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OUTLINE for this week

Part A: Tuesday
- 1. Reasons to go Beyond the Standard Model
- 2. Experimental techniques
Part B: Wednesday
- 3. Brief overview Higgs physics

- 4, Searches for Dark Matter (and BSM),
including introduction to Supersymmetry



e Bunches?



3. Brief overview Higgs physics



The missing piece of the Standard Model:
The Higgs Boson



SM Higgs reminder

* Problem with massive W and Z = Simple mass term in Glashow/Salam/
Weinberg theory violate (local) gauge invariance (non renormalizable)

* Higgs mechanism explains electroweak symmetry breaking, i.e. why W and Z
are massive and the photon is no (and it also allows fermion mass terms)

e Ascalar (complex isodublet) field is added with a non-zero vacuum expectation
value

» After “electroweak symmetry breaking” this field results in one observable
Higgs particle (3 degrees of freedom mix with the W and Z bosons)

In short for a simple scalar field (not SM case):
1 o
L = 5&)“ oo —V(p), V(ip)= 5/_12(5)‘) - I/\C)1

if 2 < 0 (0[¢%)0) = 2 = —— =’

Expand around minima: L ,
//‘ = ) //- < 1) +v

QO=vV+0 . . . . o
toy change to unitarity gauge = massive W and Z + massless gamma+ scalar Higgs



Limits on SM Higgs : Unitarity bound

Optical theorem relates w 1 oW 1 o

total Cross Section (a) v i:é::: 1
V J

with Im(forward amplitude) W Tw SR
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Figure 2.1: Generic diagrams of elastic WW scattering: (a) pure gauge-boson dynamics, and (b) Higgs-boson
exchange.

o 1
=>Unitarity bound |Re(a,)| < 3 Cross section for elastic long. WW scattering

grows without light Higgs above unitarity
(probability not conserved in scattering) bound

If Higgs

would not exist Motivation for the Higgs boson was to restore unitarity in W, W —= W, W,
there must be scattering.

some other

mechanism at This requires that the Higgs

O(1 TeV) to restore mass isqnot too large. = MI% = 2\@”/ Gr ~ (830 GCV)2
unitarity B.W. Lee, C. Quigg and H.B. Thacker, Phys. Rev. Lett. 38 (1977) 883.




Higgs mass “triviality” bound

0 Couplings and masses in the SM lagrangian depend on energy

=>» Also the case for quartic Higgs self coupling
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Figure 1.17: Typical Feynman diagrams for the tree—level and one—loop Higgs self-coupling.

RGE describes variation d AQ?) = 5 A2(Q?) + higher orders

of Higgs quartic coupling with energy: dQ? 4n?

29 —1
Solution with respect to reference energy v )\(Q?) = A\(v?) [1 — 4_32 A(v?) logQ—]
™

. 2
(ew symmetry breaking scale) ¢
. 472 422
Gives a Landau pole where Ac=vexp|— ) =vexp 5
i infini : 3A M
coupling becomes infinite at energ H
Turn this argument around: Ao = My

Higgs must be lighter to avoid Landau pole i
(i.e. energy bound Lamda_c where coupling is still finite) Ao ~ 1016 GeV My < 200 GeV



Higgs mass: “stability” bound

We also need to consider the effects of gauge bosons and fermions in the
“running”

Effect: Coupling Lambda can get too small, even negative due to top quark
Contribution

= Negative Lambda changes Higgs potential and leads to V(Q°) < V(v)
=>»Vacuum is not stable anymore

Solution: to keep A(Q?) > 0
5 02 m 3 5 ) 0?2
Mj; > 32 —1~l—f+m(2(1)+(0§+91“)“) 1“5%?
=>» Strong lower constrain on Higgs mass A¢ ~ 10° GeV = My > 70 GeV
Ac ~ 10 GeV = My = 130 GeV



Higgs mass constrains

Bounds on the Higgs boson mass LI LR L L L
Lambda is energy scale at which

SM Higgs with mass M, becomes m, = 175 GeV
strongly self-interacting (upper bound
& vacuum stability (lower bound)

TRIVIALITY

not allowed

A My 200 allowed ——

1 TeV 60 GeV < Mpy < 700 GeV _ STABILITY. 0" allowed

101 GeV || 130 GeV < My < 190 GeV oo Lo Lo Ly Loy 17
P — — o 103 105 109 1012 1015 1018
iggs mass bounds for two values of the cut-off A. A I- Gev-l

Planck scale bounds need to be fulfilled for SM Higgs
=» Otherwise new physics at lower scale needed 0



Higgs quartic coupling A(u)

Stability of vacuum
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30 bands in
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With 3 sigma
lambda < 0 around 10710 GeV

=>» New physics needed to repair that?

AVID

Picture by ROBERTO VEGA-MORALES



W, Z, top& Higgs

SM predicts relation between
W mass and other observables

Correction {¥]r on W and
Z mass depends
on top mass2

... and on

Measure W and top mass
to predict the mass of the

Higgs boson within the SM

(additional contributions
to Ar may arrise
from new particles, e.g. SUSY)

t t
WWVWQAWAW Z\/\A/V\QAA/\MZ
b {

Fig. 8. Virtual top quark loops contributing to the W and Z
boson masses

NN NNANNNINNNNN +

Fig. 9. Virtual Higgs boson loops contributing to the W and Z
boson masses

2
29 1 _ My
the W-boson mass can be expressed as:
ma
miy = — L (24)

sin® By (1 — Ar)’

where Ar contains all the one-loop corrections. Contribu-
tions to Ar originate from the top quark by the one-loop
diagrams shown in Fig. 8, which contribute to the W and Z
masses via:

3GF 9
o . 25
81272 tan? Oy T (25)

(A"')top ~



ATLAS Measurement of the W-boson mass

10° Muon Pt

?DJ 140 ?_TLATSVPreIfigninary - Data
s=7TeV, 4.1’ W pv
* Based on early data (2011) at 2 120 Ez/dsickg‘t;;gd
. . ~ 100 xidot =
Vs =7 TeV (4.6 fb'!) with low Pile-Up ¢
 Huge amount of work to understand “
detector response and the modelling
. . «, . I 8 1.02
of kinematic quantities (ML, Py ) B W s st syt
(relies on large Z = €€ sample) | E—————"— 11
a 30 32 34 36 38 40 42 44 46 48 50
P [GeV]
Similar precision reached as for ATLAS | om,
== Stat. Uncertainty
current best measurement — Full Uncertainty
from CDF LEP Comb. o 20576133 Mo
mW = 80_370 i 0_019 Gev Tevatron Comb. @-50387+16 MeV
LEP+Tevatron @-30385£15 MeV
i 7 Mev Statlstlcal ATLAS PN 80370+19 MeV
+ 11 MeV systematic
. Electroweak Fit _?&5618 MeV
t 14 Mev mOdEIIng 80320 80(1340 80(|360 8OC|38O 80‘1100 80420

