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A New Era for Particle Physics?

“Who Ordered That?” - I. Rabi

From Wikipedia
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Diphoton Excess - CMS

2.6 σ local excess in
Diphotons near
MX ≈ 760 GeV
1.2 σ global significance
assumes narrow width
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Diphoton Excess - ATLAS

(3.6÷ 3.9) σ local excess in
Diphotons near
MX ≈ 750 GeV
(2.0÷ 2.3) σ global
significance
significance width
dependent:
(NWA ÷ ΓX/MX ≈ 6%)

 [GeV]γγm

200 400 600 800 1000 1200 1400 1600

E
ve

nt
s 

/ 4
0 

G
eV

1−10

1

10

210

310

410
ATLAS Preliminary

-1 = 13 TeV, 3.2 fbs

Data

Background-only fit

 [GeV]γγm
200 400 600 800 1000 1200 1400 1600

D
at

a 
- 

fit
te

d 
ba

ck
gr

ou
nd

15−
10−

5−
0
5

10
15

ATLAS-CONF-2015-081

Christopher W. Murphy (SNS) Diphoton Excess, B-decay Anomalies Genova 11/2/16 7 / 45



Diphoton Excess - ATLAS

SM Higgs boson w/ Mh = 750 GeV:
σ(pp→ h) Br(h→ γγ) =
1.55 · 10−4 fb
Γh = 247 GeV

Depending on who you ask:
σ(pp→ X) Br(X → γγ) =
(1÷ 13) fb
6% width (45 GeV): very
important or not important at all
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Reminiscent of Another Excess in Diphotons
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This Has Happened Before

2.93 σ excess in Diphotons
w/ mγγ ≈ 136.5 GeV
preliminary analysis w/ full
Run-1 dataset
seen in both ggF and V BF
125 GeV Higgs boson
included in background
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Excess disappeared in final analysis (w/ same amount of data)!

CMS-PAS-HIG-13-016 arXiv:1407.0558
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750 GeV Diphoton Excess
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750 GeV Diphoton Excess

Both experiments see a
moderate excess around
750 GeV
Figure by M. Strassler
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Statistical Combination

Plot assumes spin-0, gluon
fusion, narrow width
Combination increases
significance, 8 TeV data
doesn’t decrease significance
No preference for spin-0 vs.
spin-2, narrow vs. wide
width

arXiv:1601.04751
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What About The Background?

arXiv:1601.07330:
significance of excess stable w.r.t. choice of background fit function
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The Theoretical Community is Very Excited

(Experimentalists not so much)
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Apparently I Should Get a Twitter Account
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An S-Channel Resonance

σ(pp→ X → γγ) =
2J + 1

MXs

[∑
i

Cīi Γ(X → īi)

]
Br(X → γγ)

Cgg = π2

8

∫ 1

y

dx
x g(x)g

( y
x

)
, y =

M2
X
s ,

Cqq̄ = 4π2

9

∫ 1

y

dx
x

[
q(x)q̄

( y
x

)
+ q̄(x)q

( y
x

)]
√
s/ TeV Cγγ Cbb̄ Ccc̄ Css̄ Cdd̄ Cuū Cgg
13 54 15.3 36 83 627 1054 2137
8 11 1.1 2.7 7.2 89 158 174

see e.g. arXiv:1512.06799
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An S-Channel Resonance

σ(pp→ X → γγ) =
2J + 1

MXs

[∑
i

Cīi Γ(X → īi)

]
Br(X → γγ)

Exotic Possibilities:
Spin-2 Resonance: J = 2

Multiple Resonances: σ(pp→ γγ) =
∑

j σ(pp→ Xj → γγ)
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Production through Gluon Fusion

Assume σ(pp→ X → γγ) ≈ 8 fb

Gluon Production:
Γγγ
MX

Γgg
MX
≈ 1.1× 10−6 Γtotal

MX

Small Width:
Γ(X→γγ)

MX
> 10−6

45 GeV Width:
Γ(X→γγ)

MX
> 10−4

arXiv:1512.04933
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More Exotic Production Mechanisms

b Production:

Γγγ
MX

Γbb̄
MX
≈ 1.9× 10−4 Γtotal

MX

arXiv:1512.04933

γ Production:

σ(pp→ X → γγ) ≈

10.8 pb
(

Γtotal
45 GeV

)
Br2(X → γγ)

arXiv:1601.00638
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What About Other Channels?

