What is beyond the Standard Model?
- Could it be hiding at the SPS? -

Richard Jacobsson

Recapitulation of the results from LHC Run 1 (apologies to Alice!)
Validity of the Standard Model

Fundamental unanswered gquestions

Possible solutions
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Run 1: What did we find? cErn)

Vs =7 TeV J Ldt=0.05f " Apr 24, 2011
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@ ~1 -5 Higgs per minute without us knowing!.... O(1 million) at production in total!
« ATLAS+CMS: 1400 Higgs events after selection cuts

@ Mass of the Higgs is equivalent to the total mass of 130 protons!
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_«rpose of the present note is to report that,
435 a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
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(~~__ .
A Remarka..XAchievement

My,

The most fundamental aspect of the appearance of the Higgs field
IS not just the generation of mass of particles
but
it is the breaking of the confinement to travel at the speed of light
and allowing formation of complex structures!

/' come ON.
PICK A SIDE, /
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s our vacuum - the Universe - stable? (&)

N7
@ Probably, but just with a hair fine margin!
« At least up to now as we are here to talk about it!
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® If not:

« Atrue vacuum could seed anywhere
like a bubble and expand....

« The current laws of physics would be lost and
replaced for another version of the same fields....
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Run 1 Searches: What did we not find....? %@

@ LHC : Atheory Kkiller!

Summary of CMS SUSY Results*|in SMS framework SUSY 2013
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Run 1 Searches: What did we not find...?

Status§April 2014

t,y

Jets ET™° [raum™)

Mass limit

[£dt=(1.0-20.3) b

Vs=7,8TeV
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1.5 TeV

H** mass
multi-charaed narticle mass

monopole mass

m(Wg) = 2 TeV, no mixing
| V|=0.055, | V,|=0.063, |V;|=0
DY production, BR(H** — (f)=1

DY oroduction. lal = 4e

DY production, |g| = 1gp

L1l L L L
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Run 1: Precision measurements? cEn)

NS

Recipe:
@ Choose processes which are rare and calculable to high precision in SM

=> Indirectly find evidence for New Physics as discrepancy from SM prediction!
= Virtual effects allow probing energies much higher than the E_ of the LHC

Ex. B, meson “adolescent identity problem” {b( S
exp — SM NP Es . B
3 _, b
>

CDSNP contribution from New Physics <

Oscillating f

= 3x1012 /s |

0oSsC

e Tagged mixed
o Tagged unmixed
— Fit mixed

y o — Fll lll]l]]i.lit.'l'l

-
=
4-":
=
S—
o
5]
L
]
=2
=
=
o
]

TE-ABT Group Meeting, May 28, 2014 R. Jacobsson 8



Run 1: Precision measurements?

Recipe:
@ Choose processes which are rare and calculable to high precision in SM
=> Indirectly find evidence for New Physics as discrepancy from SM prediction!

= Virtual effects allow probing energies much higher than the E_ of the LHC
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decay time [ps]
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Run 1 Precision - What did we not find? (&)

NP
Push precisions! Ostat+sys+th < (DS

Proton decay
LNV (neutrinos)

LFV (muons)

b—s FCNC ~. ITMEV. 7 future

t b—d FCNC

Adapted by Jure Zupan_from
Fundamental Physics at

the Intensity Frontier
1205.2671; Cirigliano, Ramsey-
Mussolf 1304.0017

Logio[Ai(GeV)] GUT Planck

No new particles in sight up to 10% TeV uincouingoraveur!! = 10 000 X direct reach of LHC!
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Run 1 Precision - What did we not find? (&)

NS
NP
Push precisions! Ostat+sys+th < (DS
Proton de

LNV (neutri
LFV (mu

b—s F( e o 7| future

I b—d F(
i c—u F(

. $—=d F(
e Jure Zupan_from
ial Physics at
E : y Frontier
Cirigliano, Ramsey-

D4.0017

14 16 18
GUT Planck

No new particles in sight up to 10% TeV uin cowing o iaver!! = 10 000 X direct reach of LHC!
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P —~—

Universe O K - 10'°K++ in one formula?&y\,

NS

e ————

® So, is it just this simple...??
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Validity of SM cEnn))

Planck scale
GUT scale
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Planck scale
GUT scale
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Validity of SM cEnn))

Planck scale
GUT scale

Hidden Sector??
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Unresolved Experimental Evidence beyond SMEN

NS

@ Neutrino oscillations
- Tiny masses and flavour mixing

® Baryon asymmetry of the Universe
> BBN and CMB n = <"—B ~6x 10710

ny - rolational velocity
(km/s]

. ' ‘zl_m /\_-_\ -

>T=3K
> CP violation in quark sector = n ~ 10720 Il

R S T ST o000 | 100000
® Dark Matter Sy S B i distance from center (light years)
- Non-baryonic, neutral and stable or long-lived ' i ' | '
® Dark Enerqy . 7 39, DARK ENERGY 2304 DARK MATTER .':

- From apparent luminosity-distance observations of supernovae

>
E o
S ¥
oy &
= ] o
%,
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Unresolved Theoretical “"Evidence” beyond SM =

NS

Prejudice...: “Universe is fine-tuned by chance or driven by obligation?”

