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BASED ON

» Adrian Carmona, Javier Castellano Ruiz, and Matthias Neubert. "A warped
scalar portal to fermionic dark matter”. In: Eur. Phys. J. C81.7(2021),
p. 58. DOI: 10.1140/epjc/s10052-021-08851-0. arXiv:
2011.09492 [hep-ph]

* Ageel Ahmed, Adrian Carmona, Javier Castellano Ruiz, Yi Chung, and
Matthias Neubert. “Dynamical origin of fermion bulk masses in a warped
extra dimension”. In: JHEP 08 (2019), p. 045. pol:
10.1007/JHEP08(2019) 045. arXiv: 1905.09833 [hep-ph]
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SPOILER
At the end of the day, we are going to have a:

* A fermionic DM candidate x co-annihilating into the SM via the Higgs h
and a heavy scalar mediator S;
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MOTIVATION

All this is going to come from a model accounting for
* the hierarchy between Mpianek and the electroweak scale
+ the hierarchy between the different fermion masses
» the observed relic abundance

which are issues that can not be addressed within the SM

e Inparticular, | will take the path of adding a warped extra dimension (WED)
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MOTIVATION

THE HEA/Y SCALAR WILL BE A NATURAL MEDIATOR
TO ANY FERMIONIC DARK SECTOR. PROPRGATING INTO
THE WARPED EXTRA DIMENSION
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MOTIVATION

Itis NATURAL because
it was ordered to solve another problem
% itis technically natural, like any scalar in WEDs

» Once this guy is present, it has to couple to any fermion propagating into
the WED
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A BRIEF DETOUR




WHAT CAN AN XDiM DG AND NOT DO FOR YOU?

[t can

v give you a technically natural light Higgs

v/ provide a rationale to understand the flavor puzzle
However,

X contrary to SUSY, it does not have a prime DM candidate
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THE PRICE TO PAY

For every field propagating into the bulk of the warped extra dimension, there
will be an infinite tower or Kaluza-Klein resonances

like there are infinite harmonics in a vibrating guitar string. We will identify the
massless zero-mode with the corresponding SM field
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THE PRICE TO PAY

For every field propagating into the bulk of the warped extra dimension, there
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A NATURALLY LIGHT HIGGS

In WEDs, the fundamental scale of the theory O(Mp) is redshifted by the warp
factor to a few TeV on the IR brane, where the Higgs is localized [randall, Sundrum 99)

e—U(¢)
\,\ [ds2 = e~20@ p dxrdx” — r? dg?

0 uv: m~ Mp = 2-10'° TeV
// IR: m ~ Mp-e=7(™) ~ TeV
} B ¢
¢=0 p=m
(UV-brane) (IR-brane)

The Higgs VEV (as any dimensionful parameter) gets redshifted
Vom ~ Mpe= ™ o(m)=krm,  kr~10
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A RATIONALE FOR THE FLAVOR PUZZLE

The smallest irrep of the 5D Clifford algebra {T¥, TN} = 2¢MV is 4D

I =411 = o« 1

@ (x, ¢) are vector-like and can have bulk masses M = c¢/k

@® We can still get a 4D chiral spectrum

N2 b —0 Y(x,—¢) =Zeu(x, ) 27 =1
Do =0 Ot (X))o
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A RATIONALE FOR THE FLAVOR PUZZLE
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A RATIONALE FOR THE FLAVOR PUZZLE

This can explain the huge hierarchy between the different fermion masses

‘ o £
c>1/2c<1/2
H
fu, fl,fe
1312
(Ug—b:rage) (IF(;—tiapre)
(Myg); ~ \/_f,"Y Y

We obtain naturally also a hierarchical mixing in the quark sector

ULLI,C/ f[(]/qu UU d fU d/fU d / SJ
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END DETOUR




OUR ORIGINAL MOTIVATION

To have a chiral spectrum, ' has to be Z,-odd. Normally, one just assumes

M sign(¢) W (x, $) (X, ¢)
However,

+ why Msign(¢) and not any other Z,-odd function?
* is it obvious that M sign(¢) can be obtained dynamically?

* what are the phenomenological consequences?

