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The State of Particle Physics: 2015
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The State of Particle Physics: 2015
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The State of Particle Physics: 2015
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The State of Particle Physics: 2015

“There is nothing new to be discovered in 
physics now.  All that remains is more and more 
precise measurement”

— Kelvin (apocryphal)

1890s 1905

SR

1915

GR

1920s

quantum

relativistic quantum
non-Abelian gauge theory

renormalization
strings

holography

new particles neutrino mass
accelerating expansion

dark matter timeHiggs
Cosmic Microwave BG
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The State of Particle Physics: 2015
“We also know there are  
 known unknowns,  
that is to say we know there  
are some things we do not know. 

But there are also 
unknown unknowns 
the ones we don't know  
we don't know.”

— Donald Rumsfeld (2002)

Photo by Scott Davis, released by US DoD (010122-A-3569D-001)
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Known unknown, unknown knowable

Where do we come from?  
Baryon asymmetry? Strong CP Problem? Flavor structure?

What are we?  
Quantum gravity? Inflation?

Where are we going?  
Proton stability.

Gauguin, “Where Do We Come From? What Are We? Where Are We Going?” (1897)

Status: under a lamp post
Lots of theoretical models, 
but have to get lucky with 
experiments. No guarantee.
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Known Unknowns, Likely Knowable

The Hierarchy Problem
What keeps the Higgs light?

d

Status: wait and see
Hopefully the LHC will tell us. 
Good reasons to be hopeful. 
See Indara’s talk!
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Known Unknowns, Likely Knowable

It exists.  
We’re swimming in it  

It’s most of everything 
80% of matter 

we might be detecting it 
… right now!

http://particlezoo.net
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Particle Dark Matter Exists
Cosmic Microwave BG
Galactic Rotation Curves
Large Scale Structure
Gravitational Lensing

Bennett, C.L., et.al., 2013, ApJS., 208, 20B

WMAP

baryons Dark Matter

4vector.com
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Particle Dark Matter Exists

NASA/ESA

Cosmic Microwave BG
Galactic Rotation Curves
Large Scale Structure
Gravitational Lensing
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Our goal

/ /
¯ / − /
¯ / /

/ −/
¯ / −

/

/
( ) ( )

= ( , ) = ( , ) ( )

( ) × ( ) → ( )

L = L + L + L + L .

/ /
¯ / − /
¯ / /

/ −/
¯ / −

/

/
( ) ( )

= ( , ) = ( , ) ( )

( ) × ( ) → ( )

L = L + L + L + L .

� ? 0

/ /
¯ / − /
¯ / /

/ −/
¯ / −

/

/
( ) ( )

= ( , ) = ( , ) ( )

( ) × ( ) → ( )

L = L + L + L + L .

/ /
¯ / − /
¯ / /

/ −/
¯ / −

/

/
( ) ( )

= ( , ) = ( , ) ( )

( ) × ( ) → ( )

L = L + L + L + L .

Dark Matter … is “dark”

fundamental forces
m

at
te

r p
ar

tic
le

s



f l i p  .  t a n e d o 35u c i . e d u@ PARTICLE PHYSICS IN THE DARK
14

Conventional View of DM Interactions

Exceptions: SIMP Miracle (1402.5143), DMdm (1312.2618), Boosted Dark Matter (1405.7370), … 

.

How Dark Matter talks to the Standard Model
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Agashe, Cui, et al. (1405.7370). See talk by Yanou Cui.
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DirectIndirect Collider
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Figure 6. Left panels: The upper (lower) panels show the limits on the spin-dependent dark
matter-neutron (proton) scattering cross-section. The solid red line in both panels is the CMS EFT
limit. Limits from the XENON100, PICASSO, SIMPLE and COUPP direct detection limits are
also shown. When the EFT limit is valid, the CMS EFT limit is stronger than the direct detection
limits for mDM . 1 TeV. Right panels: The black solid line in the upper (lower) panels indicates
the mediator mass mmed for which the CMS and direct detection dark matter-neutron (proton)
scattering cross-section limits are equal. For larger (smaller) mmed, the CMS (direct detection)
limit is stronger. The dotted lines distinguish Regions I, II and III. In this range of mDM, direct
detection experiments set a stronger limit in Region III only.