M. Boonekamp: W mass My [Me\zlg



SM fit 2017
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Measurement of the Higgs boson mass

e ATLAS+CMS combination on mass measurement with
high-resolution channels H—>yy and H—>ZZ—>4I

| | | | o ' |
ATLAS and CMS —e—i Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H—yy p——e———4 126.02 = 0.51 ( = 0.43 + 0.27) GeV
CMS H—yy ——— 124.70 £ 0.34 ( £ 0.31+ 0.15) GeV
ATLAS H—2ZZ -4l I - { 124.51+ 0.52 ( = 0.52 = 0.04) GeV
CMS H—2ZZ -4l P 125.59 = 0.45 ( = 0.42 = 0.17) GeV
| amLasioms gy — 12507029 (=025014) GeV
ATLAS+CMS 4l I—IE—-I 125.15 = 0.40 ( = 0.37 = 0.15) GeV
ATLAS+CMS 77+41 =4 125.09 = 0.24 (= 0.21 = 0.11) GeV
— l1&‘3l — l1&‘4l — 11551 l 126 127 128 l159l
my, [GeV]
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Knowing the mass we know everything

| |
102 I I I | |:| I I I I | T I T I I T T t—:g g 1__l I I I T T | i I I T I T T T I I I I |—:E
g , Vs=8TeV S = o -
X I % g T %
T 10¢ | S o 2z 3
o = 41 n = ]
e F ppl 1 m - o ]
o) n
1 3 2107 3
1 T F .
107 10° : E
; ! g ! 1
- | |
i | 7] I _|
10—2 T R =| [ R R N R N N R S R | 10-4 R S = Lo NG L1
80 100 120N 140 160 180 200 80 100 120K 140 160 180 200
M, [GeV] M, [GeV]
125.09 GeV 125.09 GeV

e Usual suspects:

goF VBF WH / ZH ttH
i q q H
w/z KZ ,
& I G e ¥ w/z /
Kb 4 Kt =

g & Fd q 7
q + KZ q w/z



Signal strengths, u

Parameters scale cross sections and BRs relative to SM

_ 0, BR/
Hi = —sm /If = BR/
O . SM*

Scaling of generici @ H — f process

o.-BR/
/Ile l f ::uixpf




Signal strengths, u

-o- ATLAS+CMS
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Going from mu to kappa framework now (including production /EFTs)

H->tt decay mode and VBF process established through the ATLAS+CMS combination



All coupling gk
modifiers are lower [<£

than predicted. 5

£ > 107
low kv value *
decreases total Higgs "
width through

dominant [ pp partial

decay width. 10

Need to measure

Il coupli isely 10t
all couplings precisely

- LHC Run 1

- ATLAS and CMS

¢ ATLAS+CMS

------- SM Higgs boson -

— [M, €] fit

68% CL

95% CL

sl

M M 1 4+ 3 32 2123l
10 10°

Particle mass [GeV]
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Collisions at the Large Hadron Collider

Bunch crossing every 25 ns... many collisions per bunch
crossing




Most events look like this...

ATLAS

EXPERIMENT

Run Number: 266904, Event Number: 25884352

Date: 2015-06-03 13:41:54 CEST
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Event from LHC run-2




1 in >1000 billion events looks like this
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Higgs ->gamma gamma candidate with mass of 125 GeV



New physics searches at LHC

e Let’s start with Dark Matter



Dark Matter production

SM %
particle
——
particle

SM
particle

24



Dark Matter production

SM %
particle
-
particle

SM
particle

DM would likely be unstable

25



Dark Matter production

?
M N

particle

”
particle

DM
particle

Most WIMP theories have a (Z2-symmetry,
e.g. R-parity for SUSY) Quantum

Number conservation to forbid

too large proton decay rate

=» DM particles produced in pairs

=» DM is then stable! 26



Dark Matter production

SM %
particle

SM
particle

”
particle

Mediator

eg.Z,H

Most WIMP theories have a (Z2-symmetry,
e.g. R-parity for SUSY) Quantum

Number conservation to forbid

too large proton decay rate

=» DM particles produced in pairs

=>» DM is then stable!

—

DM
particle

27



Dark Matter production

=» Like neutrino
SM =» Too low interaction
particle partlcle cross section to be
Medlator
eg.Z,H

particle

We see nothing at LHC

visible in LHC detector

partlcle

28



Dark Matter production

DM
particle
% } Dark-sector
pa rtlcle

particle
i SM
particle
ﬁ Medlator \
partlcle

partlcle
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Dark Matter production

DM
particle
\ ’ Dark-sector
SM
particle

particle

SM

particle
) Medlator
partlcle
partlcle
= SM particle + Missing Momentum Dark Sector particle

example:

Detectable at LHC SUSY gluino...

if rate high enough ! 30



Dark Matter production

DM
particle

SM
partic

S_ L

particle
’ Mediator
DM

SM particle

particle

Detectable at LHC

if rate high enough !
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Dark Matter production

S g

particle
1 New mediator?\

DM
SM particle

DM
particle

SM
partic

particle

Detectable at LHC

if rate high enough !
New mediator models

32



Dark Matter production

particle
Integrate out mediator > SM
Effective field theory i particle

DM
SM particle

particle

DM
particle

EFT/Contact Interactions work

if mediator is very heavy

Might not be the case at LHC

Is not the case if weakly interacting



How large is the expected WIMP production
cross section?



Standard Model Total Production Cross Section Measurements
mmmﬁmmrmmmmmﬁmw—mr\m\ﬂr

pp

total

Jets R=0.4
lyl<3.0

Dijets R=0.4
y1<3.0, y*<3.0

w

total

total
tt
total

tt—chan
total

WW+WZ

total

WW

total

Wt

total

H ggF

total

WZ

total

Y44

total

H VBF
total
ttW
total
ttZ

total

o =95.35+0.38 + 1.3 mb (data)
COMPETE RRpl2u 2002 (theory)

o =563.9+1.54 55.4 — 51.4 nb (data)
NLOJet++, CT10 (theory)

o =86.87 +0.26 + 7.56 — 7.2 nb (data)
NLOJet++, CT10 (theory)

o =94.51+0.194 + 3.726 nb (data
FEWZ+HERAPDF1.5 NNLO (theory)

o =27.94+0.178 + 1.096 nb (data
FEWZ+HERAPDF1.5 NNLO (theory)

oc=1829+31+6.4 b data)
top++ NNL NLL (theory)
o =2424+17+10.2 pb (data)
top++ NNLO+NNLL (theory)
o =68.0+2.0+8.0pb (data)
NLO+NLL (theory)
o =282.6+1.2+12.0 pb (data)
NLO+NLL (theory)

rr7680+70+190pb(data)
MC@NLO (theory)

o =51.9+2.0+4.4pb (data)
MCFM (theory)
oc=714+12+5.5-4.9pb (data)
MCFM (theory)

o =16.8+2.9+3.9pb (data)
NLO+NLL (theory)
o =27.2+28+5.4pb (data)
NLO+NLL (theory)

o =23.94 3.9 - 3.5 pb (data)
LHC-HXSWG (theory)

o =19.041.4-1.3+ 1.0 pb (data)
MCFM (theory)

o =20.3+0.8-0.7+1.4~-1.3pb (data)
MCFM (theory)

o =6.7+0.7+0.5 - 0.4 pb (data)

MCFM (theory)

0.5-0.4 + 0.4 pb (data)

MCFM (theory)

o=T71+

o =243+0.6- OSSpbﬁata
LHC-HXSWG (theory)

o = 300.0+ 120.0 — 100.0 4 70.0 — 40.0 fb (data)
MCFM (theory)

o =150.0 + 55.0 - 50.0 + 21.0 fb (data)
HELAC-NLO (theory)

10210741073 10

0—1

0.3<my; <5TeV

0.1<pr<2TeV %

i
;
;

LHC pp Vs=7TeV
- Theory
Observed
B
stat+syst
LHC pp +s=8TeV

Theory
Observed

stat
stat+syst

ATLAS Preliminary

Run 1

\Vs=7,8TeV

10!

