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WHY GO BEYOND THE SM?

Two obvious reasons:
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WHY GO BEYOND THE SM?

Possible hints for New Physics:

(g9 — 2),, anomaly

Flavour anomalies Ry («)and Rp)
(BaBar, Belle, LHCb)

Hj tension

Cosmic ray positron excess
(PAMELA, FermilLAT, AMS-02)

XENONAIT excess

Dark Energy
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Higgs
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[Gninenko et al., 1301.5516]
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PORTALS TO NEW PRHYSICS

- Can build three renormalisable dim 4 portal interactions from the
SM singlets H'H , LH and By by combining them with
Dark Sector singlets

Higgs Portal Ay STSH'H
~Neutrino Portal —Y ' -
€y » ). Requiresnew U(1)x
——B,,,/ X" f—
Portal 5 TH 5 symmetry

First part of talk!

- Plus non-renormalisable dim-5 portal interaction:

Gq ~
Axion portal 4gg aTr|G,,G"




A NEW DARK SYMMETRY

SU(3)C X




SECLUDED HIDDEN PHOTONS

M2
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[Holdom: PLB 166, 196]
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Minimal choice is pure secluded U(1) symmetry with

Je g

For light mediators M4 < My ~ O(v) the Kinetic mixing term in
the mass basis can be diagonalised by the field redefinition:
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i
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Hidden Photon couples to EM current suppressed by €
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HIDDEN PHOTON SEARCHES

Colliders: Beam dumps:
A Lsh Ldec
MII_/—/’/—F/ target| shield ‘ decay ‘
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SECLUDED U(1)x
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ANOMALY FREE GAUGE
EXTENSIONS
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ANOMALY FREE MODELS

e Constraints on possible charge assignments of olus
3 RH neutrinos from anomaly cancellation:

Je =) ¥Quy"d  with ¢ = v
@ 3

BEiliestmior tamily charges X7 =N (Qy. )"

: (\S\) z;

Anomaly Charge combinations

i) 2X; +6X3 — X; — X7 —3(X; + X3)
U()3U(1)y YL X} + 6Yo X3 — Yo X7 — Y, X2 — 3(YuX2 + YgX3)
UL)xU)3  2Y2X +6Y2Xq — Y2X, — Y2X, — 3(Y2X, + Y7 X4)
SU(3)2U (1) x I = K — %

SU(2)?U(1)x 2X1, +6Xg

graV2U(1)X QXL—I—GXQ — Xy — X, —3(Xu—|—Xd)



ANOMALY FREE MODELS

e Constraints on possible charge assignments of
3 RH neutrinos from anomaly cancellation:

Je =) ¥Quy"d  with ¢ = v
@ 3

BEiliestmior tamily charges X7 =N (Qy. )"

1

e Additional constraints from Yukawa terms:

—

olus

)
17 2X1, + 6Xo

Anomaly Charge combinations with Yukawa constraints
i) 2X; +6X3 — X; — X7 —3(X; + X3)
GV SO oy X 6V X VXD Y X2 3(Yu X2 4 VaXD) i
U(l)xU(1)% QYA X1, + 6Y5XQ ~ Y X, —Y?2X, -3(Y2X,+Y?Xy)
SU(3)?U(1)x ey — A — 4 |
(1
)
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DIRAC NEUTRINOS

e Structural invariance of Yukawa terms allows for three different
classes of tamily charges

RS0 0o (e, b uNe)

and hencew.l.o.g. Qg =Q, =Qd and Qr =Q; = Q,

e After diagonalising the mass terms IEL Uy My, WJL VR
final set of constraints from

Vekm = UuU:lr Vemns = UgU)

* |n absence of Majorana masses (Dirac neutrinos) only aSIepton
charges can reproduce viable PMNS matrix! Thus:

—_—

—

Qétons e 3‘quuarks =0




MAJORANA NEUTRINOS

* All other anomaly free groups must have Majorana neutrinos!