CMS limit is stronger than the direct detection limits for mDM . 1 TeV has received much

attention.

However, in the previous section we saw that the EFT limit on ⇤ only applies to rather

baroque theories of dark matter with a very heavy (and very broad) mediator - we called

this Region I. In Region II, the limit on ⇤ is always larger than the EFT limit (see fig. 3),

which implies that the limit on the scattering cross section is stronger than the CMS line

in fig. 6. In Region III, the limit on ⇤ is weaker than the EFT result. Therefore, in this

region, the CMS limit on the scattering cross-section will be weaker than the EFT limit

and eventually, will be weaker than the direct detection limits in fig. 6.

– 12 –

Buchmueller et al. 1308.6799; see also Shepherd 1111.2359, etc…

Mono-SM

Mediators 
Important
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Simplified Models
.

How Dark Matter talks to the Standard Model
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Sample Feynman Diagrams in TikZ

Vol. I: Simple Diagrams, pieces of diagrams

Flip Tanedo

flip.tanedo@uci.edu

Department of Physics & Astronomy, University of California, Irvine, ca 92697

Abstract

This is collection of useful sample Feynman diagrams and pieces typeset in TikZ.

1 Work in Progress

SampleFeynmanDiagramsinTikZ

Vol.I:SimpleDiagrams,piecesofdiagrams

FlipTanedo

flip.tanedo@uci.edu

DepartmentofPhysics&Astronomy,UniversityofCalifornia,Irvine,ca92697

Abstract

ThisiscollectionofusefulsampleFeynmandiagramsandpiecestypesetinTikZ.

1WorkinProgress

rather than this… … use this

See, for example: Shepherd et al. (1111.2359), Busoni et al. (1402.1275, 1405.3101),  
Buchmueller et al (1308.6799, 1407.8257), Harris et al. (1411.0535), Abdullah et al. (1409.2893), …

�

�

sm

smmediator

g�

gSM



f l i p  .  t a n e d o 35u c i . e d u@ PARTICLE PHYSICS IN THE DARK
17

Our goal
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the galactic center �-ray excess would be multiplied by the branching ratio to b¯b pairs, Br(V !
b¯b). If one insists that the �-ray excess is generated exclusively by the decay of b quarks, then
the branching ratio is an additional O(10

�1
) factor that must be compensated by �

dm

. More
dangerously, one must also account for the �-ray pollution from annihilations yielding light quarks.
We address the effect of this pollution on the fit to the �-ray spectrum in Sec. 6.1.

For a pseudoscalar mediator the analogous limit is
0

BBBBBBBB@

�

�
on shell

1

CCCCCCCCA

⇠ �3
dmp
4⇡

�

0

BBBBB@

�

�

1

CCCCCA
⇠ �

dm

�
sm

. (2.6)

We have also inserted an explicit factor of
p
4⇡ for the additional phase space suppression in the

cross section of a three- versus two-body final state.
Both (2.5) and (2.6) impose the limit �

sm

⌧ 1 to suppress the s-channel off-shell mediator with
�

dm

fixed (for given masses) to give the correct galactic center photon yield. The magnitude of
‘�’ is addressed in Sec. 4. The limit of a very small coupling to the Standard Model is further
motivated by the dearth of observational evidence for dark matter interactions at colliders and
direct detection experiments. This limit also occurs naturally in models of dark photon kinetic
mixing or compositeness. In our scenario, parametrically suppressing this coupling increases the
lifetime of the mediator. This has little phenomenological consequence given the astronomical
distance scales associated with the galactic center.

2.4 Estimates for the �-ray Excess

Before doing a fit to the �-ray excess, we establish a back-of-the-envelope benchmark using the
dm masses in Table 2 and neglecting the mediator spectrum and boost. This gives a reasonable
estimate while also highlighting the parametric behavior of the fit. The contact interaction fits to
the galactic center �-ray excess suggest annihilation to a pair of b quarks with a thermally averaged
cross section [13],

h�vibb̄ ⇡ 5⇥ 10

�26 cm3/s. (2.7)

Note that [14] found a slightly smaller cross section, 1.5⇥10

�26 cm3/s due to a slightly tighter dm

halo (larger � parameter in the generalized nfw profile [125–127]). The photon spectrum from
this annihilation is

d�(b, `)

dE�

=

h�vibb̄
2

1

4⇡m2
�

dN�

dE�

Z

los

dx ⇢2 (rgal (b, `, x)) , (2.8)

where (b, `) are Galactic coordinates, ⇢ is the dm profile, and rgal is the distance from the galactic
center along the line of sight (los).

