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Dark Matter Puzzle

» Proposed solutions on
many scales

» Axions to BHs

» EW scale: WIMPs

» Flavored Dark Sector

1501.07268, 1405.6709,
1803.08080, ...

» Exact Scale not fixed

Flavor+DM from EW Scale . Valentin Tenorth 2/21

O
N



Collider Searches

WIMPs and Flavored Dark Matter testable @LHC

1
Lert = Az DaXBX

p? < A?

Break down @LHC
— Restore Mediator
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Collider Searches

WIMPs and Flavored Dark Matter testable @LHC

1 _ _ _
Lert = 43 DI5AXX Lsimp = 9qAGLY59R + 9y AXLV5XR
q X
' ' A
q X
q X
9q9x
mi
p? < A? p2 — M2
Break down OLHC Not gauge invariant

— Unitarity Violation
— Gauge invariant models

— Restore Mediator
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Flavor Hierarchy Problem

Explanation by Froggatt-Nielsen '79 :
— Fermions charged under spontaneously broken Up(1)
— Effective Yukawa couplings

— number of flavon insertions due to charges — Hierarchy

S\" -
O=y<A> QHqr

Sy (8

qrL qr
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Flavor Hierarchy Problem

Explanation by Froggatt-Nielsen '79 :
— Fermions charged under spontaneously broken Up(1)
— Effective Yukawa couplings

— number of flavon insertions due to charges — Hierarchy
S\" -
O=y<A> QHqr — y << >> QHar
Scale of (S) and A not determined!

Sy (8

qr qr
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Flavon at the Electroweak Scale

Babu-Nandi and Giudice-Lebedev 9907213, 0804.1753

S H'H v?
A TAT T A2
Problems:
» Singlet under all gauge groups
— Number of insertions n arbitrary
» Implies g;,5, = 392})\2
— Excluded by Higgs measurements
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Flavor from the Electroweak Scale

Use 2nd Higgs Doublet 1506.01719, 1512.03458

S H,H, Uy Uq

A A2 2A?
tan 5 = fu
Vg
Vy Vg my tan 3
=ex— — Ax15TeV,)/—5—
oA ~ T, AT 1 tan2 8
Advantages:

» Valid, predictable and testable model
» Connects flavor and the EW scale
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This Work

Flavor

EWSB Dark Matter

3 Phenomena: Dark Matter - Flavor - EWSB

— 3 Possible Scales

What if all this happens at one scale?
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This Work

Flavor

EWSB Dark Matter

3 Phenomena: Dark Matter - Flavor - EWSB

— 3 Possible Scales

What if all this happens at one scale?

Very predictive model with interesting Pheno for Flavor, Collider
and Dark Matter searches!
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Model
Based on Two-Higgs-Doublet model (here Type II)

H,H, ai—Ou;—Qp,
L = y%( N > Qi Hy up,

A2
Hqu ai—adj—aHd B
+ y%( A2 > Qi HqdRg,
HiH HiH
+ ¢y L;XdXX—i—% Rd)_(y‘r,x—lrh.c.

Free (physical) Parameters:

Ma, My, Mg+, tan 3, cos(B — ), ¢y, c5, my

yite 0(1)
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Higgs Couplings

SM

9nff = Kf9nyy

o SM
ghwvv = Kv gpvv

Here: Production as in 2HDMs

cos
sin 3

Ky = sin(f — «)

Rt =

But:

9 sinaw  cosa
Kp = — —
b cosf sinf

— Decay widths change!

Flavor+DM from EW Scale

- e e ————,

S I ATLAS Preliminary [ gbs ?_EﬁstL
= | Vs=13TeV,36.1-79.81" . fun osioL ]

2HDM Type-Il — — 5M
10: 1
1 =
_ 1| P,

005 1

ATLAS-CONF-2018-31
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Higgs Signal Strength Fit

Oprod I'nox F?L,\t/lt
pro — Jto
¥ = ATLAS-CONF-2018-31
H oSM_ TSM

prod ~ h—X Fh,tot

10 {10
] » 2HDM of Type Il
. ] » Restricted to k; ~ +1
~ H""“u.; » Far from decoupling
T limit
1 T

00 01 02 03 04 05 06 07

Preliminary Plots
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Electroweak Precision, Perturbativity, Unitarity

Deviation from decoupling limit + Perturbativity of potential of
quartic couplings

— New Scalars not arbitrary heavy

— Mediator to Dark Matter can not decouple

Stability + Unitarity + Electroweak Precision tests
— Limits on mass splittings between the new states

My~ My ~ Mg+ <700 GeV
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Flavor Bounds

dr\_ h,H A
Potentially dangerous FCNCs at T

tree-level
SL dr,
Under Control because of various —
cenario YEK

suppressions

o, @ B) ) (@ef

m% v

10— 15
GeV?
10— 17

< Py exp. bound [ : 04 0.6
GeV Cos(B-a)

1512.03458
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Heavy Resonance Searches

g — H = ZZ, My, = 600GeV, ATLAS 1712.06386 g — H — hh — t°7°bb, My, = 600 GeV, ATLAS 1808.00336
10 . . . 10
8 8
Q 6f q 6F
=) =
8 8
4t 4
i
2' S
-10 -05 0.0 0.5 1.0 -10 -0.5 0.0 05 1.0
cosf—a cosf—a

Preliminary Plots
Previously relevant: A — hZ

N
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Consistent Model for Pseudoscalar Mediator

HIH,
Ly Dcs qj\ d XV5X + h.c.

