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C
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R
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D
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B
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Figure
1:Invariantm

assdistribution
ofthe

selected
diphoton

events.Residualnum
berofeventsw

ith
respectto

the
fitresultare

show
n

in
the

bottom
pane.The

firsttw
o

binsin
the

low
erpane

are
outside

the
verticalplotrange.

Theeventsin
thisregion

arescrutinized.N
o

detectororreconstruction
e!ectthatcould

explain
thelarger

rate
is

found,norany
indication

ofanom
alous

background
contam

ination.
The

kinem
atic

properties
of

these
events

are
studied

w
ith

respectto
those

ofevents
populating

the
invariantm

ass
regions

above
and

below
the

excess,and
no

significantdi!erence
isobserved.

TheRun-1
analysispresented

in
Ref.[13]isextended

to
invariantm

asseslargerthan
600

G
eV

by
using

the
new

background
m

odeling
techniquespresented

in
thisnote

(cf.
Section

7).
The

com
patibility

betw
een

the
results

obtained
w

ith
the

8
TeV

and
13

TeV
datasets

is
estim

ated
under

the
N

W
A

hypothesis
and

assum
ing

a
large-w

idth
resonance

w
ith

!
=

6%
,using

the
bestfitvalue

ofthe
ratio

ofcrosssections.For
an

s-channelgluon-initiated
process,the

parton-lum
inosity

ratio
isexpected

to
be

4.7
[43].

U
nderthose

assum
ptions,the

results
obtained

w
ith

the
tw

o
datasets

are
found

to
be

com
patible

w
ithin

2.2
and

1.4
standard

deviationsforthe
tw

o
w

idth
hypothesesrespectively.

The95%
CL

expected
and

observed
upperlim

itson
"

fiducial !
BR

(X
"

#
#),corresponding

to
thefiducial

volum
e

defined
in

Section
6,are

com
puted

using
the

C
L

s
technique

[39,44]fora
scalarresonance

w
ith

narrow
w

idth
asafunction

ofthem
asshypothesis

m
X ,and

arepresented
in

Figure3.Thelargerdiphoton
rate

in
the

m
assregion

around
750

G
eV

istranslated
to

a
higher-than-expected

crosssection
lim

itatthe

13

A
T

LA
S

-C
O

N
F

-2015-081

m
ost significant

deviation from
 B

G
 m

odel
at M

 ! 750 G
eV

local significance 3.6 sigm
a

if assum
ing narrow

 w
idth

(ie <
energy resolution, ! 8 G

eV
 

at M
=

750 G
eV

)
[global 2.0 sigm

a]

if w
idth allow

ed to float:
local significance 3.9 sigm

a
for
w

idth/m
ass ! 6%

(w
idth ! 45 G

eV
)

F
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C
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 E
X

O
-15-004

m
ost significant

deviation from
 B

G
 m

odel
at M

 ! 760 G
eV

local significance 2.6 sigm
a

if assum
ing narrow

 w
idth

[global 1.2 sigm
a]

no im
provem

ent for larger 
w

idth

7
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±
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"
m

2
10

#3
2

10
#4

2
10

#5
3

10
3

10
#2

stat!(data-fit)/
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P
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D
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F
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!
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±

!
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±

E
B

E
E
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 (G
eV

)
" 

"
m

2
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#4
2
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#5

2
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#6
3

10
3

10
#2

stat!(data-fit)/

-4 -2 0 2 4

 (13 T
eV

)
-1

2.6 fb
C

M
S

Prelim
inary

F
igure

3:O
bserved

invariantm
ass

spectrum
forthe

E
B

E
B

(top)and
E

B
E

E
(bottom

).T
he

results
ofparam

etric
Þ

ts
to

the
data

are
also

show
n.

photon
candidates

are
m

atched
to

those
selected

in
the

analysis
using

a
k-nearest-neighbours

algorithm
,w

ith
k=

10.

F
igure

4
show

s,
in

m
!!

bins,
the

m
easured

contributions
of

the
different

background
com

po-
nents

in
the

region
IC

h
<

5
G

eV
.

It
can

be
seen

that
the

dom
inant

com
ponent,

accounting
for

m
ore

than
90(80)%

of
the

selected
events

in
the

E
B

E
B

(E
B

E
E

)
category,

is
represented

by
the

irreducible
!!

background.

T
he

spectrum
ofthe

irreducible
background

extracted
through

the
procedure

described
above

is
then

com
pared

w
ith

the
predictions

extracted
by

rescaling
the

m
ass

spectrum
predicted

by
the

S
herpa

generator
to

the
one

extracted
from

the
2!

N
N

LO
program

[32].
T

he
result

of
the

com
parison

is
show

n
in

F
ig.5.

T
he

m
ass

spectra
predicted

by
the

sim
ulation

are
in

good
agree-

m
entw

ith
the

one
seen

in
data.

F
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B
ut is it real?

1. C
ould be a statistical fluctuation

   - w
ill know

 next sum
m

er at the earliest (req m
ore data)

  - look-elsew
here effect should only be applied

     either to A
T

LA
S

 and C
M

S
. Ie A

T
LA

S
 2.6 sigm

a global,
     then look only near 750 G

eV
 in C

M
S

, giving also 2.6 sigm
a. 

     C
learly above the evidence threshold if com

bined.

2. C
ould be a m

ism
odelled background

   - S
im

ple, sm
all, sm

otth background, fitted to sidebands.
     (S

ee how
ever yesterdayÕ

s paper                                                                    )

In m
y opinion, the m

ost significant tension w
ith the S

M
 I have 

seen in m
y scientific life. (N

ot counting neutrino oscillations.)

D
avis,F

airbairn,H
eal,Tunney arX

iv:1601.03153 
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W
hat if it is real?

A
 good idea to think about im

plications now

- In the past correct U
V

 picture has been guessed based on
  less significant results (eg C

abibbo m
ixing)

- M
any possible decay m

odes havenÕ
t been searched for w

ith 
run II data yet

- A
s w

e w
ill see, possible explanations seem

 to im
ply the 

existence of exotic (electrically and/or colour-charged) 
particles w

ithin the reach of run II

If this is real, w
e m

ay w
ell get new

s before new
 data is taken.

F
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2. C
haracterisation of the 

resonance
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If itÕ
s real, w

hat do data tell us?

Integer spin 0 or spin >
=

2  (Landau-Y
ang)

M
 =

 750 G
eV

G
am

m
a <

=
 45 G

eV

T
he particle likely couples to quarks and/or gluons.

T
he particle is likely resonantly produced (no patterns in the 

data indicating a decay from
 heavier particles)

W
ill assum

e spin-0 s-channel resonance in the follow
ing.

signaland
the

m
ost

im
p

ortant
resonance

search
constraints

from
existing

LH
C

searches
in

the
context

of
B

S
M

m
o

dels.
W

e
derive

a
num

b
er

of
b

ounds,
including

m
o

del-indep
endent

low
er

b
ounds

on
the

branching
ratio

and
partial

w
idth

into
photons

of
the

hyp
othetical

new
particle.

T
he

second
part

investigates
concrete

scenarios,
including

the
p

ossibility
of

interpreting
the

resonance
as

the
dilaton

of
theories

w
ith

sp
ontaneous

breaking
of

scale
invariance

or
as

a
heavy

H
iggs

scalar
in

tw
o-H

iggs-doublet
m

o
dels

(2H
D

M
).

W
e

Þ
nd

the
prop

erties
ofthe

observed
resonance

to
b

e
quite

constraining.
In

particular,the
interpreta-

tion
as

an
s-channelresonance,

ifconÞ
rm

ed,
cannotb

e
accom

m
o

dated
w

ithin
the

M
inim

al
S

up
ersym

m
etric

S
tandard

M
o

del(M
S

S
M

)
even

under
the

m
ost

conservative
assum

ptions
ab

out
the

M
S

S
M

param
eters

and
the

true
w

idth
of

the
resonance;

this
conclusion

holds
if

w
e

require
the

absence
of

charge-
and

colour-breaking
m

inim
a.

2
M

o
del-indep

endent
constraints

W
e

start
by

discussing
w

hat
can

b
e

inferred
ab

out
the

new
particle

from
data

alone.
W

e
w

illÞ
rst

describ
e

the
im

plications
of

the
observed

prop
erties

of
the

diphoton
bum

ps,
and

then
exam

ine
the

constraints
from

the
absence

ofsigniÞ
cantexcesses

in
resonance

searches
in

other
Þ

nalstates
that

could
b

e
sensitive

to
other

decay
m

o
des

of
the

sam
e

particle.

2.1
Im

plications
of

the
excess

alone

B
oth

A
T

LA
S

and
C

M
S

observe
excesses

in
a

diphoton
invariantm

ass
region

near750
G

eV
[

1,
2].

For
the

purp
oses

of
this

w
ork,

w
e

w
ill

generally
assum

e
the

signal
contribution

to
b

e
N

=
20

events
for

L
=

5
.8

fb
!

1
integrated

lum
inosity

(adding
up

A
T

LA
S

and
C

M
S

),
but

w
ill

m
ake

clear
the

scaling
of

our
Þ

ndings
w

ith
N

w
herever

feasible.
W

e
w

ill
assum

e
a

signale!
ciency

(including
acceptance)

of✏
=

50%
,

even
though,

in
general,

this
do

es
have

som
e

dep
endence

on
b

oth
the

exp
erim

ent
and

the
details

of
the

signalm
o

del.
T

he
m

ost
straightforw

ard
signal

interpretation
is

resonant
s-channel

pro
duction

of
a

new
unstable

particle.
T

he
observed

signalstrength
corresp

onds
to

a
13

TeV
inclusive

cross
section

to
diphotons

of

�
13

!
B

R
�
�

"
6.9

fb
!

!
N20 "!

50%✏

"!
5.8

fb
!

1

L
13

"
.

(2.1)

T
he

diphoton
Þ

nalstate
precludes

a
spin-one

interpretation
due

to
the

Landau-Y
ang

theorem
[3,

4],
and

w
e

w
ill

henceforth
assum

e
spin

zero.
W

e
take

the
m

ass
to

b
eM

=
750

G
eV

;
sm

all
variations

have
no

signiÞ
cant

im
pact

on
our

Þ
ndings.

T
he

shap
e

of
the

excess
in

A
T

LA
S

m
ay

indicate
a

w
idth

of
ab

out"
=

45
G

eV
[1].

H
ow

ever,
w

e
w

ill
also

contem
plate

the
case

of
sm

aller
w

idth
b

elow
,

and
discuss

how
our

m
ain

Þ
ndings

dep
end

on
this.
A

m
inim

aldynam
icalinput

is
necessary

to
interpret

the
result

and
incorp

orate
8

TeV
LH

C
constraints.

T
he

w
idth-to-m

ass
ratio

is
sm

all
enough

to
justify

a
narrow

-w
idth

ap-
proxim

ation
to

the
level

of
accuracy

w
e

aim
at

here.
In

the
narrow

-w
idth

lim
it,

resonant
scattering

am
plitudes

factorize
into

pro
duction

and
decay

vertices,
w

hich
w

e
param

eterize

Ð
2

Ð

G
upta, S

J, K
ats, P

erez, S
tam

ou 1512.05332
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P
roduction &

 decay
N

arrow
-w

idth approxim
ation: factorisation into production &

 
decay, both described by sam

e Ò
LagrangianÓ

 (really, effective 
action)

- no assum
ptions about S

U
(2) quantum

 num
ber of S

 im
plied

- no assum
ption of locality (coefficients can&

do contain strong 
phases)

- heavy particles give local contributions to L (E
F

T
) 

- use in V
B

F
 relies on equivalent-W

 approxim
ation, or on 

S
W

W
, S

Z
Z

 vertices being local

m
o

de
W

idth
co

e!
cient

n
i

n
i

(#)

�
�

1

1
6
(
4!

) 5
1.99

!
10

!
7

g
g

1

2
(
4!

) 5
1.60

!
10

!
6

q
i øqi

3

8!
0.119

t øt
3

8!

!
1

"
4m

2t /M
2

0.106

W
+

W
!

1

6
4!

"
1

"
4m

2W
/M

2

M
2

m
2W

#1
"

4
m

2W
M

2
+

12
m

4W
M

4

$
0.404

Z
Z

1

1
2
8!

"
1

"
4m

2Z
/M

2

M
2

m
2Z

#1
"

4
m

2Z
M

2
+

12
m

4Z
M

4 $
0.154

Table
1

.
W

idth
co

e!
cients.

by
term

s
in

a
Ò

LagrangianÓ
for

the
resonanceS,

L
=

"
1

16⇡
2

14
c

"

M
S

F
µ

#F
µ

#
"

1
16⇡

2

14
c

g

M
S

G
µ

#,aG
aµ

#

"
c

W
M

W
S

W
+

µW
!µ

"
12

c
Z

M
Z

S
Z

µZ
µ

"
%

f

c
f S

øff.
(2.2)

In
this

param
etrization,

M
is

the
m

ass
of

the
resonanceS

.
W

e
em

phasize
that

each
term

denotes
a

particular
pro

duction
and/or

decay
vertex

and
thatthe

param
eterization

L
do

es
not

m
ake

any
assum

ptions
ab

out
hierarchies

of
scales.

1

N
ote

that
if

S
is

a
pseudoscalar,

one
should

setc
W

=
c

Z
=

0
and

replace
F

µ
#F

µ
#

#
F

µ
#

÷Fµ
# ,

G
µ

#,aG
aµ

#
#

G
µ

#,a
÷G

aµ
# ,

S
øff

#
iS

øf�
5f

and
allour

results
involving

the
couplingsc

" ,c
g

and
c

f
w

ould
b

e
applicable.

