Some original SUSY literature:

The reports of my death have
been greatly exaggerated.

~ Mark Twain
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Higgs and BSM Phenomenology
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1. Basics of the Higgs

2. BSM Higgs physics (theory)

3. Higgs boson(s) at the LHC

4. Further BSM phenomenology
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Higgs and BSM Phenomenology
Further BSM phenomenology

Sven Heinemeyer, IFT /IFCA (CSIC, Madrid/Santander)
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1. Some models

2. SUSY at the LHC

3. Where are the SUSY particles?

4. Where is the Dark Matter?
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1. Some Models
The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles
Standard particles SUSY particles

o' Quarks o Leptans ’ Force particles Squarks ._h__'.?' Sleptons @ SUSY force
particies

Problem in the MSSM: more than 100 free parameters

Nobody(?) believes that a model describing nature
has so many free parameters!
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A. Unconstrained models (MSSM):

agnostic about how SUSY breaking is achieved
no particular SUSY breaking mechanism assumed, parameterization of
possible soft SUSY-breaking terms

most general case:

= 105 new parameters: masses, mixing angles, phases
(= many (close to) zero according to experimental data)
= no model missed (within the MSSM)

= O (100) parameters difficult to handle

B. Constrained models: (— details in @ moment)
CMSSM, NUHM1, NUHM2, SU(5), mAMSB, sub-GUT, ...:

assumption on the scenario that achieves spontaneous SUSY breaking
— prediction for soft SUSY-breaking terms
in terms of small set of parameters

= easy to handle
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GUT based models: 1.) CMSSM (sometimes wrongly called mSUGRA):

= Scenario characterized by

mo, m1/27 AO) tanﬁa Sign:u

mo . universal scalar mass parameter

mq /o © universal gaugino mass parameter { gt the GU'T scale

Ap @ universal trilinear coupling

J

tan B : ratio of Higgs vacuum expectation values

sign(u) : sign of supersymmetric Higgs parameter

= particle spectra from renormalization group running to weak scale
= Lightest SUSY particle (LSP) is the lightest neutralino = DM!
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GUT based models: 1.) CMSSM (sometimes wrongly called mSUGRA):

= particle spectra from renormalization group running to weak scale

Mo=300 GeV, M, ,=100 GeV, Ay=0
400

300 =il

200

100

Sparticle Mass (GeV)

= Oone parameter turns negative = Higgs mechanism for free
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GUT based models: 2.) NUHM1: (Non-universal Higgs mass model)

Assumption: no unification of scalar fermion and scalar Higgs parameter
at the GUT scale

= effectively M 4 as free parameters at the EW scale

= Scenario characterized by

mQ, My />, Ag, tan B, signu and My

GUT based models: 3.) NUHM2: (Non-universal Higgs mass model 2)

Assumption: no unification of scalar Higgs parameter at the GUT scale

= effectively M 4 and p as free parameters at the EW scale

= Scenario characterized by

mo, m1/27 AO) tan g, p and M
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GUT based models: 4.) SU(5) GUT:

Assumption I:
no unification of scalar Higgs parameter at the GUT scale

(= effectively M, and u as free parameters at the EW scale)

Assumption II:

(QL7?’L%7€%>’I: S 107,7 (ELa %)’L S 5’&

= Scenario characterized by

msgs, M10, m]_/27 A07 tanﬁa mHua de
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GUT based models: 5.) mAMSB:

MAMSB scenario characterized by

m3/27 mo, tan Ba Slgn(,u)

mg/o = (I')/Mpjanck: overall scale of SUSY particle masses

mo. phenomenological parameter: universal scalar mass term
introduced in order to keep squares of slepton masses positive

typical feature: very small neutralino—chargino mass difference
= %7 — {9 + 7 with very soft pions

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.2019 1V/10



GUt based models: 6.) sub-GUT:

Based on CMSSM with unification at Mgyt ~ 2 - 1010 GeV:

= Scenario characterized by

mo, m]_/27 A07 tanBa Sign:u

Unification is assumed at M;, < MgyT:

= Scenario characterized by

Mil’h mo, m]_/27 AOa tanﬁa Sign:u

Possible realization in “mirage unification”
warped extra dimensions
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Problem: We cannot be sure about the SUSY-breaking mechanism

= it is possible that with the CMSSM, NUHM, SU(5), mAMSE, sub-GUT
we missed the “correct” mechanism

= hint: strong connection between colored and uncolored sector
tension between low-energy EW effects and (colored) LHC searches
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Problem: We cannot be sure about the SUSY-breaking mechanism

= it is possible that with the CMSSM, NUHM, SU(5), mAMSB, sub-GUT
we missed the “correct” mechanism

= hint: strong connection between colored and uncolored sector
tension between low-energy EW effects and (colored) LHC searches

Solution: investigate also the “general MSSM”

= 11 parameters are manageable = pMSSM11

— squark mass parameters: Mg 5 =!mg, Mg,
— slepton mass parameter(s): my, Mz

— gaugino masses: My, Mo, M3

— trilinear coupling: A

— Higgs sector parameters: M4, tanpg

— Higgs mixing paramter: u
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Current at future collider experiments:

LHC (Large Hadron Collider): running

pp collisions at 13 TeV
HL-LHC final high-luminosity phase: approved
HE-LHC new magnets = 27 TeV possible?

