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News from the outback of physics

Explores went to Australian inland carrying boats because naturalness predicted

great lakes and mountains. They found a lot of nothing. Wandering trough

the flatland, a peak or maybe a mirage appeared on the horizon...



First LHC data at 13 TeV

Depressing flatland plus maybe a peak at mγγ ≈ 750 GeV
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Theoretically clean. Experimentally simple.

Significance ATLAS CMS naive combination
Local 3.9σ 3.4σ ≈ 4.5σ
Global ≈ 2.1σ ≈ 1.6σ ∼ 3σ

Denote as z, ‘digamma’ in archaic greek. Later z = 6 = 750/125.



Needless to say

Either the main discovery in 30 years

or the main statistical fluctuation.

God plays loaded dices?



Physics = experiment + i theory

The Gold Rush: [INSPIRES][list]

Date papers
16 Dec 10
25 Dec 101
1 Jan 137
1 Feb 212
1 Jun 411
1 Aug ?

http://inspirehep.net/search?ln=en&ln=en&p=refersto%3Arecid%3A1410174+or+t+%22digamma%22+or+t+%22750+GeV%22+or+t+%22diphoton%22+and+date+after+20141951&of=hb&action_search=Search&sf=&so=d&rm=&rg=25&sc=0
http://jsfiddle.net/adavid/bk2tmc2m/show


Rates

Width: narrow or large, Γ/M ∼ 0.06?

σ(pp→ z→ γγ)
√
s = 8 TeV

√
s = 13 TeV

narrow broad narrow broad
CMS 0.63± 0.31 fb 0.99± 1.05 fb 4.8± 2.1 fb 7.7± 4.8 fb

ATLAS 0.21± 0.22 fb 0.88± 0.46 fb 5.5± 1.5 fb 7.6± 1.9 fb
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8 TeV vs 13 TeV

The background qq̄ → γγ at 750 GeV grows by 2.3.

The signal grows by ≈ 5 if produced from gg, b̄b, cc̄, ss̄: ok.

The signal grows by ≈ 2.5 if produced from γγ, uū, dd̄: disfavored.
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L8/L13 ATLAS
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Compatibility between 8/13 TeV improved if z decays from a heavier particle.



A more complicated kinematics?
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Tuning MP ≈Mz +MR needed to avoid /pT . z virtuality can fake z width.

Or large z→ ΠΠ with Π→ γγ, collimated and seen as a single γ if MΠ �Mz.

Traveling in the detector material, ‘photon jets’ give more γ → e+e−.

Or two nearby narrow resonances.

Or a QCD bound state of a new quark with M ∼ 380 GeV and obscure decays.

http://arxiv.org/abs/1512.08221
http://arxiv.org/abs/1602.08100
http://arxiv.org/abs/1602.08819


Widths



Cross section

Can be computed in terms of (narrow) widths:

σ(pp→ z→ γγ) =
2J + 1

s

∑
℘
C℘℘̄

Γ(z→ ℘℘̄)

M

 Γ(z→ γγ)

Γ

The parton ℘ luminosities are:
√
s Cb̄b Ccc̄ Css̄ Cdd̄ Cuū Cgg Cγγ

8 TeV 1.07 2.7 7.2 89 158 174 54
13 TeV 15.3 36 83 627 1054 2137 11



Extreme cases: gg and b̄b
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z↔ γγ + gg+ ? z↔ γγ + b̄b+ ?



Bounds on other decay modes

final σ at
√
s = 8 TeV implied bound on

state f observed expected Γ(z→ f)/Γ(z→ γγ)obs

γγ < 1.5 fb < 1.1 fb < 0.8 (r/5)
e+e−, µ+µ− < 1.2 fb < 1.2 fb < 0.6 (r/5)

τ+τ− < 12 fb < 15 fb < 6 (r/5)
Zγ < 11 fb < 12 fb < 6 (r/5)
ZZ < 12 fb < 20 fb < 6 (r/5)
Zh < 19 fb < 28 fb < 10 (r/5)
hh < 39 fb < 42 fb < 20 (r/5)

W+W− < 40 fb < 70 fb < 20 (r/5)
tt̄ < 450 fb < 600 fb < 300 (r/5)

invisible < 0.8 pb - < 400 (r/5)
b̄b <∼1 pb <∼1 pb < 500 (r/5)
jj <∼ 2.5 pb - < 1300 (r/5)

Here r = σ13 TeV/σ8 TeV. Using run 2 data only would be safer.