T
he

totaldecay
w

idth
of

S
im

p
oses

one
constraint

on
the

couplings,

"M
=

%

i

"
i

M
=

%

i

n
i |c

i |
2

$
0.06

,
(2.3)

w
ith

the
dim

ensionless
co

e!
cients

n
i thatw

illb
e

usefulto
us

listed
in

Table
1.

In
particular,

E
q.

(2.3)
directly

im
plies

upp
er

b
ounds

on
the

m
agnitude

of
eachc

i ,
since

observations
im

ply
that

the
w

idth
cannot

signiÞ
cantly

exceed
45

G
eV

.
Itis

p
ossible

and
convenientto

representthe
observed

signalin
term

s
ofthe

branching
ratios

to
the

pro
duction

m
o

de
and

to
�
�.

If
a

single
pro

duction
m

o
de,p,

dom
inates,

the
num

b
er

of
signalevents,N

,
in

the
13

TeV
analyses

Þ
xes

the
pro

duct

B
R

""
!

B
R

p
=

n
p M"

N

✏x
1
3,p

S
L

1
3

=


p
!

&
N20 '&

45
G

eV
"

'&
5.8

fb
!

1

L
1
3

'
,

(2.4)

w
here


p

$
{2.5,

5.5,
8.9,

96,
140,

310,
20000,

25000}
!

10
!

5

(2.5)

1In
particular,the

Ò
couplingsÓ

c
i

are
on-shellform

factors
thatgenerally

include
contributions

from
light

particles
and

C
P

-even
phases

due
to

unitarity
cuts.

C
ontributions

from
particles

w
ith

m
ass

!
M

can
b

e
m

atched
to

a
lo

cale!
ective

Lagrangian
sim

ilar
to

E
q.

(
2.2).

W
e

discuss
exam

ples
in

S
ection3.

Ð
3

Ð

F
riday, 15 January 16



W
idth

m
o

de
W
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n
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a
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(2.2)

In
this

param
etrization,

M
is

the
m

ass
of

the
resonanceS

.
W

e
em

phasize
that

each
term

denotes
a

particular
pro

duction
and/or

decay
vertex

and
thatthe

param
eterization

L
do

es
not

m
ake

any
assum

ptions
ab

out
hierarchies

of
scales.

1

N
ote

that
if

S
is

a
pseudoscalar,

one
should

setc
W

=
c

Z
=

0
and

replace
F

µ
#F

µ
#

#
F

µ
#

÷Fµ
# ,

G
µ

#,aG
aµ

#
#

G
µ

#,a
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# ,

S
øff

#
iS

øf�
5f

and
allour

results
involving

the
couplingsc

" ,c
g

and
c

f
w

ould
b

e
applicable.

T
he

totaldecay
w

idth
of

S
im

p
oses

one
constraint

on
the

couplings,

"M
=

%

i

"
i

M
=

%

i

n
i |c

i |
2

$
0.06

,
(2.3)

w
ith

the
dim

ensionless
co

e!
cients

n
i thatw

illb
e

usefulto
us

listed
in

Table
1.

In
particular,

E
q.

(2.3)
directly

im
plies

upp
er

b
ounds

on
the

m
agnitude

of
eachc

i ,
since

observations
im

ply
that
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odel-independent bounds (13 TeV
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assum

ptions.
Forg

g
pro

duction,
b

ounds
on

the
branching

fraction
to

qøq
are

even
tighter

than
indicated,

since
decays

tog
g

w
ill

necessarily
also

b
e

present
and

enter
the

dijet
searches.

T
he

sam
e

applies
to

branching
fraction

to
g

g
w

hen
the

pro
duction

is
from

quarks.

T
he

com
patibility

of
the

observed
excesses

w
ith

the
8

TeV
diphoton

searches
dep

ends
prim

arily
on

the
parton

lum
inosity

ratio,
r
p ,

listed
in

Tab.
2,

since
the

selection
e"

ciencies
of

the
searches

are
sim

ilar.
T

he
A

T
LA

S
+

C
M

S
excess,

E
q.

(2.1),
translates

to

#
8

"
B

R
!!

=
#

13
"

B
R

!!

r
p

#
!

N20 "
"

{1.6,
2.6,

2.6,
1.8,

1.7,
1.5,

1.6,
1.6}

fb
(2.16)

for
the

di!
erent

pro
duction

cases
from

E
q.

(2.6).
W

e
see

thatN
=

20
excess

events
at

13
TeV

are
b

orderline
com

patible
w

ith
the

8
TeV

analyses,
esp

ecially
if

the
resonance

is
broad.

T
he

g
g

and
heavy-quark

pro
duction

m
o

des
are

som
ew

hat
favoured

in
this

resp
ect

b
ecause

their
lum

inosities
increase

m
ore

rapidly
w

ith $
s.

T
he

A
T

LA
S

and
C

M
S

collab
orations

p
erform

ed
searches

for
resonant

signals
in

m
any

other
Þ

nal
states

as
w

ell.
In

Table3
w

e
list

the
various

tw
o-b

o
dy

Þ
nal

states
relevant

to
a

neutral
color-singlet

spin-0
particle,

and
the

corresp
onding

95%
C

.L.
exclusion

lim
its,

(#
8

"
B

R
i ) m

ax,
from

the
8

TeV
searches.

S
earches

for
dijet

resonances
that

em
ployb

tagging,
and

w
ould

have
enhanced

sensitivity
tob øb

Þ
nal

states,
only

address
resonances

heavier
than

1
TeV

[22,
23],

but
the

lim
its

from
qøq

searches
still

apply
to

b øb.
T

he
recent

13
TeV

dijet
searches

[24,
25]

do
not

cover
the

m
ass

range
around

750
G

eV
at

all,
due

to
triggering

lim
itations.

W
e

also
note

that
the

lim
its

quoted
in

Table
3

are
approxim

ate.
In

general,
they

do
have

som
e

dep
endence

on
the

w
idth

of
the

resonance,
its

spin,
etc.

Table
3

also
lists

the
resulting

constraints
on

the
ratios

of
branching

fractions
of

the
particle,

for
di!

erent
pro

duction
channelassum

ptions.
T

hey
are

com
puted

as
!

B
R

i

B
R

!!

"
m

ax

=
r
p

(#
8

"
B

R
i ) m

ax

#
13

"
B

R
!!

,
(2.17)

w
here

w
e

use
E

q.
(2.1)

and
the

parton
lum

inosity
ratios

r
p

from
Table

2.
T

here
is

alw
ays

a
constraintfrom

decays
to

dijets
since

w
e

take
the

resonance
to

couple
to

either
g

g
or

qøq
for

pro
duction.

A
lso,

the
pro

duction
cross

section
needs

to
b

e
relatively

Ð
7

Ð

F
igure

2
.

B
lack

lines
corresp

ond
toN

=
20

signalevents
in

the
diphoton

analyses
forM

=
750

G
eV

and
!

=
45

G
eV

.D
i"

erentdashing
styles

indicate
the

various
pro

duction
m

o
des,uøu,

d
ød,

søs,
cøc,and

b øb.
B

lue
dashed

lines
are

contours
ofÞ

xed
branching

ratio
to

m
o

des
other

than!!
or

the
pro

duction
m

o
de.

T
he

red-shaded
areas

ab
ove

the
various

horizontallines,
w

ith
dashing

styles
corresp

onding
to

the
pro

duction
m

o
des,

are
excluded

by
dijet

resonance
searches

due
to

decays
to

the
pro

duction
m

o
de

alone.
T

he
right

panelis
a

blow
up

of
the

left
one.

w
hich

the
total

w
idth

is
larger

than
45

G
eV

.
H

orizontal
red

lines
and

the
corresp

onding
shaded

red
regions

indicate
the

param
eter

space
excluded

by
8

TeV
dijet

searches.
W

e
discuss

them
in

the
next

section.
T

he
low

er
b

ounds
on

c
�

in
E

q.
(2.11)

are
approxim

ately
the

crossings
of

the
black

lines
w

ith
the

B
R

other
=

0
contour

at
the

low
er

c
� .

From
F

ig.
1

w
e

see
that

either
large

c
g

or
large

c
�

is
necessary

to
accom

m
o

date
the

excess.
From

this
p

oint
of

view
,

since
the

pro
duction

via
quark

fusion,
F

ig.
2,

relies
on

c
f

!
1,

it
m

ay
b

e
considered

a
m

ore
natural

p
ossibility.

2.2
Interplay

w
ith

previous
LH

C
searches

Im
p

ortantadditionalinform
ation

ab
outthe

prop
erties

of
the

new
particle

can
b

e
obtained

based
on

the
non-observation

of
any

of
its

decays
in

R
un

1
of

the
LH

C
,

in
particular

in
the

20
fb

!
1

of
data

collected
at p

s
=

8
TeV

.
W

e
Þ

rstconsider
lim

its
from

the
diphoton

resonance
searches.

T
he

m
ostrelevantlim

it
for

the
broad

resonance
hyp

othesis
preferred

by
the

A
T

LA
S

excess,!/M
⇡

6%
,

is
the

C
M

S
lim

it
"

8 ⇥
B

R
�
�

!
2
.5

fb
,

(2.14)

w
hich

w
as

derived
for

scalar
resonances

w
ith!

/M
=

10%
[10].

For
a

narrow
resonance,

w
hich

m
ight

b
e

preferred
by

the
C

M
S

data,
the

sam
e

search
obtains

the
lim

it

"
8 ⇥

B
R

�
�

!
1
.3

fb
.

(2.15)

S
om

ew
hat

w
eaker

lim
its,

of
2.5

and
2.0

fb,
w

ere
obtained

by
A

T
LA

S
[11]

and
C

M
S

[12],
resp

ectively,
for

R
S

gravitons
w

ith
k

=
0

.1,
w

hich
are

also
narrow

.

Ð
6

Ð

F
igure

2
.

B
lack

lines
corresp

ond
toN

=
20

signalevents
in

the
diphoton

analyses
forM

=
750

G
eV

and
�

=
45

G
eV

.D
i↵

erentdashing
styles

indicate
the

various
pro

duction
m

o
des,uøu,

d
ød,

søs,
cøc,and

b øb.
B

lue
dashed

lines
are

contours
ofÞ

xed
branching

ratio
to

m
o

des
other

than!!
or

the
pro

duction
m

o
de.

T
he

red-shaded
areas

ab
ove

the
various

horizontallines,
w

ith
dashing

styles
corresp

onding
to

the
pro

duction
m

o
des,

are
excluded

by
dijet

resonance
searches

due
to

decays
to

the
pro

duction
m

o
de

alone.
T

he
right

panelis
a

blow
up

of
the

left
one.

w
hich

the
total

w
idth

is
larger

than
45

G
eV

.
H

orizontal
red

lines
and

the
corresp

onding
shaded

red
regions

indicate
the

param
eter

space
excluded

by
8

TeV
dijet

searches.
W

e
discuss

them
in

the
next

section.
T

he
low

er
b

ounds
on

c
!

in
E

q.
(2.11)

are
approxim

ately
the

crossings
of

the
black

lines
w

ith
the

B
R

other
=

0
contour

at
the

low
er

c
! .

From
F

ig.
1

w
e

see
that

either
large

c
g

or
large

c
!

is
necessary

to
accom

m
o

date
the

excess.
From

this
p

oint
of

view
,

since
the

pro
duction

via
quark

fusion,
F

ig.
2,

relies
on

c
f
.

1,
it

m
ay

b
e

considered
a

m
ore

natural
p

ossibility.

2.2
Interplay

w
ith

previous
LH

C
searches

Im
p

ortantadditionalinform
ation

ab
outthe

prop
erties

ofthe
new

particle
can

b
e

obtained
based

on
the

non-observation
ofany

ofits
decays

in
R

un
1

ofthe
LH

C
,in

particular
in

the
20

fb
!

1
of

data
collected

at !
s

=
8

TeV
.

W
e

Þ
rstconsider

lim
its

from
the

diphoton
resonance

searches.
T

he
m

ostrelevantlim
it

for
the

broad
resonance

hyp
othesis

preferred
by

the
A

T
LA

S
excess,�/M

"
6%

,
is

the
C

M
S

lim
it

"
8

#
B

R
!!

.
2.5

fb
,

(2.14)

w
hich

w
as

derived
for

scalar
resonances

w
ith�

/M
=

10%
[10].

For
a

narrow
resonance,

w
hich

m
ight

b
e

preferred
by

the
C

M
S

data,
the

sam
e

search
obtains

the
lim

it

"
8

#
B

R
!!

.
1.3

fb
.

(2.15)

S
om

ew
hat

w
eaker

lim
its,

of
2.5

and
2.0

fb,
w

ere
obtained

by
A

T
LA

S
[11]

and
C

M
S

[12],
resp

ectively,
for

R
S

gravitons
w

ith
k

=
0

.1,
w

hich
are

also
narrow

.

Ð
6

Ð

(C
M

S
 lim

it for 10%
 G

am
m

a/M
)

(C
M

S
 lim

it for narrow
 resonance)

(A
T

LA
S

 lim
its w

eaker)

!
s

[p
b
]

g
g

uū
dd̄

ss̄
c̄c

b̄b
V

B
F

W
W

V
B

F
Z

Z

13
x

13,p
S

7.5·10
!

3
250

150
14

9.8
4.4

0.23
7.0·10

!
2

8
x

8,p
S

1.7·10
!

3
95

57
3.7

2.3
0.96

5.5·10
!

2
1.7·10

!
2

13/8
r

p
4.4

2.6
2.7

3.9
4.2

4.6
4.2

4.2

Table
2

.
L
ead

in
g-ord

er
p
rod

u
ction

cross
section

s
for

a
reson

an
ce

w
ith

M
=

750
G

eV
for

c
g

=
c

f
=

c
!

