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www.darkmatterwines.com

announce the release of
the 2008 Dark Matter Zinfandel

‘We are proud to

1n 2008, Mother Nature reminded us how precious ou:
y \Four Sisters' vineyard is. A temperamenta

Howell Mountain Sl

ear, complete with frost, :
allowed for the perfect ripening of our limited production
of Dark Matter. With only 85 cases, this vintage is sure to
disappear quickly.

Similar to the first two vintages, the 2008 Dark Matter
Zinfandel is an exotic breed of wine. An enticing bouquet
of leather, dark berries, and warm spices leads the nose
to fall aromas. Silky and well balanced tannins linger on
the palate from start to finish and the taste buds caressed
with flavors of Howell Mountain pepper and toasted oak.

The complexity of this wine complements our name.
Dark Matter. :

To add the 2008 Dark Matter Zinfandel to your cellar,
Visit us at www.darkmatterwines.com. e

Salute,

The Four Mondavi Sisters
Angelina, Alycia, Riana and Giovanna

T.G. Rizzo 12/14/17
1807.xasap



Talk Outline :

1) Quick review of the 4-D ‘dark photon’ model & kinetic mixing
2) Kinetic mixing in 5-D & implications

3) The Complex Scalar (vev = 0) DM Model

4) Short look at other scenarios

5) Summary & Conclusions

HreDark-Gide-of-thet+oree — The Force of the Dark Side



To Begin: A Lightening ‘Dark Photon’ Model Review

A new U(1)p, not coupled to the SM, kinetically mixes with hypercharge field

O w1
LC—ZBMVBM —ZZD/JVZI%—I— COSHZD/WB +2mDOZ ZD/L

1412.0018

w/ the symmetry broken by the vev of a Dark (SM singlet) Higgs boson S:
Vo(H,8) = —p®[H? + N H|* — pgl S + As|SI* +®BISI|HI?
..o which we add a DM field via a L, (as yet unspecified).

1: Make linear transformation to bring L to canonical form
—  2: Diagonalize H-induced mass-mixing between Z & V (aka Z)

3: ‘Light’ (~100 MeV) V couples to ~e€Q, hence, a Dark Photon :



DM Properties: anything goes BUT s-wave annihilation

LIU, SLATYER, and ZAVALA

CMB limits

PHYSICAL REVIEW D 94, 063507 (2016)
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FIG. 1. The 95% excluded cross section based on Planck’s upper limit given by Eq. (8) for (left) yy — e*e™ and (right)
xx — vy s-wave annihilation.
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..otherwise ovgy = OV !

- DM is NOT Dirac
= Mpy < My,
— No ID signal today!

Model

X W

- If m, > 2mg,, then V - DM .. otherwise V » e* e" etc.
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Lots of work by many people..
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mpy & My, are not necessarily
related by the model..
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Some possible(??) issues...

1: Why is mp,, ~ my, ? These are generally uncorrelated...

2: How do we prevent the Higgs portal (via k) from acting or even
dominating? No symmetry can forbid a coupling of S to the SM
Higgs

3: Can we provide a more complete framework for the DM model?

4: etc. efc. ...

- How do we generalize the model to address (some of) these ??

Let's have some fun by extending this model to EDs !



Setup :

DM

- One, flat ED as an interval, bounded
at either end by a brane. This is not
an orbifold! R1~10-103 MeV similar y=0 y=miR
to the ADD model w/ n=6,7

- SM fields are localized on one of the 4-D branes while the DM &
the mediator ‘Dark Fields’ can freely roam the 5-D bulk

- Ilgnore gravity as in UED
Relevant part of 5-D gauge action

S = /d4 / dy __VABVAB <——B BW+LSM> 5(3/—?JSM)]

Note: KM takes place on the SM brane between brane-localized
hypercharge field B and dark bulk field V
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- KM now involves an infinite tower of KK modes of the

Dark gauge field, V, determined by their wavefunctions
evaluated on the SM brane — 1st problem = ‘control’
KK expansion :

Y2 & ~ A~ i R R
/ dy 5V B3y = s insertKK a3 rwviw
" Cu expansion

€n oy A .
— ¢, = esfolysy) thus = Zavn“ B,, Infinite sum!

Linear transformation to bring 4-D

— B=
Lagrangian into canonical form B =D+ Zn a,V, , efc.

Introduce for convenience s, =sinf, = —€,/cy

- Goal: find the a,, etc. in terms of the set of s, /¢,



Define the sums: 3, = (1 — > _,s?)Y2;  then

a=1 “a

—> a1 = —81/(2120), Qg = —82/(2221) ey = —Sn/(znzn_1>

These sums must convergeora o _ ;| _ 4
canonical basis won't exist ! " 2 i (n=e)

— The €’s must shrink with increasing n ..they can’t be n-independent!