Status:

March 2015

10° 10® 10* 10° 10° 10" 05 1 15 2
o [pb] observed/theory

JLdt
(o]

8x1078

4.5

4.5

0.035

0.035

4.6
20.3
4.6
20.3

4.6

4.6
20.3
2.0
20.3

20.3

4.6
13.0

4.6
20.3

20.3

20.3

20.3

Reference

Nucl. Phys. B, 486-548 (2014)

arXiv:1410.8857 [hep-ex]

JHEP 05, 059 (2014)

PRD 85, 072004 (2012)

PRD 85, 072004 (2012)

Eur. Phys. J. C 74: 3109 (2014)
Eur. Phys. J. C 74: 3109 (2014)
PRD 90, 112006 (2014)

ATLAS-CONF-2014-007
JHEP 01, 049 (2015)

PRD 87, 112001 (2013)
ATLAS-CONF-2014-033
PLB 716, 142-159 (2012)

ATLAS-CONF-2013-100
ATLAS-CONF-2015-007

EPJC 72, 2173 (2012)
ATLAS-CONF-2013-021
JHEP 03, 128 (2013)

ATLAS-CONF-2013-020

ATLAS-CONF-2015-007

ATLAS-CONF-2014-038

ATLAS-CONF-2014-038



. - Status:
Standard Model Total Production Cross Section Measurements 1. zo5 fLdt
ﬂmmmmmmmmrmﬂr

pp

total

Jets R=0.4
ly|<3.0

Dijets R=0.4
y1<3.0, y*<3.0

w

total

total
tt
total

tt—chan
total

WW+WZ

total

Ww

total

Wt

total

H ggF

total

WZ

total

Y44

total

H VBF

total

o =95.35+0.38 + 1.3 mb (data)
COMPETE RRpl2u 2002 (theory)

o =563.9+ 1.5+ 55.4 — 51.4 nb (data)
NLOJet++, CT10 (theory)

o =86.87+0.26 + 7.56 — 7.2 nb (data)
NLOJet++, CT10 (theory)

o =94.51+0.194 + 3.726 nb (data
FEWZ+HERAPDF1.5 NNLO (theory)

o = 27.94 +0.178 = 1.096 nb (datal
FEWZ+HERAPDF1.5 NNLO (theory)

o =182.9+3.1+6.4 pb (data)
top++ NNLO+NNLL (theory)

o =242.4+1.7 +10.2 pb (data)
top++ NNLO+NNLL (theory)

o =68.0+2.0+ 8.0 pb (data)
NLO+NLL (theory)

o =82.6+1.2+12.0pb (data)
NLO+NLL (theory)

o =68.0+7.0+19.0 pb (data)
MC@NLO (theory)

o =51.9+2.0=+4.4pb (data)
MCFM (theory)

o =714+12455-49pb (data)
MCFM (theory)

o =16.8+2.9+3.9pb (data)
NLO+NLL (theory)

o =27.2+28+5.4pb (data)
NLO+NLL (theory)

o =23.9+3.9-3.5pb (d
LHC-HXSWG (i

c=19.04+14-13+1
MCFM (theor
o =203+0.8-0.7+
MCFM (theor
oc=67+074+05-0
MCFM (theo

oc=714+05-04+0
MCFM (theol

0 =243+06-055p
LHC-HXSWG

o =300.0 + 120.0 — 100.§
MCFM (theory)

0.1<pr<2TeV %
0.3 <mj; <5TeV %

;

LHC pp Vs=7TeV

Theory
Observed

ggﬁsyst

LHC pp +s=8TeV

Cross section range for a pair
production of weakly interacting

massive particles

(SM like couplings), see also
Dihiggs production: 33 fb (black

10 10* 10° 10° 10 05 1 15 2
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Nucl. Phys. B, 486-548 (2014)

arXiv:1410.8857 [hep-ex]

JHEP 05, 059 (2014)

PRD 85, 072004 (2012)

PRD 85, 072004 (2012)

Eur. Phys. J. C 74: 3109 (2014)
Eur. Phys. J. C 74: 3109 (2014)
PRD 90, 112006 (2014)

ATLAS-CONF-2014-007
JHEP 01, 049 (2015)

PRD 87, 112001 (2013)
ATLAS-CONF-2014-033
PLB 716, 142-159 (2012)

ATLAS-CONF-2013-100
ATLAS-CONF-2015-007

EPJC 72, 2173 (2012)
ATLAS-CONF-2013-021
JHEP 03, 128 (2013)

ATLAS-CONF-2013-020

ATLAS-CONF-2015-007

ATLAS-CONF-2014-038

ATLAS-CONF-2014-038



Models for Dark Matter@LHC

* Complete models:
Supersymmetry (SUSY)

(much less work on others, Extra Dim, Technicolor, etc.)

* Trying to be also more general... (but model-
dependent!)

- simplified models
- effective field theories



Effective Field Theories/ Simplified
models /Contact Interactions

* Simplified models: Simple theory with 2-3
parameters, simplification of a full theory

e.g. Mediator, DM, coupling

Limit on
Interaction and DM mass

=N
oy

EFT: Assume effective couplings



Effective Field Theories/ Simplified
models /Contact Interactions

* Simplified models: Simple theory with 2-3
parameters, simplification of a full theory

e.g. Mediator, DM, coupling

y

ol

LHC limit can be
converted to

direct DM detection
experiments



Events / GeV

Data/SM

10
10°
102

10

107

Monojets interpreted with EFTs

T T T T T T T T T T T T T T T T T T T T T

| T
ATLAS —e— Data 2012

1 W(= v)+jets
—1 Di-boson
@ { + single top
[ Multi-jet

4 SM uncertainty
\ Vs=8 TeV, 20.3 fb T Z(=> vv)+ets

ET**>150 GeV

1 Z(> IHets

D5 M=100GeV, M«=670GeV
ADD n=2, M_=3TeV

L BrgamrtTey, Mo ey

1000 1200

ET™® [GeV]

q

q

g

X

X

Table 1 Effective interactions coupling WIMPs to Standard Model
quarks or gluons, following the formalism in Ref. [41], where M, is
the suppression scale of the interaction. Operators starting with a D
describe Dirac fermion WIMPs, the ones starting with a C are for scalar
WIMPs and G, is the colour field-strength tensor

Name Initial state Type Operator

C1 qq Scalar %‘% x"xaq

Cs gz Scalar o X xes(GE,)?
D1 qq Scalar %’i XX4q9

D5 qq Vector glg)? Y¥xqvuq

D8 qq Axial-vector N}Z XYY xavuy’q
D9 qq Tensor A}E)Zo””xéa#uq
D11 g8 Scalar s Xxes(GE,)?