In on-shell mediator models, the dm annihilates into 2 (3) mediators which each decay into
pairs of b quarks. In order that each of these final state b quarks to carry 40 gev, the dm mass
must be approximately 80 (120) gev as stated in Table 2. This reduces the dm number density
by 4 (9) in order to maintain the observed mass density; this is manifested in the m�2

� factor

8

Experiments

Simplified Models

Nature

Michelangelo Buonarroti, 
“Creation of Adam” (1510)

UV Models
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Case Study: Fermi 𝝲-ray excess

• Possible indirect detection signal

• There are reasons to be skeptical  
We’ll address these soon. 

• Framework to play with new ideas 
that can be applied broadly (not just one specific signal)

Fermi-LAT Collaboration, S. Murgia; 2014 Fermi Symposium  

Goodenough & Hooper (0910.2998, 1010.2752), Hooper & Linden (1110.0006), 
Abazajian et al. (1011.4275, 1207.6047, 1402.4090), Boyarsky et al. (1012.5839); 
Gordon & Macias (1306.5725); Daylan et al. (1402.6703); Calore et al. (1411.4647, 
1502.02805); Agrawal et al. (1411.2592); Fermi-LAT collaboration (2014 Symposium) 
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Light from Dark Matter

Adapted from D. Zeppenfeld PITP05 

�

�
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Where to look

NASA/JPL-Caltech/ESO/R. Hurt 

FERM
I

�
Lots of DM

~ 8.5 kpc
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Galactic Center Excess

Fermi-LAT Collaboration, S. Murgia; 2014 Fermi Symposium  

Additional Templates 

Integrated flux in 15ox15o ROI, NFW component

We test the possibility that an additional component centered at the GC contributes to the data (2D 
gaussians, Navarro-Frenk-White, or a gas-like distribution as proxy for unresolved sources)
Peaked profiles with long tails (NFW, NFW contracted) yield the most significant improvements in the data-
model agreement for the four variants of the foreground/background models. IC ring 1 contribution ~2-3x 
smaller than without additional component and HI ring 1 contribution  is ~2-5x larger 

 ➡ The predicted spectrum depends on the foreground/background models.
Calore et al. (1411.4647, 1502.02805); Agrawal et al. (1411.2592); Fermi-LAT 
Collaboration (in progress, see Fermi Symposium 2015)

n.b. quantification of systematic uncertainties
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Simplified Models
.

Simplified Models
Renormalizable, capture physics of mediator (1105.2838)

..Dark Matter . Mediator. sm.

Dirac fermion χ

.

b quark

.
λSM

.
λDM

.

sm neutral

..

χ

.

χ

.
λDM

.

λSM

Simplest example: Coy Dark Matter
Dolan et al. 1401.6458

Systematic studies:
Chicago 1404.0022
Perimeter 1404.2018
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Renormalizable, capture physics of mediator (1105.2838)

Systematic studies:
Chicago: 
Perimeter:

1404.0022
1404.2018

Explicit examples
Coy Dark Matter 1401.6458  
Boehm, Dolan, et al.  

Z’ portal 1501.03490  
Alves, Berlin, Profumo, Queiroz
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On-Shell mediators

•   Can be dominant mode

•   Separates λDM from λSM

•   Admits λDM ≫ λSM 

.

Simplified Hooperons + on-shell mediators

But: the mmed < heavy regime also includes mmed < mχ

i.e. mediator is accessible as an ..on-shell annihilation mode

..
χ

.

χ

.

b

. b.

b

.

b

.

on shell

• Can be dominant mode
• Separates λDM from λSM

• Admits limit λSM ≪ λDM

• Hides indirect detection signal from
direct det. & collider bounds

Application to Hooperon: FT et al. ..1404.6528 (this talk)
See also Dolan et al. 1404.4977 and Martin et al. 1405.0272

Previously: axion portal (Nomura & Thaler, 0810.5397),
cascade annihilation (+ Mardon, Stolarski 0901.2926)

Flip Tanedo flip.tanedo@uci.edu Heavy Hidden Hooperon 1404.6528 20/47...