ILC (International Linear Collider) decision 2018 in Japan
eTe collisions at 250 GeV/ (final stage 1000 GeV)

CLIC (Compact LInear Collider)
eTe collisions at 380 GeV/ (final stage 3000 GeV)

FCC-hh (Future Circular Collider)
pp collisions at 100 TeV
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2. SUSY at the LHC

SUSY 2215

- o~ T - -

Quantum Mechanics and QFT still hold
The Orbital Collider still sees nothing

Two centuries of triumph for SUSY and Strings

Topical Conference on SUSY: The New Hope
DESY - Santander Ol.— 05.April 2215

Highlights: Theorists Special:
* How to ensure your model remains

- Extremely weeny constrained SUSY predictability-free?”
-  The NSFWMSSM model
- The FF3C10ACBAS-MSSM model Special Topic:
- MSSM retrograde “If the universe is not supersymmetric, does
- Susvfication of vdB models it necessarily exist?”
- The anthropic landscape and trimming

it down Ethics and strings:
- Strings: the perpetual revolution “Every time you choose a path of action, a

multiverse is killed
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SUSY particle production at the LHC:

— colored (s)particles are copiously produced

g . OTOOOOY--pmnes e

g--h--
r
¥

Y RER RN

4 *

= production of gluinos, squarks, ...

As in QCD: NLO corrections are cruciall
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Example for SUSY production:

]O 3 1 L | L I L I UL | UL I LI | UL | LI
10 =
I E NS = 14 TeV =
: rse — NLo -

-1 “2e ---- LO

10 g E
D n m [Ge‘v”]:
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100 150 200 250 300 350 400 450 500

As in QCD: NLO corrections are cruciall
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Example for SUSY production:

LPCC SUSY ¢ WG
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= uncertainties cruciall

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.20191vV/17



Production of SUSY particles at the LHC

will in general result in complicated final states
— cascade decays

§ — @4 — qq%3 = qqFT — qarTXY
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Production of SUSY particles at the LHC

will in general result in complicated final states
— cascade decays

§ — @4 — qq%3 = qqFT — qarTXY

o lepton
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Production of SUSY particles at the LHC

will in general result in complicated final states
— cascade decays

§ — @4 — qq%3 = qqFT — qarTXY

o lepton

Production of uncolored particles via cascade decays often dominates over
direct production — Many states are produced at once

= Main background for SUSY is SUSY itself!
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Cascade decays: taken from talk by

different patterns due to different SM particles ‘“‘coming out":

e
Signature Motivating Model(s) Comments
= Large Extra Dim (ExcGraviton) = Mot primary discovery
= strong qG production, G propagate in extra Dim channel for SUGRA, GMS5B,
= Planck Scale is MD in 4+5 dim AMSB... but helps in
| Jet + O Lepton + MET = Normal Gravity >> R characterization
= SUSY = Possible leading discovery
= gg—ISR + 2 Neutralino or squark + Neutralino for neutralino NLSP with
70/nb nearly degenerate gluino
a!h*r = - .
2,34 [b]-Jet + O Lepton l’.‘ﬁunrk.l"gluinn production SELeA iR lETE T ey s

+ MET = squark—q+LSP gluino —q+squark+LSP gluino discovery channel

310/nb for b-jets 35‘% = Must manage QCD bkg
- B B
”Equar'kj’gluinﬂ production with cascades which include electroweak = Lepton requirement
2,34 [h]:lj-ert"l_l-l:_l'l Lepton (or partner) decays suppresses QCD
310/nb for b-jets 35/pb| * high tan P leads to more T's = T's partially covered by e/
= Same sign: gluino cascade can have either sign lepton... squark/gluino * Reduced SM backgrounds
prod can produce same sign. for same sign
2 lepton + MET = Opposite sign: squark/gluino decay dediated by Z (or partner) = Opposite Sign-Flavor
= Same flaver: 2 leptons from same sparticle cascade must be same Subtraction
70/nk| flavor

= 5USY events ending in Chargino/neutralino pair decays
3 lepton + MET = YWeak Chargino/MNeutralino production = Low 5M bkgs
= Exotic sources

= GMSB models with gravitino LSP and neutralino or stau MLSP = Mo SUSY limit {(not

2 photon + MET = LUED- each KK partons cascade to LKP which decays to graviton + y | sensitive at the time)

3.liph
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Example: t sector of the MSSM

Stop mass matrices

M2 4+ m? + DT} me Xy 0~ m2 0
I\ Ig _ tr, t 1 t; tq
t m X M?Z —+ m? + D1T; 0 m?2
t<2t Th t to s

with
Xy = A —p/tanp

= mixing important in stop sector!

Simplifying abbreviation:

Msysy = Mg := My, = My
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Direct stop production:
Top squark pair production, t - t()?