This imposes a non-trivial constraint on the

eigenfunctions f_(y) independent of the nature

of the DM -- as does the by-parts integration ~ Jm Oy ful;; =0
requirement on applied BCs w/o orbifiolding

- Next: all the V, couple to hypercharge & so will mix with the Z
& each other via the Higgs vev producing an « x « matrix

9



M2 —tye M2 —tyeaMZ . M. determined by KK

M2 —twet M3 M+ 22 M2 t2 erea M2 (model dependent I)
—thQM% t%u€1€2M% M22 + t%UG%M% e ‘ . .

eigenvalue equation

Small €’'s -~ we can diagonalize Vi Vit e
employing a PT expansion...

M2 - M2 1+ t121)€z2M%
" MR- M The mass
2 2 |1 4202 € 2 2 r21\2 e2e2 M2 elgenvalues
v [1 thZ; iz g ) Z (M%—M%)?(M%—M%)} then shift too
: g M2 2 M3 — M?
The physical V;then couple to  tuei|Toe g3 + Q= p" 7

For M. - 0 this is egQ ... For M, »» thisis g's;Y
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There is also a shift in the SM Z couplings:

(tuci)’

¢ twei) "My
M2 — M2

(14 F)Ts — (so, + F)Q] , where F-= Z

SwCw

2F

T = —

. . _ Qly
V\tl)rlm_lch results |ntnor.1 zero Y, < ~0.05

oblique parameters: I

U = 0,

...& other couplings are induced & to LO are given by

tweiﬂ4? . .
(B dl|

M2
M7 — M

UH

th@Afz 2A4%
Kyzy, = - ] Kpvy, =~

M2 — M? v

All this happens before any introduction of the specific DM model !
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DM Models:

You saw these already in the Table above but here they take on
some somewhat different aspects..

- Complex scalar w/ no vev: DM is lightest state in complex scalar
KK tower. No bulk Higgs field needed! ‘Simplest’ possibility.

- Complex scalar w/ vev..breaks up into real CP even scalar KK
tower (the lightest being DM) + a CP odd field which mixes w/
V; to generate the Goldstone’s + a CP-odd KK tower. Very
different but more complex

- Majorana/Psuedo Dirac: Most complex w/lots of moving parts..
different still & w/ very interesting phenomenology!

Unfortunately time permits only an examination of the simplest case



Model 1

Y2 1
Ssp = / d*x / dy [— Zvmgvf“ﬂ (D4S)T(DAS) — V(STS)]
Y1
Dy = 04 +1ig5pQpVa.

S MUST be complex to carry a charge (Qp=1); for simplicity we
ignore a possible bulk mass for S. Assume no kinetic or potential
terms on either brane for V,S (for now)

-f.(y) satisfy: &4 f,=-m2f so f, =A cosmy+B,sinm.y

BUT we must also have: f,9,f,"> =0 withy,=0 &y,=TR

Now imagine taking > 5, ) = 4,(0) = 0 while 8,5,(0) = s,(xR) = 0.
which satisfy requirement

-Then: mVYS_=(n+1/2)/R V,S form degenerate KK towers,,



So v, ~ sinz,y/R & Sn ~ cosxz,y/R with z, —n +H1/2.

— More interestingly, there are no massless modes! V;'s are
the eaten Goldstones. No Dark Higgs w/ vev is heeded !

- Next, this term is ZERO g, = / diy /y2 dy AusHTHSTS 6(y — ysur)
as the s, vanish on the v
SM brane. NO symmetry can do this but we can w/ ED BCs !

— Trivially, the DM & the Dark Photon (the n=0 modes) have
comparable (i.e., the same) masses w/o tuning

There remain, however some phenomenological problems :
- As is, all the |¢ | have the same value X

- We actually need m(S,) < m(V,) but now they’re equal X 14



- Both problems can be simultaneously solved
by adding a common element for both the V & S i L
fields: a Brane Localized Kinetic Term(BLKT) on % L
the brane where the field doesn’t already vanish,
e.g., for V:

[ dy d(y-ysy) * O4R - _—: Vo V¥ 8, is an dimensionless positive
semi-definite O(1) parameter

Not too different from the kinetic mixing term.. Similarly a &g for S.
The BLKT induces a discontinuity in 6,f at the relevant brane:

O, f(Yp+) - 0, f(yy ) =- 8o R m2f(y,) modifying the BCs.

This alters: masses, wavefunctions & normalization factors, ie, €.,'s

15



Increasing 6, reduces x.'s - m,’s

& also makes ¢.'s decrease !

