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1. Motivation

Fact:

The SM cannot be the ultimate theory!

1. gravity is not included

2. the hierarchy problem

3. Dark Matter is not included

4. neutrino masses are not included

5. anomalous magnetic moment of the muon shows a ~ 4 o discrepancy

= Time to get ready for BSM physics

Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017



Which model should we focus on?

Some ‘“recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)
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Which model should we focus on?

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)
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Which model should we focus on?

Some ‘“recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)

= good motivation to look at SUSY! :-)
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

Standard particles SUSY particles
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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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GUT based models: 1.) CMSSM (sometimes wrongly called mSUGRA):

= Scenario characterized by

mo, m1/27 AOa 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

My=300 GeV, M,,,=100 GeV, Ay=0
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= one parameter turns negative = Higgs mechanism for free
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“Typical” CMSSM scenario

(SPS 1a benchmark scenario):

Close connection between

all the sectors
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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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Problem: We cannot be sure about the SUSY-breaking mechanism

= it is possible that with the CMSSM, NUHM1, NUHM2, ...we missed
the ‘“correct” mechanism

= hint: close 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, NUHM1, NUHM2, ...we missed
the ‘“correct” mechanism

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

Solution: investigate also the “general MSSM”

= 8 parameters are manageable = pMSSMS8

— 3rd gen. squark mass parameters: M,
— sSlepton mass parameter: my, m-[l’z

— gaugino masses: M-

— trilinear coupling: A;

— Higgs sector parameters: M4, tanp

— Higgs mixing paramter: u

= Note: other “8 parameter selections’ possible
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Problem: We cannot be sure about the SUSY-breaking mechanism

= it is possible that with the CMSSM, NUHM1, NUHM2, ...we missed
the ‘“correct” mechanism

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

Solution: investigate also the “general MSSM”

= 10 parameters are manageable = pMSSM10

— squark mass parameters: MG 1o M,
— sSlepton mass parameter: my

— gaugino masses: My, Mo, M3

— trilinear coupling: A

— Higgs sector parameters: M4, tanp
— Higgs mixing paramter: u

= Note: other “10 parameter selections’” possible
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Data we have:

— Higgs boson mass (LHQC)
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Data we have:

— Higgs boson mass (LHQC)

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

— Higgs boson mass (LHC)
— Higgs boson signal strengths (LHC) = HiggsSignals

— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds
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Data we have:

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

— SUSY searches (LHC)

Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017

10



Data we have:

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

— SUSY searches (LHC)

— electroweak precision data
— flavor data

— astrophysical data (DM properties)
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2. SUSY after LHC Run I/II: MasterCode mas@

= collaborative effort of theorists and experimentalists

[Bagnaschi, Borsato, Buchmiiller, Cavanaugh, Chobanova, Citron, Costa, De Roeck,
Dolan, Ellis, Flacher, SH, Isidori, Lucio, Martinez Santos, Olive, Richards, Sakurai,
Suarez Fernandez, Weiglein|

— (so far) one model: (MFV) MSSM

— tools included:
— our own LHC SUSY search (Run I/II) implementation = NEW
(3 search categories: colored, electroweak, compressed stop)
— Higgs related observables, (g —2),, [FeynHiggs)
— Higgs signal strengths [HiggsSignals] = NEW
— Higgs exclusion bounds [HiggsBounds] = NEW
— B-physics observables [SuFlal
— more B-physics observables [Superisol
— Electroweak precision observables [Feyn\wZ]
— Dark Matter observables [MicrOMEGAs, SSARD]
— for GUT scale models: RGE running [SoftSusy]

= all most-up-to-date codes on the market! = crucial for precision!
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The x?2 evaluation:

MasTERce Global fits of SUSY

Experimental
constraints
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Results in GUT based models
mQo-msq /o plane including LHC 20/fb:

CMSSM NUHM1

%1000 2000 3000 4000 5000 6000 %500 1000150020002500300035004000
m0 6K mO

dotted: LHC 5/fb 7 TeV, solid: LHC 20/fb 8 TeV
= shift to even higher masses
even larger allowed ranges ...
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LSP mass incl. 20/fb of LHC data
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= only very large values are favored
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LHC prospects for CMSSM:
* CMSSM: best fit, 10, 20

[2015]

3000 - . .
2000 /ot ¢ '
500 1000 1500 2000
m~t[GEV]

| staucoann. [ hybrid B stopcoann. [ hfunnel

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

solid: current LHC limits, dashed: HL-LHC prospects
= best-fit point, but not much more can be covered! (in EW searches)
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/./
LHC prospects for CMSSM:

* | CMSSM: Ibest flt, 1o, 20 [2015]
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| 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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What is happening to the x27

Low energy data (mostly (g —2),) favors low SUSY mass scales

LHC data favors higher SUSY scales

= tension, reflected in rising X21 (note

: HiggsSignals not included!)