€.g. U(l)Li—Lj ' U(l)B—SLi e

 Majorana mass terms induce neutrino flavour changing
couplings of neutrino mass eigenstates

[Qﬁan\/l] P [Qv;Ui\/[] # 0

Vo Qozoﬂ/'u Vo X,u —v V; U@TaQaaUaj /VM Vg X,LL
H/—/
Qij
e This could in principle induce neutrino decays. Potentially
interesting for astrophysical neutrinos

Vi

Dr el
g m
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z M2

Vj

N

[Bauer, PF, Mosny; 2011.12973] 13



POPULAR EXAMPLE — U(1)r,_ 1

Why is this interesting?

 No gauge interactions with
ordinary matter!

Br(A” — X)

e Below dimuon threshold only
decays to neutrinos (almost)

e Only minimal U(1) extension
with viable (g — 2), solution
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GAUGING LEPTON SYMMETRIES

Four extra anomaly-free groups within the SM (and combinations):

Le - L’T L,LL§—‘LT

~ 5
| ; e A’
~ charging Tst &  charging 2nd & m< 1

2nd generation 3rd generation  3rd generation
leptons leptons leptons gx Q. UY"'v AM

cha 1st &

- Loop-induced mixing is unavoidable!
However, it is finite and calculable for L; — L;:

Y A’ = ( 2)
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q 5 Vi g
1 E 2 2N
€ g; [{ils = CE( il Zlf)q
E 7 d
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NEUTRINOS AND HUBBLE

e Decay of A" heats neutrino gas
and delays the decoupling

= increase of Neg at early times

e |eadsto larger Hy

With v-oscillations, ¢ = g, /70

1.4 Mz = 5MeV, g, .=5x10 8 Nty = 3.4
{mz =5MeV, g, =107 Ny =4.39
1.3{mz =13MeV, g, . =10 Ney=3.32
:mzr =13 MeV, gu—r= 5 x 1074, Neﬂ =3.4
L 1.2
~ !
\(__ ]
}\ |
1.1
1.0
0.9

10!

T, (MeV)

e ——
[Escudero, Hooper, Krnjaic, Pierre; JHEP 1903 (2019) 07 1]
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NEUTRINO INTERACTIONS

» QUESTION: Can we utilise gauge-neutrino interactions to test
this interesting parameter space”?

e |IDEA: A’ contributes to neutrino-electron
and -nucleus scattering via kinetic mixing.

 Can be effectively treated as NSI interaction:  f / \

Lnst = —2V2Gr Y | el [PavpPrval [f1°Pf]
f=u,d,e

a:€7l’l’77_

with
EM
g,uT ;/a € e,u’r Qf

12 n
T D

0%
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SOLAR NEUTRINO SCATTERING
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[Amaral, Cerdeno, PF, Reid; 2006.11225]
e Solar neutrinos produced in various processes, but initially

always in electron flavour.

e |n-medium oscillation within solar matter dominantes flavour
composition reaching earth

e Total counts in scattering experiment given by

Emax
N — 6nT/ Z/ .P(Ve — Vg ) . dE,dFER
Ein v, mig 18



at

BOREXINO
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e Borexino measured the "Be
flux very precisely in its
Fieceitanall runs.
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of the simultaneous explanation
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Direct detection experiments will become sensitive to solar

NEUTRINO FLOOR

neutrino scattering (in particular coherent scattering)

WIMP—-nucleon cross section [cm?]

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold

XENON 10 S2 (2013)

10—39 - KCDMS Il Ge Low Threshold (2011) _ L o 10—3
\‘ CoGeNT
— 2012 —
10740} N 1074
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—48 | (Blue oval) Extra dimensions | -12
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[Snowmass CF1 Summary; 1310.8327]

WIMP—nucleon cross section [pb]
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DIRECT DETECTION

FUture |OW_th reShO|d DD Experiment e (t-yr) NR (keVy) ER (keVee) NR + ER (keVy,)
experlments WI” be G2-Ge (SuperCDMS iZIP)  0.056  [0.272, 10.4]  [0.120, 50] 2
Sensitive to NR and ER (SuperCDMS HV)  0.044 g ’ 0.040, 2]
. . G2-Xe (LZ) 15 (3, 5.8] [2, 30] (0.7, 100]

of solar neutrino scattering

G3-Xe (DARWIN) 200 3, 5.8] [2, 30] (0.6, 100]