We explore the case where the fermion bulk masses comes trough a term

S(X, )T (x, $) T (X, b)

after the Z,-odd scalar field X (x, ¢) takes a VEV [ceorgi et al 00] for flat Xdim
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A COUPLED GRAVITYSCALAR SYSTEM

The scalar action reads
Sep = 2 /d4 / 0oV { 30" (@) (D) ~ V(D)) with
V(Z) = Ag + ”—222 4 A
BT A1

» The potential induces a ¢-dependant VEV: v(¢) = Gwzw(d))

I 2

= Coupled to gravity through v = Y=
0 =0"(p) — W"?(o) o' loyr = Fre*Voyr
0=v"(¢) =40’ (®)V'(¢) + 111 ? V(¢) = V*(¢)]  Vloyr =0
1/40 70 ~1/4 1
} } F—> M [Mp)]
ot At k |1

M*
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BACKGROUND SOLUTIONS

0 =0"(¢) — "?(¢) o’ |k = Fre*Vovr
0=v"(¢) =45 (¢)V'(¢) + [1r|* [V(¢) = V* ()] Vor =0

) -
V(v)=|pur® [§v? — jv*]
N
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BACKGROUND SOLUTIONS

0 =0"(¢) —W"?(9) o’ |ovir = FrE*Vuur
0=v"(¢) =45 (¢)V'(¢) + [1r|* [V(¢) = V* ()] Vor =0

m_(l] =10 TeV, 7 = 40 M, with strong (no) backreaction - solid (dashed)
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MPLICATIONS

EWPT

LLIDER
KK SCALAR = :

PRODUCTION K — K MIXING
TOO HEAVY FOR K -

THE LHCI
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S§0". UNIVERSIDAD aghenea J,
3 DEGRANADA OF"-P-A 3 égmw



MPLICATIONS

All this and more in arXiv:1905.09833. We will concentrate on this talk on other
effects, which we explored on arXiv:2011.09492

% Mixing with a bulk-Higgs boson

+ Connection to dark sectors and DM
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MIXING WITH A BULK HIGGS BOSON

« In the previous discussion, we have neglected the mixing of X with the
Higgs boson, but in general we will have

2
V(H, ) = i2|H? — %22 + %24 + MislHIPE?

« If the Higgs is also a bulk field, such mixing is unavoidable. We
parametrize it by
5o HE Ms
k2 g
* The coupled system of equations become larger and nastier to solve. We
do it perturbatively for a vanishing backreaction and smallish A

m
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MIXING WITH A BULK HIGGS BOSON

We write the metric as

€2 dt?
ds* = — (nw,dx“dx — —> , tel0,1], e=e "~ 010719
t MKK
Due to EWPT, we take Myx = ke = 5 TeV. In the unitary gauge,
t t
Hx,t) = (0, —= [on(t) + h(x, )], Yx, 1) = ps(t) + —= S(x, t
00 = (0. = len(®) + hx O, 200 = s(t) + 7 SO

The equations of motion for the VEVS ¢y (t) and ¢g(t) are

ltzat 3101 + 75 (1 - /\k AS s Pl ) vs(t) = 0,

2
MKK

(202 + t0, — 5° — W] ""Ht@ 0,
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MIXING WITH A BULK HIGGS BOSON

The guys with no VEV will have the following KK-decomposition for A = 0

h(at) =D h0Oxa(t),  Se) =Y S()xa(t)
n=0 n=1

The lightest resonances hq (x), hy (x), S1(x) will mix whenever X # 0, leading to
new mass eigenstates hyyys(x), S(x), H(x),
ho(X) = hohys (X) + Sin Ops S(x) 4 SiN Oy H(x),

H) =mh()+00), Sk =S5 +0)
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MIXING WITH A BULK HIGGS BOSON

Mg =5TeV, k=mp/S
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MIXING WITH A BULK HIGGS BOSON

Mgk =5TeV, k =mp1/8
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A WINDOW TO DARK FERMIONS
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A WINDOW TO DARK FERMIONS

I fermion «(x) € W(x, t) propagating into the bulk of the extra dimension
has to interact with S; (x) C X(x, 1),

S50 D —/d5x\/§y\i/(x, D (X, )5 (X, 1) = YaasS1 () (X)) (x)
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A WINDOW TO DARK FERMIONS

Consider a dark sector composed of N, 5D fermions, singlets of the SM

+ The lightest KK resonance will be stable, even if dark fermions are
charged under a dark gauge group

» The lightest fermion can be a chiral zero-mode or a massive KK fermion,
depending on the boundary conditions

- Achiral zero-mode will require a dark Higgs

- A massive KK fermion can be made much lighter than My

* For the sake of concreteness, we chose the second option
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A WINDOW TO DARK FERMIONS

The first KK fermion resonance can be very light too Agashe, Servant, 04

MKK = 5T6V7 k= mpl/& /\5/7‘ =100
6 . .
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A WINDOW TO DARK FERMIONS
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MODIFIED HIGGS COUPLINGS

phys .
phys .y B (1 + B)
Vi o = (L= 2a) + Apy + Dgs Ve = WY&J,
Yin
Mgy =5TeV, k= mpi/8, Npoinis = 3000
o ‘ \ T ]
X= 05 As/r =100 |
Ay, Yo =3 |
—2 Ay, y« = 1.5
" Dps, ys =3 :
X Aps, Yo =15 |
<
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DM COANNHILATION