DM limits effective models

— 10728 T
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WIMP-nucleon cross section

— — — —
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DM limits effective models
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- . : — Xenon A
® 10 - ‘tl'u.ncated, max coupling oS BToV DB
S CMS 8TeV D11
c 10
C
©10%F T Te—o,
g ____________________
c 10
o
= 1042
; 1 0-44 -------- R S NG
~ spin-independent
10'46 1 1 1 | | ll
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<0, \qq Vrel® [cm®/s]

(ov) ~ 3 x 10™*°cm® s™"

20F — 2x(HESS 2011 (o), =54, Einasto profile)
10 ” 2 (HESS 2011 (x0),, = q@, NFW profile)
10° » D5 gy"yay a- o).
10-22 = D8 Xy x&v Y°q - ?xi)om
102

— — truncated, coupllng =1
----- truncated, max coupling

1 ' UL L I 1 I LA I I LI I
10-18 ATLAS 95% CL (§-8Tev 20.3fb"
10-19 ——— 2 x ( Fermi-LAT dSphs ()Q()WOr — ud, 4 years)

10724 —— thermal relic
-25
112-26 == e -
1027 "
10-28 —-" right cross sections
10-29 if WIMP mass <40 GeV ...
1030 =>» Electroweak scale not tested yet!
10-31 C ol el Lol
10 102 10°
© WIMP mass m, [GeV]
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EFT =» simplified DM models

e Critics: At LHC likely mediator particle not too
heavy =2 EFT not applicable

* |In Run2: Change interpretation from EFT to
“simplified DM models”, i.e.

models with mediator M (e.g. Z’), DM mass,
and couplings



Example : Monojets re-interpretation

* |nterpretation with a vector s-channel mediator V (Z’
type), DM can be dirac fermion of complex scalar:

Leermion,y D VuX1*(9y —gevs)x + > Vufy*(gf — gf¥)f

f=aq,tv
Locatary D ig,Vu(9* 00 — 00"0*) + > Vufr*(gf —g75)f
f=q,tv
Parameters: {my, My, gx, 9y 94,90}

while, in the latter case, the corresponding set is

{my, Mv, g2, 9&, 94, 98"} -



Dark matter + mono-jet Hong ({&

Pittsburgh a‘

Vv

—

Q
(o]

III]IIII """"" L L

CMS Preliminary

1 CMS
35.9fb" (13 TeV) -
monojet .

This week! EXO-16-048

Events / Ge
3 3

—
o
w

Mono-jet 3 |rreduc.
Signal models 10

Higgs invisible b chadec 1 o
. 1
AXlaI'V9Ct0r 10 0 0 - Z(vv)+jets
Mmed =2 TeV DataF | I [ ] wiv)+ets
] WW%# - Top quark
MET = 200 GeV v. 0.9 - & % s R [0 | z0+jets, v +jets
- - P A BT R I e ars S ﬁQf |:’ QcD
largest processes |l il I R B B
* Kills di-jet, multi-jet P | | 1 1 -2

. Kills ff 400 600 800 1000 1200 o.f.
- Kils W, Z y MET = ET"*° [GeV]




Mediator resonance search

Mediator via di-jet Hong ()

Pittsburgh @
mediator
q q EV(-?nts From March, 2017 A TLAS
>A < / bin [EXOT-2016-21]  {s=13 TeV, 37.0 fb’
q q = = 10°
s =
Challenges A =, 50Tev 3.
. . = Background fit CLRE =
. D|-Jets h|gh rate L BumpHunter interval : = 10?2
° sy 3 qg*, ox10 -
Miet-jet threshold E | p-value = 0.63 El
. L [Fit Range: 1.1 -8.2TeV 4
Solutions = |ly1<06
. ISRjet/photon Significance ! e L ,
. 0
« Boosted jet-jet = | -2
« Save trig.-level Data 05
< 1 0
(more later) MC Hﬁ a_(w
| il T R ST R S B A A A e NN NN RN SRR i sl h Wb

Display of event 2 3 [Mietet [Tev] 6 7 8 9
here next slide \ / 4




Limits mediator vs DM

Overlay of mediator v. DM

ATLAS Prelim. Mar. 2017
Legend for DM Simplified

6 results Model Exclusions

= Dijet

= Dijet 8 TeV
fs=8Tev, 203"
Dijet TLA
(5 =13TeV, 340"
ATLAS- CONF-2016.00

= Dijet + ISR
fs=13Tev, 155"
ATLAS CONF-2018-070

w— =iSS
ET +Y
fs=13TeVv, 364"
CERN-EP-2017-044

muss

E; +et

fs=13TeV, 321 b = 0 |

Phys. Rev. D 94, 032005 (2018 - All limits at 95% CL
1

1 Tey 2 Tey

March 2017, http://cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/
EXOTICS/ATLAS_DarkMatter_Summa




Example: Dirac Fermion Dark Matter

_ (0] _ = -
Efermion,db 2 _gx¢XX - \/5 E (guy;quiuz' + gdyzddidi + gfyfgigi) s
2

. _ 1a - - _
Liermiona D —ixaXTX ~ 75 > (gut s + gavidivsds + gevflivsts) -
i Fa¥

scalar ¢ or pseudoscalar a.

yl = v2m{ /v with v the Higgs VEV.
Set op parameters:

{my: Mgy 93> Gus 9a> 9ef - https://arxiv.org/pdf/1506.03116.pdf




Higgs portal Dark Matter

3 scenarios:

- DM scalar singlet, couples with 24 interaction
with SM Higgs field

- DM is a fermion singler, couples to a scalar
phi/a which mixes with the higgs (see previous
slide)

- DM is a mixture of singlet and doublet (like in
SUSY a bino-higgsino = see SUSY) and then
couples with the higgs



The future of invisible Higgs Hong ()

Luminosity projections

O A
Pittsburgh =¥

Expected
limit on Biny Based on Run 1 CMS VBF results
CMS Run-2 VBF 80 |- [1603.07739] (2016)
results with 2.3 fb- 2303
. Do
* Limit 69% (62%) < goE ™ %
« Znorm’d w/ W SIS
NC s %
- ‘.‘ 6\
ATLAS Run-1 VBF 40 E @43
+ Limit 28% (31%) = =<
- Znorm’d w/ W - “—____ Systematic error is constant
20 T
e\g S S I I
(L\@(Q é ............................
of et o0 = T
Q2O 10 20 100 300 fo-'at 13 TeV
HX '
et Need 10 fb-' of 13 TeV reach Run 1

We’'ll try for < 20% in Run 2
Maybe possible? < 10% in Run 3 4



Higgs portal scalar singlet and
H->invisible

= SM simplest extension: VBF I
Lagrangian = SM+ DM field X
m DM couples to SM only via Higgs x°
H \ VBF production: ; d
Lg= 3 S2 - "s 2hs RHtH — —6 So+S — ASS4 (a) Signal
m Energetic dijets system (Large An)+ MET
RIS SRESRSSRY | SRS SnES——h— m Most sensitive channel BR< 28% Runl
F(h - XX) < ’\hxx < ONy
B~ 00 ~ T T 5 q i ” .
€109 F higgsportal Model  ATLAS
8,108 s=7TeV, 5" A Y
bl kg et ZH
'..3 10-40 ZH - ¢¢ +inv.
q g e

2 e Associate Hig’gs production With a Z boson:

m Opposite charge dilepton+ MET

[ CRESST 20
B CoGeNT

.
-‘..
.
-"
-
.
.
.
-
-
.
o

010 —— XENON100
W L e ban signature BR < 78% Runl
BR < 98% Runll ICHEP

NIKHEF outing

b DM Mass [GeV] ecay



Neutral third party
Features ofAmediator

prompt, colorless, etc.

Charge Q

Mass m

Dark sector
bosons similar to

Lorentz structure

Coupling “g”

Consequences

Example chan.