Model Min. x? | Prob. | mq,5 | mo Ag | tang
(GeV) | (GeV) | (GeV)
CMSSM 21.5/20 | 37% | 360 90 -50 15
LHC 1fb~ 1@ M, | 30.6/23 | 13% | 1800 | 1080 | 860 48
LHC 20fb~ 1@ M, | 32.8/24 | 11% | 2100 | 5650 | 780 51
NUHM1 20.8/18 | 29% | 340 110 520 13
LHC 1fb~te@ M, | 29.7/22 | 13% | 830 290 660 33
LHC 20fb~1@ M, | 31.1/23 | 12% | 3420 | 1380 | 3140 | 39
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Model Min. x2 | Prob. | mq,5 | mo Ao |tang
(GeV) | (GeV) | (GeV)
CMSSM 21.5/20 | 37% | 360 90 -50 15
LHC 1fb~ 1@ M;, || 30.6/23 | 13% | 1800 | 1080 | 860 48
LHC 20fb~ 1@ M;, || 32.8/24 | 11% | 2100 | 5650 | 780 51
NUHM1 20.8/18 | 29% | 340 110 520 13
LHC 1fb~ Y@ M;, | 29.7/22 | 13% | 830 290 660 33
LHC 20fb~ 1@ M;, | 31.1/23 | 12% | 3420 | 1380 | 3140 | 39

Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017

18



Model Min. x2 | Prob. | mq,5 | mo Ag | tanp
(GeV) | (GeV) | (GeV)

CMSSM 21.5/20 | 37% 360 90 -50 15
LHC 1fb~ 1 & M; || 30.6/23 | 13% 1800 | 1080 360 43
LHC 20fb~1 @ M, | 32.8/24 | 11% 2100 | 5650 780 51

NUHM1 20.8/18 | 29% 340 110 520 13
LHC 1fb~ 1 & M; || 29.7/22 | 13% 330 290 660 33
LHC 20fb~1 @ My, | 31.1/23 | 12% 3420 | 1380 | 3140 39

Probabilities still “so so”, but this might change with LHC run II data.

Not finding SUSY now does not make SUSY prospects look bad,
makes some very constrained models look bad!
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Model Min. x2 | Prob. | mq,5 | mo Ao |tang
(GeV) | (GeV) | (GeV)
CMSSM 21.5/20 | 37% | 360 90 -50 15
LHC 1fb~ 1@ M;, || 30.6/23 | 13% | 1800 | 1080 | 860 48
LHC 20fb~ 1@ M;, || 32.8/24 | 11% | 2100 | 5650 | 780 51
NUHM1 20.8/18 | 29% | 340 110 520 13
LHC 1fb~ Y@ M;, | 29.7/22 | 13% | 830 290 660 33
LHC 20fb~ 1@ M;, | 31.1/23 | 12% | 3420 | 1380 | 3140 | 39

Probabilities still “so so”, but this might change with LHC run II data.

Not finding SUSY now does not make SUSY prospects look bad,

makes some very constrained models look bad!

And requires SUSY realizations that are in agreement with

higher colored mass scales| (LHC limits)

lower uncolored mass scales

(EWPO; (g — 2),) = check pMSSM10!
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Results in the pMSSM10

Parameter Range Number of
segments
M1 (-1,1) TeV 2
Mo> (0,4) TeV 2
M3 (-4, 4) TeV 4
mg (0,4) TeV 2
M, (0,4) TeV 2
my (0,2) TeV 1
My (0,4) TeV 2
A (-5,5) TeV 1
L (-5,5) TeV 1
tan g (1, 60) 1
Total number of boxes 128
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PMSSM10 prediction: DM mass vs. light stop mass:

