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Overview

1. Towards Dark Matter Models for the LHC

2. Extended DM EFT

3. Flavor and DM from the EW scale
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Overview

1. Towards Dark Matter Models for the LHC
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Observations
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Dark Matter - Candidates
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Dark Matter - Candldates

Supersymmetry

Extra Dimensions
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Lintle Higgs

QCD Axions

Axion-like Particles
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Dark Matter - Search Strategies

momentum transfer
1 1 1 L 1 1 1 Il
1 1 1 1 1 1 ] I ’

I MeV 10MeV 100 MeV |GeV 10GeV 100GeV [TeV 10TeV

direct indirect LHC
detection detection searches
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Direct Detection
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1310.8327, 1408.4371, 1805.12562 (Latest Xenonlt results)
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Indirect detection ingredients

Voyager-I:
Charged particles
(~3 MeV to ~80 MeV)

» Detect particles from space: AMS-02:
Charged particles
(rigidity ~2 GV to >TV)

Fermi-LAT:
y-rays (~100 MeV to ~1 TeV)

CREAM (stratosphere)

Charged particles
(TeV to PeV)

H.ES.S. (Namibi
y-rays (30 GeV to

~30 TeV)

MAGIC (Spain)
y-rays (30 GeV~
to ~30 TeV)
IceCube (South Pole) A

VERITAS (USA) Neutrinos (~100 GeV to >PeV)

y-rays (85 GeV
t0 ~30 TeV)

|Antares (M
utrinos (~10 GeV to PeV)

HAWC (Mexico)

N £ f
vrays - ey (SRS S
CTA (Future) . t0 >100 TeV) -

L
<
y-rays (20 GeV to 300 TeV) 6 M. Hiitten | MPP | The puzzle of dark matter, Hamburg, 2018



Collider Searches

eDMEFT

V.Tenorth

1 jet with pr
of 973 GeV
balanced
by
MET of 954 GeV
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Theory for DM Collider Searches

Need models for LHC searches
Prefer general models that can account for many UV theories
In addition compare different DM searches

fem?]
%

DM-nucleon

Sl

O,

CMS Preliminary

ICHEP 2018

E
E
E

UL RLL RLL RLL R G\

CMS observed exclusion 90% CL
Vector med., Dirac DM; g, =025,g =10

Boosted dijet (35.9 o)
[arXiv:1710.00159]

Dijet (35.9 o)
[arXiv:1806.00843]

s 1 u.luu.lmHm.Jm.Au st vl vl

eDMEFT

10° 10°
Dark matter mass m,, [GeV]

. V.Tenorth

[arXiv:1712.02345]

DM+ 1 (359 ")
[EX0-16:053)

DM +Z() (359 1)
[arXiv:1711.00431]

DD observed exclusion 90% CL

CRESSTAI
[arXiv:1509.01515]

comsiite
(arXiv:1509.02448]

PandaX-il
[arXiv:1708.06917]

Lux
(arXiv:1608.07648]
XENONIT

[arXiv:1805.12562]

CDEX-10
[arXiv:1802.09016]
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Theory for DM Collider Searches

Need models for LHC searches

Prefer general models that can account for many UV theories
In addition compare different DM searches

u CMS Preliminary ICHEP 2018
& 107 T T
2 3
5§ 1o®
A
s -2
210
[ —
1028
Observed exclusion 90% CL
10 Pseudoscalar med., Dirac DM;
9,=10,,,=10
109 —— Observed
===+ Expected
107 DM + tt (35.9 b
ID observed exclusion 90% CL [EXO-16-049]
102 e ayueten DM + /V(qq) (35.9 1b")
" IPAL 115, 231301 (2015)] larXiv:1712.02345] 3
PP . A L . ]
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Theory for DM Collider Searches

Need models for LHC searches

Prefer general models that can account for many UV theories
In addition compare different DM searches

CMS Preliminary ICHEP 2018
&  10% T T
£
GE 102
N
210
CR-
102
- Z Observed exclusion 90% CL
102 72 7 Pseudoscalar med., Dirac DM;
= 7 9,=10,9,,=10
— Observed
107%
- - -+ Expected
81 g
10 DM + 1t (35.9 fb°)
" [EXO-16-049]
10 ID—obFs:"r'\:le: Ae;clusmn 90% CL B a5 o %)
[PRL 115, 231301 (2015)] larXiv:1712.02345]
Py M " n ] . |

10?
Dark matter mass m,,, [GeV]

Quest for new observables: " Leave no stone unturned.”
Open for new ideas, like displaced vertices!
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Theory Evolution

.Consistent ,UV complete
simplified models models

GNXXS + YoqHq + ps|H[?