=
c

W
=

c
Z

=
1,

at
th

e
13

T
eV

an
d

8
T
eV

L
H

C
,
an

d
th

eir
ratio,

r
p ,

u
sin

g
th

e
lead

in
g-ord

er
P

D
F

set
nn23lo1

[9].
F
or

th
e

m
od

es
g

g,
uū

,
dd̄,

ss̄,
cc̄,

an
d

b̄b
th

e
p
rod

u
ction

cross
section

corresp
on

d
s

to
th

e
p
rocess

pp
"

S
;
for

V
B

F
W

W
an

d
V

B
F

Z
Z

to
th

e
p
rocess

pp
"

S
+

jj.

for
th

e
p
rod

u
ction

m
od

es

p
=

g
g

,
uū,

dd̄,
ss̄,

c̄c,
b̄b,V

B
F

W
W

,
V

B
F

Z
Z

,
(2.6)

resp
ectively,

w
ith

n
p

=
n

g
g ,n

q
i øqi ,n

W
W

,n
Z

Z
p
rovid

ed
in

T
ab

le
1. 2

W
e

u
sed

th
e

lead
in

g-

ord
er

!
s

=
13

T
eV

p
rod

u
ction

cross
section

s
for

M
=

750
G

eV
,

!
13

=
|c

p | 2x
13,p
S

,
(2.7)

w
h
ere

x
13,p
S

are
listed

in
T
ab

le
2.

A
d
irect

con
sequ

en
ce

of
E

q.
(2.4)

is
a

low
er

b
ou

n
d

on
th

e

b
ran

ch
in

g
ratio

into
p
h
oton

s,

B
R

!!
>

"
p

!
N20

"!
45

G
eV

!

"!
5.8

fb
!

1

L
13

"
.

(2.8)

N
ote

th
at

th
is

b
ou

n
d

b
ecom

es
m

ore
strin

gent
if

th
e

w
id

th
of

th
e

reson
an

ce
is

red
u
ced

.

A
ltern

atively,
th

e
excess

events
fi
x

th
e

p
rod

u
ct

of
cou

p
lin

gs

|c
! c

p |
=

#

n
!

1
!

!M
N

#x
13,p
S

L
13

=
$

p
#

#
!

N20

"!
!

45
G

eV

"!
5.8

fb
!

1

L
13

"
,

(2.9)

w
h
ere

$
p

$
{530,

2.9,
3.7,

12,
15,

22,
95,

170}
.

(2.10)

Im
p
ortantly,

in
creasin

g
th

e
p
rod

u
ction

cou
p
lin

gs,
c

p ,
in

creases
also

th
e

d
ecay

rates
to

th
e

p
rod

u
ction

m
od

es.
S
in

ce
th

ese
com

p
ete

w
ith

th
e

%
%
d
ecay,

c
!

can
n
ot

b
e

arb
itrarily

sm
all.

T
h
e

sm
allest

p
ossib

le
|c

! |
corresp

on
d
s

to
th

e
situ

ation
w

h
ere

th
e

total
w

id
th

is

d
om

in
ated

by
th

e
p
rod

u
ction

m
od

e
(w

h
ich

in
p
articu

lar
im

p
lies

!
!!

%
!

p ).
S
in

ce
th

e
d
e-

p
en

d
en

ce
on|c

p | 2
can

cels
b
etw

een
th

e
p
rod

u
ction

cross
section

an
d

th
e

d
ip

h
oton

b
ran

ch
in

g

2R
esults

for
V

B
F

pro
duction,here

and
b

elow
,involve

the
use

ofthe
S

W
W

and
S

Z
Z

vertices
in

E
q.(2.2)

in
M

adgraph
[5].

T
his

is
correct

in
either

of
the

follow
ing

tw
o

situations:
(i)

the
origin

of
the

vertices
is

lo
cal

physics,
originating

in
scales

!
M

,
such

as
in

the
dilation

case
in

S
ection

3.1.3;
in

such
a

case
the

vertices
can

b
e

interpreted
as

a
unitary-gauge

Lagrangian
couplings

and
b

e
used

o!
shell;

or
(ii)

the
pro

duction
pro

cess
is

dom
inated

by
nearly

on-shellW
,

Z
b

osons
(the

sam
e

prerequisite
under

w
hich

the
equivalent-b

oson
approxim

ation
[6,7]is

justiÞ
ed).

V
B

F
pro

duction
ofthe

750
G

eV
resonance

is
also

studied
in

R
ef.

[8].

–
4

–
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also im
plies sim

ple bounds on ratios of B
R

Õ
s:

R
esonance search constraints

large couplings to photons, and/or suppressed couplings to 
w

eak bosons, H
iggs, leptons, required

G
upta, S

J, K
ats, P

erez, S
tam

ou 1512.05332

decay
m

o
dei

!
g

g
qøq

t øt
W

W
Z

Z
hh

Z
h

!!
Z

"
ee

+
µµ

(#
8

"
B

R
i ) m

ax
[fb]

4000
1800

500
60

60
50

17
12

8
2.4

[13]
[13]

[14]
[15]

[16]
[17]

[18]
[19]

[20]
[21]

pro
duction

p
=

g
g

2600
1200

320
38

38
32

11
7.7

5.1
1.5

!
B

R
i

B
R

!!

"
m

ax
u

øu
1500

690
190

23
23

19
6.5

4.6
3.1

0.9
d

ød
1600

700
200

23
23

20
6.7

4.7
3.1

0.9
søs

2300
1000

280
34

34
28

9.6
6.8

4.5
1.4

cøc
2400

1100
300

36
36

30
10

7.3
4.8

1.5
b øb

2700
1200

340
40

40
34

11
8.1

5.4
1.6

Table
3

.
Top:

B
ounds

on
750

G
eV

resonances
from

8
TeV

LH
C

searches.
B

ottom
:

D
erived

b
ounds

on
ratios

of
branching

fractions
for

di!
erent

pro
duction

channel
assum

ptions.
Forg

g
pro

duction,
b

ounds
on

the
branching

fraction
to

qøq
are

even
tighter

than
indicated,

since
decays

tog
g

w
ill

necessarily
also

b
e

present
and

enter
the

dijet
searches.

T
he

sam
e

applies
to

branching
fraction

to
g

g
w

hen
the

pro
duction

is
from

quarks.

T
he

com
patibility

of
the

observed
excesses

w
ith

the
8

TeV
diphoton

searches
dep

ends
prim

arily
on

the
parton

lum
inosity

ratio,
r
p ,listed

in
Tab.

2,since
the

selection
e"

ciencies
of

the
searches

are
sim

ilar.
T

he
A

T
LA

S
+

C
M

S
excess,

E
q.

(2.1),
translates

to

#
8

"
B

R
!!

=
#

13
"

B
R

!!

r
p

#
!

N20 "
"

{1.6,
2.6,

2.6,
1.8,

1.7,
1.5,

1.6,
1.6}

fb
(2.16)

for
the

di!
erent

pro
duction

cases
from

E
q.

(2.6).
W

e
see

thatN
=

20
excess

events
at

13
TeV

are
b

orderline
com

patible
w

ith
the

8
TeV

analyses,
esp

ecially
if

the
resonance

is
broad.

T
he

g
g

and
heavy-quark

pro
duction

m
o

des
are

som
ew

hat
favoured

in
this

resp
ect

b
ecause

their
lum

inosities
increase

m
ore

rapidly
w

ith $
s.

T
he

A
T

LA
S

and
C

M
S

collab
orations

p
erform

ed
searches

for
resonant

signals
in

m
any

other
Þ

nal
states

as
w

ell.
In

Table3
w

e
list

the
various

tw
o-b

o
dy

Þ
nal

states
relevant

to
a

neutral
color-singlet

spin-0
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Þ
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resonances

heavier
than

1
TeV

[22,
23],

but
the

lim
its

from
qøq

searches
still

apply
to

b øb.
T

he
recent

13
TeV
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constraints
on

the
ratios

of
branching

fractions
of

the
particle,

for
di!

erent
pro

duction
channelassum

ptions.
T

hey
are

com
puted

as
!

B
R

i

B
R

!!

"
m

ax

=
r
p

(#
8

"
B

R
i ) m

ax

#
13

"
B

R
!!

,
(2.17)

w
here

w
e

use
E

q.
(2.1)

and
the

parton
lum

inosity
ratios

r
p

from
Table

2.
T

here
is

alw
ays

a
constraintfrom

decays
to
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pro
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pro
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Þ
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Þ
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pro
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p
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Þ
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the
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gluons/quarks
and

a
large

coupling
to

photons
(left

side
of

the
plots)

there
is

no
such

lim
itation.

3
M

o
dels

W
e

now
turn

to
discuss
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w
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.
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2 H
iggs doublets
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0 and A
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Ò
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here only one doublet gets a vev
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ith m

ass basis is due to single operator  

    ->
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all param
eter                   ,   decoupling lim

it applies
    consequence: Y

ukaw
a couplings of H

,A
 can be large, even 

    for first tw
o generations (possible production m

ode)

M
ass splitting due to another operato

excess could be sum
 of both contributions (H

, A
)

consider production from
 glue-glue and from

 quarks
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excess.
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Þ
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Þ
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than
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the
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of
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b
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pro
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2 H
iggs doublets: gluon fusion

W
idth bounds Y

ukaw
a couplings:

pseudoscalar case (A
0):
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ion loop contribution m
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t 2=
0.5, y

f =
0 (other quarks)

from
 general signal strength constraint:

evaluating the loop function gives N
A  <

 0.02

scalar case (H
0): ferm

ion loop m
axim

ised as in pseudoscalar case
evaluating gives low

er bound (recall general expressions)

N
ow

 also H
+ contributions (unlike A

0), but fails by factor ~
20 

(consequence of decoupling regim
e)
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p
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�
(A

0
#

g
g)

�
(A

0)
"

�
(A

0)

45
G

eV
<

8.0
"

10
5

"
�
(A

0
#

g
g)

"
�
(A

0
#

!!
)

�
(A

0
#

f
f̄
) 2

,

(3.29)

w
h
ere

�
(A

0
#

g
g)

=
y

2t "
2s m

3A
0

32#
3m

2t

!!!!!! "

f

A
A

0

f

!!!!!! 2

,

�
(A

0
#

!!
)

=
y

2t "
2m

3A
0

64#
3m

2t

!!!!!! "

f

N
c Q

2f A
A

0

f

!!!!!! 2

,
(3.30)

w
ith

A
A

0

f
a

loop
fu

n
ction

of
a

sin
gle

D
irac

ferm
ion

,
see

for
exam

p
le

[28].
A

s
exp

lain
ed

ab
ove,

takin
g

y
t

!
y

f
0
on

e
can

n
ow

evalu
ate

th
e

u
p
p
er

b
ou

n
d

in
E

q.
(3.29),

N
A

<
0.02

,
(3.31)

w
h
ere

w
e

h
ave

u
sed

�
(A

0
#

tt̄)
=

0.11
M

y
2t

from
T
ab

le
1.

W
e

thu
s

con
clu

d
e

th
at

th
e

p
seu

d
oscalar

contrib
u
tion

s
are

n
egligib

ly
sm

all
in

th
is

case.

N
ext

w
e

con
sid

er
th

e
contrib

u
tion

from
H

0
p
rod

u
ction

.
T
o

exp
lain

th
e

sign
al

w
e

requ
ire

th
at

all
20

sign
al

events
m

u
st

b
e

from
H

0
d
ecays,

20
=

N
H

<
2.0

"
10

4
#G

eV
!

1 $
"

�
(H

0
#

g
g)

�
(H

0
#

t̄t)
"

�
(H

0
#

!!
).

(3.32)

N
ow

,
as

ab
ove,

w
e

u
se

y
t

!
y

f
0
to

m
axim

ise
th

e
ratio

�
(H

0
#

g
g)/�

(H
0

#
t̄t)

w
h
ich

th
en

b
ecom

es
in

d
ep

en
d
ent

of
y

t .
U

sin
g

T
ab

le
1,

w
e

su
b
stitu

te
�
(H

0
#

!!
)

=
1.99

"
10

!
7M

c
2�

to
ob

tain

c
�

>
66

.
(3.33)

T
h
e

real
scalar

contrib
u
tion

s
arise

b
oth

d
u
e

to
ferm

ion
ic

loop
s

an
d

loop
s

in
clu

d
in

g
th

e

ch
arged

electrow
eak

vector
b
oson

s
an

d
h
eavy

H
iggs

b
oson

s.
W

e
n
ote

th
at

th
e

contrib
u
tion

s

related
to

th
e

h
eavy

ch
arged

H
iggs

a↵
ect

th
e

total
w

id
th

of
H

0
on

ly
at

su
b
lead

in
g

ord
er

d
u
e

to
its

large
m

ass.
In

ord
er

to
ch

eck
w

h
eth

er
th

e
gen

eral
2H

D
M

can
accou

nt
for

su
ch

a
valu

e
of

c
�

w
e

h
ave

ad
d
ed

u
p

th
e

loop
contrib

u
tion

s
from

th
e

top
qu

ark,
th

e
W

an
d

th
e

ch
arged

H
iggs

(see
e.g.

[28])
allow

in
g

for
m

axim
al

con
stru

ctive
interferen

ce.
In

th
e

H
iggs

b
asis

th
e

tw
o

cou
p
lin

gs
th

at
can

p
aram

etrize
th

ese
contrib

u
tion

s
are

$
V

,
d
efi

n
ed

in

E
q.

(3.23),
an

d

$
H

+
(H

†a H
b )(H

†b H
b )

+
h.c.

(3.34)

–
18

–

w
ith

m
f

b
eing

the
ferm

ion
m

ass.
N

ote
that

for
the

sam
e

coupling,y
f ,

the
ferm

ionic
lo

op
contribution

decreases
w

ith
the

m
ass

of
the

ferm
ion.