Qmed = 0 for s-channel

unknown
H v,Z, 2’
[1609.09079]
scalar 1 vector yH
pseudosc. ys| axial v. ytys

o« mass « charge
Mp > My Qp =Qq
mono-b di-jet

N

Complementary in channels

VERSIY )
\N\ 57
(7 Ti )
] )
ARG \

Pittsburgh Ny =2 ¢/

Lagrangian parameter |

q X
mediator
“A 7
q X
JdgQgA Jom XXA
matter-mediator DM-mediator

©® known @

@ redundant

matrix element = 4 parameters

2d plots must assume 2 other param. )



Full models

Less complete

Dipole
Interactions
“Sketches of models”

More
complete
Dark Matter
Effective Field Theories

Dark
Photon

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter
Models

Contact
Interactions

Complete
Dark Matter
Models

Universal
Extra
Dimensions

Little
Higgs



Full models

Less complete

Dipole
Interactions

“Sketches
Dark Matter Dark
Effective Field Theories Photon

Simplified
Dark Matter
Models

Higgs
Portal “Squark:

Contact
Interactions

Minimal

sandard Model



Quarks (s=1/2)

Leptons (s=1/2)

Fields: Gluon
B and W’s fields
(s=1)

Higgs (s=0)

Scalar Quarks (s=0)
(squarks)

sLeptons (s=0)
Gluino

Bino, Wino’s (s=1/2)

Higgsinos (s=1/2)
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Scalar Quarks (s=0)
(squarks)

Leptons (s=1/2)

Fields: Gluon

sLeptons (s=0)

Gluino
Bino, Wino’s (s=1/2)

B and W’s fields Higgsinos (s=1/2)

(s=1)

Higgs (s=0)

SUSY particles heavier, since
symmetry must be broken to give right Higgs mass!
- Minimal SUSY (MSSM), minimal number of parameters (105!)

- Lightest neutral SUSY particle is Dark Matter candidate .



SUSY transformations

A supersymmetry (SUSY) transformation turns a bosonic state into a fermionic
state, and vice versa.

Q|Boson) = |Fermion), Q|Fermion) = |Boson).

Operator Q that generates SUSY transformations must be a spinor (like a
fermion): (Why ?)

Qt (the hermitian conjugate of Q) is also a symmetry

generator. Because Q and Qt are fermionic operators, they carry spin angular
momentum %

=>» supersymmetry must be a spacetime-spin symmetry.



SUSY transformations

Standard Model: chiral fermions (i.e., fermions whose left- and right-handed pieces
transform differently under the gauge group) = parity-violating interactions

To make this work the so called Hagen Lopusanski theorem says that the generators
Q and Qt must satisfy an algebra of anticommutation (Q are fermionic) and
commutation relations:

{Q,Qt}=P_u

{Q,Q}={Qt,Qt}=0

[P_p,Q] =[P_p, QF]=0

where-P_u is the f(?ur—momentum generator of 5 (1 R ) _ ik (12, V) ik
spacetime translation g g
(and Q has also an index).

=>» SUSY: Space-time Spin symmetry !



SUSY particle states

The single-particle states of a supersymmetric theory fall into
Supermultiples: They contains both fermion and boson
states, which are commonly known as superpartners of each other.

Since two particle states in the supermultiplet are related
by some Q and Qf and thus by PA2
=» The superpartners must have the same mass since P2 is the mass operator

The supersymmetry generators Q, Qt also commute with the generators of

gauge transformations.

=>» particles in the same supermultiplet must also be in the same
representation of the gauge group, and so must have the same electric
charges, weak isospin, and color degrees of freedom.

=>» SUSY particles couple as their SM partners !!!

=>» Couplings are NO free parameters in SUSY !!!
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SUSY supermultiplets

Each supermultiplet contains an equal number of fermion and boson degrees of
freedom.

Important example:

=>» Fermionic quark can be g_L and g_R == Two different scalar quarks g_Land g_R

Simplest possibilities: (Weyl Fermion = solution of massless Dirac equation)

Chiral supermultiplet -Weyl fermion two spin % states with different helicity/chirality
- two scalars (spin 0) , often merged into a complex scalar
field, one as partner for each chirality

Gauge supermultiplet: - one spin=1 field (must be massless gauge boson,
i.e two helicity states)
- two spin=1/2 Weyl Fermions (two helicity states) with same
gauge properties

61
(s=3/2 fermion = Not renormalizable)



SUSY supermultiplets

All SM particles need to be grouped in either a chiral or
gauge supermultiplet.

Quarks and Leptons 2 ?
Massless bosons of the SM = ? (which ones?)
Higgs fields of the SM ?



SUSY supermultiplets

All SM particles need to be grouped in either a chiral or
gauge supermultiplet.

Quarks and Leptons = Chiral
Massless bosons of the SM = Gauge
Higgs fields of the SM =» Chiral

Which spin do their SUSY partners have ?
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SUSY supermultiplets =2 Spins

All SM particles need to be grouped in either a chiral or
gauge supermultiplet.

Quarks and Leptons = Chiral =2 Spin 0 SUSY partners
Massless bosons of the SM - Gauge =» Spin 1/2
Higgs fields of the SM =» Chiral =» Spin 1/2

Which spin do their SUSY partners have ?
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SUSY supermultiplets =»Names

All SM particles need to be grouped in either a chiral or
gauge supermultiplet.

=>» Spin 0 SUSY partners =2 sfermions (scalar fermions)
=» Spin ¥ gauge partners =» gauginos
=>»Spin ¥ higgs partners = Higgsinos

Which spin do their SUSY partners have ?
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Sfermions

SUSY partners of the left and right handed parts of electron
field are called

left- and right-handed selectrons :

(note that they have NOT a right-handed helicity since they are not fermions but
have spin 0, but they have the couplings as there superpartners)

Quarks =» squarks
Bottom quark =2 sbottom

top =@ stop



Higgs

e Sitting in chiral supermultiplet

 SM has 1 complex doublet higgs field (H_0,H+)
giving mass to the W+- and Z0

* However:

In SUSY we need 2 complex doublet fields
sitting in 2 chiral supermultiplets.



Why 2 Higgs supermultiplets?

* Before electroweak symmetry breaking we have a complex isospin doublet in the SM
Higgs sector: H* and H® with 2 degrees of freedom each and Y=1/2

-> Q makes now the SUSY Higgs-fermions (they have 2 spins directions each) so everything
seems to be OK

However so called triangular anomalies will appear!
What is this?

Higher order graphs

become divergent for left handed

fermions

ifnot2Y=0 (Yisthe weak hypercharge)

photon
(vanishes in the SM

for each generation -> Why?)
Z0

Solution: /W

Introduce at least two Higgs (Higgsino) doublets with opposite hypercharge
This is called the 2HDM !

Sascha Caron (NIKHEF) 68



Model building - supermultiplets

Organize fermions and bosons in spin multiplets
Chiral supermultiplets in the Minimal Supersymmetric Standard Model.

Table 1:
(Color,chirality,hypercharge = Q-1)
Names spin 0 spin 1/2 | SU(3)e, SU(2)r, U(l)y
squarks, quarks Q (g, rTL) (wy, dp) (3, 2, :—;)
{ x3 families) T Uy, ul, (3,1, -32)
d i dp; (3,1, 3)
sleptons, leptons | L (v €1) (v er) (1,2, —3)
{ x3 families) e &5 el, (1,1, 1)
Higgs, higgsines | H, | (HF H®) | (H+ HY) (1,2, +1)
Hy | (HS HT)Y | (HS HY) (1,2, -1

(dimension of the multiplet)

Table 2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.
Names spin 1/2 spin | SU3)e, SU(2)p, U(l)y
gluino, gluon g q (8, 1,0)
winos, W bosons wE Wwo | wt wo {1,3,0)
bino, B boson B° B° (1,1,0)
69
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Proton decay

In general MSSM both couplings are allowed via
Scalar-fermion-fermion interactions

Proportional to yukawa coupling...
=>» These interactions must be tiny since we would

otherwise observe proton decay



R-parity

Fast proton decay likely with very general SUSY Lagrangian

—> Solution: assume conservation of a newmultiplicative
guantum number called R-parity:

baryon and lepton numbers of particles are no longer
assumed to be conserved. Instead R-parity may be
conserved, where the R-parity is

R = (_1)2j+3B+L_

* With spin j, baryons B, and leptons L.