%I 900 T .I .I T Observed limit (+107°>")
O ATLAS Preliminary | = theory
=500 Expected limit (£10,,)
= 200 Vs=13 TeV, 36.1 fb™
All limits at 95% CL I ATLAS 20 bl y8=8 Tev
600 &

500

400

300

200

100

| i |
200 400 600 800 1000 1200
m; [GeV]
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Stop overview ATLAS:
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Stop overview CMS:

pp % tt t 9 t x? Moriond/EW 2017

; 800 | ] R R
(‘B CMS Preliminary 35 9fb (13 TeV) .
~. 700 _— === Expected —
2 [ =SUS-16-033, O-lep (HT™) — Observed -
= C =SUS-16-036, O-lep (My,) §
6001~ —SUS-16-049, 0-lep stop =
- =5US-17-001, 2-lep stop ]
500 —
400:_ . g . ';- _:
300 ” X —
I, . ™ ]
200 A =
100 Tk -
W _ : 5
O | b || | | | | | l | | | | L lw |

200 400 600 800 1000 1200

m: [GeV]
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Be aware about squark limits:

CMS preliminary  35.9 fo' (13 TeV)

200lPP — 4 G4-q ';Z? NLO+NLL exclusion ﬁ_
=— Observed * 1 Oiheory S
1000l 222 Expected £ 1 6y periment § 1 -§
- . o
L B y o
i 0
O 800 1 0O
o p— = ; O
E 2 A H107 £
a soo— A I
i 1 E
>~ t -
400—
o Y e = 1072 =
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T
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N o (NI R i i 10_3 @
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o0 .
= produced particle(m, [GeV}
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T he anomalous magnetic moment of the muon

ay = (g —2)u/2

Overview about the current experimental and SM (theory) result:

DHMZ10 e
JS11 "
HLMNT11 S
FJ17 —a—
DHMZ17 "
KNT18 e
BNL 376 I
BNL (x4 accuracy) 7 0 ——
160 170 180 190 200 210
(apSM x 10'%)-11659000
h M _
a&P — 1> M & (27.05 £7.26) x 10710 : 3.7¢

220

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house)

11.07.2019 1v/25



The (g — 2),, experiment:
LIFE OF A MUON:

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field .
axis like tops. and travel in a circle. After each circle,

muon's spin axis
/ changes by 12°,
- yet it keeps on traveling

Protons Pions, weighing Pions decay

from AGS. 1/6 proton, to muons.
are created.

One of 24 detectors

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontaneously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.

Coupling of muon to magnetic field : u — pu — v coupling

a@) |V FUe?) + 5 o () | u@) Ay F2(0) = ay
W
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SUSY can easily explain the deviation:

Feynman diagrams for MSSM 1L corrections:

— Diagrams with chargino/sneutrino exchange
— Diagrams with neutralino/smuon exchange

. 2
Enhancement factor as compared to SM: SM. EW 1L % ]\77;_5
~0 ~ . MSSM, 1L: & £ % tan
p—X9 —fa : ~my tanp ™ M2 b
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SUSY corrections at 1L:

2

100 GeV

ar >Vt~ 13 x 10710 ( ) tan 8 sign(u)
Msysy

Msysy (= mp = mp = mg): generic SUSY mass scale

a; =7t = (-100...+ 100) x 10710
a®P — aheo-SM ~ (27 £7.25) x 10710

= SUSY could easily explain the *‘discrepancy”

= ay can provide bounds on SUSY parameter space
(by requiering agreement at the 95% C.L.)
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SUSY corrections at 1L:

y

100 GeV

ar >Vt~ 13 x 10710 ( ) tan 8 sign(w)
Msuysy

Msysy (= mp = mp = mg): generic SUSY mass scale

a; =7t = (-100...+ 100) x 10710
a&P — af'*SM ~ (27 £7.25) x 10710

= SUSY could easily explain the *‘discrepancy”

= ay can provide bounds on SUSY parameter space
(by requiering agreement at the 95% C.L.)

If SUSY exists, it should fix (g —2), !
= there must be light EW SUSY particles!
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Example: Scan over SUSY parameter space

. [ ] alldaa | Scan over
- mﬁllz,m9y>1TeV ", MQ, mﬁ. A,u
LOSP = lightest observable

SUSY particle
LOSP = [ or x

[D. Stockinger '06]

SUSY could easily explain
discrepancy

100 200 300 400 500 600 700
Miosp[GeV]
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New example: Scan over SUSY parameter space

0| \ [ ] alldata | Scan over
\ - M, » My, >1TeV

full result .
— — - improved one-loop

p, Mo, mg, Ay

LOSP = lightest observable
SUSY particle

LOSP = [ or x

[D. Stockinger '06]

SUSY could easily explain
discrepancy

100 200 300 400 500 600 700
Miosp [GeV]

With improved precision (and similar central value):
= strong bounds on the MSSM parameter space
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Electroweak searches:

CMS rreiiminary  35.9 fb™ (13 TeV)

PP > XX, > WZL,Z,
—Observed+ 10

200

=== Expected+ 1o

1{]0

0 200

theory

experiment

NLO-NLL excl.