If excess due to BSM physics, can’t just be one new particle!
Size of coupling to SM particles needed would have already been seen
in another channel

arXiv:1512.04928
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A Simple Model

Most plausible candidate: scalar resonance coupled to photons and gluons

Figure from arXiv:1512.04933

L ⊃ g23X
G2
µν

2Λg
+ e2X

F 2
µν

2Λγ

Γ(X → γγ) = πα2M
3
X

Λ2
γ

, Γ(X → gg) = 8πα2
3

M3
X

Λ2
g

(analogous formulas for psuedoscalar coupled to FF̃ )

MX

Λγ

MX

Λg
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√
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Simple Models

Scalar resonance + vector-like fermions

L ⊃ −Xf̄(yf + iy5γ5)f

Easy to reproduce signal
Γ(X→γγ)

MX
≈ 5.4× 10−8

∣∣∣∑ drfQ
2
fyf

MX
2mf

∣∣∣2 ,
Γ(X→gg)
MX

≈ 7.2× 10−5
∣∣∣∑ Irf yf

MX
2mf

∣∣∣2

arXiv:1512.04933
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Models

Compilation by S. Knapen
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Models

Compilation by S. Knapen
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What It Can’t Be: Hypercharge Neutral

SU(2)× U(1) invariant Lagrangian:

L ⊃ g2
3X

G2
µν

2Λg
+ g2

2X
W 2
µν

2ΛW
+ g2

1X
B2
µν

2ΛB
+ . . .

In concrete models generated by matter w/ SM charges:

operator Γ(X→Zγ)
Γ(X→γγ)

Γ(X→ZZ)
Γ(X→γγ)

Γ(X→WW )
Γ(X→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

see e.g. arXiv:1512.04929, arXiv:1512.04933
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What It Can’t Be: 2HDM and similar

Claim: any model where all the BSM particles are scalars, and the scalar
interactions are all generated by dimension-4 operators, cannot explain the
size of the diphoton excess
Ex. 2HDM:

Γ(h→WW )
Γ(h→WW )SM

= sin2(β − α), Γ(h→gg)
Γ(h→gg)SM ≈

cos2 α
sin2 β

, Γ(h→bb̄)
Γ(h→bb̄)SM

= sin2 α
cos2 β

Alignment limit, β − α ∼ π/2, experimentally preferred

Γ(H→WW )
Γ(H→WW )SM

= cos2(β−α), Γ(H→gg)
Γ(H→gg)SM ≈

sin2 α
sin2 β

, Γ(H→bb̄)
Γ(H→bb̄)SM

= cos2 α
cos2 β

gHH+H− = −v[Z3 cos(β − α)− Z7 sin(β − α)]

|Z7| ≤ 8π
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Theoretical Constraints on Weakly Coupled Models

Perturbative Unitarity: |a0| < 1, |Re(a0)| < 1/2,

a0 =
1

16πs

∫ 0

−s
dtA(s, t)

BSM theory of scalars, L ⊃ −mXφQ+φQ− − λ(φQ+φQ−)2,

A(φQ+φQ+ → φQ+φQ+) = −λ−m2

(
1

t−M2
X

+
1

u−M2
X

)
,

16πa0 =

−λ s�MX,Q

2m2

M2
X

M2
X+2M2

Q

M2
X+4M2

Q
− λ s→ 4M2

Q

|m| < (6.2÷ 7.3) TeV or (4.4÷ 5.1) TeV
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Theoretical Constraints on Weakly Coupled Models

Perturbative Unitarity: |a0| < 1, |Re(a0)| < 1/2,

a0 =
1

16πs

∫ 0

−s
dtA(s, t)

Scalar and Vectors: L ⊃ κ2M2
V
v XV †µV µ,

A(VLVL → VLVL) ∼
( √

s

MV

)4(
κM2

V

v

)2
1

s
,

theory break down around
√
s ∼ 4

√
πv/|κ|
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Theoretical Constraints on Weakly Coupled Models

Quartic coupling, large width → large multiplicities, large charges, or large
couplings → Landau poles

arXiv:1512.04933
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Theoretical Constraints on Weakly Coupled Models