* All Standard Model- like particles have R-parity of 1
while the new “ supersymmetric”
particles have R-parity -1.



R-parity conservation consequences

1. Lightest SUSY particle stable
a candidate for dark matter > Why?

2. Collider signals: SUSY particles are always
produced in pairs

The minimal SUSY model (MSSM) is defined
to have r-parity conservation
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SUSY breaking

Supersymmetry is a broken symmetry

=2 We expect a mechanism similar to electroweak symmetry
breaking which yields a broken symmetry at low energies

=>» Mass terms for SUSY particles are introduced due to SUSY breaking
=» We do not know exactly how ?

=» Lets be ignorant on the exact mechanism and introduce all allowed
Mass terms...

SUSY breaking should be soft (of positive mass dimension) in order to be

able to naturally maintain a solution to the hierarchy problem
=>» See later slides on hierarchy problem
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Soft breaking terms

1 - — .
Lup™ = —3 (Msgg + MoWW + MyBB +c.c.)

Remember:

M3 = Gluino mass
M2 = Wino mass
M1 = Bino mass



Soft breaking terms

MSSM
[’soft

VR

1 — ~ ~
5 (Ms3g + MeWW + M BB + c.c.)

- (ﬁau @Hu - gad @Hd —Cae ZHd + c.c.)

=>» Later related to Yukawa couplings
=>» Again 3x3 matrices in family space (with mass dimension)



Soft breaking terms

1
MSSM
[’soft - 5

VR

M3§§ + MQWW + Mléé + C.C.)
- (ﬁau @Hu - gad @Hd —%ae LH, + c.c.)

~1 0
e

ol

—em

SH B
Ql

G m3 Q- L' m? I - Am2d — dm2

=» These are squared 3x3 mass matrices
=>» Different for left and right-handed

=>» Different for u and d-type
=» Different for squarks and sleptons



Soft breaking terms

1 . - -
Lup™ = — (Msgg + MoWW + MyBB +c.c.)

1.

ol

~ o~
—emg

SH N
SH b

—Q'm3{ Q- L mi L —Tm2T — m%

—my, HyH, — my HjHq — (bHyHg + c.c.).
=>» These are additional soft breaking terms for the Higgs
=>1s b (and mu term before SUSY breaking )...
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Soft breaking terms summary

Expect:
Mla MZ) M3a Ay, Ad, Ae "~ Mgoft,

2 2 2 2 2 2 2 2
mq, mL, mﬁ', m'a, m'é, mHu, de, b ~ msoft,

All these terms together yield:

105 new parameters
(masses, phases and mixing angles in the MSSM
Lagrangian that cannot be rotated away)

=» Is this a problem ?



The mass spectrum of the MSSM



MSSM Higgs sector



After the EW symmetry breaking

Gauge and Higgs fields are supersymmetrized before electroweak
Symmetry breaking (hence they can be put into multiplets):

Higgs sector in 2HDM:
(H+1,H01) with Y=+1/2 and (Hoz, H-Z) with Y=-1/2

> After the Higgs-Mechanism (eats 3 degrees of freedom from the
8=2*complex doublet)
These Higgs field mix to 5 observable Higgs bosons:

hO,HO (neutral, CP even)
A (neutral, CP odd)
H+, H- (charged)

-> In addition we have the Higgsions (8 degress of susy higgs field transform
to 4 Higgsinos with spin 3)

H+1,H01,H02,H'2 (all with a ftildell, T can’ t make the tilde in PowerPoint)

Sascha Caron (NIKHEF) 81



In more detail

Scalar potential in the MSSM:
Vo= (e +mi,)(Hyl? + |Hy [?) + (Jp* +mi,) (1 Hg* + |Hy [?)
+[b(HfH; — HOHY) + c.c.]

1 - 1 * — %
+2(0° + 9 (HL + [H = [Hgl” = [Hg 1*)* + 59° | H Hy™ + HyHy ™[

Finding minimum =» Vacuum expectation values and prediction for Z mass
vy = (HO) vg = (HY). 2 L2 2o 2 (2 12\ 2
u wls d d ve 4+ v;=v"=2m7/(9° + g"°) =~ (174 GeV)~.

The ratio of the VEVs is traditionally written as

tan 8 = vy /vg.

2 2
m2 = mE, —miy,| —m2 —m%, — 2l =>» This is the SUSY version
z \/1 . sin2(25) Hu Hq ' of the Hierarchy problem
mH_u and mu need to cancel

toyieldM_Z!




Higgs mass predictions

m%o = 2b/sin(2B) = 2|u|* +my, + my,

1 :
mile’Ho = 5 (mio +m% F \/(m?qo — m%)? + dmgm?, s1n2(25)>,
m%li = mig +m%v.

=>» Prediction for all 5 Higgs masses

=>»Can trade m_Hu, m_Hd and b for

m_A, mu and tan (beta) as pMSSM parameters



84

Just to show you that there are also special MSSM Higgs searches

MSSM H/A S 1t

V:
> :lllllll||||||||||||I||||I|||ll|l||||||| QGG ||||I|||||||||I||||Il:-|||||||||| l
8 400_ ETpaq + 1T, , ChANNEIS 5 All channels : ATLAS
o f —4—Daa20t 1  gol oo
<30 0 ]
® C # ZK"(—>vx) emb.(OS-S8) i
€ 300F Others0SSS) 4 4oL b
2™k Y Wajels (05-58) ]
w 250 :_ ’ ..... Sane S'm -
C 7// stat. -
200 \!§=7TeV,fL=1.06fb" :
1501 = 50 -
5 ATLAS Preliminary ’ .
100> E:?Tev,fmt:msm" E
S0F ATLAS Preliminary ]
Cuttd S i TS i e e A Ao
50 100 150 200 250 300 350 400 %00 150 200 250 300 350 400 450
MMC m_ [GeV] m, [GeV]
Effective mass distribution for It,_,. The data are Expected and observed exclusion limits based on CLs
compared with the background expectation and an I the m, —tan p plane of the MSSM derived from the
added hypothetical signal. “OS-SS” denotes the combination of the analyses for the ep, It, 4, and
difference between the opposite-sign and same-sign ~ ThadThaa final states. The dark green and yellow) bands
event yields. correspond to the +£1¢ and +2¢ error bands,
respectively.

Old slide, need to find the newest limits...



Higgs mass prediction

This yields at tree level a prediction for the
lightest Higgs mass:

mpo < my|cos(203)

= M_higgs < 91 GeV
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Higgs mass prediction

Beyond tree level =» Loop contributions:

t E TN

PR ’ \
K0 ho ‘ ' '
A(m%o): —_O—_ + __'{ }'_— <+ h'_O_\_\___/_’__
\ /

Figure 8.2: Contributions to the MSSM lightest Higgs squared mass from top-quark and top-
squark one-loop diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to
a large positive correction to mio in the limit of heavy top squarks.