Below GUT scale:
® Hierarchy problem

—> Stability of Higgs mass

® SM flavour structure

@ Strong CP problem
- In principle, strong interaction comes with a
naturally large CP violation, why suppressed?

® Unification of coupling constants

=

i,

=

MSSM

@ Gravity

8 10 12 14 16 18

Above GUT scale (next time!) Log, (Q/1 GeV)
« Event horizon problem, flatness, density variation which lead to structure formation,

While we had bounds for the Higgs, no hard evidence for the next scale....

TE-ABT Group Meeting, May 28, 2014 17




Why still SUSY searches : "SUSY anywhere is better
in 2040++ ? (3 than SUSY nowhere"

Indeed, even if fine-tuned,
it makes our universe more likely

TE-ABT Group Meeting, May 28, 2014



On_the contrary - What If.... )

¥ eming ol 1T »r E x >~
| piDvou Ditop rh: i DROPPED. THF1 it I' . :

% 3 1l IT HEREY g ?ELMJ \

=1 LOOKING L —— : RET 1 THE LIGHT

] ‘"r oL g e Ii
{F -'“"'“'"’{"__”‘“"_:' - ﬁ - 5 BETTER |

11 DROPPED! [+ & pit SRS, 4 | — MERE! [

What about solutions to (some) these questions below the mass of the W boson?

Enerqy Frontier
SUSY, extra dim.
Composite Higgs
= LHC, FHC

Intensity Frontier
Hidden Sector
=> Fixed target facility

Interaction strength —>

Energy scale —>
= Must have very weak couplings =» Hidden Sector

TE-ABT Group Meeting, May 28, 2014 R. Jacobsson 19



http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=7jM4LgD6AubVAM&tbnid=0unllro5DA6ASM:&ved=&url=http://irevolution.net/2013/11/&ei=_0NyU4ftIYmk0QXMt4GwDw&bvm=bv.66699033,d.d2k&psig=AFQjCNGaqd0hxowxKOrJJgvmZLfecNnSWA&ust=1400083840241905

Hidden Sector? gE?W

LWorld = LSM

e

Visible Sector
Standard Model

\

.

+ Lmediation + LHS

Messenger interaction

J

@ Most Hidden Sector particles have none of the charges of SM, only make up mass!
« Hidden Sector may have their own charges and dynamics! = Mirror World

@ Some may have both SM and HS charges! Lumediation =

k+tl=n+4 (k) (1)
0 SOSM

An

= “Portals” to the Hidden Sector ! fobn
=> Dynamics of Hidden Sector may drive dynamics of Visible Sector!

» Dark Matter

* Higgs mass

* Neutrino oscillations
* Baryon asymmetry
» Dark Energy

* Inflaton

TE-ABT Group Meeting, May 28, 2014
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@ Standard Model portals:

TE-ABT Group Meeting, May 28, 2014

D = 2: Vector portal

» Kinetic mixing with massive dark/secluded/paraphoton

=> Interaction with ‘mirror world’ constituting dark matter

D = 2: Higgs portal
* Mixing with dark sc

And higher dimen
neutralino,...)

n as inflaton in accorda Planck and

etry, dark matter

perator portals and supersymmetric portals (light sgoldstino, light

R. Jacobsson
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Common features of ‘Portals’ to Hidden Sector ()

NS
“Direct detection” through both portals in and out:

Production Detection

HS
SM —>—Xc == == = = == = = = = = S—>— SM

@ Cosmologically interesting and accessible mys~ O(MeV — GeV)
=>» Production through meson decays (=n, K, D, B)
= Decay to "1, ntn~,lm, lp, yy, etc

@ Production and decay rates are very suppressed relative to SM.
« Production branching ratios 0(10719)
« Long-lived objects
« Travel unperturbed through ordinary matter

> Fixed-target experiment
=> Large number of protons on target and large decay volume!

Experimental challenge = Intensity Frontier
= Complementary physics program to searches for new physics by LHC!