SuUsYy Effective field simplified < eDMEFT
UED theory (EFT) models
' . s S g gal
little H|ggs N tote sSXLXR — (i) QL Hdy
" . 9aYe . 5
— XXaq IxXXS + qaS
A lo A3 ) \/E :

- s A i
ac = il ﬁn 4 |£ 3 4 >

T T T y

Pre_LHC LHC 2010 2011 2012 2013 2014 2015 2016 2017

G. Polesello, U. Haisch, F.Goertz
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DM EFT and Simplified Models

Lertr = % (@T%q) (xTs x)

p? < A?

+ Valid for Direct Detection
+ Wide class of models

— Break down @QLHC
— Restore Mediator

1008.1783, 1402.1275
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DM EFT and Simplified Models

C

Lertr = Ai); (@T%q) (xTs x)

p? < A?

+ Valid for Direct Detection
+ Wide class of models

— Break down @QLHC
— Restore Mediator

1008.1783, 1402.1275

eDMEFT

Lsimp = 9q5 49 + 9xS XX

q s, (V) X4

W
<

=
Sl

Y9q 9x
p* — M3
+ Improve LHC kinematics
— Not gauge invariant

— Rather specific
— Need for improvement

1409.2893, 1507.00966 (ref. therein)
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Consistent Simplified Models

Recently discussed: 2HDM + Mediator 1810.09420 (ref. therein)

— Gauge invariance restored + richer Phenomenology

(Most) Important case: 2HDM + a 1701.07427, 1712.06597

Pseudoscalar — No Direct Detection limits

L < Logp + AHGQHIHz — 1Y@ XV5X

New benchmark model: ATLAS-CONF-2018-52, CMS-PAS-16-050

N
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Overview

2. Extended DM EFT

Work in progress with
T.Alanne, G.Arcadi, F.Goertz, K. Tame-Navaez & S.Vogl
Based on: TAFG, 1712.07626

N
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Extended Dark Matter EFT

Idea:
Combine advantages of both approaches
TAFG, 1712.07626

Considered dof:
SM + Mediator § + Dark Matter y

Allow for:
Lowest order of non-renormalizable operators

— 4 Effective Lagrangian up to dimension 5 —
— Small set of operators V + o S\
— Consistently include heavier new physics

N
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Extended Dark Matter EFT

Example: Scalar Mediator § + Fermionic DM x

L3X = — Lo + Lign — V(S)
+ Nysv|H|*S — A\ps|H|*S?
S
K [C>\584 + CH5|H|282 + C>\H|H|4]
yfsQ)S2 +yH|H|2
A
A Ya LHdg + (y;)"” QrHug

+(yS) L HE, + h.c.]

— ysSxx — XX + h.c.

S
16m2A

[9"°¢3 BB + g°ciy WHWL,

+ 208 GG )

N
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Extended Dark Matter EFT
Example: Scalar Mediator § + Fermionic DM x

L3X = — Lo + Lign — V(S)
+ /\}{S’U‘HFS — )\H5|H‘232
S
— X [C,\584 + CH5|H‘282 + C,\H‘H|4]

Higgs-Mediator Mixing
already at dim=4

N
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Extended Dark Matter EFT

Example: Scalar Mediator § + Fermionic DM x

L3X = — Lo + Lign — V(S)

Dark-Sector Couplings
S +yulHP
— ysSxXX — B — Xx + h.c.

N
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Extended Dark Matter EFT

Example: Scalar Mediator § + Fermionic DM x

L3X = — Lo + Lign — V(S)
Dim-5 Yukawa-like
a S X
S P, AL W Xow,”
+ 53 |edPeimd + oY QL g
() I L HE, + h.c.] @ The Nix

N
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Extended Dark Matter EFT

Example: Scalar Mediator § + Fermionic DM x

L3X = — Loy + Lign — V(S)

Dim-5 Gauge Boson
Couplings

XL

XR

S
16m2A

[g’%;?; B, B" + ¢*c, WI‘“’WJV 1

+ g2 GGy, |

N
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Mono-Jet Limits - Gluon Coupling

£$1nt -_ ySS)_(X
196562GA SGauuGa
XL
XR

» ATLAS Mono-Jet
1711.03301

» A=1TeV,ys =1

» Use MadGraph5 +
Phythia8 +
CheckMATE

eDMEFT

— MS=100 GeV — MS=250 GeV — MS=500 GeV
35}

3.0

251

05

0.0 L L L L L L L L
0 50 100 150 200 250 300 350
Mx [GeV]

Preliminary Plot

N
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Mono-Jet Limits - Gluon Coupling