=>» M_higgs < 135 GeV

We know now: M _higgs = 125 GeV
=>» SUSY scale usually > 1 TeV (stops heavy or highly mixed)




MSSM electroweak sector



After the EW symmetry breaking

* Supersymmetrization happens “before” EW symmetry
breaking

> 2 Winos ¥ “have same quantum numbers as
Higgsinofields H+1, H-2 L
-> They mix to 4 charginos X1.2

The neutral Wino and Bino and the Higgsinos HO1, HO2

mix to 4 neutralinos: -0
X1,2,3,4

It may also be that Higgsinos and Winos+Bino stay separate
(e.g. if susy would be unbroken)
- We can get then two neutral Higgsinos + Photino + Zino

Sascha Caron (NIKHEF) 88



Mixing matrix

1
Lneutralino mass — 5 (¢O)TM§0 1/)0 + h.c.,

where _
B
w3
100: go
d
H,)
and
M1 0 —CpSoy, Mz SBSey, Mz
Moo — 0 Moy CCHy,MZ —83CHMZ
X —
—CBSeyy, MZ  CBCH,MZ 0 — L
5889y, Mz —S88CH,,Mz7Z — U 0

Here we have introduced abbreviations sg = sin 8, cg = cos 8, sy = sinfy, and cy = cosbOy. The
mass matrix M can be diagonalized by a unitary matrix N to obtain mass eigenstates:

~

N; = N3, (8.2.4)

so that

0
*N-N—1 — N.
NMNN = 0 02 % 0 (8.2.5)
0 0 0 m~



Mixing matrix simplified

Regime Composition neutralinos Composition charginos
M < My < | (B,W,H,H) (W, H)
M < |p| < M, (B,H,H,W) (H,W)
| < My < M (H,H,B,W) (H,W)
u| < My < My (H,H,W,B) (H,W)
My < |p| < My (W,H,H, B) (W, H)
M,y < My < |yl (W, B, H, H) (W, H)

Table 1: Composition of the neutralinos (X7, X5, X5, X, ) and charginos (X, X3 )-
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Couplings matrix Chargino/Neutralino

B w3 HY HY W Hy,
B KO, HO AO | O, HO, A° HT
W3 KO, HO AC | O, HO, A° W H¥
HY | WO, HO A | B0 HO, A° Z HT W
HY || %, HO, A° | B, HO, A° Z HT W
W wWF HTF HTF Z Ko, HO, A°
Erj/ J HF HT W W RO, HO A° Z

Table 2: Interactions between the Binos, Winos and Higgsinos. The entries indicate which

fields are involved in the interaction.
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MSSM - Particle Content

Particle content of the MSSM:

Superpartners for Standard Model particles:

:u.,d, c, s, t, b: L.R :e,p, T: LR :Ve,#,f,—:L Spin %
:a,cz', &3 T 5: R :é,ﬁ,, %’-: R :f/'e,#,{ . Spino
g \I»v‘I-’iﬂle v, Z, }{?, H3 Spin 1 / Spin 0
g 5(?2 55?,2,3,4 Spin %

Enlarged Higgs sector:
Two Higgs doublets, physical states: K, H9 A° H+

Sascha Caron (NIKHEF) 92



Generating SUSY breaking

No time to discuss this:

Examples:

Gravity mediated SUSY breaking: (Minimal Supergravity or MSUGRA)
Susy breaking through gravity at the Planck scale, gravitino is very
heavy

Gauge mediated SUSY breaking: (GMSB)
Mediators are ‘normal’ gauge bosons, gravitino is lightest susy particle

Anomaly mediated SUSY breaking: (AMSB)
Breaking in higher dimensions

+ many others

My conclusion: We do not really know the MSSM mass spectrum

Sascha Caron (NIKHEF) 93



What is the CMSSM?

e Constrained Minimal Supersymmetric SM
(also called minimal supergravity = MSugra)

Assume at M_X: all scalar masses are the same = m;
all gaugino masses are the same =m,,

- universal trilinear coupling AO
- Tan beta
- Sign of susy higgs parameter [ (ju| constrained by M_z)

-4 > parameters : m2;, m,, , A0, tan beta, sign(y)
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Stuff nobody
has thought
off

SUSY with extra Dim
Or SUSY with extra forces
Or....

SUSY extensions
OF THE SM

Sascha Caron (NIKHEI 96



Why Supersymmetry ?



Gauge couplings

Figure 6.8: Two-loop renormal-
ization group evolution of the
inverse gauge couplings o, 1(Q)
in the Standard Model (dashed
lines) and the MSSM (solid
lines). In the MSSM case, the
sparticle masses are treated as
a common threshold varied be-
tween 750 GeV and 2.5 TeV,
and ag(my) is varied between
0.117 and 0.120.
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Gauge couplings

Figure 6.8: Two-loop renormal-
ization group evolution of the
inverse gauge couplings o 1(Q)
in the Standard Model (dashed
lines) and the MSSM (solid
lines). In the MSSM case, the
sparticle masses are treated as
a common threshold varied be- 20
tween 750 GeV and 2.5 TeV,

and ag(mgz) is varf
0.117 and 0.120. Since the couplings unify at GUT scale (10716 GeV) one often

assumes (Please do not do that yourself):
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Dark Matter

Dark Matter candidates in the MSSM

Which ones ?



Dark Matter

Dark Matter candidates in the MSSM
Neutralino 1: Perfect candidate ? How perfect?

Sneutrinos : Not possible in MSSM, if light seen
in Z decays, if heavy excluded by direct
detection (only possible beyond MSSM)



Fine tuning in SUSY

Higgs mass = Z mass + Quantum Corrections (M_SUSY)
125 =91 + Quantum Corrections (M_SUSY)

Fine tuning of Higgs mass can be rewritten in fine-tuning of

Z mass
Z mass = Higgs mass — Quantum Corrections (M_SUSY)

C.
FT = Agw = —, 2
BW = max | g /2‘ : (2)
where the C; are defined as:
MHa  tan? B —1° T tan’gf—1 "’ #
max(X9) _ —max(Xy) tan? 3

C d — N u — P
i " tan? B—1 a tan? 8 — 1



How can we determine if SUSY is fine-

tuned already ?

We determine how much a parameter set of the
MSSM is fine tuned via:

FT = max. Quantum-Corrections2 / M_2ZN"2

T =1-10 =» Natural, perfect !
T =10-100 =» a bit of tuning, so la la
T = 100-1000 =» not so good.

T > 107(10) =» highly FT models, bad...



Dark
Matter
relic
density

1000y

100| B8

Finetuning

[
o

Bl Excluded - Mass limits charged particles
Bl xcluded - Z decay width / Higgsbounds
Bt xcluded - LUX

—— Xenon1T predicted limit

—= - myo< 110 GeV and my=< 150 GeV

B m; or mp < 600 GeV

[ Binolike DM models
EZ@Winolike DM models
B Higgsinolike DM models

10

| ! ! ! al P i | ! - ® ! ! ! !
710°10° 10" 10° 10° 10" 10° 10! 10% 10° 10" 10° 10° 10
Oh2



LHC SUSY searches



Production rate: Supersymmetry
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Cross Section [pb]

Production rate: Supersymmetry
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SUSY and the LHC : Signal

If R-Parity is conserved o~ b
then SUSY particles are — X — 3 - @
: 4 S D S
pair produced q ‘J\X
LHC:

Due to strong force dominant

production of squarks and gluinos (if not too heavy)
Cascade decay to lighter SUSY particles

and finally the lightest SUSY particle (LSP)

Mass pattern in general SUSY
unknown ! Searches need to be quite
general and

Similar conclusions /channels

For many other models
( Universal Extra Dimension,
ADD, Little Higgs, ....) model-parameter-independent




Analysis model - control regions

control
region

~ A » «
QCD ,\}fansfer functions
control - m

i region Jeag resion

(QCDI Wr Z;

top)

- Measure number of events in control selections
- Predict number of events in signal region via a fit to control regions
- Important : Test model and transfer functions

(e.g. by alternative control regions or methods)




Run-1 results “constrained” MSSM

MSUGRA/CMSSM: tan(B) = 30, A = -2m, 1 > 0
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Limits for processes
with colored particles
slightly improved

by 500 GeV

=>» Gluino likely heavy,
=» Same

for 15t, 2"d generation
squarks

Run-2 |

imits gluino
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Flectroweak sector

e Searches for Charginos and Neutralinos
usually look at multi-lepton production via

the production of a chargino and a

neutralino_2 (with or without light slepton)

w* : \



Run-2 Limit chargino/neutralino
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OK, what do we see in less simplified
SUSY models ?