Cubic coupling, if large enough, could destabilize Higgs vacuum

arXiv:1602.01460
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Violations of Lepton Flavor Universality

LHCb: 2.6 σ deviation from SM - Experimentally Clean

http://lhcb-public.web.cern.ch/lhcb-public/

R
µ/e
K =

Br(B → Kµ+µ−)

Br(B → Ke+e−)
= 0.745+0.090

−0.074 ± 0.036
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Violations of Lepton Flavor Universality

BaBar, Belle, LHCb: combined 3.9 σ deviation from SM

http://lhcb-public.web.cern.ch/lhcb-public/

R
τ/`

D(∗) =
Br(B̄ → D(∗)τ ν̄)/Br(B̄ → D(∗)τ ν̄)SM
Br(B̄ → D(∗)`ν̄)/Br(B̄ → D(∗)`ν̄)SM

,

R
τ/`
D = 1.37± 0.17, R

τ/`
D∗ = 1.28± 0.08
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Angular Analysis of B0 → K∗µ+µ−

LHCb: deviation from SM in S5 and P ′5 at low q2

Hadronic Uncertainties Important
depending on who you ask: (2÷ 4) σ anomaly
LHCb: global fit yields 3.4 σ deviation from SM

http://lhcb-public.web.cern.ch/lhcb-public/
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Model for Lepton Universality Violation in B-Decays

Leptoquarks: charged, colored,
spin-0 or spin-1 bosons
(Z ′ also proposed)
See e.g. arXiv:1505.05164,
arXiv:1506.01705,
arXiv:1512.01560
Symmetry arguments lead to
Minimal Flavor Violation

B → Dτν

B → Kµµ

Figures by A. Falkowski

LV = (V µ
−2/3)†(D2 +M2

V )(V−2/3)µ + (g`q ¯̀
LγµqL + gedēRγµdR)V µ

−2/3 + h.c
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The Model

Model: SM + Scalar Singlet (φ) + Vector Leptoquarks (Vµ)

Minimal extension of model for B-decay anomalies, no new fermions

L ⊃ κ2M2
V
v φV †µV µ, κ ∼ 0.1÷ 0.3, MV ∼ 1 TeV

Scalar leptoquarks and diphoton excess: arXiv:1512.06828,
arXiv:1601.02457, arXiv:1601.03267

SU(3)c SU(2)L U(1)Y Jµ
3̄ 1 −2/3 ¯̀

LγµqL, ēRγµdR
3̄ 3 −2/3 ¯̀

LγµqL
3̄ 2 5/6 ¯̀c

LγµdR, ē
c
RγµqL

3̄ 1 −5/3 ēRγµuR
3̄ 2 −1/6 ¯̀c

LγµuR
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The Model

Mixing with the Higgs,(
φ
h2

)
=

(
cosα − sinα
sinα cosα

)(
X
h

)
,

leads to tree level decay rates,

Γ(X → ff̄ , V V )

Γ(X → ff̄ , V V )SM
= sin2 α,

Γ(h→ ff̄ , V V )

Γ(h→ ff̄ , V V )SM
= cos2 α.
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The Model

Interaction with leptoquarks,

L ⊃ cosακ
2M2

V

v
XV †µV

µ,

leads to loop level decay rates,

Γ(X → gg)

Γ(X → gg)SM
=

∣∣∣∣sinα+ cosα
κA1(τV )

A1/2(τt) +A1/2(τb)

∣∣∣∣2 ,
Γ(X → γγ)

Γ(X → γγ)SM
=

∣∣∣∣∣sinα+ cosα
NCVQ

2
V κA1(τV )∑

f NCfQ
2
fA1/2(τf ) +A1(τW )

∣∣∣∣∣
2

.
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Viable Parameter Space

Measurements of the 125 GeV Higgs boson
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Viable Parameter Space

Searches for resonances in other final states
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Summary

More data is needed, but the Diphoton Excess would be an amazing
discovery if comfirmed
First step towards a unified explanation of Diphoton Excess and
B-decay Anomalies
Found parameter space that gives the correct cross section for 750
GeV resonance decaying to photons, consistent with

unitarity
measurements of the 125 GeV Higgs boson
direct searches for resonances in other channels
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