=

\! 101

| I1IIII|

95% CL upper limit on cross section [pb]

300

| [ -3
400 500 600 10
M_:=M_o [GeV
1

2
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LHC is looking for pp — )’ZI—L X5 — WELY Zx%

Reality: BR(Y — Z{{) = 1 is NEVER correct because Y9 — hx{ is possible

[A. Bharucha, S.H., F. v.d. Pahlen '13]

= huge reduction of exclusion region (where ¥§ — X¥{h allowed)
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More recently:

ATLAS and CMS are now also searching for
pp — XE X9 — WERD %9 — WwERE hgd — wERY 518

CMS Preliminary \s=8TeV,L =19.5fb"
;l 800 [ T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 ]
® E observed CL limits (95% CL) E
(O 700 —ppex%z (1.BF@D=08) T =
o SRLTEE PP X T (I, BFGD=1) ]
E‘* 600:_ ......... pp—>z°z (no7, BFW2)=1) B
500f. — PP L%, (ol BEWH)=1) " -
SERILIE PP =%, Xy (YL Fn=1) " :
s008 s
300 7 s =
2001 -
100t -

1 OO 200 300 400 500 600 700 800
m. = 0.5m.. + 0.5m,, m.=m, [GeV]
7, z, X, X,

= strongly reduced bounds!
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Overview about SUSY limits:

Selected CMS SUSY Results* - SMS Interpretation

[CMS '17]
ICHEP "16 - Moriond "17

P - g
LR
pr—g g0 — ez
prosieg,n ohby
PR =g i =y
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EWK Gauginos

For decays with intermediate mass,

Im

CMS Preliminary
\'s =13TeV

L=129fb 'L =35.9f"

Interrmcdiate

=}|{. mmmhc:rJr“':q' LU

0 200 400 600 800 1000
*Observed limits at 95% C.L. - theory uncertainties not included

1200

1400
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Mass Scale [GeV]

Only a selection of available mass limits. Probe "up to* the quoted mass limit for m =0 GeV unless stated otherwise

= all limits require special assumptions!
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3. Where are the SUSY particles

SUSY 2020
The 28th International Conference on
Supersymmetry and Unification
of Fundamental Interactions,
Beijing, P. R. China

SUSY 2020: July 6-11, 2020
Pre-SUSY 2020: June 29-July 3, 2020

Institute of Theoretical Physics (ITP), Chinese Academy of Sciences (CAS)

e ——
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Tool for combined SUSY analysis: MasterCode mas@

= collaborative effort of theorists and experimentalists

[Bagnaschi, Borsato, Buchmiiller, Chobanova, Citron, Costa,

De Roeck, Dolan, Ellis, Flacher, SH, Isidori, Lucio, Luo, Martinez Santos, Olive,
Sakurai, Weiglein]

Uber-code for the combination of different tools:

— Uber-code original in Fortran, now re-written in C+-+
— tools are included as subroutines

— compatibility ensured by collaboration of
authors of “MasterCode” and authors of “sub tools” /SLHA(2)

— sub-codes in Fortran or C++

= evaluate observables of one parameter point consistently
with various tools

cern.ch/mastercode
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The x?2 evaluation:

MasTERce Global fits of SUSY

Experimental
constraints

4 SUSY model

N
”

:Nfa (Pi—#i

Mastercode

o
i 1

)

-

parameters

compatibility

predictions
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Data we have:

— Higgs boson mass (LHC) = FeynHiggs
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Data we have:

— Higgs boson mass (LHC) = FeynHiggs

— Higgs boson signal strengths (LHC) = HiggsSignals
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Data we have:

— Higgs boson mass (LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals
— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds

— SUSY searches (LHC) = own re-cast (Fastlim approach)

— electroweak precision data = FeynWZ, FeynHiggs
— flavor data = Superlso, SuFla

— astrophysical data (DM properties) = MicrOMEGAs, SSARD
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Results in the CMSSM, NUHM1, NUHM?2

9 | |
— NUHM?2

3r - == NUHM1 -
7_ v CMSSM |
6_

o 5¢

>

<1 4t
3_
Z -7\
1r "';:"--{- ......... T‘.'\ ~
O 200 200 600 800 1000 1200

m)-{[l][GeV]

= only very large values are favored
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CMSSM DM prediction

"1014]

ma@ Mechanisms for rglic dark matter
density fulfilment in the CMSSM

h — o CMSSM: best fit, 10, 20

4000
CMSSM
3500f (4 parameters)
3000r
= 2500
Q
S, 2000;
§ 1500
1000
500r [ stau coann. | chargino coann.
1 H/A-funnel B stop coann.
D000 0 1000 _ 2000 3000 4000
29/09/2014 Kees lan de Vries; Mastercode; ESTQ wu:ri-rjehnp J’Jlﬁl E%:l?l CG“EQE
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CMSSM DM prediction

masTeér....) Mechanisms for relic dark matter
Mdensmgwﬁumeut in the CMSSM
i SSM: best fit, 1o, 20

s 3
d | e f—ah 5 CMSSM
i 8 — (4 parameters)
goo |- b % i it !
400 A i :
= 1500 S —\‘1\
1000 | ' : h
500r @ staucoann. [ chargino coann.
| H/A-funnel B stop coann,
_Po00 0 1000 2000 3000 4000

my [GeV] ImpErlaI Cullege
code; BSM f workshop 2014 Arndn
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/./
NUHM1 DM prediction

"2014]

masd@ Mechanisms for relic dark matter
density fulfillment in the NUHM1

# = = NUHM1: best fit, 1o, 20

4000

35004
3000f

500 P staucoann. [ chargino coann.
| H/A-funnel B stop coann.

000 0 1000 2000 3000 4000
[GeV Imperial College

29/09/2014 Kees Jan de Vries; Mastercode; BSM 1q workshop JUM London
n
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/./
NUHM1 DM prediction