20/47

The mmed < heavy regime also includes mmed < m𝝌  where  
the mediator is accessible as an on shell annihilation mode

Application to the Hooperon:
FT et al. 
Dolan et al 
Martin et al. 
Elor et al.

1404.6528, 1503.05919
1404.4977
1405.0272

Previously: PAMELA
Axion Portal 
Cascades 

0810.5397 
0901.2926 1503.01773
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On-Shell Simplified Models
.

On-Shell Simplified Models

..Dark Matter . Mediator. sm.

Dirac fermion χ

.

ϕ, V

.

b quark

.
λSM

.

sm neutral

.
λDM

.

sm neutral

..Annihilation, ⟨σv⟩
γ-ray excess, relic abundance

..Constraints
direct detection, colliders

.

Requirements:

mV,ϕ > 2mb λDM ∼ 1 λSM ≪ 1

Flip Tanedo flip.tanedo@uci.edu Heavy Hidden Hooperon 1404.6528 21/47...
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Model Building
.

Model Building

Spin-1 Mediator
Prototype is gauged U(1)B, expect universal coupling to quarks.
Exception? ρ-like states in composite Higgs? (Contino et al. 1109.1570)

Spin-0 Mediator
Lϕ-sm =

λuyu
ij

Λ ϕH · Q̄uR +
λdyd

ij

Λ ϕH̃ · Q̄dR +
λℓyℓ

ij

Λ ϕH̃ · L̄ℓR

Recent UV completion through ‘Higgs-portal’-portal: Ipek et al. 1404.3716

..Dark Matter .Mediator. Higgs. sm

Exception? χχ̄ → ϕ1ϕ2 is s-wave on-shell (Nomura & Thaler 0810.5397)
See also Agrawal et al. 1404.1373 for flavored DM.

Flip Tanedo flip.tanedo@uci.edu Heavy Hidden Hooperon 1404.6528 40/47...

40/47

Recently: many studies mapping this to (N)MSSM, 2HDM
See also singlet scalar  model, Profumo et al. 1412.1105
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Pseudoscalar without the scalar

Work in progress with A. Wijangco and J. Serra

G

HglobalHgauge

H

EW

EM

G

Hgauge

Hoblique

H 0

⇠ =

✓

v

f

◆2

Figure 10: Pattern of symmetry breaking. (left, tree level) Strong dynamics breaks G ! Hglobal

spontaneously, while Hgauge ⇢ G is explicitly broken through gauging. The unbroken group H =
Hgauge \Hglobal contains the sm electroweak group, SU(2)L ⇥ U(1)Y. (right, loop level) Vacuum
misalignment from sm interactions shifts the unbroken group H ! H 0 and breaks the electroweak
group to U(1)EM. The degree of misalignment is parametrized by ⇠, the squared ratio of the ewsb

vev to the G ! H vev. Adapted from [152].

We assume that the sm electroweak group is a subgroup of H = Hgauge [ Hglobal so that it is
gauged and preserved by the strong dynamics. This is shown on the left of Fig. 10. This results
in dimHgauge transverse gauge bosons and (dimG� dimHglobal) Goldstone bosons. The breaking
G ! Hglobal also breaks some of the gauge group so that there are a total of (dimHgauge �H)
massive gauge bosons and (dimG� dimH) ‘uneaten’ massless Goldstones.

Now we address the white elephant of the Higgs interactions—can we bequeath to our Goldstone
bosons the necessary non-derivative interactions to make one of them a realistic Higgs candidate?
This is indeed possible through vacuum misalignment, which we illustrate on the right of Fig. 10.
The explicit gauging of Hgauge makes loop-level corrections to the dynamical symmetry breaking
pattern. This is analogous to how the gauged U(1)EM splits the masses of the charged and neutral
pions through a photon loop. Loops of sm gauge bosons can generate an electroweak symmetry
breaking potential for the Higgs. We illustrate this below.