L1 5 s Sy — MS=100 GeV — MS=250 GeV — MS=500 GeV
0.540 -
gSCG S GauuGa
 16m2A
0.535 -
XL oss0f
U)f 0.525 -
0.520 -
XR
0.515
» ATLAS Mono-Jet
1711.03301 0510 . . . .
5 10 15 20
» A=1 TeV, ys = 1 Mx [GeV]
» Use MadGraphb +
Phythia8 + Preliminary Plot
CheckMATE

N
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Mono-Jet Limits - Yukawa-like Coupling

LS 5 — ysSxyx
S .
- 3 W)Y QLA
XL
XR

» ATLAS Mono-Jet
1711.03301
» A=1TeV,ys =1

» Use MadGraph5 +
Phythia8 +
CheckMATE

eDMEFT

— MS=100 GeV — MS=250 GeV — MS=500 GeV

351

3.0F

251

051

0.0 [ L L L L L L L
0 50 100 150 200 250 300 350

My [GeV]

Preliminary Plot
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Higgs Mixing + Gluon Coupling - Scalar

Sint 2 - gsCG apy a
L D — Nysv|H|’S —ys Sxx — o 2ASG"G

m,=220 GeV, ms=500 GeV, A=3 TeV ,Cs5=0.01 m,=220 GeV, ms=500 GeV, A=3 TeV ,Cs6=0.1

10. 10.

Vs

0.1

DARWIN

0.1
A'us A'us

Preliminary Plots

&/ eDMEFT . V.Tenorth
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Yukawa-like + Gluon Couplings - Pseudoscalar

ﬁSlnt iS [ SQ Hbp + SQ it 3 - 9s Cg S o Ga
5 | Y WLOR T Yy KLHALIR [ Y5O XX
A b 2 S 167T2A 24
; ms=500 GeV,A=3000 GeV, ys=1 yn=10" y3= ys mx_zoo GeV,ms=500 GeV,A=3000 GeV/
0.500} LHC monojet LHC dijet 10
PLANCK 5
0.100 FERMI DSph 1 PLANCK
3 0.050 0.50
$ 2
MonRojet Excluded
0.010 010
0.005 0.05
Dijet Excluded
0.001 0.01
10 50 100 500 1000 0.01 0.05 0.10 050 1
my[GeV] Ceo

Preliminary Plots
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Matching-Example: 2HDM + S
Lompyis o Lompm + ApvHIHoS + M5 HIH 8% + ysSxx

1 Hs heavy - motivated by Higgs signal strength

N
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Matching-Example: 2HDM + S
Lompyis o Lompm + ApvHIHoS + M5 HIH 8% + ysSxx

1 Hs heavy - motivated by Higgs signal strength

. A\ NFYr =
L5 oo 2= S (zﬁuﬂ4 + Y LR Hfp + 203 82 H?
e 2 12
M Pt tan g
Swv nv %y 94
— W I:CBB,U,VB + CWW Wl“’] 1-|00p
—2X5A5 v 27655 v S )‘fznq
Ay VR R yaow
Preliminary Result
eDMEFT . V.Tenorth
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Summary and Outlook I

e Increase applicability of Dark Matter EFT
e Allows matching of various UV theories
e Account for correlations by gauge symmetry

e Proper treatment of Higgs mixing and interaction

e Prepare FeynRules model database entry
e Extend LHC analyses to richer phenomenology
e Present constrains on the Wilson coefficients

e Provide matching of simpler (vector quarks, 2HDM + S) and more
complex theories (Composite Models, NMSSM, .. .)

N
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Overview

3. Flavor and DM from the EW scale

Work in progress with M.Bauer and F.Goertz

N
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Flavor Hierarchy Problem

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

— Number of flavon insertions due to charges — Hierarchy

S\"
O=y (A) QrHqr

Sy s <y

qrL 4dr

7 ¥

eDMEFT . V.Tenorth
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Flavor Hierarchy Problem

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

— Number of flavon insertions due to charges — Hierarchy

O=y (i) QrLHqr — y (< >) QrHqr
Scale of {S) and A is not determined!
) (S

7 ¥

qrL 4dr

N
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Flavon at the Electroweak Scale

Proposed by Babu-Nandi and Giudice-Lebedev: 9907213, 0804.1753

S H'H v?

v, 2, 2
A A2 A2
Problems:
» Singlet under all gauge groups
— Number of insertions n arbitrary