: ; 014
mag{riﬁm&} Mechanisms for relic dark matter
_ fulfillment in the NUHM1
5| v |DHM1: best fit, 10, 20
3 n— ._
2= — = (I |
1200 ﬁ: H*
&oo - gLL
[a] kn -
£ 15000 O\ S
1000
500r P staucoann. [ chargino coann. -
| H/A-funnel B stop coann.
_Pooo 0 1000 2000 3000 4000
_ m [GEVJ Imperial College
29/09/2014 Kees Jan de Vries; Mastercode; BSM fit workshop 2014 London

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.2019 1V/40



/./-
NUHM2 DM prediction

ma@ Mechanisms for relic dark matter
density fulfillment in the NUHM?2

o — e NUHM2: best fit, 1o, 20
4000 e

3500

3000

1500
1000
omn o
500 1 staucoann. [ chargino coann.
| H/A-funnel B stop coann.
_Po00 0 1000 2000 3000 4000
29/09/2014 Kees Jan de Vries; Mastercode; ES{ﬂnfg' wurks? op 2]]14 :Eﬁﬁr{i?: CO"EgE
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NUHM2 DM prediction

. . "2014]
s Tas Mechanisms for relic dark matter
S o] d—n t in the NUHM2
2 5600 |- HM2: best fit, 1o, 20
ol Eatidiny g
20l o
e
ot
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1000~ S
500 m staucoann. [ charginann
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_fo00 0 1000 2000 3000 4000
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LHC prospects for CMSSM:
* CMSSM: best fit, 10, 20

[2015]

“3000 i :
200t ot .o :
1000 1500 2000
m~lt[GEV]
| staucoann. [ hybrid B stopcoann. [ hfunnel

B A/H funnel W % coann. | focuspoint  Zfunnel

solid: current LHC limits, dashed: HL-LHC prospects
= best-fit regions can be covered! (in EW searches)
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LHC prospects for CMSSM:
* CMSSM: best flt, 1o, 20 [2015]

700¢ o
600t r

N
TEEEEREEREREREEREEERER R .

0 . . .
0 1000 2000 3000 4000
my, [GeV]
| staucoann. [ hybrid B stopcoann. [ hfunnel

B A/H funnel W % coann. | focuspoint  Zfunnel

solid: current LHC limits, dashed: HL-LHC prospects
= best-fit regions can partially be covered! (in colored searches)
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Results in the SU(5)

/./-
GUT Mass planes:

[2016]
% —— —— SUS): best fit, Lo, 20 % —— —— SU(5): bestfit, Lo, 20
_, 4000 '777T—|
-
ot % > s
3000} %L% o
S ~' 2500/ o' e .
a a 3 - = at
a O 2000
= = 1500!
= S
1000}
500!
Y600 —s00 1400 3400 5400 7400 Y000 —z000 0 1000 2000 3000 4000
g [GEV] Tip [GEV]
I #coann. B % coann. [ ] dg/éx coann.

B 7 coann. + H/A [ A/H funnel I #, coann.

= uR/Ccr/Ur CO-ann. possible = but 7; co-ann. dominant!
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SU(5) best-fit point:

[2016]
600
% )
QO x4 il
~ 0 N X2
@ 4800 ‘
©
=
4000 |-
3200 |
7
2400 | P i
i ==— b,
A? g o Iy
1600 o T H* d«}{,a [
800 - ?4 % Mg e By
- = = -
ﬁL —'—--W{-.;Fllﬁ';-._).L
hO
o)

= not too heavy uncolored spectrum, colored within LHC reach?
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SU(5) prediction: best-fit masses

4000

3500}
3000}
& 2500}
Ezooo-

V]

£1500

£ 1000}

500
0

[2016]

Mh" MHHMAHMH" M8 My d M2 TMyd M= My Mg Me, Mg, Mgg My My, My, My, My, Mg, Mg, Wi My, Mj My, Mg

= high colored masses
= lower electroweak masses

ILC: /s = 1000 GeV = only very few EW particles possibly accessible

CLIC: /s = 3000 GeV = pair production of many SUSY particles “likely”

= NO access to colored particles
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Results in the mAMSB

Dark Matter composition:

* v — — mAMSB: W best fit, Il best fit, 1o, 2¢ [2016]

0 [ [] LSPcomposition: W, Mixed, H

1400y
1200¢

0 10 20 30 40 50
m,[TeV]
= very relaxed limits = lower masses
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/./
Squark mass vs. DM mass:

[2016]

* ¥ — — mMAMSB: W best fit, H best fit, 10, 20
I [ [] LSPcomposition: W, Mixed, A

= bad LHC prospects :-(
— better FCC-hh prospects :-)
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Gluino mass vs. DM mass:

* ¢ — —— mAMSB: W best fit, H best fit, 10, 2¢
0 [J [ LSPcomposition: W, Mixed, H
p>0,Qz0 < Qeppre™™
> 3_ :“: 7
) > 2
= z
T :
¥ 2 -;
SRR
% 12

= bad LHC prospects :-(

mg[TeV]
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MAMSB prediction: best-fit masses (wino)

[2016]

10.0}

e
o

Particle Masses [TeV]

b
L—

Mh" MHI MAU MHI mx]l.l mxg mxil mx;il mxli mxz-.*.. mél mEn mﬁl m'&n m.‘f! Jl"]rl:lr,2 m'-}L mﬁﬂ mzl m£2 mi}l mgg m§