One key point here is that since the Higgs potential is generated dynamically through sm gauge
interactions, the electroweak scale v is distinct from the G ! H symmetry breaking scale f . The
‘angle’

⇠ =

✓

v

f

◆2

(4.32)

parameterizes this separation of scales quantifies the degree of vacuum misalignment. Note that
this is a separation of scales which does not exist in technicolor and is the key to parameterizing
how the Higgs remains light relative to the heavier resonances despite not being a ‘true’ Goldstone
boson. The limits ⇠ ! 0 and ⇠ ! 1 correspond to the sm (heavy states completely decoupled)
and minimal technicolor, respectively. We note that this parameter is also a source of tuning in
realistic composite Higgs models. One notes that once the pseudo-Goldstone Higgs state is given
non-derivative interactions, there are again quadratic divergences at loop level. This leads to an
expected O(1%) tuning.

We have the following constraints for picking a symmetry breaking pattern:

1. The sm electroweak group is a subgroup of the unbroken group, SU(2)L ⇥ U(1)Y ⇢ H. In
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how the Higgs remains light relative to the heavier resonances despite not being a ‘true’ Goldstone
boson. The limits ⇠ ! 0 and ⇠ ! 1 correspond to the sm (heavy states completely decoupled)
and minimal technicolor, respectively. We note that this parameter is also a source of tuning in
realistic composite Higgs models. One notes that once the pseudo-Goldstone Higgs state is given
non-derivative interactions, there are again quadratic divergences at loop level. This leads to an
expected O(1%) tuning.
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Higgs as a pNGB (composite Higgs) 
with non-minimal coset

analogy: π0 vs π± 
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Composite Mediators

Work in progress with A. Wijangco and J. Serra

Higgs as a pNGB (composite Higgs) 
with non-minimal coset

.

Model Building

Spin-1 Mediator
Prototype is gauged U(1)B, expect universal coupling to quarks.
Exception? ρ-like states in composite Higgs? (Contino et al. 1109.1570)

Spin-0 Mediator
Lϕ-sm =

λuyu
ij

Λ ϕH · Q̄uR +
λdyd

ij

Λ ϕH̃ · Q̄dR +
λℓyℓ

ij

Λ ϕH̃ · L̄ℓR

Recent UV completion through ‘Higgs-portal’-portal: Ipek et al. 1404.3716

..Dark Matter .Mediator. Higgs. sm

Exception? χχ̄ → ϕ1ϕ2 is s-wave on-shell (Nomura & Thaler 0810.5397)
See also Agrawal et al. 1404.1373 for flavored DM.

Flip Tanedo flip.tanedo@uci.edu Heavy Hidden Hooperon 1404.6528 40/47...

40/47

SM singlet 
“extra” Goldstone

These interactions are given 
by nonlinear sigma model and 

are distinct from 2HDM

New Matter 
incomplete rep. adds to  

global symmetry breaking Connects:
• Dark Matter 
• Mediators 
• EWSB

No 2HDM required!
different phenomenology 
and constraints
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Avoiding the Dwarf Bounds

Kaplinghat, Linden, Yu, 1501.03507

Dwarf Spheroidals: mostly DM, little stellar matter 
… so should to see same GeV excess as Gal. Center if it’s DM annihilation 

Usual assumption:

Dark Matter Annihilation 𝛾-ray photons

Instead, revise the relation:

Dark Matter Annihilation 𝛾-ray photons
+ ambient starlight

But: requires annihilation into electrons … spectrum doesn’t fit?
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Avoiding Dwarf Bounds

Kaplinghat, Linden, Yu, 1501.03507

Photon spectrum from 
FSR doesn’t fit 
(Weiszacker-Williams)

2

• A nuclear-scale dark matter self-scattering cross
section requires a dark force carrier with a mass be-
low ⇠ 100 MeV [33–35]. Annihilations through this
mediator can kinematically couple only to e+e�

and neutrinos in the standard model sector.

• The e+e� produced via dark matter annihilation do
not produce appreciable �-rays from dwarf galaxies
due to their low starlight and gas densities. The
dominant signal in these systems should be due to
final state radiation, with a cross section suppressed
by ↵EM.

• The SIDM density profile in the central region of
the Milky Way is determined by the bulge poten-
tial [36]. Models of the galactic bulge imply that
the dark matter density increases to within 1-2�

from the GC and the annihilation power is signif-
icantly enhanced compared to the predictions of
SIDM-only simulations.