» Implies g,5, = Bg?l%/l')
— Excluded by Higgs measurements

N
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Flavor from the Electroweak Scale

Use 2nd Higgs Doublet 1506.01719, 1512.03458
S Hqu o HE(’L'O'Q)Hd VuUq
A A2 A2 2A2
tan 8 = fu
Vq
Uy Vd my A 1.5 TeV tanﬁ
=erx — — ~ 1. _—
2A2 my 1+ tan? 3

Advantages:
» Valid, predictable and testable model
» Connects flavor and the EW scale
Problems:

» Highly under pressure, especially by direct searches for new scalars

N
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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?

eDMEFT . V.Tenorth
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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 phenomenology for Flavor, Collider
and Dark Matter searches!

N
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The Model

Extension of a 2HDM type Il

)

HuH Ai—=Qu; —AHy B
L = y* ( d) Qi Hyur;

Hqu aifadj 70,de -~
+ y{é( A2 > Qi Hydpg,
H,H H,H
+ ¢y d XX + ¢s u’’d X7vsx + h.c.

A

Free physical Parameters:
MA; MH7 MHiv tan67 COS(ﬁ-O{), Cy, C5, My

u,d
yij 60(1), Aiy Qu.djy OH, 4

N
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Higgs Couplings

SM
Ihff = KfYnrf
ghvv = Ry gfszwv

Here: Production as in 2HDM

cos o
sin 3

ky = sin(f — «)

9 sinav  cosa
Kp = — —
b cosf  sinf

— Decay widths change!

Rt =

But:

eDMEFT

« L e e o e e S B B B ML e
S L ATLAS Preliminary [ Obs. 95% CL ]
e | {5=13TeV,36.1-79.8M" _ 25;?223;1 i
2HDM Type-Il —— SM

1G: E
3 E

W | I B L
10754 05 1
cos(f-ax)

ATLAS-CONF-2018-31

N
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Higgs Signal Strength Fit

Oprod Thox T
— Zprod " ot ATLAS-CONF-2018-31

HX = ~Sm~ T:Sm
Uprod Fh—»X Fh,tot

» 2HDM of type Il
» Restricted to k, ~ +1

» Far from decoupling
limit

00 01 02 03 04 05 06 07

Preliminary Plot

eDMEFT . V.Tenorth
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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

N
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Flavor Bounds

AR\, pHA o5

Potentially dangerous FCNCs at tree-

level
SL dr,
Under control due to several suppres- :
. Scenario b, e

2
sd f (aaﬂ) 2 % 2
|C4|067m’21 g(y)(ve) 3
10—15
2
o B) ——
f (a B) GeV/2
1 —17
< % exp. bound
e X » 04 06

Cos(f—a)

1512.03458

@
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Heavy Resonance Searches

48— H — ZZ, My = 600GeV, ATLAS 1712.06386 8¢ — H — hh = T77bb, My = 600 GeV, ATLAS 1808.00336
10 - - - 10
8t 8
@ 6} @ 6f
= =)
k=] 8
4 4t
I
2 g 2
n n L n n [\ n
-10 -05 0.0 05 1.0 -10 -05 0.0 0.5 1.0
cosf—a cosf—a

Preliminary Plots
No longer relevant: A — hZ
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Consistent Model for Pseudoscalar Mediators

H,H,

Ly Dcs XVvsX + 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
— Accounting for more complex dark sectors
— Universal signal

g Mono-Z
i}----d\j\f N Resonantly enhanced if

"< My > Ma + My

N
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Relic Density

Relic abundance
0.08 0.10 0.12

LN

4 MAZMHIMHJ; = 600 GeV

-6 >y =0
» tanf =4
B » cos(ff —a) =0.22
> -7

Preliminary Plot

L L L h L L L L
0 100 200 300 400 500 600 700
My [GeV]

N
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Relic Density

Relic abundance
0.08 0.10 0.12

L

> MAZMHIMHJ; = 600 GeV

»cy =0

» my = 140 GeV
6l

» ¢5 = 0.001

Tab[g]

Preliminary Plot

N
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Summary and Outlook II

Consistent model for Flavor and Dark Matter from the Electroweak
Scale

Flavor and Higgs constraints point to same parameter region

Predicts new particles around 1 TeV

Left over region testable by future LHC runs!

More detailed analyses, projections for LHC27

N
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Summary and Outlook II

e Consistent model for Flavor and Dark Matter from 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

Thanks for your attention!

N
eDMEFT . V.Tenorth 35/35 XY



	Towards Dark Matter Models for the LHC
	Extended DM EFT
	Flavor and DM from the EW scale