= high colored masses
= lower electroweak masses

ILC: /s = 1000 GeV = bad prospects

CLIC: /s = 3000 GeV = pair production of few SUSY particles “likely”
= NO access to colored particles
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MAMSB prediction: best-fit masses (higgsino)

[2016]

10.0¢

=
=

Particle Masses [TeV]

o
-

Mh” MHD MA“ MH* Hign TR b T Higs My Tl & Mg g Ty mﬁa My, My Ty mﬁ‘a iy iy, SR T Wi

= high colored masses
= lower electroweak masses

ILC: /s = 1000 GeV = few EW particles possibly accessible

CLIC: /s = 3000 GeV = pair production of few SUSY particles
“guraranteed”
= NO access to colored particles
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Results in sub-GUT

* = = — sub-GUT MSS5M: best fit, 1g, 20, 30
6000 ——— I I . 6000
I'HE%T'E_?_E;?- .
5000} 5000}
4000} 4000}
> D
O 3000 O 3000}
5 =
2000 & 2000
1000 1000
525 & B 9 10 11 12 13 14 15 16 0
Log M;,[GeV]
.| xi coann. | # coann.
W A/H funnel | focus point
| | %, coann. B % coann. + H/A funnel

= low M;, possible/favored
= mainly due to BR(Bs — putu™)

[2017]

e o — 5UB-GUT MSSM: best fit, 1o, 20, 30

3 4 5 6 7 8 9 10 11 12 13 14 15 16

Log M,,[GeV]
| | # +t, coann.
I % + %{ coann.
B # coann. + ¢, coann. + H/A
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sub-GUT prediction: best-fit masses

[2017]

4000

3500}

o) HEE g =3

2500

Particle Masses [GeV]

1500

1000| -. .

500

Mh MH MA M‘H-d: Iyl mxu mxg Tl Moo= Mak Mgy, Mgy, M, My, My, My, My, Mo, My MG, My, M My, TG, TE, Mg

= high colored masses
= high electroweak masses

ILC: /s = 1000 GeV = nothing

CLIC: /s = 3000 GeV = pair production of few SUSY particles
= NO access to colored particles
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Intermediate summary (simplified):

— data: Higgs, LHC searches, DM measurements/searches, EW, flavor

— GUT based models exhibit a heavy spectrum

— very difficult for the LHC

— ILC has to be “lucky” (I did not discuss it's great Higgs/EW capabilities)
— CLIC has some particles in reach

— colored spectrum could partially be covered at FCC-hh

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.2019 1V/54



Intermediate summary (simplified):

— data: Higgs, LHC searches, DM measurements/searches, EW, flavor

— GUT based models exhibit a heavy spectrum

— very difficult for the LHC

— ILC has to be “lucky” (I did not discuss it's great Higgs/EW capabilities)
— CLIC has some particles in reach

— colored spectrum could partially be covered at FCC-hh

ARE WE DEPRESSED?
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Intermediate summary (simplified):

— data: Higgs, LHC searches, DM measurements/searches, EW, flavor

— GUT based models exhibit a heavy spectrum

— very difficult for the LHC

— ILC has to be “lucky” (I did not discuss it's great Higgs/EW capabilities)
— CLIC has some particles in reach

— colored spectrum could partially be covered at FCC-hh

ARE WE DEPRESSED?

Let's look at the more general pMSSM11!
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Results and predictions in the pMSSM11

Parameter Range Number of
segments
My (-4 ,4) TeV 6
Mo> (0,4) TeV 2
M3 (-4, 4) TeV 4
mg (0,4) TeV 2
Mg, (0,4) TeV 2
my (0,2) TeV 1
mz (0,2) TeV 1
M » (0,4) TeV 2
A (-5,5) TeV 1
I (-5,5) TeV 1
tan g (1, 60) 1
Total number of boxes 384
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PMSSM11: Going from 8 TeV to 13 TeV (and adding latest DM limits)
[2017]
¥ == == == pMSSMI11 w/o LHC13: best fit, 1o, 20, 3¢
* pMSSM11 w/ LHC13: best fit, 1o, 20, 3:7*
4000 . . : . . *
ma
3500
3000t
2500}
=
b
O 2000f
1500}
‘;: ‘\-‘“’ “-ﬂ;\-‘.-"""-- ‘_"___'__._—
1000 g Qg = A tﬁgi?'-r 5o
"‘_. ‘?_.... 2, Rmrs oZrig % >
h-—----=-v-- ' ~ Mt \_’
500k .‘h-""'::::===-=-’_=--ﬂ--=-==.==ﬁ‘
U | 1 1 1 1 | 1
0 500 1000 1500 2000 2500 3000 3500 4000
m@[GeV]

= substantial move to higher masses!

= notice the ‘“nose’ !
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PMSSM11: Mg, ~Mso plane [2017]
1
* pMSSM11 w/ (g — 2), : best fit, 10, 20, 3¢
1000}
__ 800}
=
o}
&)
— 600}
B
S
400F W
200 e
D L L L 1 1 1 1
0 250 500 750 1000 1250 1500 1750 2000
mgl[GeV]
[ + L]
- Y% i coann. slep coann. " gluino coann. stop coann.

" A/H funnel ~ stau coann. " squark coann. B sbot coann.