T
hus,

w
e

Þ
nd

that
for

a
Þ

xed
partial

w
idth

to
ferm

ions
(and

thus
a

Þ
xed

Y
2),

to
m

axim
ise

the
ferm

ionic
lo

op
contributions,

w
e

need
to

take
y

t /y
f
0�

1,
w

here
y

t
is

the
coupling

to
the

top
and

y
f
0

the
coupling

to
ferm

ions
other

than
the

top.
It

is
p

ossible
to

b
ound

the
contributions

from
A

0

b
ecause,

unlike
H

0,
in

the
C

P
lim

it,
its

couplings
to

the
photons

and
gluons

are
only

due
to

ferm
ion

lo
ops.

T
he

totalnum
b

er
ofevents

from
pseudoscalar

decays
can

b
e

derived
from

E
q.(
2.4),

N
A

=
8

.0⇥
10

5⇥
B

R
!!

⇥
!

(A
0!

g
g)

!
(A

0)
⇥

!
(A

0)
45

G
eV

<
8.0⇥

10
5⇥

!
(A

0!
g

g)⇥
!

(A
0!

!!
)

!
(A

0!
f

øf)
2

,

(3.29)
w

here

!
(A

0!
g

g)
=

y
2

t "
2s m

3A
0

32#
3m

2t

!!!!!! "

f

A
A

0

f

!!!!!!

2

,

!
(A

0!
!!

)
=

y
2

t "
2m

3A
0

64#
3m

2t

!!!!!! "

f

N
c Q

2f A
A

0

f

!!!!!!

2

,
(3.30)

w
ith

A
A

0

f
a

lo
op

function
of

a
single

D
irac

ferm
ion,

see
for

exam
ple

[28].
A

s
explained

ab
ove,

taking
y

t �
y

f
0

one
can

now
evaluate

the
upp

er
b

ound
in

E
q.

(3.29),

N
A

<
0.02

,
(3.31)

w
here

w
e

have
used!

(A
0

!
t øt)

=
0

.11
M

y
2

t
from

Table
1.

W
e

thus
conclude

that
the

pseudoscalar
contributions

are
negligibly

sm
allin

this
case.

N
ext

w
e

consider
the

contribution
from

H
0

pro
duction.

To
explain

the
signal

w
e

require
that

all20
signalevents

m
ust

b
e

from
H

0

decays,

20
=

N
H

<
2.0⇥

10
4

#G
eV

!
1 $⇥

!
(H

0!
g

g)
!

(H
0!

øtt)
⇥

!
(H

0!
!!

).
(3.32)

N
ow

,
as

ab
ove,

w
e

usey
t �

y
f
0

to
m

axim
ise

the
ratio

!
(H

0!
g

g)/!
(H

0!
øtt)

w
hich

then
b

ecom
es

indep
endent

ofy
t .

U
sing

Table
1,

w
e

substitute
!

(H
0!

!!
)

=
1

.99⇥
10

!
7M

c
2!

to
obtain

c
!

>
66

.
(3.33)

T
he

real
scalar

contributions
arise

b
oth

due
to

ferm
ionic

lo
ops

and
lo

ops
including

the
charged

electrow
eak

vector
b

osons
and

heavy
H

iggs
b

osons.
W

e
note

thatthe
contributions

related
to

the
heavy

charged
H

iggs
a"

ect
the

total
w

idth
of

H
0

only
at

subleading
order

due
to

its
large

m
ass.

In
order

to
check

w
hether

the
general

2H
D

M
can

account
for

such
a

value
ofc

!
w

e
have

added
up

the
lo

op
contributions

from
the

top
quark,

the
W

and
the

charged
H

iggs
(see

e.g.
[28])

allow
ing

for
m

axim
al

constructive
interference.

In
the

H
iggs

basis
the

tw
o

couplings
that

can
param

etrize
these

contributions
are$

V
,

deÞ
ned

in
E

q.
(3.23),

and
$

H
+

(H
†a H

b )(H
†b H

b )+
h.c.

(3.34)
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2 H
iggs doublets: q-qbar case

large Y
ukaw

as allow
ed in decoupling lim

it, largest production cross 
section for up quark [ignore possible flavour physics issues]

N
ow

 the signal strength constraint gives

rhs m
axim

ised for y
u 2=

0.22, y
t 2  =

 0.28

consider the m
odel-independent low

er bound

m
axim

um
 possible value is ~

3, yielding ~
factor 2 shortfall in rate

(attained for                            , in conflict w
ith E

W
 precision tests)

N
o (pure) 2H

D
M

 can explain the excess

G
upta, S

J, K
ats, P

erez, S
tam

ou 1512.05332

w
here

the
term

prop
ortional

to
!

H
+

(!
V

)
generates

the
charged-H

iggs
(W

)
lo

op-induced
contributions.

W
e

take
the

m
axim

al
value

(already
m

entioned
ab

ove)!
V

<
3

allow
ed

by
electrow

eak
precision

constraints.
T

he
contributions

to
c

!
prop

ortional
to

!
H

+
are

unconstrained
and

can
b

e
signiÞ

cantly
larger.

H
ow

ever,
w

e
Þ

nd
that

even
if

w
e

take
!

H
+

=
16

"
2

w
e

can
only

obtain
c

!
as

large
as

5.
If

w
e

take!
H

+
to

its
p

erturbative
lim

it
16"

2/ !
3

(such
thatlo

op
contributions

are
atleasta

third
oftree-levelones)

w
e

Þ
ndc

!
<

3.
T

herefore,
w

e
conclude

that
pro

duction
due

to
gluon

fusion
pro

cesses
cannot

account
for

the
observed

anom
aly.

Q
uark-antiquark

pro
duction

A
s

argued
ab

ove,
in

general
the

heavy
states

can
have

sizable
couplings

to
the

Þ
rst

tw
o

generations.
Ignoring

p
ossible

severe
constraints

from
ß

avour
physics

w
e

Þ
nd

that
the

w
eakest

b
ound

is
from

pro
duction

due
tou

øu.
A

gain
w

e
b

ound
the

pseudoscalar
contribution

Þ
rst.

U
sing

E
q.

(2.4)
w

e
have

N
A

=
8

.0"
10

3"
B

R
!!

"
!

(A
0

#
u

øu)
!

(A
0)

!
(A

0)
G

eV
=

8
.0"

10
3"

!
(A

0
#

u
øu)

!
(A

0)
!

(A
0

#
#

#)
G

eV
.

(3.35)

A
s

the
up-quark

lo
op

contributes
negligibly

to
!

(A
0

#
#

#)com
pared

to
the

top-quark
lo

op,
the

ab
ove

expression
is

prop
ortional

toy
2u y

2t /Y
2

w
here

all
the

other
ferm

ionic
couplings

are
zero.

K
eeping

the
b

ound
from

E
q.

(3.26)
in

m
ind,

this
is

m
axim

ised
for

y
2u

=
0

.22
and

y
2t

=
0

.28.
For

these
values

the
pseudoscalar

contribution
yields

less
than

one
event.

T
hus

H
0

m
ust

account
for

all20
events.

W
e

can
thus

use
E

q.
(2.11)

w
hich

gives

c
!

>
4.1

.
(3.36)

A
s

explained
b

elow
E

q.(3.33)
the

m
axim

alp
ossible

value
ofc

!
is

3
w

hen
!

H
+

=
16

"
2/ !

3.
T

his
yields

only
half

of
the

required
num

b
er

of
events

according
to

the
ab

ove
b

ound.
In

any
case

such
large

values
of!H

+
are

ruled
out

if
w

e
require

the
contribution

of
!

H
+

to
the

running
of

!
V

to
b

e
sm

aller
than

the
electrow

eak
precision

b
ound,

that
is"

!
V

<
3.

T
his

rules
out

the
quark-antiquark

pro
duction

as
a

p
ossibility.

T
hus,

w
e

have
veriÞ

ed
that

the
general2H

D
M

,
w

ithout
any

additionalstates,
cannot

account
for

the
observed

anom
aly.

3.3
T

he
fate

of
the

M
S

S
M

W
e

now
turn

to
the

M
inim

alS
up

ersym
m

etric
S

tandard
M

o
del(M

S
S

M
).

A
s

in
the

2H
D

M
,

w
hich

in
its

typ
e-II

form
is

contained
in

the
M

S
S

M
as

a
subsector,

the
only

candidate
particles

for
the

resonance
in

the
M

S
S

M
areH

0
and

A
0. 3

A
gain,the

only
viable

pro
duction

3
W

e
consider

the
R

-parity-conserving
M

S
S

M
,

otherw
ise

in
principle

one
could

consider
sneutrino

can-
didates,

w
hich

can
b

e
sim

ilarly
constrained.

A
resonant

!!
signalcan

also
arise

w
ithin

the
M

S
S

M
from

the
annihilation

of
a

squark-antisquark
near-threshold

Q
C

D
b

ound
state,

m
ost

fam
ously

the
stop

onium
[

36].
H

ow
ever,

based
on

expressions
from

[37],
the

stop
onium

has
|c

g c
� |

'
2

18("
/3) 5#(3)$$

s ø$
3s
⇡

0.7,
so

the
rate

is
w

ay
to

o
sm

allto
account

for
the

excess
if!

=
45

G
eV

(c.f.
E

q.
(

2.9)).
E

ven
assum

ing
the

observed
resonance

to
actually

b
e

narrow
and

taking
the

m
ost

favorable
(but

also
a

quite
generic)

scenario
w

here
the

w
idth

is
saturated

by
decays

to
the

pro
duction

m
o

de,
!

g
g
'

(16/81)ø$
3s $

2s M
⇡

0.0033
G

eV
,

the
r.h.s.

of
E

q.
(2.9)

is
still

as
large

as
4.5.

T
his

is
still

to
o

large
by

a
factor

of
ab

out
6.

O
ne

m
ight

also
consider

the
gluinonium

,
w

hose
pro

duction
cross

section
is

m
uch

larger,
though

the
!!

annihilation
channelis

lo
op-

suppressed
[37,

38].
H

ow
ever,

pair
pro

duction
of

M
/

2
=

375
G

eV
gluinos

w
ould

have
b

een
alm

ost
certainly

noticed
by

now
.

Ð
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w
h
ere

th
e

term
p
rop

ortion
al

to
�

H
+

(�
V

)
gen

erates
th

e
ch

arged
-H

iggs
(W

)
loop

-in
d
u
ced

contrib
u
tion

s.
W

e
take

th
e

m
axim

al
valu

e
(alread

y
m

ention
ed

ab
ove)

�
V

<
3

allow
ed

by
electrow

eak
p
recision

con
straints.

T
h
e

contrib
u
tion

s
to

c
!

p
rop

ortion
al

to
�

H
+

are

u
n
con

strain
ed

an
d

can
b
e

sign
ifi

cantly
larger.

H
ow

ever,
w

e
fi
n
d

th
at

even
if

w
e

take

�
H

+
=

16
⇡

2

w
e

can
on

ly
ob

tain
c

!
as

large
as

5.
If

w
e

take
�

H
+

to
its

p
ertu

rb
ative

lim
it

16
⇡

2/ !
3

(su
ch

th
at

loop
contrib

u
tion

s
are

at
least

a
th

ird
of

tree-level
on

es)
w

e
fi
n
d

c
!

<
3.

T
h
erefore,

w
e

con
clu

d
e

th
at

p
rod

u
ction

d
u
e

to
glu

on
fu

sion
p
rocesses

can
n
ot

accou
nt

for

th
e

ob
served

an
om

aly.

Q
u
a
rk

-a
n
tiq

u
a
rk

p
ro

d
u
ctio

n
A

s
argu

ed
ab

ove,
in

gen
eral

th
e

h
eavy

states
can

h
ave

sizab
le

cou
p
lin

gs
to

th
e

fi
rst

tw
o

gen
eration

s.
Ign

orin
g

p
ossib

le
severe

con
straints

from

fl
avou

r
p
hysics

w
e

fi
n
d

th
at

th
e

w
eakest

b
ou

n
d

is
from

p
rod

u
ction

d
u
e

to
u
ū
.

A
gain

w
e

b
ou

n
d

th
e

p
seu

d
oscalar

contrib
u
tion

fi
rst.

U
sin

g
E

q.
(2.4)

w
e

h
ave

N
A

=
8
.0"

10
3"

B
R

!!
"

!
(A

0

#
u
ū
)

!
(A

0)

!
(A

0)

G
eV

=
8
.0"

10
3"

!
(A

0

#
u
ū
)

!
(A

0)

!
(A

0

#
�

�
)

G
eV

.
(3.35)

A
s
th

e
u
p
-qu

ark
loop

contrib
u
tes

n
egligib

ly
to

!
(A

0

#
�

�
)
com

p
ared

to
th

e
top

-qu
ark

loop
,

th
e

ab
ove

exp
ression

is
p
rop

ortion
al

to
y

2

u y
2

t /
Y

2

w
h
ere

all
th

e
oth

er
ferm

ion
ic

cou
p
lin

gs

are
zero.

K
eep

in
g

th
e

b
ou

n
d

from
E

q.
(3.26)

in
m

in
d
,
th

is
is

m
axim

ised
for

y
2

u
=

0
.22

an
d

y
2

t
=

0
.28.

F
or

th
ese

valu
es

th
e

p
seu

d
oscalar

contrib
u
tion

yield
s

less
th

an
on

e
event.

T
hu

s

H
0

m
u
st

accou
nt

for
all

20
events.

W
e

can
thu

s
u
se

E
q.

(2.11)
w

h
ich

gives

c
!

>
4
.1

.
(3.36)

A
s

exp
lain

ed
b
elow

E
q.

(3.33)
th

e
m

axim
al

p
ossib

le
valu

e
of

c
!

is
3

w
h
en

�
H

+
=

16
⇡

2/ !
3.