[2015]
* pMSSM10 w LHCS: best fit, 10, 20
Y¢ === === pPMSSM10 w/o LHCS: best fit, 10, 20
700¢
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3
) 400
< 300]
2 I i
00 !)
100 :
tem” : -~ -.—ff——%
% 500 1000 1500 2000
m;tl [GeV]
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PMSSM10 prediction: DM mass vs.

light stop mass:

o

[2015]
* pPMSSM10 w LHC8: best fit, 10, 20
V¢ === === pMSSM10 w/o LHCS: best fit, 10, 20
700y .
600 .
500t .
D
e =&
E 300_ “\( i
:_. NP RO
f\l- ‘N - -~
200 %?%‘@ﬁ“tz
100 e o T
_-a. LRSS TR W -:Q_-—-—a——l-——-:—-!—-l-*:—-, —————— s
O 1
0 500 1000 1500 2000
Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017 21



PMSSM10 prediction: DM mass vs.

light stop mass:

o

* pMSSM10 w LHCS: best fit, 10, 20
Y¢ === === pPMSSM10 w/o LHCS: best fit, 10, 20
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PMSSM10 prediction: best-fit masses

[2015]
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= high colored masses
= relatively low electroweak masses
partially with not too large ranges
= clear prediction for Mo (DM) and EW spectrum
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PMSSM10 prediction: DM mass

[2015]
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= pMSSM10 predicts much lower DM mass than GUT-based models
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LHC prospects for pMSSM10:
* pMSSM10: best fit, 10, 20 [201 5]

700} 7
600} /

0 2000

| staucoann. [ hybrid B stopcoann. [ hfunnel
B A/H funnel W % coann. | focuspoint  Zfunnel

solid: current LHC limits, dashed: HL-LHC prospects
= best-fit regions not covered! (in EW searches)

Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017



LHC prospects for pMSSM10:

* pMSSM10: best fit, 1o, 20 [2015]
R ' I

700¢ r g
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0 L : ., s
0 1000 2000 3000 4000
ma [G@V]
| staucoann. [ hybrid B stopcoann. [ hfunnel

" 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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e
ete~ prospects for pMSSM10:

[2015]
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ILC: /s = 1000 GeV = precision analysis of EW particle and DM easy!
ILC: /s = 1000 GeV = higher reach for non-diagonal production!

CLIC: 4/s = 3000 GeV = precision analysis of EW particles and DM easy!
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DM production cross sections: eTe™ — ¥%9(+7)
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= GQUT based models: ILC :-(, CLIC possible

= pMSSM10: easy at the ILC

Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017

27



DM production cross sections: ete™ — ¥9%9

9 — .
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= GUT based models: ILC :-( , CLIC possible
= pMSSM10: easy at the ILC - but no real upper limit
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3. SUSY Higgs mass and rate measurements
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The Higgs mass accuracy: experiment vs. theory:

Experiment:

ATLAS: M;"P = 125.36 + 0.37 £ 0.18 GeV
CMS: M;"P = 125.03 £ 0.27 £ 0.15 GeV
combined: M7*P =125.09 +0.21 +0.11 GeV
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The Higgs mass accuracy: experiment vs. theory:

Experiment:

ATLAS: M;"P = 125.36 + 0.37 £ 0.18 GeV
CMS: M;"P = 125.03 £ 0.27 £ 0.15 GeV
combined: M7*P =125.09 +0.21 +0.11 GeV

MSSM theory:

LHCHXSWG adopted FeynHiggs for the prediction of MSSM Higgs boson
masses and mixings (considered to be the code containing the most com-
plete implementation of higher-order corrections)

FeynHiggs: 5M}Lheo ~ 3 GeV

— rough estimate, FeynHiggs contains algorithm to evaluate uncertainty,
depending on parameter point
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Working group on M; predictions: sites.google.com/site/kutsmh

Katharsis of Ultimate Theory Sta

4
Precise Calculatien of

Y

(N) MM

- - Organized by:

| Iggs BOSO" maSS M. Carena, H. Haber

R. Harlander, S. Heinemeyer

Local organizers: M. Muhlleitner, F. Staub, M. Steinhauser . Hollik, P. Slavich, G. Weiglein
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Enlarged Higgs sector: Two Higgs doublets

H, — (H% ) _ <01+(¢1+i><1)/\/§)
H3 1

N F RN
° Hz vo 4+ (P2 +ix2)/V?2

V. = miHHy +m5HyHy — mis(eqpHYHS + h.c.)

_|_

12 2 2
g +g - x g .
(Hyfy — Hof2)? + 7 |Hy |
o ~ g \/
gauge couplings, in contrast to SM

physical states: h9, HO, A0 H=*
Goldstone bosons: G9, G+

Input parameters: (to be determined experimentally)

tan g :U—Q, M?% = —m3,(tan 8 4+ cot3)
v1
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t sector of the MSSM:

Stop mass matrices

M?Z —I—mQ—I—DZt me X+ 0~ m2 0

M2 = tr, t 1 by t1
t me X M?2 +m2—|—DT 0 m2
tt tn t to i

with
Xy =A—p/tanp

= mixing important in stop sector!