= high (low) stop (neutralino) masses = notice the compressed region!
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PMSSM11: mﬁ_mfé? plane [2017]
* pMSSM11 w/ (g —2), : best fit, 1o, 20, 30
A - A
1200 ma@
1000}
_ 800t
>
W
9,
— 600t
T
S
400t
200}
0 1 L 1 L L L L
0 250 500 750 1000 1250 1500 1750 2000
Mip [GeV]
[ + L]
[ ] X1 coann. slep coann. gluino coann. stop coann.

" A/H funnel ~ stau coann. " squark coann. B sbot coann.

= all masses low!!
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PMSSM11l: m-+—m-o plane [2017]

X1 X1
* pMSSM11 w/ (g — 2), : best fit, 10, 20, 30
1200} ma@
1000
800}
=
o5}
o,
. 600f
g
100
200}
0 1 1 1 1 1 1 1
0 250 500 750 1000 1250 1500 1750 2000
m)“(i [GQV]
1
. I coann. slep coann. gluino coann. stop coann.
" A/H funnel stau coann. " squark coann. B sbot coann.
= chargino co-annihilation = My ~ M>
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One analysis of compressed sprectra:

LEP {5 excluded .
ATLAS 13 TeV excluded

ATLAS Preliminary
Vs=13TeV, 139 fb’

ee/uu, my shape fit
All limits at 95% CL
- ] PP — Xp\7, XoX3, X7 (Higgsino) -
X9 — Z*X9, X7 — WO

m()ﬁ[) = [m(Xz +Mm X1 ]/2

1L _

100 150 200 250 300 350
m(x3) [GeV]
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PMSSM11: B physics observables

[2017]
 LHC13,w/ (-2 —— LHC13, who (¢—2), — LHCIS,wi(g—2), —— LHCIS, whig—2),
pPMSSMI1 __ | [HCS w/(s—2), ==-. LHCS, wh(s—2), PMSSMLL ___| [HCS w/i(g-2), =-— LHCS,who(s—2),
T x T : H T 1 T :
: e, : i : —
" g d i s
r it |
n ]
U ]
H i
6 6F \
]
o1 ) =,
~ o~ 1
<1y <d 4l |
2r 2r
0 : — 0 : :
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
MSSM /SM MSSM /SM
BRE, ot BRp, - x.y

= follows the experimental data
= BR(Bs — puTu~): below the SM value
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PMSSM11: best-fit point parameters

— excellent p value!

Parameter || With LHC 13 TeV and (g — 2),
Best fit ‘Nose’ region
M, 0.25 TeV - 0.39 TeV
Mo 0.25 TeV 1.2 TeV
M; - 3.86 TeV - 1.7 TeV
mg 4.0 TeV 2.00 TeV
Mg, 1.7 TeV 4.1 TeV
m; 0.35 TeV 0.36 TeV
ms 0.46 TeV 1.4 TeV
M4 4.0 TeV 4.2 TeV
A 2.8 TeV 54 TeV
1 1.33 TeV - 5.7 TeV
tan 3 36 19
x2/d.o.f. 22.1/20 24.46 /20
p-value 0.33 0.22
x2(HS) 68.01 67.97

[2017]
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PMSSM11: best-fit point phenomenology

[2017]
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= heavy colored, light uncolored spectrum
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PMSSM11: prospects for ILC and CLIC [2017]

4000

3000f

b
=
o
e

Particle Masses [GeV]

1000}

My, My MaMp= T Mg T Mg Mg M Mgy My Moy Mg Mg, My M, Mg, M, Mg, Mgy T, M, M, M,y

ILC: /s = 1000 GeV = precision analysis of EW particle and DM easy!
CLIC: 4/s = 3000 GeV = precision analysis of EW particles and DM easy!

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.2019 1V /64



What to conclude?
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What to conclude?
= Look at the p values!
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What to conclude?
= Look at the p values!

Model Min. x2/dof | x2-prob. (p-value)
CMSSM 32.8/18 11%
NUHM1 31.1/23 12%
NUHM?2 30.3/22 11%

SU(5) 32.4/23 9%
MAMSB 36.5/27 11%
Sub-GUT 28.9/24 23%
PMSSM11 21.0/20 33%

Which model is more likely??
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What to conclude?
= Look at the p values!

Model Min. x2/dof | x2-prob. (p-value)
CMSSM 32.8/18 11%
NUHM1 31.1/23 12%
NUHM?2 30.3/22 11%

SU(5) 32.4/23 9%
MAMSB 36.5/27 11%
Sub-GUT 28.9/24 23%
PMSSM11 21.0/20 33%

Which model is more likely?7?