T
h
is

yield
s

on
ly

h
alf

of
th

e
requ

ired
nu

m
b
er

of
events

accord
in

g
to

th
e

ab
ove

b
ou

n
d
.

In

any
case

su
ch

large
valu

es
of

�
H

+
are

ru
led

ou
t

if
w

e
requ

ire
th

e
contrib

u
tion

of
�

H
+

to

th
e

ru
n
n
in

g
of

�
V

to
b
e

sm
aller

th
an

th
e

electrow
eak

p
recision

b
ou

n
d
,
th

at
is

"
�

V
<

3.

T
h
is

ru
les

ou
t

th
e

qu
ark-antiqu

ark
p
rod

u
ction

as
a

p
ossib

ility.

T
hu

s,
w

e
h
ave

verifi
ed

th
at

th
e

gen
eral

2H
D

M
,
w

ith
ou

t
any

ad
d
ition

al
states,

can
n
ot

accou
nt

for
th

e
ob

served
an

om
aly.

3
.3

T
h
e
fa
te

o
f
th

e
M

S
S
M

W
e

n
ow

tu
rn

to
th

e
M

in
im

al
S
u
p
ersym

m
etric

S
tan

d
ard

M
od

el
(M

S
S
M

).
A

s
in

th
e

2H
D

M
,

w
h
ich

in
its

typ
e-II

form
is

contain
ed

in
th

e
M

S
S
M

as
a

su
b
sector,

th
e

on
ly

can
d
id

ate

p
articles

for
th

e
reson

an
ce

in
th

e
M

S
S
M

are
H

0

an
d

A
0.

3

A
gain

,
th

e
on

ly
viab

le
p
rod

u
ction

3
W

e
consider

the
R

-parity-conserving
M

S
S

M
,

otherw
ise

in
principle

one
could

consider
sneutrino

can-
didates,

w
hich

can
b

e
sim

ilarly
constrained.

A
resonant

�
�

signalcan
also

arise
w

ithin
the

M
S

S
M

from
the

annihilation
of

a
squark-antisquark

near-threshold
Q

C
D

b
ound

state,
m

ost
fam

ously
the

stop
onium

[
36].

H
ow

ever,
based

on
expressions

from
[37],

the
stop

onium
has

|c
g c

! |
'

2
1
8(⇡

/3)
5⇣(3)↵

↵
s ø↵

3s
⇡

0.7,
so

the
rate

is
w

ay
to

o
sm

allto
account

for
the

excess
if!

=
45

G
eV

(c.f.
E

q.
(

2.9)).
E

ven
assum

ing
the

observed
resonance

to
actually

b
e

narrow
and

taking
the

m
ost

favorable
(but

also
a

quite
generic)

scenario
w

here
the

w
idth

is
saturated

by
decays

to
the

pro
duction

m
o

de,
!
g
g
'

(16/81)ø↵
3s ↵

2s M
⇡

0.0033
G

eV
,

the
r.h.s.

of
E

q.
(2.9)

is
still

as
large

as
4.5.

T
his

is
still

to
o

large
by

a
factor

of
ab

out
6.

O
ne

m
ight

also
consider

the
gluinonium

,
w

hose
pro

duction
cross

section
is

m
uch

larger,
though

the
�
�

annihilation
channelis

lo
op-

suppressed
[37,

38].
H

ow
ever,

pair
pro

duction
of

M
/

2
=

375
G

eV
gluinos

w
ould

have
b

een
alm

ost
certainly

noticed
by

now
.

–
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–

w
here

the
term

prop
ortional

to
�

H
+

(�
V

)
generates

the
charged-H

iggs
(W

)
lo

op-induced
contributions.

W
e

take
the

m
axim

al
value

(already
m

entioned
ab

ove)�
V

<
3

allow
ed

by
electrow

eak
precision

constraints.
T

he
contributions

to
c
�

prop
ortional

to
�

H
+

are
unconstrained

and
can

b
e

signiÞ
cantly

larger.
H

ow
ever,

w
e

Þ
nd

that
even

if
w

e
take

�
H

+
=

16
⇡

2
w

e
can

only
obtain

c
�

as
large

as
5.

If
w

e
take�

H
+

to
its

p
erturbative

lim
it

16⇡
2/ !

3
(such

thatlo
op

contributions
are

atleasta
third

oftree-levelones)
w

e
Þ

ndc
�

<
3.

T
herefore,

w
e

conclude
that

pro
duction

due
to

gluon
fusion

pro
cesses

cannot
account

for
the

observed
anom

aly.

Q
uark-antiquark

pro
duction

A
s

argued
ab

ove,
in

general
the

heavy
states

can
have

sizable
couplings

to
the

Þ
rst

tw
o

generations.
Ignoring

p
ossible

severe
constraints

from
ß

avour
physics

w
e

Þ
nd

that
the

w
eakest

b
ound

is
from

pro
duction

due
tou

øu.
A

gain
w

e
b

ound
the

pseudoscalar
contribution

Þ
rst.

U
sing

E
q.

(2.4)
w

e
have

N
A

=
8

.0"
10

3"
B

R
�
� "

!
(A

0
#

u
øu)

!
(A

0)
!

(A
0)

G
eV

=
8

.0"
10

3"
!

(A
0

#
u

øu)
!

(A
0)

!
(A

0
#

�
�)

G
eV

.
(3.35)

A
s

the
up-quark

lo
op

contributes
negligibly

to
!

(A
0

#
�
�)com

pared
to

the
top-quark

lo
op,

the
ab

ove
expression

is
prop

ortional
toy

2u y
2t /Y

2
w

here
all

the
other

ferm
ionic

couplings
are

zero.
K

eeping
the

b
ound

from
E

q.
(3.26)

in
m

ind,
this

is
m

axim
ised

for
y

2u
=

0
.22

and
y

2t
=

0
.28.

For
these

values
the

pseudoscalar
contribution

yields
less

than
one

event.
T

hus
H

0
m

ust
account

for
all20

events.
W

e
can

thus
use

E
q.

(2.11)
w

hich
gives

c
�

>
4.1

.
(3.36)

A
s

explained
b

elow
E

q.(3.33)
the

m
axim

alp
ossible

value
ofc

�
is

3
w

hen
�

H
+

=
16

⇡
2/ !

3.
T

his
yields

only
half

of
the

required
num

b
er

of
events

according
to

the
ab

ove
b

ound.
In

any
case

such
large

values
of�H

+
are

ruled
out

if
w

e
require

the
contribution

of
�

H
+

to
the

running
of

�
V

to
b

e
sm

aller
than

the
electrow

eak
precision

b
ound,

that
is"

�
V

<
3.

T
his

rules
out

the
quark-antiquark

pro
duction

as
a

p
ossibility.

T
hus,

w
e

have
veriÞ

ed
that

the
general2H

D
M

,
w

ithout
any

additionalstates,
cannot

account
for

the
observed

anom
aly.

3.3
T

he
fate

of
the

M
S

S
M

W
e

now
turn

to
the

M
inim

alS
up

ersym
m

etric
S

tandard
M

o
del(M

S
S

M
).

A
s

in
the

2H
D

M
,

w
hich

in
its

typ
e-II

form
is

contained
in

the
M

S
S

M
as

a
subsector,

the
only

candidate
particles

for
the

resonance
in

the
M

S
S

M
areH

0
and

A
0. 3

A
gain,the

only
viable

pro
duction

3
W

e
consider

the
R

-parity-conserving
M

S
S

M
,

otherw
ise

in
principle

one
could

consider
sneutrino

can-
didates,

w
hich

can
b

e
sim

ilarly
constrained.

A
resonant

�
�

signalcan
also

arise
w

ithin
the

M
S

S
M

from
the

annihilation
of

a
squark-antisquark

near-threshold
Q

C
D

b
ound

state,
m

ost
fam

ously
the

stop
onium

[
36].

H
ow

ever,
based

on
expressions

from
[37],

the
stop

onium
has

|c
g c

! |
!

2
1
8(⇡

/3)
5⇣(3)↵

↵
s ø↵

3s
"

0.7,
so

the
rate

is
w

ay
to

o
sm

allto
account

for
the

excess
if!

=
45

G
eV

(c.f.
E

q.
(

2.9)).
E

ven
assum

ing
the

observed
resonance

to
actually

b
e

narrow
and

taking
the

m
ost

favorable
(but

also
a

quite
generic)

scenario
w

here
the

w
idth

is
saturated

by
decays

to
the

pro
duction

m
o

de,
!

g
g

!
(16/81)ø↵

3s ↵
2s M

"
0.0033

G
eV

,
the

r.h.s.
of

E
q.

(2.9)
is

still
as

large
as

4.5.
T

his
is

still
to

o
large

by
a

factor
of

ab
out

6.
O

ne
m

ight
also

consider
the

gluinonium
,

w
hose

pro
duction

cross
section

is
m

uch
larger,

though
the

�
�

annihilation
channelis

lo
op-

suppressed
[37,

38].
H

ow
ever,

pair
pro

duction
of

M
/

2
=

375
G

eV
gluinos

w
ould

have
b

een
alm

ost
certainly

noticed
by

now
.
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M
S

S
M

T
he M

S
S

M
 is an extension of a 2H

D
M

, containing also sferm
ions, 

higgsinos, and gauginos.

If R
-parity conserved, candidate states still H

0 and A
0

[nb bound states like stoponium
 can be ruled out] 

- 2H
D

M
 is m

odel II, giving faster approach to decoupling lim
it and 

strong suppression of W
 and H

+
 loops

- only gluon fusion conceivable production m
ode as Y

ukaw
a 

couplings to light quarks sm
all

- w
ould require substantial loop-induced couplings to gluons from

 
squarks, and to photons from

 squarks, sleptons, and charginos

F
riday, 15 January 16



M
S

S
M

: how
 to bound?

S
ferm

ion loop functions alm
ost step-function like in 

m
agnitude, steep fall-off at threshold m

sferm
 =

 375 G
eV

- difficult in light of direct searches, but blind spots exist

- difficult to have light stops w
ith 126 G

eV
 H

iggs. H
ow

ever, 
com

binations of one light and one heavy and/or large 
trilinears conceivable

- even for stop contribution have six-dim
ensional param

eter 
space, difficult to scan

H
ow

ever, if w
e use/assum

e stability of the physical E
W

S
B

 
but charge- and colour-conserving vacuum

, w
e get Ò

low
-

dim
ensionalÓ

 constraints on the param
eter space

T
his turns out to be num

erically tractable and sufficient.

F
riday, 15 January 16



M
S

S
M

: vacuum
 stability

M
any directions in M

S
S

M
 scalar field space can develop 

charge- and colour-breaking m
inim

a. C
onsider:

F
or instance, requiring the m

inim
um

 along the first tw
o 

directions to be at the origin im
plies (after som

e rew
orking of the 

usual form
):

only the stop m
ass eigenvalues and tan(beta) appear on r.h.s!

w
ill

b
e

the
absence

of
charge-

and
colour-breaking

m
inim

a
of

the
scalar

p
otential.

T
his

could
in

principle
b

e
relaxed

to
only

require
m

etastability
over

cosm
ologicaltim

escales;
w

e
leave

this
aside

for
future

w
ork.

A
s

w
e

w
illsee,

this
assum

ption
is

su!
cient

to
exclude

the
M

S
S

M
if

the
resonance

interpretation
is

conÞ
rm

ed.

3.3.1
C

onstraints
from

vacuum
stability

A
n

essential
role

in
our

argum
ent

is
played

by
the

upp
er

b
ounds

on
theµ

param
eter

and
the

soft
trilinear

term
s

that
follow

from
requiring

the
absence

of
charge-

and
colour-

breaking
m

inim
a

of
the

M
S

S
M

scalar
p

otential.
T

he
derivation

of
these

b
ounds

is
w

ell
know

n
[39Ð46]

and
involves

suitable
one-dim

ensional
directions

of
the

M
S

S
M

scalar
Þ

eld
space.

E
m

ploying
the

four
directions

T
L

=
T

R
=

H
0

u ,
B

L
=

B
R

=
H

0

d ,
B

L
=

T
R

=
H

!d
,

T
L

=
B

R
=

H
+

u
(3.38)

(w
ith

all
other

scalar
Þ

elds
held

at
zero),

of
w

hich
the

Þ
rst

tw
o

areD
-ß

at,
the

b
ounds

follow
ing

from
the

four
can

b
e

conveniently
form

ulated
in

term
s

of
the

stop
and

sb
ottom

m
asses,

as
follow

s:

|A
t |

!
"

3 !

m
2

˜

t1
+

m
2

˜

t2
#

2m
2t

+
M

2

H
0

2
[1

+
cos(2!

)]#
m

2Z2
cos(2!

),
(3.39)

|A
b |

!
"

3 !

m
2

˜b
1

+
m

2

˜b
2

#
2m

2b
+

M
2

H
0

2
[1

#
cos(2!

)],
(3.40)

|µ
|

!

!

1
+

m
2Z

m
2t

sin
2

!
(3.41)

$

!

m
2

˜

t1
+

m
2

˜

t2
#

2m
2t

+
M

2

H
0

2
[1

#
cos(2!

)]#
m

2Z
cos(2!

)
,

m
b |µ

|tan
!

!
m

t !
tan

2

!
R

2

+
m

2Z

m
2t

sin
2

!
(3.42)

$

!

m
2

˜b
1

+
m

2

˜b
2

#
2m

2b
+

M
2

H
0

2
[1

+
cos(2!

)]+
m

2Z2
cos(2!

)
,

w
here

R
=

m
t /m

b
%

50.
T

he
second

and
fourth

b
ounds

hold,
up

on
substitutingb

&
",

for
the

stau
sector,as

w
ell.

N
o

sim
pliÞ

cations
have

b
een

m
ade.

