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Abstract: A recent analysis of gamma rays from the centre of our galaxy has provided possible evidence for a dark matter annihilation signal, with
the dark matter taking the form of low-mass WIMPs annihilating predominantly to taus. We study an extended Higgs model proposed to yield such
adark matter candidate. Scanning over parameter space in this model, we find suitable areas that feature fairly little fine-tuning. In favoured areas,
the cross-sections for invisible decays of neutral Higgses are predicted to be too low for detection atcolliders. However, dark matter direct detection
experiments are currently becoming relevant for constraining parameter space in the model.
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Dark Matter

DM: unseen matter that interacts gravitationally
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Dark Matter
= ! ]

= Many cosmological observations point to the existence of DM
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Rotation curves of galaxies

Modulation of gravitational lensing around galaxies
Baryon fraction inside individual galaxy clusters
WMAP constraints on baryon and matter abundance
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Dark Matter
= !

= Many cosmological observations point to the existence of DM

— Rotation curves of galaxies

— Modulation of gravitational lensing around galaxies
— Baryon fraction inside individual galaxy clusters

—  WMAP constraints on baryon and matter abundance

= WIMPs (Weakly Interacting Massive Particles): naturally yield
correct “relic density”
— By cosmologically-estimated abundance:
<O V> = 3 X 1025 cm?/s
= Today, WIMPs would still be annihilating with each other in
-~-COIISIONS



Dark Matter: Detection Experiments

= 4

= [ndirect methods

— Look for products of DM annihilations
(neutrinos, positrons, anti-protons,
synchrotron radiation, y rays ...)

— e.g. Fermi Gamma-ray Space Telescope
(FGST)

Pirsa: 11070053



Dark Matter: Detection Experiments
- 1

= [ndirect methods

— Look for products of DM annihilations
(neutrinos, positrons, anti-protons,
synchrotron radiation, y rays ...)

— e.g. Fermi Gamma-ray Space Telescope
(FGST)
= Direct methods

— Watch for events where DM particles scatter off
target nuclei

— e.g. XENON100
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Dark Matter: FGST Results
= !

= Independent analysis by Hooper & Goodenough

= Analyze y rays to search for signal from DM
annihilations

— DM halo of Milky Way would be densest at galactic
centre

— Energy and angular dependence
— Determined by DM density, mass, annihilation cross-
section, annihilation spectrum, ...
= Within 1.25° of Galactic Centre, excess of 600MeV -
6GeV emissions appeared

— Astrophysical backgrounds subtracted, and fits
performed
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Dark Matter: FGST Resulis
= !

= Independent analysis by Hooper & Goodenough

= Analyze y rays to search for signal from DM
annihilations

— DM halo of Milky Way would be densest at galactic
centre

— Energy and angular dependence
— Determined by DM density, mass, annihilation cross-
section, annihilation spectrum, ...
= Within 1.25° of Galactic Centre, excess of 600MeV -
6GeV emissions appeared

— Astrophysical backgrounds subtracted, and fits
performed
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Dark Matter: FGST Results
- ]|
= Possibly due to DM with:

—Mass of 7.3 — 9.2 GeV

— Annihilation primarily to taus (with at most 10-20% of
annihilations proceeding to bottom pairs or charm pairs)

—<ov>=3.3x10%4-1.5x 102 cm3/s

Dan Hooper and Lisa Goodenough. Dark Matter Annithilation in The Galac-
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i Center As Seen by the Fermu Gamma Rav Space Telescope. Phvs. "Eéit.
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Dark Matter: FGST Results
= 1
= Possibly due to DM with:

—Mass of 7.3 — 9.2 GeV

= Fairly low-mass!

— Annihilation primarily to taus (with at most 10-20% of
annihilations proceeding to bottom pairs or charm pairs)

= Something here is leptophilic?

—<ov>=3.3x10%4-1.5x102%cm3/s
= A little low... but a lot of uncertainties are involved in this area

Dan Hooper and Lisa Goodenough. Dark Matter Annthilation in The Galac-
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i "Cnter As Seen by the Fermu Gamma Rav Space Telescope. Phvs. Téft.
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Higgs Models: Motivation
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THE STANDARD MODEL
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Higgs Models: Motivation
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Higgs Models: Motivation
- 1

* Gauge theories with massless force carriers (gluons,
photons) are fairly straightforward

= But weak gauge bosons (W+*/-, Z) have mass!
= Solution: modify the theory by adding Higgs

— Weak gauge bosons receive masses via Higgs mechanism

— SM quarks and charged leptons receive masses through Yukawa
interactions

= "Minimal” form of Higgs sector ("SM Higgs”) has one
doublet, so one Higgs particle

= Many "beyond the SM” candidates predict extended Higgs
sectors (multiple Higgs particles)
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Higgs: Our 2HDM-L+S Model
= J

= 2HDM: Two isospin doublet scalar fields (®; and ©,)