Even invisible modes are constrained



Global fits, z↔ gg, γγ,X

Regions that fit σ(pp→ γγ)8,13, the width Γ and that satisfy all bounds:
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Large width needs Γ(z→ γγ)/M >∼ 10−5: it’s big!



Effective theory

Valid if extra particles that mediate operators are much heavier than 1
2750 GeV.

If z is a CP-even scalar singlet:

L dim≤5
eff = z

g2
3
G2
µν

2Λgg
+ g2

2
W2
µν

2ΛWW
+ g2

1
B2
µν

2ΛBB
+

(
Hψ̄LψR

Λψ
+ h.c.

)
+

−κzHMz(|H|2 − v2) +
|DµH|2

ΛH
− κzMzz2 +

(∂µz)2

2Λz

]
If z is a CP-odd scalar singlet:

L dim≤5
eff = z

[
g2

3
GµνG̃µν

2Λ̃gg
+ g2

2
WµνW̃µν

2Λ̃WW
+ g2

1
BµνB̃µν

2Λ̃BB
+

(
Hψ̄Liγ5ψR

Λ̃ψ
+ h.c.

)]



SU(2)L invariance implies Γextra > 0.3Γγγ

operator Γ(z→ Zγ)/Γ(z→ γγ) Γ(z→ ZZ)/Γ(z→ γγ) Γ(z→WW )/Γ(z→ γγ)

WW only 2/tan2 θW ≈ 7 1/tan4 θW ≈ 12 2/sin4 θW ≈ 40

BB only 2 tan2 θW ≈ 0.6 tan4 θW ≈ 0.08 0
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Models



VolksModell (the everybody’s model)

The zgg and zγγ operators can be generated if z couples to charged particles

zQ̄f(yf + i y5fγ5)Qf + zAsQ̃∗sQ̃s

�

�



ϝ



γ

γ

Extra fermions Q or scalars Q̃ needed

SM loop excluded: the tree level decay would be too large e.g.
Γtt̄
Γγγ
≈ 105.



Can loops give the needed widths?

At one loop

Γ(z→ gg)

M
≈ 7.2× 10−5

∣∣∣∣∣∣
∑
f

Irfyf
M

2Mf
+
∑
s
Irs

AsM

16M2
s

∣∣∣∣∣∣
2

Γ(z→ γγ)

M
≈ 5.4× 10−8

∣∣∣∣∣∣
∑
f

drfQ
2
fyf

M

2Mf
+
∑
s
drsQ

2
s
AsM

16M2
s
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2

• Loop decays cannot make a large total width Γ/M ∼ 0.06

which is typical of a 1→ 2 tree level decay with coupling y ∼ 1.

• If Γ is large, data want Γ(z→ γγ)>∼10−4M , which again seems too large?

• If Γ is small, data want Γ(z→ γγ)>∼10−6M , which can be done. E.g. a H ′,
with S and P splitted by ∆M = λv2/M = λ× 40 GeV (< 6 GeV in MSSM)



Good particles in the loop: L, E, U
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Large width ⇒ non-perturbativity

Enhance Γ(z→ γγ) with: a) many fermions; b) big Yukawa y; c) big charge.

In any case: nearby Landau poles for g3 or e or y:
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Much larger y and Γγγ if gauged SU(N) with IR fixed point. Then pp→ zz.



Similar results with extra scalars

A large cubic does not give Landau poles, but it is limited by vacuum decay.
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Γγγ can be much larger if gauged SU(N) with IR fixed point



Extra Q = Dark Matter?

1) The connection with ΩDM is interesting on its own;

2) if Γ/M ∼ 0.06 allows to hide many particles that enhance z→ γγ;

3) if Γ/M ∼ 0.06 allows to get tree level z→ DM DM decays.

GDM = 0.01 MS

GDM = 0.03 MS

GDM = 0.06 MS
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Direct detection bounds are (weak) irrelevant if z is a scalar (pseudo-scalar).



A resonance?

A heavy quark or squark with mass MQ ≈ 1
2750 GeV?