G3-Ar (DarkSide-20k) 100 C-) [7, 50] 0.6, 15]
Coherent neutrino-nucleus scattering: cannot discriminate NR only

G2 M My E 2 2
Q- () o roman e e
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vN 2 [ ( w) } i  Leading
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NSI C€Gur 7 : _ I My > 10MeV
RN 5 N ER ] NR + ER | NR
\/iGF(Q ER MT —|_ M ’) v 10I—7 1ol—5 10I—3 10I—1 1(|)1 10I—7 10I—5 1ol—3 10I—1 1(|)1 10I—7 10I—5 10|—3 10I—1 1(|)1
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[Amaral, Cerdeno, PF, Reid; 2006.11225] 22
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SUMMARY PART |

General minimal phenomenologically viable U(1) models
require Majorana neutrinos

Neutrinos will play a special role to test flavour structure of
these models (in particular FCNCs)

Solar neutrino scattering at Borexino excludes part of joint Hjy
and (g — 2), explanation within U(1)r,—r,

In the future direct detection experiments become sensitive to
this explanation, in particular in NR. Increasing exposure is
more tavourable than lowering the threshold to gain sensitivity.
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ULTRALIGHT DM




QUICK REMINDER ABOUT DM

[Stable, cold, (almost) collisionless,
dissipationless substance

Dark Energy

Interacts (only?) gravitationally

Makes up ~25 % of the
energy density of the universe

[Niikura et al., Nat. Astr. 3 (2019) 6]

A VRt

microlensing

e (Galaxy formation |
Y searches of |

S\ — —— < 100 kpc | |
R —924 -
B 21077 eV m < 10%6 GeV ;
B N (o< ool PRD 91 (2015)]
loge) 10 % i 10" 100 1029 1030 1049 10°Y

m|GeV]
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THE FUZzZY DM PARADIGM

Dwanc galaxies

: Fornax o

e Standard CDM typically
poroduces too much small
scale structure

Mi=3x10°Mo -+ o | Ma=axio7mg -

= Can be Suppressed If DM de . Pega_sus._ = e ISc‘qutor ; o ; Ft;hoe‘nix_.f
Broglie wavelength prohibits | .
Srnalifseale structures:

[mDM O - eV = >\dB < 1 kpj : Erldanus II | P|ctor|s.l E

i ' 3 . gyt
o AME L S
o = .,
o -

[Hu, Barkana, Gruzinov, PRL 85 (2000)]

Better fit to small

scale structure! e L e
[Bullock et al., Ann. RevAstron Astrophys 55 (2017)]

g 10 20 10~ 10 10 o 102 1039 1040 10°Y
m|GeV| =



THE FUZZY DM PARADIGM

 Small scale is set by a balance of gravity and quantum pressure:

e @R

No self-interactions!

e Self-interactions may drastically alter situation:

attractive A < 0

repulsive A > 0 J

) ~ gravity PRty

Relaxed M ass range: [Ferreira, 2005.03254] |nStab|||t|eS|
MpmM ~> 10_22 — ]_ eV [Guth et al. PRD 92, 2015 ]

10—30 10—20 10—10 OO 1010 1020 1030 1040 1050
Focus of this talk! m|GeV]




QFT TOY MODELS FOR FUZZY DM

e Typical searches for Fuzzy DM (FDM) employ their properties of
a classical background field.

e QUESTION: Can we write down QFT models for this kind of DM
and learn something about the microscopic properties?

e STRATEGY: Explore complementary search strategies using the
particle properties of QFT toy models:

- FDM can be scalar s or pseudo-scalar a

- Coupled to SM via Higgs H or new heavy singlet mediator ¢

29



1. SCALAR DM — HIGGS PORTAL

Most economic way to couple fuzzy DM to SM via Higgs Portal:

1 1 1 1
IS 5(9“58“5 — imgsz — I)\834 — 5)%3 s>H'H

DM is protected by a Z5 symmetry and has positively bounded
ootential As >0

= FDM can have wide mass range (but for no good reason) due to
repulsive self-interactions

In the FDM regime momenta are small and the occupation numbers

are huge A%
n Al ~ 6.35 - 10° (e_>

m
= i be treated as a classical wavel

How do we search for wave DM?
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1.

