one and two extra jets. We
then impose the kinematic and isolation cuts and ver-
ify that we are able to reproduce the shapeand size of
the diphoton-only cross section measurements [8, 9] of
ATLAS, see Figure 3 right. The diphoton-only contri-
bution is roughly 70% of the total contribution, and the
remaining 30% is given by" j and jj Þnal states (where
the jet is faking a photon), that we do not include in our
simulation nor in the experimental points with which we
compare.

Appendix B: Rebinning

We specify here the procedure we follow to reduce the
bin size down to the invariant mass resolution of the
ECAL for every experiment. The CDF and D0 energy

resolutions are

CDF:
#E!

E!
= 13.5% ·

✓
GeV
E!

◆1/ 2

,

D0:
#E!

E!
= 18% ·

✓
GeV
E!

◆1/ 2

.

The CDF energy resolution is derived from [78, 79]. Us-
ing the same formula we can extrapolate the resolution
of D0 at di! erent energies given that in [9] they quote a
resolution of 3.6% for E! = 50 GeV. The ATLAS and
CMS ECAL energy resolutions are extracted from [59]
and [54], and read

ATLAS:
#E!

E!
= 10% ·

✓
GeV
E!

◆1/ 2

,

CMS:
#E!

E!
= 7% ·

✓
GeV
E!

◆1/ 2

.

They can be related to the smearing of the diphoton in-
variant mass, whose 2! uncertainty (m!! ± 2#m!! ) is
estimated to be

#m!! ⇡ 1p
2
m!! · #E!

E!
. (B1)

For ma > E! 1 + E! 2 we can neglect any possible boost
coming from extra radiation and the invariant mass is
well approximated by the mass of the resonancem!! ⇡
ma. As a cross-check of Eq. (B1), we apply it to the
125 GeV Higgs with E! = m!! /2 and get a Gaussian
smearing of#m!! = 1 .12 (0.78) GeV for ATLAS (CMS),
which roughly agrees with the one in the ATLAS [6]

" mresolution

SM!!

Consider diphoton cross section 

measurements binned in invariant mass

1) New Bound: assume zero knowledge of background

2) Sensitivity: assume data=SM predictions

4) Future prospects:

3) Rebinned Sensitivity: reduce binning to mass resolution

N signal
bin < N meas.

bin (1 + 2 ! bin )

N signal
bin < N meas.

bin ! 2! bin

S/B increases

experimental error 
in each bin! bin =

the signal is
always narrow

N signal
bin (Ehigh ) < N signal

bin (Elow ) á

!
L high

L low

�MC
high

�MC
low

(
!

slow , L low ) " (
!

shigh , L high )

Use MC to rescale
background
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Projection from
7 to 8 TeV

Low mass diphoton: 8 TeV Results
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Our new 
bound from 
8TeV data

Sensitivity with
rebinning

Existing bounds 
from exp. bump 

searches

We cover previously unbounded region!

consistency

check!
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Impact for ALP
How our results impact the ALP parameter space?
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Strongest bound on low mass diphoton resonance!

LEP constraint
is quite weak

dijet CMS search
1710.00159

Existing bounds 
from exp. bump 

searches
LHC could do

already
much better!!!

HL-LHC
projections
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Take home message

Our conservative bound could be 
improved in exp. analysis

�# Low mass resonances well motivated in BSM physics

Bound on low mass diphoton 
resonances (10 - 50 GeV) using 

cross section measurement

How to probe also below 10 GeV?
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LHC can perform in constraining low mass O(10-100)GeV resonances !!!

also in SUSY: 

the R-axion
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Close the gap!

Obstruction is: m!! > ! R
!

pmin
T1

pmin
T2

�# Lower !R requirements
" Mono jet trigger (ISR+boosted diphotons)
" Mono photon trigger

�# Lower pT cuts
" Record fraction of data, trigger analysis
" LHCb has low pT threshold 

�

P P

�

�

P P

�
Boosted

Lot to explore!
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Thanks for the attention!!!

Thank you!
17

ALPS landscape

pic from http://us.france.fr/en/discover/alps-0

MeV
10GeVGeV TeV

keVeV
meV

100GeV
É
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back up slides
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7 TeV data

���� ���� ���� ���� ������ ������
��������

��������

��

����

������

�� �� !���	�
 "

��
���

���
��

��
��

��
��
��

��
�� ��

���
���

!�
���

"
�� ������������# �� ��������$��%����&

�����
������ ���	������

�����
������ ���	������ �� ' �� ���	��������������

�������� ���	������

�������� ���	������ �� ' �� ���	��������������



14 TeV projections
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Diphoton bounds in ALP parameter space

9

ma in GeV 10 20 30 40 50 60 70 80 90 100 110 120
! S for " 7TeV ATLAS [8] 0 0.008 0.022 0.040 0.137 0.293 0.409 0.465 0.486 0.533 0.619 0.637
! S for " 7TeV CMS [10] 0 0.002 0.010 0.020 0.030 0.058 0.156 0.319 0.424 0.499 0.532 0.570

! S for " 8TeV ATLAS [9] 0 0.0007 0.008 0.014 0.024 0.037 0.071 0.233 0.347 0.419 0.452 0.484
! S for " 2TeV CDF [45, 46] 0.001 0.007 0.026 0.143 0.212 0.241 0.276 0.275 0.283 0.3 0.319 0.327

! S for " 2TeV D0 [44] 0 0.002 0.008 0.018 0.114 0.169 0.208 0.21 0.217 0.234 0.244 0.252

TABLE II: Signal e ! ciencies for the 7 TeV and 8 TeV cross-section measurements at the LHC [8Ð10] and at the Tevatron [8, 9]
for a resonance produced in gluon fusion.
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FIG. 4: Left: Bound (shaded) and expected sensitivity after rebinning (lines) on the diphoton signal strength of a resonance
produced in gluon fusion at the Tevatron. Right: Unfolding of the bound in the ALP parameter space extracted from the
di" erent diphoton cross section measurements. The Þnal bound (pink shaded region) is the union of the ATLAS data at 8 TeV
[9] (pink solid) and at 7 TeV [8] (purple dashed), of the CMS data at 7 TeV [10] (green dashed) and of the CDF data at 1.96
TeV [45, 46] (grey dotted).