T
he

Þ
rstb

ound
som

etim
es

has
no

solution;
this

m
eans

that
the

corresp
onding

very
sm

all
stop

m
ass

values
are

excluded
on

theoretical
grounds.

W
e

can
com

bine
the

b
ounds

into
b

ounding
functions"

t ,
"

b ,
and

"
!

of
the

sferm
ion

m
asses

and!
only.

F
irstly,

"
t

=

"##$##%

0,
m

2

˜

t1
+

m
2

˜

t2
#

2m
2t

+
M

2H
0

2

[1
+

cos(2!
)]#

m
2Z2

cos(2!
)

<
0,

"
3 &

m
2

˜

t1
+

m
2

˜

t2
#

2m
2t

+
M

2H
0

2

[1
#

cos(2!
)]#

m
2Z

cos(2!
),

otherw
ise.

(3.43)

If
the

condition
for

"
t

=
0

is
satisÞ

ed,
there

is
no

w
ay

to
satisfy

theA
t

constraint;
setting

the
b

ounding
function

to
zero

in
this

case
w

illserve
to

e#
ectively

discard
those

unphysical

Ð
21

Ð

w
ill

b
e

the
absence

of
charge-

and
colour-breaking

m
inim

a
of

the
scalar

p
otential.

T
his

could
in

principle
b

e
relaxed

to
only

require
m

etastability
over

cosm
ologicaltim

escales;
w

e
leave

this
aside

for
future

w
ork.

A
s

w
e

w
illsee,

this
assum

ption
is

su!
cient

to
exclude

the
M

S
S

M
if

the
resonance

interpretation
is

conÞ
rm

ed.

3.3.1
C

onstraints
from

vacuum
stability

A
n

essential
role

in
our

argum
ent

is
played

by
the

upp
er

b
ounds

on
theµ

param
eter

and
the

soft
trilinear

term
s

that
follow

from
requiring

the
absence

of
charge-

and
colour-

breaking
m

inim
a

of
the

M
S

S
M

scalar
p

otential.
T

he
derivation

of
these

b
ounds

is
w

ell
know

n
[39Ð46]

and
involves

suitable
one-dim

ensional
directions

of
the

M
S

S
M

scalar
Þ

eld
space.

E
m

ploying
the

four
directions

T
L

=
T

R
=

H
0u ,

B
L

=
B

R
=

H
0d ,

B
L

=
T

R
=

H
!d

,
T

L
=

B
R

=
H

+u
(3.38)

(w
ith

all
other

scalar
Þ

elds
held

at
zero),

of
w

hich
the

Þ
rst

tw
o

areD
-ß

at,
the

b
ounds

follow
ing

from
the

four
can

b
e

conveniently
form

ulated
in

term
s

of
the

stop
and

sb
ottom

m
asses,

as
follow

s:

|A
t |

!
"

3 !

m
2÷t1

+
m

2÷t2
#

2m
2t

+
M

2H
0

2
[1

+
cos(2!

)]#
m

2Z2
cos(2!

),
(3.39)

|A
b |

!
"

3 !

m
2÷b

1
+

m
2÷b

2
#

2m
2b

+
M

2H
0

2
[1

#
cos(2!

)],
(3.40)

|µ
|

!

!

1
+

m
2Z

m
2t

sin
2

!
(3.41)

$

!

m
2÷t1

+
m

2÷t2
#

2m
2t

+
M

2H
0

2
[1

#
cos(2!

)]#
m

2Z
cos(2!

)
,

m
b |µ

|tan
!

!
m

t !
tan

2
!

R
2

+
m

2Z

m
2t

sin
2

!
(3.42)

$

!

m
2÷b

1
+

m
2÷b

2
#

2m
2b

+
M

2H
0

2
[1

+
cos(2!

)]+
m

2Z2
cos(2!

)
,

w
here

R
=

m
t /m

b
%

50.
T

he
second

and
fourth

b
ounds

hold,
up

on
substitutingb

&
",

for
the

stau
sector,as

w
ell.

N
o

sim
pliÞ

cations
have

b
een

m
ade.

T
he

Þ
rstb

ound
som

etim
es

has
no

solution;
this

m
eans

that
the

corresp
onding

very
sm

all
stop

m
ass

values
are

excluded
on

theoretical
grounds.

W
e

can
com

bine
the

b
ounds

into
b

ounding
functions"

t ,
"

b ,
and

"
!

of
the

sferm
ion

m
asses

and!
only.

F
irstly,

"
t

=

"##$##%

0,
m

2÷t1
+

m
2÷t2

#
2m

2t
+

M
2H

0

2
[1

+
cos(2!

)]#
m

2Z2
cos(2!

)
<

0,

"
3 &

m
2÷t1

+
m

2÷t2
#

2m
2t

+
M

2H
0

2
[1

#
cos(2!

)]#
m

2Z
cos(2!

),
otherw

ise.
(3.43)

If
the

condition
for

"
t

=
0

is
satisÞ

ed,
there

is
no

w
ay

to
satisfy

theA
t

constraint;
setting

the
b

ounding
function

to
zero

in
this

case
w

illserve
to

e#
ectively

discard
those

unphysical

Ð
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w
ill

b
e

the
absence

of
charge-

and
colour-breaking

m
inim

a
of

the
scalar

p
otential.

T
his

could
in

principle
b

e
relaxed

to
only

require
m

etastability
over

cosm
ologicaltim

escales;
w

e
leave

this
aside

for
future

w
ork.

A
s

w
e

w
illsee,

this
assum

ption
is

su!
cient

to
exclude

the
M

S
S

M
if

the
resonance

interpretation
is

conÞ
rm

ed.

3.3.1
C

onstraints
from

vacuum
stability

A
n

essential
role

in
our

argum
ent

is
played

by
the

upp
er

b
ounds

on
theµ

param
eter

and
the

soft
trilinear

term
s

that
follow

from
requiring

the
absence

of
charge-

and
colour-

breaking
m

inim
a

of
the

M
S

S
M

scalar
p

otential.
T

he
derivation

of
these

b
ounds

is
w

ell
know

n
[39Ð46]

and
involves

suitable
one-dim

ensional
directions

of
the

M
S

S
M

scalar
Þ

eld
space.

E
m

ploying
the

four
directions

T
L

=
T

R
=

H
0

u ,
B

L
=

B
R

=
H

0

d ,
B

L
=

T
R

=
H

!d
,

T
L

=
B

R
=

H
+

u
(3.38)

(w
ith

all
other

scalar
Þ

elds
held

at
zero),

of
w

hich
the

Þ
rst

tw
o

areD
-ß

at,
the

b
ounds

follow
ing

from
the

four
can

b
e

conveniently
form

ulated
in

term
s

of
the

stop
and

sb
ottom

m
asses,

as
follow

s:

|A
t |

!
"

3 !

m
2

˜

t1
+

m
2

˜

t2
#

2m
2t

+
M

2

H
0

2
[1

+
cos(2!

)]#
m

2Z

2
cos(2!

),
(3.39)

|A
b |

!
"

3 !

m
2

˜b
1

+
m

2

˜b
2

#
2m

2b
+

M
2

H
0

2
[1

#
cos(2!

)],
(3.40)

|µ
|

!

!

1
+

m
2Z

m
2t

sin
2

!
(3.41)

$

!

m
2

˜

t1
+

m
2

˜

t2
#

2m
2t

+
M

2

H
0

2
[1

#
cos(2!

)]#
m

2Z
cos(2!

)
,

m
b |µ

|tan
!

!
m

t !
tan

2

!
R

2

+
m

2Z

m
2t

sin
2

!
(3.42)

$

!

m
2

˜b
1

+
m

2

˜b
2

#
2m

2b
+

M
2

H
0

2
[1

+
cos(2!

)]+
m

2Z

2
cos(2!

)
,

w
here

R
=

m
t /m

b
%

50.
T

he
second

and
fourth

b
ounds

hold,
up

on
substitutingb

&
",

for
the

stau
sector,as

w
ell.

N
o

sim
pliÞ

cations
have

b
een

m
ade.

T
he

Þ
rstb

ound
som

etim
es

has
no

solution;
this

m
eans

that
the

corresp
onding

very
sm

all
stop

m
ass

values
are

excluded
on

theoretical
grounds.

W
e

can
com

bine
the

b
ounds

into
b

ounding
functions"

t ,
"

b ,
and

"
!

of
the

sferm
ion

m
asses

and!
only.

F
irstly,

"
t

=

"##$##%

0,
m

2

˜

t1
+

m
2

˜

t2
#

2m
2t

+
M

2H
0

2

[1
+

cos(2!
)]#

m
2Z2

cos(2!
)

<
0,

"
3 &

m
2

˜

t1
+

m
2

˜

t2
#

2m
2t

+
M

2H
0

2

[1
#

cos(2!
)]#

m
2Z

cos(2!
),

otherw
ise.

(3.43)

If
the

condition
for

"
t

=
0

is
satisÞ

ed,
there

is
no

w
ay

to
satisfy

theA
t

constraint;
setting

the
b

ounding
function

to
zero

in
this

case
w

illserve
to

e#
ectively

discard
those

unphysical
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w
ill

b
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the
absence

of
charge-

and
colour-breaking

m
inim

a
of

the
scalar

p
otential.

T
his

could
in

principle
b

e
relaxed

to
only

require
m

etastability
over

cosm
ologicaltim

escales;
w

e
leave

this
aside

for
future

w
ork.

A
s

w
e

w
illsee,

this
assum

ption
is

su!
cient

to
exclude

the
M

S
S

M
if

the
resonance

interpretation
is

conÞ
rm

ed.

3.3.1
C

onstraints
from

vacuum
stability

A
n

essential
role

in
our

argum
ent

is
played

by
the

upp
er

b
ounds

on
theµ

param
eter

and
the

soft
trilinear

term
s

that
follow

from
requiring

the
absence

of
charge-

and
colour-

breaking
m

inim
a

of
the

M
S

S
M

scalar
p

otential.
T

he
derivation

of
these

b
ounds

is
w

ell
know

n
[39Ð46]

and
involves

suitable
one-dim

ensional
directions

of
the

M
S

S
M

scalar
Þ

eld
space.

E
m

ploying
the

four
directions

T
L

=
T

R
=

H
0u ,

B
L

=
B

R
=

H
0d ,

B
L

=
T

R
=

H
!d

,
T

L
=

B
R

=
H

+u
(3.38)

(w
ith

all
other

scalar
Þ

elds
held

at
zero),

of
w

hich
the

Þ
rst

tw
o

areD
-ß

at,
the

b
ounds

follow
ing

from
the

four
can

b
e

conveniently
form

ulated
in

term
s

of
the

stop
and

sb
ottom

m
asses,

as
follow

s:

|A
t |

!
"

3 s

m
2÷t1

+
m

2÷t2
#

2m
2t

+
M

2H
0

2
[1

+
cos(2!

)]#
m

2Z2
cos(2!

),
(3.39)

|A
b |

!
"

3 s

m
2÷b

1
+

m
2÷b

2
#

2m
2b

+
M

2H
0

2
[1

#
cos(2!

)],
(3.40)

|µ|
!

s

1
+

m
2Z

m
2t

sin
2

!
(3.41)

$

s

m
2÷t1

+
m

2÷t2
#

2m
2t

+
M

2H
0

2
[1

#
cos(2!

)]#
m

2Z
cos(2!

)
,

m
b |µ|tan

!
!

m
t s

tan
2

!
R

2
+

m
2Z

m
2t

sin
2

!
(3.42)

$

s

m
2÷b

1
+

m
2÷b

2
#

2m
2b

+
M

2H
0

2
[1

+
cos(2!

)]+
m

2Z2
cos(2!

)
,

w
here

R
=

m
t /m

b
%

50.
T

he
second

and
fourth

b
ounds

hold,
up

on
substitutingb

&
",

for
the

stau
sector,as

w
ell.

N
o

sim
pliÞ

cations
have

b
een

m
ade.

T
he

Þ
rstb

ound
som

etim
es

has
no

solution;
this

m
eans

that
the

corresp
onding

very
sm

all
stop

m
ass

values
are

excluded
on

theoretical
grounds.

W
e

can
com

bine
the

b
ounds

into
b

ounding
functions"

t ,
"

b ,
and

"
!

of
the

sferm
ion

m
asses

and!
only.

F
irstly,

"
t

=

8>><>>:

0,
m

2÷t1
+

m
2÷t2

#
2m

2t
+

M
2H

0

2
[1

+
cos(2!

)]#
m

2Z2
cos(2!

)
<

0,

"
3 r

m
2÷t1

+
m

2÷t2
#

2m
2t

+
M

2H
0

2
[1

#
cos(2!

)]#
m

2Z
cos(2!

),
otherw

ise.
(3.43)

If
the

condition
for

"
t

=
0

is
satisÞ

ed,
there

is
no

w
ay

to
satisfy

theA
t

constraint;
setting

the
b

ounding
function

to
zero

in
this

case
w

illserve
to

e#
ectively

discard
those

unphysical
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M
S

S
M

: bounding the loops
A

t , m
u, stop m

asses, and tan(beta) determ
ine the couplings to 

H
 com

pletely (A
 has no coupling to sferm

ions)

T
he bounds on the previous slide can be used to m

axim
ize the 

stop loop contribution over the entire M
S

S
M

 param
eter space 

(from
 LE

P
 low

er bound to infinite sferm
ion m

asses, and w
ith no 

further assum
ptions on the size of m

u and A
-term

s)

F
or each tan(beta) value, a 2-dim

ensional m
axim

isation 
problem

, solve w
ith M

athem
atica. In fact extrem

a on one-
dim

ensional contours w
here one stop is at threshold

A
nalogous for sbottom

 and staus.

F
or charginos, only a very sim

ple bound is needed.