TE-ABT Group Meeting, May 28, 2014 R. Jacobsson 22



Ex. Right-handed Majorana neutrinos (&)

Three General tions
of Matter (Fermions) spin ¥2

@ Ex. vMSM with Heavy Neutral Leptons by Asaka and Shaposhnikov

Role of N; with a mass of 0(keV)
=» Dark Matter

Role of N, and N3 with a mass of O(m,/m;+) (100 MeV — GeV):
=>» Neutrino oscillations and mass, and matter-antimatter asymmetry

Simple extension and no new energy scale!

TE-ABT Group Meeting, May 28, 2014 R. Jacobsson 23



%General purpose. flxed -target expér men‘e

‘I UndergrnundStructures[TunneJ;'Cavern,’Hall] -":-__ ," > & __.-'-'

[ ] Surface or Partially Underground Structures
l:Target Hall/SB/Access Bulld]

Shafts +’Tunne| access

'\.
BeamLine

Magnet yoke
Magnet coil /

Electromagnetic
calorimeter

Veto chambers
o Y W Decay volume
“HML extraction
0
MsSB211723 Split
X

Muon filter
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Ex. Expected Sensitivity to N, 3 — um

Sensitivity based on current SPS with 2x10%° p.o.t in ~5 years of CNGS-like operation

EXI

l IIIIlI]l | IIIIIII|

1o BN : ll(XE)
107

1
N Mass [GeV]

=l
=

—> Colliders out of luck
« LHC (Vs = 14 TeV): with 1 ab™, i.e. 3-4 years: ~ 2x10%6 in 4x
« SPS@400 (Vs = 27 GeV) with 2x102° pot, i.e. ~5 years: ~ 2x10%7

TE-ABT Group Meeting, May 28, 2014 R. Jacobsson 25



Current limits on dark photons
SHIP sensitivity

_Progefliytemssuabling ﬂhd

otonlq:, Ieson dec;ay:sgg;

10—t Ny — Ny my =10McV o' =0.1 POT = 1.75 x 10%
AL u USSR v |

'MiniBooNE at Fgfmilab

: R : b

] SR S [ R SO 1 RIS RS 1y 7 o = =~ SR SRR O
‘Hlectron 6_ ] A T oo
Wm_]nf{‘ F) e |
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LSND me | I il I 1 11l N NN

I:dln }d}m sNE ;
BaB: d[—cﬂ;én:urt' R e 10° 1 ‘0
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Current limits on dark photons

SHIP sensitivity

=1 Nx —+ Ny my = 10 MV o' =0,1 POT = 1.75 % 10%
AL u USSR v |

‘MiniBooNE at Frmilab

J/ 4 — invisib l(‘ —
Dc\u:mnf\'lmné — ]
Mongjet (CDF) sl

- -
- /
Ol
e
; :f
!

Kt — 7t + inyisible
Amz and EW fit s -
LEND s |

MiniBooNE

Relic density
BaBar Sensitivi [-\ =

Ll L L
0.1 1
my (GeV)
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/ Conclusions

We worried about finding just a Standard Model Higgs....
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Conclusions C?W

We worried about finding just a Standard Model Higgs....

cosmological observations and theory makes the situation even moreSatriguing!

@ The future requires a very open strategy and multiple points of attack!
« Continued searches with the opening of a new energy domain at ~13 TeV
« Precision measurements of Higgs and the top quark
« Precision measurements in flavour physics
...and...
« Searches for a Hidden Sector!

@ SPS is the most powerful machine there is around

@ However, it remains clear, whatever is found or not found will require
« Future colliders
...and...
« Future (fast cycling!) injectors for fixed target experiments!
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Conclusions
We worried about finding just a Standard Model Higgs....

...but taking all experimental results together with the remarkak e
cosmological observations and theory makes the situation even-r

® The future requi
« Continued se¢
« Precision mea
« Precision mea
..and...

N SearCheS fOr _-.:" _-_-..-. 1

® SPSwithitsinje 39

® However, itremi - = .
- Future colliders™ . B

..and...
« Future (fast cycling!) injectors for fixed target experiments!
TE-ABT Group Meeting, May 28, 2014
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Intriguing hints from galaxy spectrum?

@ Two recent publications:

= arXiv:1402.2301 : Detection of an PEs Andromeda
unidentified emission line in the stacked . -
XMM-Newton X-ray spectra of Galaxy
Clusters at E,~(3.55 — 3.57) £ 0.03keV

= arXiv:1402.4119 : An unidentified line in the
X-ray spectra of the Andromeda galaxy
and Perseus galaxy cluster at E, ~3.5 keV

[
(=]

[
(=]

[
(=]
|
"]

L=
[
o~
q
-
w
i
-
q
]
H
o
[
d
o
-
o
7]
o
H
[]
o
2]
H

Tremaine-Gunn / Lyman-o.

Not enocugh DM

2 5 10
Dark matter mass Mp, [keV]

Confirmation by Astro-H with better energy resolution required
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