= pMSSM11: model with higher xy2-probability
model with good ILC/CLIC prospects
detailed LHC analysis tbd!
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4. Where is the Dark Matter
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Results in the CMSSM, NUHM1, NUHM?2

9 | |
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<1 4t
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O 200 200 600 800 1000 1200

m)-{[l][GeV]

= only very large values are favored
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o>l incl. 20/fb of LHC data
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= only very small values are favored
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/
MSSM DM prediction

"014]

mas("fzg-% direct detection: past-present-future

Red circle is meant to

™ represent predictions from
SUSY. Let’s see what our
models say.
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MSSM DM prediction

'2014]

"‘asdfz";/ direct detection: CMSSM
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MSSM DM prediction

2014]

"‘a@ direct detection: NUHM1
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g 10
1 0-45 Some of the parameter
b 10_45 i of the NUHMZ1 space lies
beyond the intrinsic
10'4? _ ... background from

.48 ::;ﬁ'f“ atmospheric neutrinos
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MSSM DM prediction

"2014]
ma@ direct detection: NUHM2
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Results in the SU(5)

Dark Matter Diret Detection prospects:

[2016]

* SU(5): best fit, 10, 2¢

10° 10! 107 103 104

.| Fcoann. | X{ coann. iip/ép COANN.
B 7 coann. + H/A |  A/H funnel 7. coann.
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Results in the mAMSB

Known fact: Dark Matter requirement restricts m3/o:
[2016]
tan =5, u>0
127,
T~ gi
;\ 1.0x10°-
=B
& .
S : p
Q - = - i
g} X y
:
5.0x10°- . 7
3.0x10% frppp—r—r -

0.0 1.0x10% 2.0x10? 3.0x10?

= no Sommerfeld enhancement m, (GeV)
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Results in the mAMSB

Known fact: Dark Matter requirement restricts m3/o:
[2016]

; 1.0x10°-
(=P
2
Q
(2]
=

5.0x10%

3.0x10*

0.0 1.0x10% 2.0x10? 3.0x10%

G
= with Sommerfeld enhancement (e = shift to higher m3/;
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Dark Matter Diret Detection prospects:

* iy =— =— mAMSB: W best fit, H best fit, 1o, 20
™ ] [ ] LSPcomposition: W, Mixed, H
10 ' \ ' ' : '

10° 10° 10*
my [GeV]
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Results in sub-GUT [2017]

* =—— = — sub-GUT MSSM: best fit, 1a, 27, 30 * =—— = — Sub-GUT MSSM: best fit, 1e, 20, 3o
10—33 : _ 10—3? : _ :
1039 | ™ masf:re’n_;;;e} | 1038 ma?‘réh;:_@;; ]
-40 oo =
10—42 i \ 10'40
c'\l_| -3 | C'\I_t 10—41
E 10 44 E 42
G 1oL L 10
Eb?-‘-‘ 10_45 - %b;-_ 10—43
-46 |
o
1078} : - 19
Lo | i . e = ] 1046 |
-50 1 " . 1 -47 | | L
10 10° 10! 102 10° 16* 19 10° 10t 102
m[GeV] my[GeV]
|| xi coann. #, coann. || 7 +t, coann.
B A/H funnel | focus point I ¢ + % coann.
| | %, coann. B ¢ coann. + H/A funnel B 7 coann. + i, coann. + H/A

O‘SI . good prospects, all above the neutrino floor

JSD . unclear prospects, best-fit regions below the neutrino floor
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Results in the pMSSM11

DM mass: pMSSM10 vs. GUT based models prediction:

[2015]
9 v 1 1
—— pMSSM10
8 —— NUHM2
- - - NUHM1
nt 7
6_
™ 5_
>
<]4_j
3_
2_
1_

200 4IO«O 600 800 1000 1200
th)[GeV]

OO

= pMSSM10 predicts much lower DM mass than GUT-based models
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Results in the pMSSM11

[2017]
DM mass: similar in the pMSSM11:

—— LHC13, w/ (g — 2),

—— LHC13, w/o (g — 2),,
pMSSMI11 ——. LHCS8,w/(g—2), ——-. LHCS, w/o (g —2),
| : :
| e
! MaSTeRcooe
8-! %;_;;9)-
|
1
1
|
:
o !
1
i
o
o<
<17| R I
| P —
0
0

1500 2000

= pMSSM11 predicts much lower DM mass than GUT-based models
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PMSSM11 prediction: mo Vs. ool [2017]

* pMSSM11 w/ (g —2), : best fit, 10, 20, 30

. CRESST=II
CDEGd———

10—46
10—48
1050 b - - -
10° 10! 10? 10°
m_.)zlll [GGV]
B X coann. slep coann. . gluino coann. stop coann.

" A/H funnel . stau coann. | squark coann. I sbot coann.

= best-fit point covered by future experiments
= but very low cross sections possible at 1o, below neutrino floor
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PMSSM11 prediction: m-g vs. o>P:

X1 p
* pMSSM11 w/ (g — 2), : best fit, 10, 20, 30
10—37 - ;
PICO-60
10—39 1
S 1070
=
L2
2
b 10-#
10—45 L
10—47----- . P T ; g s . I P e
10° 10* 102 10°
mgo [GeV]
B Xi coann. slep coann. .~ gluino coann. stop coann.
" A/H funnel . stau coann. | squark coann. I sbot coann.

= slim prospects for future experiments
= large regions allowed at 1o, below neutrino floor

[2017]
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5. Conclusinos

WHAT

I'M PIRING QUER |

ARE | PHYSICS BOOKS IN THIS. " wa%g'rﬂ"r@nﬁg
You | AN ATTEMET To UNIEY Beer i .
DOING, | GENERAL RELATIVITY s i
RAT>/ AND GUANTUM MECHAN- d

€S INTO 6NE UNIFIED |, jooa.

THEORY THAT GOVERNS | 1

OUR ENTIRE EXISTENCE. |/ :

I_. -: ., 5 | C
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