Pseudoscalar embedded in the 2nd Higgs Doublet 1712.06597
— Minimalistic way to restore Gauge Invariance
— Safe from Direct Detection 1711.02110

Coupling to DM via effective operators — Universal signals

g Mono-Z
:}(‘N\I N Resonantly enhanced if

' ‘<X My > My + My
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Relic Density

s My = My = M+ = 600 GeV
» ¢y =0

» tan 8 =4

» cos(ff —a) =0.22

Preliminary Plots
1609.04026 (CMB)

400 500 600 700

SN
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Relic Density

» c5 = 0.005

Preliminary Plots
1609.04026 (CMB)

L L L L |
-1.0 -05 0.0 05 1.0

o~
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Summary and Outlook I

e Consistent model for Flavor and Dark Matter at the
Electroweak Scale

e Flavor and Higgs constraints point to same parameter region
e Predicts new particles around 1 TeV
e Left over region testable by future LHC runs!

e More detailed analyses, projections for LHC27
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Collider Searches — Reminder

1 _ _
Lert = A2 DI5aXY5X Lsimp = 9¢AGLY5qR + 9y AXLY5XR
q X
! ' A
q X
q X
9q9x
Mi
p? < A? p2 — M?
Break down OLHC Not gauge invariant

— Unitarity Violation
— Gauge invariant models

— Restore Mediator
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Extended Dark Matter EFT

Combine advantages of both approaches 1712.07626

SM + Scalar Mediator S + fermionic Dark Matter y up to
dimension 5
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Extended Dark Matter EFT

Combine advantages of both approaches 1712.07626

SM + Scalar Mediator S + fermionic Dark Matter y up to
dimension 5

Lo 5 — NygvlH|2S — Aps|H|2S?

I ()Sz—i—yH\H]?

S A

S _
-1 > Y FLH fr +he

f=u,d,l

8 v UV 7 apv a

-3 |CEpBuwB" + Cipyy WH' Wi, + CEaG™ G, |

N
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Extended Dark Matter EFT

Combine advantages of both approaches 1712.07626

SM + Scalar Mediator S + fermionic Dark Matter y up to
dimension 5

e o -
_ yu|H \2 _
— YsSXX — A XX
S S %z S %y ¥
- K [CBBBMVB + CWWW W;U'V ]
Flavor+DM from EW Scale °
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Example: Higgs + Gauge-boson portal

0.01

.
50 100 200 500

Preliminary Plots

e ys=1 o C5,=05y =02 e mg=500GeV
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Example: Matching 2HDM + §

[,QHDI\/H_S > LogpMm + )\‘ISQUHIH2S + )\%QSHIHQSQ-I-y&S)_(X

l H> heavy - motivated by Higgs measurements

e AT nrYr -
Lo A122 S| ZelH|'+ )] t;né FL H fr +28°[H’ A5
f=u,d,l
- ... S [C%BBWBW + ci/gVWWiWWﬁy] 1-loop level
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Summary and Outlook II

e Increase applicability of Dark Matter EFT
e Rich phenomenology

e Matches to wide classes of UV theories

e Include LHC analyses + Indirect Detection
e Constrain Wilson coefficients
e Match complex theories: Composite Models, NMSSM . ..
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Summary and Outlook II

e Increase applicability of Dark Matter EFT
e Rich phenomenology

e Matches to wide classes of UV theories

e Include LHC analyses + Indirect Detection
e Constrain Wilson coefficients
e Match complex theories: Composite Models, NMSSM . ..

Thanks for your attention!
The speaker acknowledges support by the IMPRS-PTFS.
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Collider Channels

Intital State Radiation:
mono-jet > mono-y > mono-Z > mono-h

g 0009

X
! __q_< Mono-jet
g oooo
jet X
/ t

0009 _ .
J <X tt A Production
........... a.

g _Q_Q_Q_Q_\t_ X
7 Mono-Z
/ ::}{\j\j\f Resonantly enhanced if
ate X My > Ma+ M
g H = VA Z
<,
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Mono-X Bounds

— Z 4B

s 1 EmﬁL
— ?;ﬁE;ms > 77lx — 70 (;e\/
' » Cs5 = 0.37
>CX:0

> cos(f—a) =0
» My = Mg+ = 500 GeV
1712.06597

250 300 350
My [GeV]

Resonantly enhanced Mono-Z provides the strongest bounds!
CMS PAS EX0-16-038 (Z + ET™), CMS PAS EX0-16-005 (it + ET™),
ATLAS-CONF-2017-060 (j + EF™)
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Final Result 1712.06597

35 T
i miss
. \ — G
“t \ — i+ B
Sk N — s

tan

0.0
cosf—a

Mono-Z searches have the potential to exclude almost all of the
parameter space!

SO
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Examples of possible UV completions

Additional SM singlet pseudoscalar *

3 3 3
L= Z Yi; QiHyuj + Z Y QiHad; + Z yi;LiHal;

+ /faHZHd + cqaXvsX + h.c.
Additional electroweak fermion doublet ¢ = (x*x°) 2

3 3 3
L= 2 Yi; QiHyuj + Z yzdeindj + Z yijinlj

t,j=1 1,j=1 t,j=1
+ Cl&HJ;X + cotpHyx + h.c.

M. Bauer, U. Haisch, F. Kahlhoefer, 1701.07427

2A. Freitas, S. Westhoff, J. Zupan, 1506.04149
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