ΛQCD<∼MQ: only a small fraction of pp → QQ̄ manifests as a peak, extra

distortions, need poorly detectable ΓQ<∼ΓQQ̄ and favourable QCD factors.
Add extra strong force with ΛTC<∼MQ to get TC-charmonium resonances:

Mn = 2MQ(1−
α2

eff

8n2
),

Γ(z1 → γγ)

Mz
=
q4N

4
α2

emα
3
eff = 10−6Nq4(

αeff

0.4
)3

But 3⊗ 3̄ = 1⊕ 8: predicts coloured octets close to 750 GeV.

Focus on models where the z singlet is lighter than the other unseen states:

1) pseudo-Goldstone of a chiral symmetry: pseudo-scalar TCη;

2) rough pseudo-Goldstone of scale invariance: scalar dilaton.



Strongly coupled models

3 main options:

Technicolor: SU(2)L broken by strong dynamics. Bonus/malus:

+ Simple UV-complete fundamental theories. E.g. extra fermions Q chiral

under SU(2)L and charged under extra SU(NTC) strong at ΛTC ∼Mh.

+ TCη′ is a perfect 750 GeV candidate.

− All the rest is a problem: flavor, precision data, h: dead?

Technidreams, composite H and z. Bonus/malus:

− Postulates Leff that avoid problems, fundamental theory with TCscalars.

+ Allows large width trough z→ tt̄.

+ 750 GeV compatible with usual (fine-tuned) naturalness.

Composite z, elementary H and SM. Bonus/malus:

+ No problems, simple UV-complete fundamental theories. E.g. extra parti-

cles Q non-chiral under SM and extra strong SU(NTC).

+ Dark Matter could be a stable TCπ, and z could decay into it.

+ 750 GeV could source Mh ∼ loop× ΛTC in modified naturalness?



z as TCη

Γ(z→ γγ)

Mz
=

α2
em

64π3

κ2
γγM

2
z

f2
TC

= 10−6(κγγ
120 GeV

fTC
)2.

1

ΛV V ′
=

κV V ′

8π2fTC
, κV V ′ = N Tr (TzTV TV

′
)

Sample model: extra SU(NTC) with Q = N1 ⊕N2 ⊕ U .

TCπ = (8,1)0︸ ︷︷ ︸
χ∼UŪ

⊕2× [(3̄,1)−2/3 + (3,1)2/3]︸ ︷︷ ︸
φi∼UN̄i, φ∗i

⊕ 4× (1,1)0︸ ︷︷ ︸
Π∼N1N̄2, Π∗, η1,2

η2 ∼ N1N̄1 −N2N̄2, η1 ∼ NiN̄i − 3
2UŪ , η′ ∼ QQ̄ up to mixings ∝ mN1

−mN2
.

TCπ masses in terms of B0 ∼ ΛTC for TCQ masses ΛTC ∼ mU >
7
2mN1,2

DM : m2
Π = B0(mN1

+mN2
),

750 GeV z : m2
η1
≈ 4

5B0mU mη′ ∼ ΛTC mη2
<∼ mΠ

Extra colored: m2
χ = 2B0mU + ∆χ m2

φi
= B0(mU +mNi) + ∆φ,

Γ(η1 → ΠΠ∗) ∼ GeV × θ2
TC. Predictive! Look for extra resonances



z as dilaton

aka “the Higgs of the Higgs”: all masses M arise from 〈z〉.

Signature: z couples to everybody as M/〈z〉.

z→ γγ if extra heavy charged particles get mass as M = y〈z〉, y cancels out

Leff =
∑
i,Q

∆b
℘
i
αi
8π

(F iµν)2 ln
MQ(z)

MQ

Γ(z→ γγ)

Mz
= 10−6(∆bem

120 GeV

〈z〉
)2

Strongly coupled models where gTC ‘walks’ non-perturbative around 750 GeV,

z can be the composite TCσ. RS radion in models with AdS dual.
Weakly coupled models where z is a fundamental scalar and its quartic runs

negative around 750 GeV generating Mz,Mh,MW , . . . a la Coleman-Weinberg.



Theories



The Big Picture

‘Who ordered that?’ Naturalness?

z→ γγ needs extra charged states, why are they light?

SUSY: z could be H, A, ν̃, NMSSM, sgoldstinos + sparticles in the loop...

Unification could give extra light multiplets, extra dimensions, strings...

Scale invariance would keep extra states light.