Simplifying abbreviation:

MSUSY .= MEL = M{R
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Higgs boson mass scales from rate measuements?

We have a ~ 125 GeV SM-like Higgs boson

= What are the options?

1. Decoupling limit:
Mg > Mz = the light Higgs becomes SM-like

2. Alignment without decoupling:
— a CP-even Higgs becomes SM-like due to an *“accidental”

cancellation

3. Heavy Higgs SM-like: (in the "“alignment w/o decoupling” scen.)
= is the case with the heavy CP-even Higgs being SM-like
(still) a viable solution?
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Obtaining a light Higgs with SM-like couplings

[J. Gunion, H. Haber, hep-ph/0207010]
— CP conserving 2HDM in the Higgs basis ({H1) = v/v/2, (H3) = 0)
V= . +320(H{H1)?>+.. 4[5 Zs(H{H2)? + Zs(H]H1)(H]Hp) + h.c|+...

= CP-even mass matrix;:

Zev? M2+ Zsv?

with mixing angle cos(8 — a) = cg_,

Decoupling limit: M2 > Z;v?
= m2 ~ 7102, |cg_o < 1|, h is SM-like

Alignment limit: Zg = 0 and Zy < Zs + M2 /v?
= h is identical to the SM Higgs, Cg—q = 0
Ze =0 and Zy > Zs + M3 /v?
= H is identical to the SM Higgs, Ch—ey = 1
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Alignment limit: see e.q.
[M. Carena, I. Low, N. Shah, C. Wagner '13][M. Carena, H. Haber, I. Low, N. Shah, C. Wagner '14]

In the MSSM Zg = O can be obtained through an "“accidental” cancellation

between tree-level and loop contribution

Example: m,TOd+ scenario: Compare: m; a
At/MS — 2.45, At — Af, 30 IR
M S =m f 2 1 Te\/’ mg p— 15 Tev’ 95% C L. Scaled Exclusion llfl /’I'," //I
S o(ggh)xBR(h—»VV)/SM : ,l 'l /I
Mo = 2 M7 = 200 GeV, p adjustable 25 ! Sl
= SM-like Higgs for all M4 O
201 i, P .-"
[ 4 i

tan g ~

3m2 2 A2
M2 4+ M2 t t
] ht Mz 47‘(‘2’02M§ <2M§
[ 3m? pAp [ A7 )
4m2v2 ME \6M2

400 450 500

200 250 300 350
my (GeV)
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Alignment limit: see e.q.

In the MSSM Zg = 0 can be obtained through an "“accidental” cancellation
between tree-level and loop contribution

mod-+ . . : : _
Example: mzﬂod+ scenario: my scenario with HiggsSignals :
At/Mg = 2.45, Ay = Af, a5 mha“ scenario (u=3Mg) riCHsrjo
Ms=mz>1TeV, m; =1.5 TeV, —— 9%Cl| '
f g Feyn_—lllggs—Z.lD.%
Mp = 2 M1 = 200 GeV, p adjustable N rehsete 10 i
= SM-like Higgs for all M4 i N 10
tan 5 ~ =2 1 T -
I 2 2 A2 S 10
3mi
M7 + M3 L L _1q
T Mz 47202 M2 <2M§ / o
: 5
3mg MAt< A7 1)]
2.2 A [2 2
Ameve ME \6ME L .
l ] 0

200 250 300 350 400 450 500
M, [GeV]
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4. MSSM Higgs results (CMSSM, NUHM1 /2, pMSSM838)
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M 4-tan g plane in CMSSM, NUHM1, NUHM?2:

* =— = NUHM2: best fit, 1o, 20
- - - NUHM1: best fit, 10, 20
------- CMSSM: best fit, 10, 20

0 1000 2000 3000 4000
M, [GeV]