B
ottom

 and top, W
, H

+
 contributions are functions of tan(beta) 

only; evaluate - no bound needed

F
riday, 15 January 16



M
S

S
M

: verdict
P

ut signal strength constraint in the follow
ing form

:

(w
idth dom

inated by decays to top and bottom
)

B
ounding the l.h.s. by adding bounds on individual 

contributions linearly (in c
gam  and c

g ) gives:

U
nless m

etastability saves it, M
S

S
M

 w
ould be ruled out if the 

excess is real.

m
o

de
is

from
gluon

fusion,
due

to
sm

all
Y

ukaw
a

couplings
and

the
fact

that
w

e
are

deep
in

the
decoupling

regim
e,M

H
0

!
M

Z
.

A
s

w
e

have
seen

ab
ove,

the
2H

D
M

fails
by

a
large

m
argin

to
accom

m
o

date
the

data.
H

ow
ever,

in
the

M
S

S
M

there
are

extra
contributions

to
the

H
g

g
couplings

from
sferm

ions
and

to
theH

0!!
couplings

from
sferm

ions
and

charginos,
in

addition
to

those
already

present
in

the
2H

D
M

.
T

he
A

0g
g

and
A

0!!
vertices

receive
no

sferm
ion

contributions
at

one
lo

op
as

a
consequence

of
C

P
sym

m
etry,

though
they

do
receive

contributions
from

charginos. 4
D

im
ensional

analysis
gives,

for
the

contribution
of

the
tw

o
stops,

for
M

S
U

S
Y

=
1

TeV
,c
g

"
2g

2s
#

vM
H

0

M
2S
U

S
Y

"
0.5

and
c

!
"

2N
c e

2
#

vM
H

0

M
2S
U

S
Y

"
0.1.

E
ven

allow
ing

for
sim

ilar
contributions

from
other

sparticles,this
suggests

thatgenerically,
the

pro
duct

|c
g c

! |<
1,

nearly
three

orders
of

m
agnitude

b
elow

w
hat

is
required

according
to

E
q.

(2.9).
H

ow
ever,

w
e

m
ust

also
contem

plate
that

the
true

resonance
w

idth
could

b
e

sm
aller

than
the

Ò
nom

inalÓ
45

G
eV

.
T

he
decay

w
idth

ofH
0

is
dom

inated
by

tree-
leveldecays

into
top

and
b

ottom
quarks,

and
is

essentially
determ

ined
in

the
M

S
S

M
as

a
function

of
tan

"
,

w
ith

a
m

inim
um

of
ab

out
2

G
eV

at
tan

"
$

6.
H

ence,
E

q.
(2.9)

can
b

e
recast

as
|c

! c
g |

!
!

(tan
"

)/(45
G

eV
)

=
#

g
$

530.
(3.37)

T
he

question
is

how
large

the
left-hand

side
m

ay
b

e.
F

irst,
a

sm
all

num
erator

could
b

e
partly

com
p

ensated
for

by
a

factor
ofup

to
Þ

ve
due

to
the

denom
inator.

S
econd,an

M
S

S
M

sp
ectrum

could
also

b
e

quite
non-degenerate,

w
ith

hierarchies
likem

÷t1
%

M
H

0 ,µ
%

m
÷t2 ;

this
is

in
fact

favoured
by

the
observed

H
iggs

m
ass.

In
particular,

largeµ
and/or

A
-term

s
and

a
lightstop

can
lead

to
a

param
etric

enhancem
ent"

{µ,A
t }/m

÷t1
relative

to
the

naive
estim

ates
ab

ove.
T

hird,
there

could
also

b
e

im
p

ortant
contributions

from
sb

ottom
s

and
staus,

as
w

ell
as

charginos,
w

hich
brings

in
a

large
subset

of
the

M
S

S
M

param
eters.

A
conclusion

ab
outthe

fate
ofthe

M
S

S
M

requires
a

quantitative
treatm

ent,buta
brute-force

param
eter

scan
is

notreally
feasible

and
in

any
case

b
eyond

the
scop

e
ofthis

w
ork.

Instead,
the

purp
ose

of
the

rest
of

this
section

is
to

obtain
sim

ple
yet

conservative
b

ounds
on

all
one-lo

op
contributions

over
the

entire
M

S
S

M
param

eter
space.

F
irst,

w
e

w
illb

e
im

p
osing

tan
"

>
1.

T
he

reason
is

that
the

H
0t øt

coupling
is

&
2m

t /(v
tan

"
)

in
the

decoupling
lim

it,
w

hich
for

tan
"

<
1

im
plies

a
decay

w
idth

signiÞ
cantly

exceeds
the

w
idth

allow
ed

by
observations,

cf
section2.1.

(Indep
endently,

such
large

couplings
w

ould
lead

to
a

Landau
p

ole
in

y
t ,

and/or
strong

coupling
at

low
scales,

and
has

very
strong

supp
ort

from
the

observed
H

iggs
m

ass
of125

G
eV

,w
hich

w
e

w
illnotseparately

im
p

ose.)
T

he
key

assum
ption

4A
s

in
th

e
rest

of
th

is
w

ork
,

w
e

assu
m

e
C

P
con

servation
.

W
ith

ou
t

th
is

assu
m

p
tion

,
th

e
glu

on
ic

an
d

p
h
oton

ic
cou

p
lin

gs
of

som
e

su
p
erp

osition
of

th
e

tw
o

h
eav

ier
m

ass
eigen

states
H

2
an

d
H

3
w

ill
receive

sp
article

lo
op

con
trib

u
tion

s,
so

ap
art

from
a

d
iv

ision
of

th
e

d
ip

h
oton

sign
al

b
etw

een
H

2
an

d
H

3
reson

an
t

con
trib

u
tion

s,
w

e
d
o

n
ot

ex
p
ect

q
u
alitative

ch
an

ges
to

ou
r

con
clu

sion
s.

Ð
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tan!

B
ound

on»c
" #c

g »ê
$ê45

G
eV

,com
paredto

LH
C

13
signal

F
ig
u
re

8.
C

om
parison

ofthe
upp

er
b

ound
on

the
left-hand

side
ofE

q.(3.37)
to

the
signalsuggested

by
the

diphoton
excesses,

as
a

function
of

tan
!

.
T

he
red

horizontal
line

corresp
onds

to
the

signal,
and

the
blue

dots
represent

our
conservative

upp
er

b
ound.

b
ound

on
the

left-hand
side

of
E

q.
(3.37).

T
his

is
displayed

in
F

igure
8.

W
e

observe
that

this
b

ound
still

m
isses

the
data

by
m

ore
than

a
factor

of
tw

o,
even

at
the

p
oint

of
closest

approach
at

tan
!

!
5.

It
is

fairly
clear

that
the

b
ound

could
b

e
m

ade
stronger

by,
for

exam
ple,

em
ploying

m
ore

prop
erties

of
the

function
h

or
form

ulating
a

higher-dim
ensional

extrem
ization

problem
(closer

to
a

full
scan

of
the

M
SSM

param
eter

space).
W

e
m

ust
also

stress
that

our
conclusions

here
are

sp
eciÞ

c
to

the
M

SSM
,

and
attest

to
the

high
predic-

tivity
of

the
m

odel.
If

the
M

SSM
cannot

survive
in

regions
of

m
etastability

(w
here

charge
and

colour-breaking
m

inim
a

exist
but

are
not

tunneled
to

over
cosm

ological
tim

escales,
an

unlikely
p

ossibility),m
ore

com
plicated

sup
ersym

m
etric

m
odels

m
ight

hence
stillaccom

m
o-

date
the

excess,although
the

techniques
describ

ed
here

m
ay

b
e

usefulin
scrutinizing

them
.

A
nother

logical
p

ossibility
of

saving
the

M
SSM

w
ould

b
e

production
through

the
decay

of
heavier

particles
(say,

stops,
w

hich
could

them
selves

b
e

produced
from

gluino
and

squark
decays).

A
s

m
entioned

in
the

b
eginning,

the
exp

erim
ental

data
do

not
seem

to
supp

ort
such

a
m

echanism
.

4
S

um
m

ary
and

O
utlo

ok

T
his

w
ork

deals
w

ith
the

core
phenom

enology
of

the
diphoton

excess
observed

by
the

L
H

C
exp

erim
ents

A
T

L
A

S
and

C
M

S
around

750
G

eV
diphoton

invariant
m

ass.
W

e
have

consid-
ered

b
oth

the
case

w
here

the
data

are
interpreted

by
a

narrow
and

a
broad

resonance.
W

e
obtained

m
odel-indep

endent
constraints

on
the

allow
ed

couplings
and

branching
fractions

to
various

Þ
nal

states,
including

the
interplay

w
ith

other
existing

b
ounds.

O
ur

Þ
ndings

suggest
that

the
anom

aly
cannot

b
e

accounted
for

by
the

presence
of

a
single

additional
singlet

or
doublet

spin-zero
Þ

eld
and

the
Standard

M
odel

degrees
of

freedom
;

this
includes

Ð
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D
ilaton

=
 pseudo-G

oldstone boson of spontaneously broken, approxim
ate 

scale invariance
m

ass due to explicit breaking of scale invariance

popular as a H
iggs im

postor (old idea, revived ~
 10 years ago)

classically couples to the trace of energy-m
om

entum
 tensor

scale anom
aly induces couplings to m

assless gauge bosons
(related to beta-functions at the dilaton m

ass)

F
or S

M
 values of beta-function, both fail for signal strength and 

violate the bound 

requires large extra contributions to beta-functions (light exotics)

p
aram

eter
sp

ace
even

after
rescalin

g
y

Q
ap

p
rop

riately
to

exp
lain

th
e

sign
al,

assu
m

in
g

th
at

th
ere

are
n
o

d
ijet

fi
n
al

states
oth

er
th

an
g
g.

W
e

n
ow

con
sid

er
th

e
case

in
w

h
ich

th
e

reson
an

ce
is

n
arrow

an
d

th
ere

are
n
o

d
ecays

excep
t

to
g
g

an
d

!!
.

In
th

is
case,

th
e

total
w

id
th

is
d
om

in
ated

by
!
(S

!
g
g)

as
!
(S

!
g
g)

"
!
(S

!
!!

)
for

O
(1)

ch
arges

(see
E

q.
(3.6)).

W
e

th
en

on
ly

n
eed

a
c

!
#

2.7
in

accord
an

ce
w

ith
E

q.
(2.11).

In
F
ig.

5
w

e
sh

ow
th

e
scale

of
b
reakd

ow
n

of
p
ertu

rb
ativity

assu
m

in
g

th
e

requ
ired

y
Q

to
ob

tain
c

!
#

2.7,
as

a
fu

n
ction

of
m

Q
from

th
e

loop
of

a

vectorlike
ferm

ion
w

ith
Q

f
=

4/3.
W

e
see

th
at

th
e

th
eory

is
p
ertu

rb
ative

u
p

to
h
igh

scales

even
th

ou
gh

w
e

took
on

ly
Q

f
=

4/3.

W
e

thu
s

fi
n
d

th
at

for
a

!
$

45
G

eV
sin

glet
reson

an
ce

th
e

size
of

th
e

excess
su

ggests

stron
gly

cou
p
led

p
hysics

at
a

few
T
eV

u
n
less

th
ere

are
ferm

ion
s

arou
n
d

or
b
elow

th
e

m
ass

of
th

e
reson

an
ce

w
ith

large
electric

ch
arge.

F
or

th
e

n
arrow

w
id

th
case

w
e

still
n
eed

to

requ
ire

ad
d
ition

al
ch

arged
states

b
u
t

th
e

th
eory

can
b
e

p
ertu

rb
ative.

T
h
e

h
ints

of
stron

gly

cou
p
led

p
hysics

m
otivate

u
s

to
exam

in
e

in
m

ore
d
etail

a
p
op

u
lar

stron
gly

cou
p
led

scalar

can
d
id

ate,
th

e
d
ilaton

.

3.1.3
T

he
dilaton

W
e

con
sid

er
th

e
m

od
el

of
R

ef.
[26]

in
w

h
ich

th
e

cou
p
lin

gs
of

th
e

d
ilaton

in
th

e
electrow

eak

b
roken

p
h
ase

are
given

by

L
dil

=
"f

!"
#

f

m
f f̄

f
+

2

$
m

2W
W

+
W

�
+

m
2Z

2
Z

2 %
+

"
g #

s

8$
G

µ
" G

µ
"

+
"

! #
E

M

8$
F

µ
" F

µ
" &'

.

(3.8)

F
u
rth

erm
ore,

in
gen

eral,
th

ere
w

ill
b
e

a
m

ixin
g

term
w

ith
th

e
S
M

H
iggs,

th
at

can
arise

from
eith

er
th

e
p
otential

term
"

H
†H

or
from

kin
etic

m
ixin

g
[29],

so
th

at
fi
n
ally

w
e

ob
tain

tw
o

m
ass

eigen
states,

S
an

d
th

e
ob

served
125

G
eV

H
iggs

h
,
w

h
ere

S
=

s
#
h

S
M

+
c

# "
,

(3.9)

an
d

w
e

exp
ect

s
#

=
O

(v
/f

).
W

e
thu

s
h
ave

for
th

e
cou

p
lin

g
to

ferm
ion

s
an

d
gau

ge
b
oson

s

g
SV
,f

=
%g

h
S

M
V

,f
,

w
ith

%
=

s
#

+
vf

c
#

.
(3.10)

F
or

th
e

d
ilaton

,th
e

cou
p
lin

gs
"

g
,!

are
com

p
letely

d
eterm

in
ed

u
sin

g
th

e
low

-en
ergy

th
eorem

s

an
d

scale
invarian

ce
[26].