SCALAR DM — HIGGS PORTAL

 Atlow momenta Higgs portal mediates an eftective DM-nucleon

)\hs

. 1 i
g £~ My s® HVH — ey 2 NN
2n
where now ) K CoNN = Ans—y %
s = e ) — 8—20(1 + cos(2myt)) " AU

10—36:

Supernova

fifth force

| - primordial helium abundance

2
myNy — 1M p X CsNN S()

dysprosium

...... | _ oscillating energy levels

1 [Brax et al.,PRD97, 2018]

11111111111111111

1072* 1072 1072 1078 1071° 107!* 107"? 1071° 107® 107%[Hees et al., PRD 98, 2018]

ms [eV] [Bauer, PF, Reimitz, Plehn, 2005.13551] 31




1. SCALAR DM — HIGGS PORTAL

 Atlow momenta Higgs portal mediates an eftective DM-nucleon

. 1 dL
g £~ M s® HH — Cann 2 NN

2
where now K Cor = s

2 2 3(11 —
$? = st cos®(myt) — (1 + cos(2m,t)) i AU

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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7 neutron scattering
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-16
@ 10 " perturbativity ‘
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14 10720 < 1 XenonlT
‘ .
| o Powerful LHC probe! |
10~
10—28 10 —
Supernova cooling
10—32
4 10—4
10-361 BBN
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2. SCALAR DM — NEW MEDIATOR

e Consider model with new weak scale mediator ¢

£ ——mégbz _ He¢s bs>

1

2 0

High mass window rather unconstrained!

10—28

1072 10722 1072 1078 107" 107" 1072 10710 10°® 10°°
ms [eV]

o o 108G G

» CoNN 82 NN

Hes TN T

N

[Bauer, PF, Reimitz, Plehn, 2005.13551]

10*

X

102 Edelweissi‘

CDEX ™ |

neutron scattering
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T

=

8 XenonlT

< 1072

<

~

— g
104 myg = 100 GeV |

Heps — 60 GeV

10-6 Supernova cooling J

10-° 1073 1 103 10° 10°

ms [eV]

C ==
AR mg 11 — 2ng
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LIGHT DM — ALPS

Maybe best motivated candidate for FDM is an axion-like
particle. It has a reason to be very light

Axions are Nambu-Goldstone particles, protected by shift
symmetry:

e S"‘f eia/f eia/f %ei(a—FC)/f :e’ia/fez'c/f
V2

Mass is generated by small explicit breaking:

V(a) = A* :1—608 (%) — QA—;a2+...

with the heavy axion scale

= O(fcur)
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3. ALP DM — HIGGS MEDIATOR

e Can couple the Goldstone mode a of complex scalar § to the
Higgs via Dim-6 operator

0,a0"a

QNS

p QYT
L= (8MS/)X(2(‘9 ' gty S
ha
$ Lo 1 my QnH
Gl = e oo

nL)

e Strong model independent
Higgs to invisible bound:

['(h — aa) =

Aha,

e8]
vy,

12877/\% :

> 832 GeV

Y

H'H —— conn 0 a0"a NN

1/Apg [GeVTH

10%

102_

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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Edelweissz“:".l y
CDEX_* % |
CRESST-HI%}
Xenoan:-."‘._ ]

Supernova cooling

1072}
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Y
EL)
w oY
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»
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-

1074F

1076

1073

M [eV]

10°

10°
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4. ALP DM — NEW MEDIATOR

e Consider model with new weak scale mediator ¢ and ALP DM
candidate a. Only shift-symmetric couplings allowed:

1 0,, a0 a
E D e Y
2% T oA,
. 8
e =

Aququ?b 11 — %nL

e Almost unconstrained at low
masses (momenta) because
of momentum suppression:

(0 X
q+ 7
—_—
//a\\
4
w () g
‘ \\ a ~
} 14
K X

1/A¢ [Ge\/_l]

¢ I i_z ¢ Tr[Gquwj] ——nr CONEN 8Ma,8“a NN

[Bauer, PF, Reimitz, Plehn, 2005.13551]

103} Edelweiss::‘\“".“ y

106 me = 100 GeV CDEX _

Aga = 10 GeV

I CRESST-II4: 1

10 XenonlTi i

102}

i Supernova cooling ?‘3'