Extended gauge group can imply extra chiral fermions, need extra scalars:

G extra ψ diphoton diboson
SU(3)L ⊗U(1)⊗ SU(3)c L,D yes no
SU(3)L ⊗ SU(3)R ⊗ SU(3)c L,D yes yes
SU(2)L ⊗ SU(2)R ⊗U(1)⊗ SU(3)c − ad hoc yes



What next?



Warnings

A 750 GeV γγ peak reminds the 125 GeV γγ peak. But H 6= z:

(circumnavigating Elba island) 6= (going beyond Hercules pillars)

H: SM NNNLO predictions ⇒
neural network analyses of issues

‘with the same potential for sur-

prises as Brasil-Tonga’.

z: deep sea, all issues open ⇒
I will focus on VolksModel@LHC

just not to get lost in a plethora

of possibilities. But

VM 6= SM.



More decay channels
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1. z→ ZZ, γZ: a must implied by z→ γγ.

2. z→W+W− (or correlations of 1) would tell that SU(2)L is involved.

3. z→ hh (or correlations of 1,2) would tell that H is involved.

4. z→ tt̄, b̄b, . . .DM, ? would point to different directions.



Confirm spin 0 or exclude spin 2,3. . .

(The speaker is biased, and data too...)

Randall-Sundrum graviton could fit with Λ ∼ 60 TeV predicting Γ/M ∼ 10−5.

But the graviton is already disfavoured because it predicts

σ(pp→ e+e−+ µ+µ−) = σ(pp→ γγ)

and no peaks seen in leptons, σ(pp→ `+`−) < 5 fb (ATLAS) and <∼3 fb (CMS).

Spin 2 can be resurrected by assuming that it couples more to γ than to `.

But this would give bad 1/M4
z terms: only the universal Tµν is conserved.

The zombie could even be CP-odd: discriminate with ∆ηγ and 50 fb−1.

Or look at extra resonances.

http://arxiv.org/abs/arXiv:1603.04248
http://arxiv.org/abs/1602.02793


Which initial state?

1) zγγ and zqq̄ already disfavoured by σ13/σ8.

2) ℘→ z implies z→ ℘.

3) zqq̄H implies a large Γ(z→ qq̄H) ∼ 1%× Γ(z→ qq̄) where H = {h, Z,W±}.
4) Distributions of pTz and ηz
5) zj, zb, zV

z couples to︷ ︸︸ ︷√
s = 13 TeV b̄b cc̄ ss̄ uū dd̄ GG
σzj/σz 9.2% 7.6% 6.8% 6.7% 6.2% 27.%
σzb/σz 6.2% 0 0 0 0 0.32%
σzjj/σz 1.4% 1.0% 0.95% 1.2% 1.0% 4.7%
σzjb/σz 1.2% 0.18% 0.19% 0.34% 0.31% 0.096%
σzbb/σz 0.31% 0.17% 0.18% 0.34% 0.31% 0.024%
σzγ/σz 0.37% 1.5% 0.38% 1.6% 0.41% � 10−6

σzZ/σz 1.1% 1.1% 1.3% 2.0% 1.9% 3 10−6

σzW+/σz 5 10−5 1.7% 2.4% 2.6% 4.1% � 10−6

σzW−/σz 3 10−5 2.3% 1.2% 1.0% 1.7% � 10−6

σzh/σz 1.0% 1.1% 1.2% 1.9% 1.8% 1 10−6



Singlet or doublet or...?

1) Extra component of multiplets must be

around 750 GeV.

2) From the production mode: normally

• if dominantly coupled to gg it’s a singlet;

• if dominantly coupled to qq̄ it’s a doublet.

3) pTz in associated production tells the dimen-

sion of the operator, testing abnormalities:

◦ singlet coupled to qq̄ gives hard qq̄ → zVL
◦ doublet coupled to gg gives hard gg → zVLVL

¸ + ZHsingletL

¸ + ZHdoubletL¸ +
Γ

¸ + W -@singletD

¸ + W -@doubletD

¸ + W +@singletD

¸ + W +@doubletD
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Scalar or pseudo-scalar?

How to measure the CP-parity of z (or discover that CP is violated):

Technique Problems
measure z→ γ∗γ∗ → 4` Γ4`/Γγγ ≈ 10−3

measure z→ γγ → 4` in matter Small e+e− angle
measure pp→ zjj σzjj/σz = 0.04

Even if z→ hh zhh exists?
Odd if z→ hZ zhZ exists??

measure z→ ZZ → 4` zZZ exists∗?
measure pp→ Z → zZ zZZ exists∗?

measure z→ Zγ(∗) → 4` zZγ exists?