ATLAS pMSSM: . LSP

600 I I I ] I I I | I I I ] I I I | I I I 1 -qo)
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Our personal favored model: Global
fits and the 100 GeV Bino



Global Fits for Dark Matter

Strege et al. (2014)
JHEP 1409 (2014) 081 § i
== 0.8
o
il =06 ’
Fit in MSSM model with == %04 -
18 parameters using & 1
all worldwide data, but 02 W‘"—*
no LHC and Fermi-LAT ol Sy

-4 -2 2 4
M, (TeV)

* —— — pMSSM10: best fiy;1o;zo

Bino mass

Eur.Phys.). C75 (2015) 500 [

Mastercode collaboration:

Fit in MSSM model with
10 parameters using
all worldwide data, but B =
no Fermi-LAT % co0 100
my:[GeV]
B stopcoann. | | hfunnel
| focuspoint | | Zfunnel

1500 2000
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Galactic Center excess
JCAP 1508 (2015) 08, 006 and arxivl1507.07008

200 T T T T T T T 40
T LR | T L LY | T =TT T T -. ’ W+W'(2) +
_5 o Mean flux — CS 150 - W*W‘(]ﬁ): . 38
0 E 04 B ~§+ Flux 3
rm 7V + Bremss ux 3 wn
n " 7, 100 - ’ 36
N; (@)
50
< 1079 £ 34
% ol o
O, £ 32
[aall -50 |
§ 1077 § — 00 30
T &« .
2
& -150 . 28
10-8 | my = 86.9 GeV -200 M. M 26
W T AT IR 0 50 100 150 200 250 300 350 400
109 10! 102
Energy [GeV] Dark Matter Mass

Fit using GC excess

Higgs, LEP, Lux, Icecube data
“only” |

=>» Right DM relic density

Galactic Center gamma-ray excess can be described

with Neutralino DM of approx. 80-90 GeV
annihilating into W+W-

Best solution is 85 GeV Bino-Higgsino or Bino-Wino....
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The case for a 100 GeV Bino

VISSM globa and Galz Dedicated search
prefer region of approx. 100 GeV Bino Dark (“low MET”) would

Matter, compressed with a chargino yielding yield sensitivity in this

the correct DM density Region!
(on arxiv later this week)
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Summary

No new physics yet

Coloured particles and Z’/W’ etc. likely heavy
Weakly coupling particles less constrained
SUSY could still rule with 100 GeV Dark Matter
Are we missing the right model ?

(generic search with automized algorithm):



Events

rrrrrrrrrrrrrroerrrrrrrrrrrerrrrirrrrTrTrrTrrTrTiTrT T T T T T T T

ATLAS Prehm"’]ary ® Data 2015 |:|3-/4-top .Higgs .tf+ZIWIWW th+y Dsingle top

s =13 TeV, 3.21 fb"" Wditriboson  [zwv(y)  [tisjets [Jvin-+iets Ozwsjets  [Jmuttiets

photon(s)

Pl

=

Sara Aldeweireld, Jeroen Schouwenberg







* Most sensitive at early LHC:
SUSY search for squarks and gluinos



Many parameters?

The true SUSY model (if existing) has likely much
less parameters.

We see that random setting of some offdiagonal
elements of the mass matrices yield again e.g.
lepton number violation

=» Can reduce amount of “effective”

parameters since we know that offdiagonal
elements must be very small....



Constraints of offdiagonal elements

Mu =>e gamma

Y
ﬁR/ X~ é;R
/

_ / \ _ — / \ —
K L B \ € 2 L B | e
(a) (c)
5 Sr dp d S dp d 3 SR 4 d
g g g g g ]
d ¢ dr  SR] s d__ jpdr  SL] s d__ }pdr  SR] s

(a) (b) (c)

Figure 6.7: Some of the diagrams that contribute to K° < i’e mixing in models with strangeness-

124



Phenomenological MSSM

m2Q = szl, m2 = m%l, m% = m%l, m? = m%l, m2 = m%l.

ay = AuoYus aq = Aqo yd, ae = Aeo Yo,

=>» Only the squarks and sleptons of the third family can have large
(scalar)”3 couplings.

Assume that CP violation only due to phase of CKM Matrix

==» Now typically about 15 — 25 parameters
=>» We call this phenomenolocially relevant MSSM

=» pMSSM is a not a model, but a collection of
possible SUSY models
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Phenomenological MSSM

2 m, 02 ° 2 ms, 02 X
. mg ~ 0 mg, 0 , mg ~ 0  mg, 0 ,

0 0 O 0 0 O 0O 0 O
a,~[({0 0 0], ag~ (0 0 0], a.~ |0 0 O
0 0 a 0 0 a 0 0 a,

=>» Only the squarks and sleptons of the third family can have large
(scalar)”3 couplings.

Assume that CP violation only due to phase of CKM Matrix

==» Now typically about 15 — 25 parameters
=>» We call this phenomenolocially relevant MSSM

=» pMSSM is a not a model, but a collection of
possible SUSY models
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This looks like a mess ?

The MSSM should be seen as our theoretical
constraints of SUSY.

The “true” SUSY model is likely much simpler in
structure and that is the reason why many of

the 105 parameters are likely not relevant and
should be set to specific values.



Baryon and Lepton number violating
terms

Need to forbid baryon or Lepton number
violating terms (or both):

1 .. y _ |
WAaArL=1 = EAZJkLz'LjEk + /\’kaindk - M/sz’Hu

1 ... — _

% k—
AB=1 = 5)\”%] uidj i L etc. are

chiral supermultiplets



Higgs portal scalar singlet and
BR for H->invisible

m SM simplest extension: VBF

Lagrangian = SM+ DM field XO

m DM couples to SM only via Higgs x°
2 VBF production: ; :
£s=-t3s2 - %SWH - %ausaﬂs - *4—%34 @ Sigaal

m Energetic dijets system (Large An)+ MET

; le dec : _;2 poup Hnueleo m Most sensitive channel BR< 28% Runl
L(h—xx) & A < OINx

hxx

BR~0) = ] T T q 9 > Z
"€ 10%F higgs-portal Model | ATLAS | Y
L1038 {s=7TeV, [Ldt=4.5f" ZH

510 {s=8TeV, | Ldt=20.3 fo""

8 1040 ZH - ¢¢ +inv.

3104k _

1042 el s q g PR F—" H
210  uhg

o -44 S5 N . . . .

S 108 . e A Associate Higgs production with a Z boson:
BI0%E s
21070 ol m Opposite charge dilepton+ MET
210G e

SOFE_ 0 wee LUX =1mi1 ATLAS, scalar DM .
o e = e e m Clean signature BR < 78% Runl
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