X1 S&ﬁls f X1 - / f

____________ S AN
'j YaVy
X1 )zsz.[:(c?‘) X1 F

» The mixing of the Higgs with S is controlled by sin 65 < 1073

i

= m, and y,s are both controlled by c,, as we have seen before

* ¥« = O(1) is related to the 5D Yukawa coupling and controls the
localization of the different SM fermions and therefore the mixing between

OLtRa QLTR7
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DM COANNIHILATION

We consider two cases,

+ the usual freeze-out mechanism

X¢ 10-9GeV—2
2¢/Gxs(my /) {oV)

QXh2 ~
* that DM freeze-out happens during an early period of matter-domination
Hamdan, Unwin, 18, which makes

Hox T3/2 instead of H ox T2
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A COSMOLOGICAL SOAP OPERA

We can think of a scalar field ¢ living on the UV brane and relatively long-lived

28N — Tew 7 10 eV

T v My T M Toy T
: i 5 '

My

&‘(fﬁ/ﬁ) . (() “/(: )T- T"D

Eventually, in the scenario of matter domination (MD), we are going to have
three parameters: T,, 7 and Try

TLE)
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LET US COANNHILATE

107 —

Mgk = 5TeV, k =mp/8

T T T T T

[ osinfys =107°, y, =3, \g/r =75

10—10
&
%z
2,
— B=2 cipp=-02
= -
& — B =10, ctp = 0.4

10—15 |
e =10, ¢ty = —0.2

10—20

T T

I sinfps =10~

T L T T

5y, =15, Ag/r =75 1

Qh*=0.12

S 10%Ge,

For the MD case, we take T.
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LET US COANNHILATE

107°

T T‘ T T T II T T T II T ]| T T
[ sinfs = 1077, g =3, ¢ = —0.2, f=2 1

L T L
[ sinfhs =107, y. =3, ¢ = 0.2, =2 1

10710

v) [GeV~?]

L ol

10720

For the MD case, we take T, = 10° GeV and 7 = 0.99
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DM DIRECT DETECTION

Since S; is very heavy, constraints from DM direct detection come mostly
through Higgs exchange

/%l ¢\ ,%I ~ ‘)6\

7s\i ) 7&! )
-+
E\A i\n

|

9 4 9 5

which is controlled by sin 6. Indeed, the WC for the effective vertex ggxx
reads 0
Ygs | Ygn SN Uhs

ST A
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WE NEED TO CHECK ALL THE CONSTRAINTS

We do not have infinite freedom, e.g. X Chorizo, X Huevo, X Pifia, . . .
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ALL THE STUFF TOGETHER

MKK = 5TeV, k= mpl/& Ctp = —0.2, ﬂ =2
-5
10 ™ T —T . — ™ T — T —
Fork sinfhs =107 4 b |h sinfps =107

Xen

10-20 il | M i . . . T
100 1000 10000 100 1000 10000
my [GeV] my [GeV]

For the MD case, we take T, = 10° GeV and 7 = 0.99
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ALL THE STUFF TOGETHER

MKK = 5TeV, k= mpl/& Ctp = —0.2, ﬁ =2
R — —
sin Oys = 107° 1 F [

inv

(ov) [GeV_z]

ool ] T T
100 1000 10000 100 1000 10000

my [GeV] my [GeV]

For the MD case, we take T, = 10° GeV and 7 = 0.99
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CONCLUSIONS

~ 5D fermion masses can be obtained dynamically

*

This require adding a Z-odd field X(x, ¢)

Every 5D fermion has to couple to &5

>

We have therefore a natural window to any 5D fermion sector

%

*

S1-mediated DM can provide a fraction of the observed relic abundance or
all of it, in the case of a MD freeze-out
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BACKUP SLIDES

Oh, but itiis aigame.
You said'so yourself.




7 =40 My, |ur| = 25

0.3F 7 0.3F 7
-1
=1 7=0 -
0.2 13 4 0.2 g >25
Minimal case Minimal case
20
0.1+ 4 0.1fF g
/ 15 m; (TeV)
Us I 1] Us 1 ]
20 10 5 20 10 10
Custodial case Custodial case
‘ s s 101 s s ] 5
—0.2 0 0.2 —0.2 0 0.2
S S
7y mg (TeV)- minimal  m; (TeV) - custodial ~ My (TeV) - minimal
1 15.3 17.0 22.8
1071 14.7 17.0 7.4
1072 14.6 17.0 6.1
0 14.6 17.0 5.9
DRRRRAR 5 N
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FLAVOR