∗ σ(pp→ zZ) = 1.7 pb
ΓZZ
M
± 0.66 pb

√
ΓZZΓγZ

M
+ 0.53 pb

ΓγZ
M



z couplings?

1) From Γ if large enough,

2) one could even see interference with SM background.

3) SU(2)L relates different widths allowing to identify operators.

4) z→ DM DM from /ET as usual.

5) pp→ zj,zV . . . probe the energy dependence of the couplings.

6) pp→ zz would imply large z3 or zQQ.



Double z production

Can be sizeable, especially if strong interactions y ∼ 4π. The VM predicts

σ(pp→ zz) ∼
�

�



ϝ

ϝ �

�



ϝ ϝ

ϝ

∼
(
yMz

4πMQ
+

κ

4πMz

)2

σ(pp→ z)

In the limit MQ �Mz the ‘low energy theorem’ pro-

vides an exact generic result for the Yukawa effect:

Leff =
α3IN

6π
G2
µν ln(1 +

z
vQ

)
1

vQ
≡

y

MQ
Signals: pp→ zz→ jjjj, jjγγ, γγγγ
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Extra fermions or scalars

A) Discover Q at LHC (some anomalies...).

LHC can miss DM multiplets, especially if quasi degenerate (soft tag). Then:

B) High-energy tails of

σ(pp→ `+`−) ∝ g4(µ̄ ∼ m``)

sensitive to ∆b (BSM running of gY , g2). 8 TeV:

C) e+e− collider: even if Q is too heavy, it could

be probed indirectly as W,Y ...
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Figure 2: Left panel. Correlation matrix in Eq. (4.2) derived from the experimental

covariance error matrix ⌃exp. Right panel. Comparison between data and theoretical cross-

section at large dilepton invariant mass. We show the impact of running couplings for

MX = 400 GeV and di↵erent values of the combination dXNXQ2
X .

whole range of dilepton invariant mass. Let us now discuss the impact of the new vector-

like fermions. For illustrative purposes we fix MX = 400 GeV, and, to better visualize the

impact of running couplings, we show two specific cases with dXNXQ2
X = 150 (lighter blue)

and dXNXQ2
X = 200 (darker blue). In the dilepton invariant mass range 500 �Mll � 1000

GeV the di↵erential cross-section is measured with a 10% accuracy. For Mll � MX the

vector-like fermions actively participate to the hypercharge running, and their impact on

the di↵erential cross-section may easily overshoot the data points, as qualitatively shown

in Fig. 2, for su�ciently large dXNXQ2
X . In the right panel of Fig. 2 we show the corre-

lation matrix derived in Eq. (4.2). As expected, the plot highlights the presence of strong

correlations between adjacent bins. The inclusion of the correlation matrix in the �2 fit

plays an important role since it allows to constraint—in addition to the absolute deviation

from the observed values in each individual bin—also the slope of theoretical cross-section.

Let us now discuss the size of PDF uncertainties. The di↵erential cross-section in

Eq. (3.11) was obtained considering the central PDF set (corresponding to the PDF best-

fit). In order to assess the impact of PDF uncertainties we need to statistically quantify—

using all the remaining eigenvector PDF sets—the relative change in the cross-section. Let

us discuss this point in more detail. In order to construct the covariance error matrix ⌃PDF

we need two ingredients

○ PDF uncertainties in individual bins;

○ Correlation matrix among di↵erent bins.
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Conclusions

• γγ@750 should be accompanied by γZ,ZZ@750 and by new particles.

• Γ/M ∼ 0.06 difficult to reproduce even with new strong interactions.

• A jungle of reasonable models can reproduce a small width

Narrow or broad? Spin 0 or 2 or...? Singlet or doublet or...? Scalar or pseudo

or CP/ ? Elementary or composite? A cousin of H or not? [...] Real or not?

Expect σ13(pp→ z→ γγ) ≈ 3 fb, not more. New data to be shown at ICHEP.



No rumors, a moment of silence

“Any significant (i.e. discovery-

like) result has first to be an-

nounced in a seminar at CERN”.

† DG

no diphoton ⇔ no party

“4 fb−1 seen now”.

†† CMS@SUSY

“Where the wild roses grow, since,

all beauty must die”.

† † † ATLAS@SUSY