O0,s # 0 will make BOTH KK's lighter but we need a fixed ordering
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We can now evaluate the sum..

?

Well controlled.. this problem is

solved by the BLKT !
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Now we need m(S,) < m(V,) so this means the values of &5 & O,

are correlated..

A =m(S,)/m(V,) ..for a given &, and desired A, we can determine &g

Values of A below ~0.5 are ‘disfavored’ by largish &5 requirements..
But this is a special region as here all KK's will decay down to DM !

50.0

10.0 |

100.0 T

50.0

100 |

50 r

X(V1) 18



- Gauge KK’s are produced via their SM couplings & undergo 2-body
decays to pairs of scalars which then decay further producing a
cascade (more later)

- Eventually we are left with S,,S,T (= DM) & V, only... if V, decays
just to DM, then the whole cascade is totally DARK'!

- Since gp>>eg, this will happen when A<0.5 (the ‘disfavored’ region)
& the signatures will no longer be (directly”™) A-dependent, e.g., just
missing energy in a DP production experiment

- DD experiments are qualitatively insensitive to A (as we’ll see) but

the relic density calculation MAY sometimes have sensitivity due to
the potential proximity of the V, resonance when A is below but ~0.5.

~ Couplings & detailed kinematics, etc., will remain A-dependent



- If the KKs just result in ME can this scenario be distinguished from
the usual 4-D DP model where something similar can happen ?

- LDMX1: an example e-recoil experiment. 4 GeV beam on a tungsten
target.. E_ec°! & p. ¢ are the only observables !

- Straightforward to include multiple KKs contributing here..

LJ [J (]
Kinematics of New-Particle LDMX
[J L]
PrOduCtlon ln EleCtron Beams T Nelson . Thermal Relic Targets & Current Constraints
L I t . ” t LDMX Phase | Detector Cont - Target freed - 2 e ' 10-4 11
e Oow-energy nucileus typically no H e o
o DM| measurable e o0 DA R
A ' DM E(A9 ~ Ebeam E(e) < Ebeam 3; 107
108
Nucleus pr(4) ~ pr(e) ~ ma §< 1079
/ ™ g wacn N
N\ 3/2 < 10
~ (mTA) B e VDM I 1012
— A > o
€ A‘ _T/..wfs.‘{f}‘: """"""" )N ma’ st 12-14 LDMX Phase Il @ 8 GeV
PETTTTT LAttt  -S —. E 015! 0.1-0.3 X, target
E = beam energy rﬂ) 1/2 >DM S e mERE
E 1 10 102 10°
Two-stage experiment: my [MeV]

\

Eq=FE

€ soft and wide-angle .

Most of beam energy carried away by invisible particles

Recoil electron kinematics opposite of typical bremsstrahlungs

 Start at 4 GeV towards the end of 2021 -- sensitivity to 104

* BES plans accelerator upgrade (LCLS-Il HE / 8 GeV) -- sensitivity to 1016



recoil distributions, 4 GeV ¢~ on 10% X target —

Electron Recoil Energy Distributions, E, > 50 MeV

Event Fraction

10+

100

10~1

Scaled Rate/50 MeV

NOT TO SCALE

Electron |Py| Distributions, 50 MeV < E, < 1.2 GeV, pz;>0

a few events

1076 events!!
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- Small 5, » ¢’s at low n’s remain largish. Small R-" - many KKs
contribute, hence, the greatest sensitivity.

- Meson decays/colliders may do better looking for multiple y peaks
with ME recoiling with shrinking rates due to falling €,

— Interesting possibility: via Z-V; mixing, we have Z-SS;T +h.c.
w/ the S, decaying down to DM. In one of our BMs below this
is ~763k decay modes!!! Violation of the '(Z- inv) <~1 MeV
bound?

Amazingly, no! Including 2k gauge KKs to determine the mixings
& taking R"1 =100 MeV w/ gpe, =10+ we get (Z~ inv) ~0.02 MeV

This is the result of the couplings falling off quickly as we go up the
KK towers & gives us a little room for other parameter choices

22



. To go any further we need to determine the S.S_ 1V, couplings
(these would vanish for orbifolds!)