1r

1072}

107° 1073 1 10° 10° 10°

me [eV]
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NEW SEARCH STRATEGIES AT LHC

 Conventional direct and indirect DM search strategies hopeless
due to low momenta of (U)LDM

e But production at LHC enhances momenta:

Direct detection @ LHC

N

(Deep inelastic scattering)

[Bauer, PF, Reimitz, Plehn, 2005.13551]

Indirect detection @ LHC

\&
Qo ~y
S\@fb?/ % Y
h ~
e i

(Background annihilation)
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DIRECT DETECTION | e

e Boosted DM can undergo DIS in
detector material and produce jets. .

IRE G Higgs Portal:
ATLAS-like

Npis = Lur, on BRp—ss Ppis detector

with Ppig =1 — eleetmx ox

Distinguishable from LLPs:

n pp =>> nXG/_\

Q""
Inner Detector ‘ s
no events \/y
But unfortunately for HP:
A 2
d2 ODIS o @ Q4 Outer Detector, .

dx dy g A7 § (QQ e mi)Q displaced jets

PDIS T GLE s OPbeLH Wi BIEE g et 10_216 [Bauer, PF, Reimitz, Plehn, 2005 S
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BIRECT DETECTION AT THE'EF S

S~ _ s
2. Scalar DM with new scalar mediator Tl
Geoms o <H¢s)2 Q*
dedy 4 s\ (Q2—|—m?5)2

10*

10?
10!

. Dijet + ISR

. [GeVY

102 DIS @ HL-LHC
: ~ DpISercc
1073¢ !
=& : l 104 me = 100 GeV
- 'yo I XX —
i 'O@,})O i % i § Mhps = 60 GeV
% LA A
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BIRECT DETECTION AT THEESSS
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BIRECT DETECTION AT THE'EF S

4. ALP DM with scalar mediator
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APPLICATION TO NEUTRINOS

Highly-energetic neutrinos are
copiously produced at HL-LHC.

| ook for them in neutrino-nucleus

scattering

Promising candidate is W — v,

decay with subsequent

vy, + N — p+ jet

Proposed cut selection:
- isolated muon and jet
- reconstructed W-mass
- secondary muon tag

Displaced Jetsinteracting with detector [1/bin]
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SUMMARY PART Il

(U)LDM can be produced at the LHC with large boost and then be
detected by recoil jets produced in DIS

Complementary to existing direct detection or ULDM probes!
Promising for momentum-suppressed interactions!

Potentially interesting signature for flavour
REGEE Belle-ll. ...

Promising signature to detect neutrino
scattering at the LHC in CMS

More improvements and generalisations:
- quark couplings

- sterile neutrino

- meson decays

- new detectors




THANK YOU!



BACKUP




VARIATION OF CONSTANTS

Fundamental constants like ™Myf, o or my are described by SM
operators

i [ SR
i D — meff - 7 | Zévm%/VMV“
f 1%

In the presence ot ULDM these operators modified, e.g. in the
Higgs portal

Ahs M - NS h e
g 32ff e

Y ms; o ms; ms;

G

where the DM field is described by the classical wave

2
s? = 85 cos® (m,t) — %0(1 + cos(2myt))
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INDIRECT DETECTION @ LHC

ULDM has huge occupation numbers. o
Can it annihilate with the halo |
background tield it produced at LHC? | !
g p 3/ s /%: Y
N S 102 10724 eV T
npM = ~ 3 S
M cm M NN
: : )\2 2
But cross section scales with mass _ "hsYhyy M
T(shs—ryy = i r—
h

Mean free path independent of mass and very large

- 1 247r mj, > 108 m e

threshold, but also lower densities! O i e e

Larger cross section above electron A2 m? (1 e )
i 47



CONTRIBUTION TO Neg

DM has large coupling to gluon. Will keep DM in thermal
equilibrium until after QCD phase transition

— ) e (GG | = —0), w0 @

(Pseudo-)scalar particle contributes AN.g < 0.5 for decoupling
of 1 MeV 5 e TQCD

mp My My
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Spin 1 . : -
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Taec (MeV) [Escudero, IPPP Seminar 21]