(CMS [7]) analysis: ! m!! ! 1.6 (0.75) GeV. Also the
mass dependence of the smearing provided by ATLAS
in [34] is reproduced by Eq. (B1). For ma < E ! 1 + E! 2 ,
the trigger threshold on the two photons energies sets the
lower limit on the bin size which is ! 2.7 GeV for the 7
TeV ATLAS analysis, ! 3.3 GeV for the 8 TeV ATLAS
analysis and! 3.2 GeV for the 7 TeV CMS analysis.

Appendix C: More Details on Cross Section
Measurements

We Þrst report the detailed cuts of the cross section
measurements at the SpøpS, Tevatron and the LHC.

" In the UA2 analysis [43] diphotons events are re-
quired to have pT1 > 10 GeV and pT2 > 9 GeV.
The extra cut on Z # $ pT 1 ápT 2

|pT 1 |2 > 0.7 selects pho-

ton pairs almost back to back (cos! " ! 0.78). As a
consequence, given thatm2

!! = 2pT 1pT 2(cosh! #$
cos! " ), we Þnd that the invariant mass reach can
only go down to m!! " 17.9 GeV.

" In the CDF analysis [45, 46] two isolated photons
with pT1 > 15 GeV andpT2 > 17 GeV respectively
are required to be reconstructed within the geomet-
rical acceptance of the electromagnetic calorimeter
(ECAL) 0 .05 < |#| < 1.05 with angular separation
! R #

!
! #2 + ! " 2 greater than 0.4. The bin-

ning of the data in the diphoton invariant mass is
constant and equal to 5 GeV in the mass range of
interest. The bin with 10 GeV < m !! < 15 GeV
of the CDF analysis has an anomalously low inclu-
sive cross section of 0.004 pb which is one order
of magnitude smaller than the ones in the adja-
cent btins. This feature is not present in the cross
section measurements for photons withpT > m !! .
Since our signal will be not a" ected by this extra pT
cut we decided to conservatively include this latter
experimental point in our bound. A more careful
understanding of the Tevatron data would be re-
quired to be conÞdent that the lower mass bins are

x-section

bump
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Bound for below 10GeV
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Figure 2

To get its impact on our parameter space, I computed2

! [" ! ! a]
! [" ! "ø"]

= 2 c2
!!

#e

4$

!
m!

4$fa

" 2

⇥ f (masses)' 6⇥ 10! 5
# c!!

30

$2
!

100GeV
fa

" 2

,

(5.2)
so that, using BR(" ! "" ) ' 0.04, we have BR(" ! ! a) ' 10! 6 for those
values of the parameters.Should check this. NB in the Þgure I plotted the
same bound we used for the R-axion paper, that is for" (3S), but BABAR
gave also the one for" (2S). It is roughly at the same level, but to be checked.
- FS

In Þg. 2 one sees that an LHCb bound would be the strongest existing
one even if thefa probed is⌧ 100 GeV, although in a smallma area.

5.2 Future sensitivities

� An ALP a that couples only to EW Þeld strengths could be constrained
using B ! K (" ) a. This has been studied recently in [14] for the case
c3 = 0. No such searchB ! K (" ) a(!! ) has been performed at Babar

2

f
%m`

m!
,

ma

m!

&
=

!
1� m2

a

m2
!

"3

(1 + 2
m2

`

m2
!

)

'

1� 4m2
`

m2
!

'
!

1� m2
a

m2
!

"3

for m` ⌧ m! .
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FCC Mariotti Redigolo FS Tobioka in progress

BR[Z ! ! a(jj )]
1012 Z

HL-LHC wins over FCC ee
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FCC ee reach computed rescaling

LEP limits on

and assuming bosons

FCC hh reach computed like LHC14 one

[4., from simulations, Lumi=             ]

Still,  speculative even for FCC standards!

aG ÷GIf switched on
PRELIMINARY

NB. pT cuts as in ATLAS8 (30, 40 GeV)

this search has not even been performed at 8 TeV

at 100 TeV game could be very different (larger boosts,É) Thoughts in progressÉ
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Filippo Sala (DESY Hamburg)                         Ò10-100 GeV ALPsÓ                           2nd FCC Workshop

Signal efÞciencies and cross section

Simulated w/Madgraph+Pythia+Delphes 
matched up to 2 extra jets

! MCcuts
!!

K ! = 3 .7

K g = 2 .1

from ggHiggs v3.5
Bonvini et al. 2013-2016
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Low-mass analyses we found

Alberto Mariotti (VUB) Moriond EW 13-03-2018Low mass diphoton

Note: UA2 looks at almost back to back photons, so reach reduced
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Validation

Alberto Mariotti (VUB) Moriond EW 13-03-2018Low mass diphoton

we validated only the one from real photons

diphoton backgrounds
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photon+jet is ~ 30% of the background but it does not modify the shape 
signiÞcantly 

jet+jet is irrelevant 

we validated only the one from real photons

diphoton backgrounds
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