A hidden sector dark matter model. We consider
a simple hidden sector model in which a 50 GeV dark
matter particle couples to a vector mediator �. The
relic density in this model is set by the annihilation
process �̄� ! �� with an annihilation cross section
4.4⇠ ⇥ 10�26 cm3s�1 for a Dirac particle [37], where ⇠
is the ratio of the temperature of the hidden sector to
that of the visible sector at freeze-out [38]. We assume
that the hidden and visible sectors are coupled through
kinetic [39] or Z-mixing [40] leading to � ! e+e� de-
cays [41]. The dark matter mass utilized here illustrates
our main points; the mass could be large or smaller by
about 50%, depending on the details of electron energy
loss in the GC.

In order to compute the secondary emission from this
model we utilize the software PPPC4DMID [42], which pro-
vides the solution for one-dimensional di↵usion with spa-
tially dependent energy losses. We use the “MED” dif-
fusion parameters listed in PPPC4DMID [42]. This soft-
ware calculates the �-ray spectrum from IC scattering as-
suming an interstellar radiation field energy density from
GALPROP [43], an exponential magnetic field profile [44],
and negligible bremsstrahlung losses, which is a good ap-
proximation for the & 10 GeV electrons under consider-
ation. We tested the PPPC4DMID spectrum by writing an
independent code that solves the one-dimensional di↵u-
sion equation assuming spatially-constant energy losses
and found good agreement.

In Fig. 3, we compare the intensity and spectrum
from our model to the region of interest (ROI) 1 of
Ref. [10], which includes regions within 5� radius (about
750 pc projected distance at the GC) excluding latitudes
|b| < 2�, finding good agreement.

These results show that the secondary IC emission ef-
fectively reproduces the hard spectral bump at an energy
of ⇠2 GeV, and the relatively hard spectrum component
at energies above 10 GeV observed by Ref. [10]. The
hard spectrum component is an important discriminator
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FIG. 1. �-ray spectrum from Inverse Compton emission and
final state radiation produced by annihilation of a 50 GeV
dark matter particle through a light mediator into e+e� fi-
nal state. The spectrum is compared to the Galactic Center
excess [10].

of the dark matter mass, as it absent for masses closer to
20 GeV.
We estimate the range of cross sections required to pro-

duce this signal as 0.3�2⇥10�26cm3/s, corresponding to
the SIDM density profiles shown in Fig. 2 and discussed
next. In order to estimate this cross section range we
noted (using the density profiles available in PPPC4DMID)
that the IC signal (shown in Fig. 3) is proportional to
the J-factor (J =

R
d`⇢2(`,⌦), where ` = line of sight)

within 5 degrees of the GC at the 10% accuracy level.
Therefore, we scale the PPPC4DMID result using the J-
factors for the SIDM density profiles to obtain the cross
section range.
Density profile of SIDM. The cross section estimate
depends on the dark matter density profile. The expecta-
tion from SIDM-only simulations is that the SIDM den-
sity profile would be essentially constant in this region.
However, when baryons dominate, as expected in the in-
ner galaxy, it has been shown that the equilibrium SIDM
density profile tracks the baryonic potential [36]. We
compute the equilibrium SIDM density profile assuming
two possibilities for the early (before self-interactions be-
come e↵ective) dark matter density profile following the
method in Ref. [36]: an NFW profile [45] with scale fac-
tor rs = 26 kpc [46] and the same profile after adiabatic
contraction [47] due to the disk and bulge of the Milky
Way. The early profiles set the boundary conditions for
the equilibrium solutions.
We determine the consistency of this scenario by fit-

ting to the composite galactic rotation curve of Ref. [48]
shown in the top panel of Fig. 2 including a black hole
of mass 4 ⇥ 106M�, inner and outer spherical bulges
with exponential density profiles, an exponential disk
and a spherical halo. The SIDM halo is computed self-
consistently from the spherically-averaged stellar distri-

But: this leaves an imprint on positron fraction (PAMELA) 
and can be constrained by mono-photon searches at LEP

but Inverse Compton can 
upscatter starlight into a 
diffuse GeV spectrum 
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Summary

.

Dominance over off-shell
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