Different fermion localizations lead to family dependent couplings to massive
KK gauge bosons, which are IR localized

VE=vVkrr =5 ~(cy) ~O(1)

For UV localized fermions = f, < 1 = g&l) ~ —0.295

RS-GIM Mechanism

Off-diagonal couplings are suppressed by CKM entries and by ratios of mixing
and masses. Still, Amg and ex impose some tunning.
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FLAVOR

Jov(@)

¢ fuv ()

0.1

1072

SM masses:

my =10 TeV, r =40 My,

108
104

102

0 /4

w/2  3m/4 ™
4
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(Ygff)fj = F(ca,i) (Yq); F(cq,)

with (without) backreaction - solid (dashed)

(V)

——————
1L sen(@) ]
L ——|pr| =25
[ ——.|pr| =40
) | || =25 7=05
(@) 058 | =40, v =05 -
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e b b by |
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I 5T N
(@),
(& .
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FLAVOR CONSTRANT S A CASE STUDY

A BENCHMARK POIN

|Aeg| with (without) backreaction - solid (dashed), r = 40 Mp,!

1 m;:10 TeV 1 TI. m;:15 TeV 7
I | |per]
102 18 ] RS
- ~-25
<“’T iy ]
— 107k W | -
: — 25,7 =05
I — =0.
10-5| 11 E i 40,7 = 0.5
| bl bl Humx’ el el
1073 1072 107! 1073 1072 107!
F2 F2

Qsid x (‘E’W”SL) @%SL) QY o @RSL) (desp)
Q37 oc (drysp) (devuse) Q8 o< (diy”se) (dryuse)

C
|6K—EK|OC {014—01—}—213 C4+N5
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FLAVOR CONSTRAINTS A CASE STUDY

SCANNING OVER YUKAWA MATRICES

r =40 Mp' ,m} =15 TeV , F, = 107% , with (without) backreaction - blue (yellow)

—

RS |pr| =25 |pr| = 40

Neounts/ N1
8|~

500
-6 -5 -4 -3 -2 -1 0-6 -5 -4 -3 -2 -1 0-6 -5 -4 -3 -2 -1 0
Logio(lex|) Logyo(lex|) Logo(lex|)
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METRIC SCALAR SYSTEM

Scalar-gravity action (k=2 =2M3)

S—2 /d4x /O qus\/ﬁ{— AT -V Y %V/(E)%ﬁ - @-)}

i

Einstein's equation and EOM for w

1
Ruw — EQMNR = &% Tuw,

—76 i (V39" ) Zmav 56— 9),

Energy-momentum tensor Ty for w

TM/\I = 8Mw3Nw — gun [%gpoapwaow — V(w)]

+Z‘/|E

(@) 01101 0(6 — 1)
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EWPT

2
T Vhf / d¢ e2o’(¢1) S _ 87T / d¢1e20'(¢1) d¢2

1
0.6 0.6}’ GB%C,_' ! U=01
m 95% CL m 95% CL i
W 99% CL W 99% CL i
0.41 W My e [1,10] Tev ] 0.41 W My e [1,10] Tev 3 ]
Lels 37] Lel5,37] |
0.2+ B 0.2+ B
- [ \
00 ----- W & anssioce | 0.0p----- j =
\ m, & 60, 1000] GeV. \
\ @ m = (1726 + 1.4) GeV
-0.2; A\ 1 -0.2+ \ m, € 60, 1000] GeV -
A \t
-04} e -04} i ]
—04 —02 00 02 04 06 —04 —02 00 02 04 06
S S
Minimal case Custodial case

UNIVERSIDAD athenea _J &
0 F Pl ot European

¢ DEGRANADA vai ERES e,

M. Neubert et al - [0807.4937]



KAON MIXING

€ = ’{E—em Im <K0|H8Aﬁ322|;‘<0>
\/i(AmK)exp

> Effective AS = 2 Hamiltonian

eAffS 2 Z C/QSd + Z CIOSd
%> Relevant operators (at TL in RS)
Q5 o< (dirse) (diyust) Q37 ox (dy"sw) (dyuse)

Q% o (dgst) (disr)
di x (EIW”SL) (aR'YusR)
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KAON MIXING
> Effective AS = 2 Hamiltonian
eAffS 2 ZCIQSd+Zcosd
> Wilson coefficients:
C§S x (89)12 ® (ED) 12 6F128 S (zd)w ® (Kd) 12

CES X (39)12 ® (Ad)12
CES X (89)12 ® (Ad)m

(AF)mn@) (Af' mnr X / d(;S/ de¢’ e’ U(¢)D(¢ @)
<o (@) Cé%)} < [e @) @)
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