TR
Conn = / Sn(Y)sm(Y)vily) dy  —> &, =i, /ci, ascly, is used to
0

define the 4-D coupling gp

Then we can, e.g., determine the e-DM elastic scattering cross section:

2
dapghe; ni1€n = (MY)? 40,2 (100MeVN4 rgpe; 2
Oe = (m‘1/)4 Z (—1) g Ci1 W —_ O = 2.97-10 cIm ( m}/ ) (10_4)

To get real numbers out we need some benchmarks: take 6, =0.5

BM1: A=0.8, 65=2.38 BM2: A=0.6, 865=6.03

23



Sum

1.00

0.95

E The Sum converges rapidly after a
I few KKs & yields ~ 0.85 for both
E BMs

: : We can now calculate the annihilation
5 +ss7ee = Cross section for S,S,t - e*e

n

S < S Z(_l)n+m[ (nm/€}) 5?155’11

O Urel _: bvr_el‘ 1927””%)]\1 72 - (’72 — 7%)(72 — rm)

n,m

Where 7* = s/4mpy and 1. = (my))*/4mby,

107*em’s™" . & determine b for BM1,2

2 2
7 9Ip€1
R b="b
escale [m%M (GeV?)
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14 —
12 —

10 —

16/\,

L

~15.9

~7.9

R

1 | I I |
4 5 6 7 8910

n

KK masses in R1 units

KK level | V| S(BM1) | S(BM2)
1 0.463 | 0.371 0.278
2 1.393 | 1.198 1.094
3 2.332 | 2.123 2.051
4 3.281 | 3.087 3.035

V;(mv) — SJT (m])Sk (mk)—f—hc
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These again converge rapidly
but they differ by a factor of ~2

What are the decays of these

KK states? Depends on couplings
& PS available. S;is DM sois
stable, V, - SMonly & S, -S,V,
only. For the others:

Sp(m) = Sp(m")Vi(my)

3/2

g3 (e )2md mi, +m'2  (m} —m'?)?

Ig= 7 1—2 +
167my, m? m?

y 3/2
_ hEPmy [ md (2 mz>2]
|4

- 1—2— 2 4
24(1 + djp)m my mi,



BFs in % for Heavier KKs

Process BF(BM1) | BF(BM2)
Sz — Vo5 1.20 0.62
Sz — V151 5.10 1.78
Sz — V1.5, 93.7 97.6
Vs — SIS, 74.9 97.3
Vs — STS,+h.c. 25.1 2.71
Vi — SIS, 45.9 39.5
Vi — SiS,+h.c. 51.5 18.9
Vi — S18, 1.67 38.8
Vi — SiS +h.c. 0.95 2.81

Some similarities but many
significant differences for the
two BMs due to coupling & PS
variations.

The production of the heavier
KKs can initiate long cascades
with model-dependent contents

Interesting signatures!!

Maybe a few comments about other scenarios if time permits..
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Model 2: Complex Scalar w/ vev, S ~ v +h+iy

- Non-orbifold BCs are again employed and x + V; mix to form the
CP-odd field a + unphysical Goldstones level by level. V still has
BLKT but none for S. gpVv,R naturally is ~ O(1).

- h, or a, is DM.. BUT mp,, must be <m,, However one finds

Y\ 2 +1/2)\2
(mh)? = (") + 22502 (my)? = (Z2) "+ gho? mey? = (") g

so that m,, < m,; & thus h, is the DM with 2A, < g2

- h, — a, fractional mass splitting, 8, must be small as they can only
co-annihilate via V/, to get relic density - the entire spectrum at
a given level is compressed! Resonance enhancement can occur.

- Tree-level DD is absent due to 8, loop-level ~<10-5" cm? tiny!

- a, ~h,e*e unboosted lifetimes ~10-1000 cm due to small 6
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Model 3: Majorana/Pseudo-Dirac Fermion

Many moving parts here... but again NOT an orbifold

- Gauge pieces as above w/ BLKT

- Bulk SM singlet fermion w/ bulk mass mg

- Complex bulk SM Higgs S getting vev for fermion Majorana
mass but contributes to gauge masses as in model 2 » h,a

- Fermions form two relatively close mass Majorana towers —
another pair of close-mass objects, one long-lived like a,
F,.F,,V &FF,V+h.c. interactions both exist due to..

- Fermion BCs induce g, #gr - DP has PV interactions with
Dark Sector... an additional complexity

- Interesting new interactions between h,a & F, ,.

28

Still making more plots for this case ! Fun stuff !



Summary & Conclusions

- Generalizing the 4-D DP model to 5-D can lead to many different
& interesting scenarios some of which address 4-D issues

- 5-D model building of DP extensions is not trivial or straightforward..
given the generality of 5-D the restrictions are quite strong

- The 5-D models can lead to complex & interesting phenomenology
& unique signals in searches

- This is a new area of work & much needs doing for us to
understand it

- Hopefully DM of some kind (maybe not the liquid variety !)
will soon be convincingly discovered
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Can the ‘monojet’ searches probe these models?
No..even the constant ¢, =10 case survives !

A+LASrnondet .
e =104

o (fb)

10-1 o
400

600 800 1000
py 0 (GeV)
~104 gauge KKs contributing

What if we employed realistic BM1 couplings?
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