W
e

ob
tain

for
th

e
d
ilaton

cou
p
lin

g
to

glu
on

s

"f

(
heavy

b
i0 #

s

8$
G

µ
" G

µ
"
,

(3.11)

w
h
ere

b
i0

is
th

e
contrib

u
tion

of
th

e
fi
eld

i
to

th
e

Q
C

D
&

fu
n
ction

,

&
i
=

b
i0 g

3s

16$
2

,
(3.12)

an
d

th
e

su
m

is
over

all
p
articles

h
eavier

th
an

th
e

scale
f
.

S
cale

invarian
ce

im
p
lies

#heavy

b
i0
+

#light

b
i0

=
0

,
(3.13)

–
13

–

so
that

w
e

Þ
nally

obtain
!

!g
=

�
Xl
i
g
h
t b

i0

.
(3.14)

If
the

dilaton
is

heavier
than

the
top

quark
(like

here)
and

the
full

S
M

is
part

of
the

conform
al

sector,
w

e
m

ust
sum

over
all

coloured
S

M
states,

w
hich

gives P
l
i
g
h
t

b
i0

=
�

7.
N

ote
that

if
w

e
do

not
include

all
S

M
Þ

elds
in

the
conform

al/com
p

osite
sector

[30]
but

keep
som

e
S

M
Þ

elds
elem

entary P
l
i
g
h
t

b
i0

w
ould

change.
S

im
ilarly

one
obtains

[26]

!
�

=
�

11/3
.

(3.15)

W
e

w
illrequire

f
&

M
,

w
hich

gives
for

the
totalw

idth,

�
.

25
G

eV
(3.16)

T
he

m
axim

alnum
b

er
ofevents

is
generated

for
the

m
axim

alallow
ed

w
idth.

T
his

is
b

ecause
the

narrow
w

idth
w

ould
require

a
larger

f
w

hich
w

ould
decrease

the
pro

duction
but

keep
the

branching
ratio

to
photons

unchanged.
T

hus
taking

f
=

M
w

e
Þ

nd

c
g

=
21

,
c
�

=
0

.7
,

(3.17)

w
here

w
e

have
again

assum
eds

↵
=

O
(v

/f
).

W
e

Þ
nd

that
V

B
F

pro
duction

is
negligible

so
that

the
dom

inant
m

o
de

is
gluon

initiated.
For

�
=

25
G

eV
w

e
need

from
E

q.
(2.9)

|c
g c

� |⇠
395

to
explain

the
excess,

w
hich

is
m

uch
larger

than
the

pro
duct

w
e

get
from

the
num

b
ers

ab
ove

in
E

q.
(3.17).

T
hus,

w
e

need
additional

large
contributions

to
the

Q
C

D
and

Q
E

D
"

functions
b

elow
the

scalef
,

�
c
g

=
2g

2

s �
b
Q

C
D

M

f
,

�
c
�

=
2e

2�
b
Q

E
D

M

f
.

(3.18)

For
n

f
additionalvectorlike

colour-triplet,
S

U
(2)

L -singlet
ferm

ions
w

e
have

�
b
Q

E
D

=
4N

c n
f

3
Q

2f
,

�
b
Q

C
D

=
23
n

f
,

(3.19)

w
here

Q
f

is
the

electric
charge

of
the

ferm
ion.

C
learly

to
enhancec

g
or

c
�

to
a

m
agnitude

such
that|c

g c
� |⇡

530
as

required
by

the
data

to
explain

the
excess,

w
e

need
either

an
unusually

large
charge

Q
f

or
a

very
large

num
b

er
of

ß
avoursn

f
of

additional
ferm

ions
b

elow
the

TeV
scale.

T
his

scenario
thus

do
es

not
seem

feasible.
S

till,
even

if
it

is
p

ossible
to

b
o

ostc
g

or
c
�

in
som

e
variant

of
the

ab
ove

setup,
dilaton

m
o

dels
w

ould
in

generalb
e

strongly
constrained

by
8

TeV
dib

oson
searches.

From
Table3

these
constraints

are
B

R
(S

!
W

W
/Z

Z
)

B
R

(S
!

#
#)

.
38

,
(3.20)

w
hereas

w
e

obtain
this

ratio
to

b
eO

(10
4)

if
w

e
use

the
num

b
ers

in
E

q.
(3.17).

Ð
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5. M
odels: possible directions

F
riday, 15 January 16



so far...
~

 140 papers on the diphoton resonance

potentially viable explanations I have seen so far appear to 
fall prim

arily into three categories

1) extra vector-like particles (w
ith colour and/or   

    hypercharge) (includes U
(1)Õ

 m
odels w

ith exotics and
    som

e low
-string-scale scenarios)

2) the Ò
sgoldstinoÓ

, superpartner of the goldstino

3) a pseudogoldstone boson/axion w
ith anom

alous couplings 
to gluons and photons (dilaton is a special case)

F
riday, 15 January 16



S
inglet +

 extra vector-like ferm
ions

G
enerically, couplings becom

e strong at a low
 scale.

0
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4!c
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Q
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Q
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G
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G
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m
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#
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G
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m
Q
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G
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4!c
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4!cg"yQ!

"#1TeV

"#2TeV

"#10TeV

"$100TeV

Q
f #

23
Q

f #
83

Q
f #

133

m
Q

#
400

G
eV

m
Q

#
600

G
eV

m
Q

#
800

G
eV

m
Q

#
1200

G
eV

F
igure

4
.

For
a

S
M

-singletscalar
(left)

or
pseudoscalar

(right),
contributions

ofa
vectorlike

color-
tripletferm

ion
w

ith
m

ass
m

Q
,charge

Q
f

and
Y

ukaw
a

coupling
y

Q
to

the
photonic,

c
! ,and

gluonic,
c

g ,
couplings,

scaled
by

4/y
Q

.
In

grey
are

contours
of

the
scale!

at
w

hich
the

theory
b

ecom
es

strongly
coupled

if
the

value
ofy

Q
at

the
scale

M
is

Þ
xed

by
requiring

the
correct

signal
size

(N
=

20),
assum

ing
"

=
45

G
eV

.
!

N
c y

Q
or

(only
for

som
e

p
oints

in
the

region
m

arked
!

>
100

TeV
)

!
N

c Q
f g

!
b

ecom
es

strong,
i.e.O

(4!
).

C
learly

w
e

need
large

contributions
from

B
S

M
states

to
eitherc

!
,g

or
to

the
irrelevant

couplings
of#

to
light

quarks
in

E
q.

(3.1)
to

explain
the

size
of

the
excess.

W
e

w
ill

next
explore

B
S

M
contributions

that
can

b
o

ost
c

g
and

c
!

w
ith

resp
ect

to
this

renorm
alizable

case
w

ith
no

additionalstates.

3.1.2
B

o
osting

c
! ,

c
g

w
ith

new
vectorlike

ferm
ions

To
investigate

w
hether

new
colored

and
charged

particles
can

generate
large

enoughcg,! ,
w

e
consider

the
m

inim
alcase

ofan
additionalvectorlike

ferm
ion,a

tripletunder
Q

C
D

w
ith

electric
charge

Q
f ,

that
couples

to
#

as

L
=

"
y

Q
#

øQQ
"

m
Q

øQQ
.

(3.4)

T
he

ferm
ion

lo
op

generatesc
g

,! .
A

ny
m

ixing
of

#
w

ith
the

H
iggs

doublet
w

ould
dilute

the
vectorlike

lo
op

contributions
to

the
diphoton

and
digluon

couplings
(that

w
ould

b
e

generally
larger

than
the

S
M

lo
op

contributions)
of

the
m

ass
eigenstateS

.
T

hus,
w

e
assum

e
that

the
m

ixing,
w

hich
is

in
any

case
constrained

to
b

e
sm

all,
to

b
e

negligible
and

the
m

ass
eigenstate

to
b

eS
=

#
.

W
e

Þ
rst

consider
the

case
in

w
hich

w
e

assum
e

the
resonance

is
broad

w
ith

a
45

G
eV

w
idth.

T
he

ferm
ion

Q
contributes

[28]

c
g

=
g

2s y
Q

÷A
1/2 ("

Q
),

(3.5)

c
!

=
2

N
c Q

2f e
2y

Q
÷A

1/2 ("
Q

),
(3.6)

Ð
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G
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S
goldstino

C
ouplings to photons and gluons given in term

s of photino 
and gluino m

ass (F
 =

 S
U

S
Y-breaking F

-term
)

P
etersson, Torre 1512.05333

B
ellazzini et al 1512.05330

D
em

idov,G
orbunov 1512.05723

C
asas,E

spinosa,M
oreno 1512.07895

contains
additional

hard-breaking
op

erators,
e.g.

quartic
H

iggs
couplings.

T
he

latter
m

ake
the

H
iggs

sector
resem

ble
a

tw
o-H

iggs
doublet

m
o

del
w

ith
an

additional
(com

plex)
singlet.

LS
S

B
m

o
dels

presenta
m

uch
m

ilder
electrow

eak
Þ

ne-tuning
than

usualM
S

S
M

s
[

10,11]and
a

rich
phenom

enology
[9Ð12].

A
s

discussed
in

refs.[5,6,8],the
LS

S
B

scenario
can

nicely
explain

the
diphoton

excess
at

750
G

eV
observed

at
the

LH
C

.
Let

us
sum

m
arize

the
m

ain
ingredients

of
LS

S
B

scenarios.
E

xpanding
in

inverse
p

ow
ers

of
M

,
sup

erp
otential,W

,
K

¬ahler
p

otential,
K

,
and

the
gauge

kinetic
function,f

a
b ,

read

W
=

W
M
S
S
M

+
F
⇣
�

+
⇢

!

6M
2 �

3
+
··· ⌘

+
✓
µ

+
µ

!

M
�

+
··· ◆

H
u ·H

d

+
12M

✓
`

+
`

!

M
�

+
··· ◆

(H
u ·H

d )
2

+
···

,
(1)

K
=

|�
| 2 ⇣

1
!

↵
!

4M
2 |�

| 2
+
··· ⌘

+
|H

u | 2 h1
+

↵
u

M
2 |�

| 2
+
··· i

+
|H

d | 2 h1
+

↵
d

M
2 |�

| 2
+
··· i

+
hH

u ·H
d ⇣

↵
u
d

2M
2

ø�
2

+
··· ⌘

+
h
.c. i

+
···

,
(2)

f
a
b

=
�
a
b

g
2a

1
+
c
a
�M

+
··· �

.
(3)

H
ere

all
the

param
eters

are
dim

ensionless,
except

theµ,µ
!···

param
eters

in
the

sup
erp

o-
tential,

w
hich

have
dim

ensions
of

m
ass.

R
eplacing�

by
its

auxiliary
Þ

eld,
F

,
one

gets
the

soft
breaking

term
s

of
the

theory.
In

particular,
from

E
q.

(3),
one

gets
m

asses
for

gluinos,
M

3 ,
w

inos,
M

2 ,
and

the
bino,

M
1 ,

e.g.
M

1
=

c
1 F

/M
.

Likew
ise,

replacing
�

by
its

scalar
com

p
onent,

a
com

plex
singlet

Þ
eld,

that
w

e
also

denote
by�:

�
=

1"
2

(�
S

+
i�

P
)
,

(4)

(w
here

�
S

is
the

scalar
com

p
onent

and�
P

the
pseudoscalar

one)
one

obtains
couplings

of
the

�
Õ

s
w

ith
the

M
S

S
M

Þ
elds.

In
particular,

the
coupling

to
gluons

and
photons

is
directly

related
to

gaugino
m

asses
as:

L
#

M
3

2 "
2F

tr
G

aµ
" (�

S
G

a
µ

"
!
i�

P
÷G
a
µ

")
+

M
#̃

2 "
2F

tr
F
µ

" (�
S
F

µ
"

!
i�

P
÷F
µ

")
,

(5)

w
here

M
#̃

is
the

photino
m

ass,

M
#̃

=
M

1 cos 2
✓
W

+
M

2 sin
2
✓
W

.
(6)

S
im

ilarly,
from

E
qs.

(1)
and

(2),
the

scalar
p

otentialV
=

V
F

+
V
D

for
the

tw
o

sup
ersym

-

2

0.1
0.2

0.5
1.0

2.0
5.0

0.2

0.5

1.0

2.0

5.0

M
3 êT

eV

MgêTeV

G
f êM

f =
0.06

E
xcluded

by
dijets

F
igure

1:
R

egions
of

theM
3 ,M

!̃
plane

in
w

hich
the

observed
cross

section�(pp
!

�
!

�
�)

is
repro

duced,
assum

ing "
F

=
4

TeV
and

M
1

=
M

2 .
T

he
green

and
blue

bands
corresp

ond
to

!
=

0
.06M

"
and

the
real!

from
decays

into
S

M
gauge

b
osons.

T
hin

(broad)
bands

corresp
ond

to
1�

(2
�

).
T

he
gray

region
is

excluded
by

LH
C

dijet
searches

(but
applies

only
to

the
blue

band).

resonance
thatA

T
LA

S
rep

orts.
In

the
sgoldstino

scenario
w

e
consider,such

double
resonance

is
a

naturalp
ossibility,

as
the

com
plex

singlet
Þ

eld"
has

tw
o

realcom
p

onents,
as

explicitly
show

n
in

E
q.

(4),
and

generic
scalar

p
otentials

give
di#erent

m
asses

to�
S

and
�

P
.

Indeed,
such

m
ass

splitting
has

b
een

prop
osed

in
[

6]
as

a
resolution

to
the

puzzle
of

the
large

w
idth

of
the

750
G

eV
resonance.

In
this

section
w

e
go

b
eyond

that
analysis

in
several

resp
ects,

p
ointing

outthatother
sources

ofsgoldstino
m

ass
splitting,

di#erentfrom
the

one
considered

in
[6],

are
p

ossible
and

interesting.
A

fter
electrow

eak
sym

m
etry
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