= 2HDM-L: all quarks couple to ®_ while charged leptons
couple to @,, with Z, symmetry broken only softly in Higgs
potential

= Doublet representation:

™ " = V.
&* | where Y;+Y7 =Vsy and tang = —

(%R 0.9
(o 2 i i

. |’

'i'.u

]|

* Yukawa Lagrangian:

Ly =— Y |y20m®lQr; + y8dp®tQr; + yiem®iL; ;| +h
where
- '- .r iy
Or; = (ur;. dr;y ~ = T3 \Pg T Ug — 10
e and &, =ind; = ( &
_ -
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2HDM-L+S: Add a gauge-singlet real scalar field S (odd
under unbroken Z, symmetry)

This adds the following to the potential:

= ",y “-: i + . A
Tl P — ] gl e = H'iip' 1I| e —1-."1I1 rl. = 3 - s
’ = - ] £
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Higgs: Our 2HDM-L+S Model
=]
2HDM-L+S: Add a gauge-singlet real scalar field S (odd

under unbroken Z, symmetry)
This adds the following to the potential:

L
!

_ l —y 1) ‘l-- i 4 i ) t . 4
1 v — =TI Ty, =1LW-{IF‘I iIl‘ - - —_—"‘1-113' '['. — LY oy
ey P = " -y (] , f J by

(Physical) Particle Content:

— A : pseudoscalar ﬂj%
— H+ / H- : "charged” Higgs

— ho : “SM-like” Higgs
— HO : another neutral Higgs




Computations: Selected Highlights
= |

= S Annihilation Cross-Sections:
—Into fermion-antifermion pair: ~_

V.m=-C- ' m- \
l B l

4 M:
i
- F

with
] [ T[.iﬂ _,-'_'_:.._'L‘-H — SN cF ) SN @ AN O sin g LS LD
( = —_— — S - -

IM: — M- IMZ —M:,
> — COs a — .{; cot o sin IS i N + I S«r)sina
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—We're particularly interested in annihilation into tau pair
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Computations: Selected Highlights
= ]|

= Decay Widths of Neutral Higgses
— Invisible Decay (where ¢ = H? or h9):

LaVS M _r.\['
p? '.‘r,.--"" [_I--'!: % _\E’I — — I o i
_.-7s .M, \ .
H®, h® an
______________ =
- . . — . "‘\1E\|,._J‘-,'-"l\... — | . "\__:HII].:'
P - .
1 L |
P2 T~ L — ;singsma +.1;cos fcosa
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Computations: Selected Highlights
= |

= Decay Widths of Neutral Higgses
—Invisible Decay (where ¢ = HC or h9):

—-—lf‘
p7 i ..-".# [_11_" — ‘j ‘:ﬁ.' — 1 —
_-"g -‘.[ \ -
HO, ho -
-------------- -
- o == l""tj-ll — ._,'.""-.;I_J I|IL-I|'1|;
P g . ;
1 “g . |
Pr™ ™. L = » sin Ssmna + .1, cos fcos a

— Total Width: Partial decay width to each of
bb.cC. T up. g2. vy. Zy. WW. and ZZ is decay width for
SM Higgs multiplied by appropriate scaling factor
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= Cross-Section for S Scattering off Protons:
Spin-Independent (0g; ;)

e .
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Computations: Selected Highlights
= ]

= Naturalness:

SM 2@ s Dikac2lR
(Ag SIN™ H + 4, COS™ )

Mc = m35 +
B -~ o wb g

irsa: 11070053 Page 23/29



Computations: Selected Highlights
= |

= Naturalness: 246 GeV
~ 77, SM 1212 Bil2ia
MS = m3 + ( Ay SIn~ S + .1, cos™ )
| -8 GeV
m=|
— Welet b = :

M?

— bis a measure of “how much fine-tuning is in the model”
— b < 10: relatively little fine-tuning
— b > 100: large cancellations are at play



Results: Scanning Parameter Space

&= ]

. Generated 50000 p0|nt5 P;u‘;imc[cr : Rdll}._:t..‘
: M. | 7.3-9.2GeV
In parameter space e S gy
_‘JH‘J. | 10 - 300 GeV
{ {) - E'.,,-,,
tan 5 I } - 50
E it =] il

= Only kept points where:
— DM annihilation is <20% to bottoms/charms
—-1.0A0¥7am’/s < y _o(5S » v < 1.0A0>an’/s

—Not ruled out by existing searches (public code
=uHiggsBounds)



=

10’

Results: Neutral Higgs Invisible Branching Ratios
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Results: Proton Scattering Cross-Section
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Results: Proton Scattering Cross-Section
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Conclusions

&= ]

= Given recent analysis of FGST data that may be
interpreted as evidence for annihilating DM,
2HDM-L+S model yields interesting DM
candidate

= A scan of parameter space in this model yielded
many promising points, compatible with FGST
observations and with cosmologically measured
relic abundance

= Invisible Higgs decay searches look unpromising
= Direct detection searches starting to constraln
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