= high mass scales, only in NUHM?2 lighter Higgs bosons . ..
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M 4-Ax? in CMSSM, NUHM1, NUHM?2:

) . l
- —— NUHM2
8t \ - == NUHM1 1
Lt CMSSM
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6_ ||
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= high mass scales, only in NUHM?2 lighter Higgs bosons . ..
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Results in the pMSSMS8

— decoupling, M; = 125 GeV

— alignment without decoupling, M, = 125 GeV
— “heavy Higgs" case, My = 125 GeV, h lighter

Min Max
M 4 90 GeV 1000 GeV
tan g 1 60
Mg, | 200 GeV 5000 GeV
Ay —3Mg, +3Mg,
M —3Mgq, +3Mq,
My, || 200 GeV 1000 GeV
Mp,, , | 200 GeV 1000 GeV
M> | 200 GeV 500 GeV

MQl,Q MUl,Q MD1 5 = 1.5 TeV
Mp, = My; = Mg,

ML1,2 = Mg, ,

Ay = Ay = A

M3z = 1.5 TeV
My fixed by GUT relation

107 random points

>i[oi(¢) xBR(¢—=XX)]mssm
> i[0i(¢)xBR(¢— X X)]gm

¢ .
Ryx =
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Our tools: taken from

use FeynHiggs-2.10.2 and SuperIso-3.3 for MSSM predictions.
Construct global x* from observables:
@ Higgs mass and signal rates (HiggsSignals-1.4.0)
@ Low energy observables (LEO): b — sv, Bs — uu, Bu — v, (g —2),,, Mw
@ exclusion likelihood from CMS ¢ — 77 search (HiggsBounds-4.2.0)
@ LEP Higgs exclusion likelihood, xigp, if relevant. (HiggsBounds-4.2.0)
Further constraints:
@ 95% CL Higgs exclusion limits (w/0 MSSM ¢ — 77 limits) (HiggsBounds-4.2.0)
@ Sparticle mass limits from LEP, (fixed ms, . — mz — 1.5 TeV to evade LHC limits)

@ Require neutral lightest supersymmetric particle (LSP).

Newly included: CheckMate to check SUSY exclusion limits

= “‘naive” X2 calculation (heavily relying on HiggsSignals)
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The best-fit points:

full fit
vooxi p

fit without a,

Case /v 2 P

fit without all LEOs
lvooxs

SM | 83.7/91 0.92 0.69
h 68.5/84 0.82 0.89
H | 73.7/85 0.87 0.80

72.4/90 0.80 0.91
68.2/83 0.82 0.88
71.9/84 0.86 0.82

70.2/86 0.82 0.89
67.9/79 0.86 0.81
70.0/80 0.88 0.78

Best-fit points parameters:

M 4 tan (3 [ A, M;,
(GeV) (GeV)  (GeV) (GeV)

Case

M
(GeV)

M

(1,2

(CeV)

M,
(GeV)

¢3

ho| 929  21.0 7155 4138 2057
H | 172 66 4503 —71 564

6GIR 436 358
953 262 293

= SM and both MSSM cases provide similar fit to the Higgs data

= Including LEOs, SM fit becomes worse
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1) Light-Higgs case: preferred rates

06 08 10 12 14
RVh
bb

o — 000009 i 1054016 VA 1 an+002  ph — 1 a+0.06
Ry, =099 008, Hyy =1.02°040, My, =1.00 505, 7 =1.00 570

— all very SM-like (no surprise ...)
= but some (BSM) spread is allowed!

Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017 44



1) Light-Higgs case: preferred parameters

60r 10g
- SE

50 6E
40F N3
o | T
c 30F < OF
= 5 oF
20F 4F

: _6F

10 -
200 400 600 800 {000 ¥

200 400 600 800 1000
M, (GeV) M, (GeV)
Favored points witLh M4 2 500 GeV =- decoupling limit

M, 2 200 GeV = alignment limit

Alignment: tan g ~ 1/ [“At ( Ar 1)]
M2 \6MZ

= small(er) tan B needed to avoid 77 limits = uAt/Mg larger

— positive A; preferred (for u > 0)
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1) Light-Higgs case: preferred parameters in the ¢ sector

all points M,y <350 GeV
1.0F L i,
_ ‘4
; 1
~ 0.8r 4
> | :
O - »
c 06 .
e [
0.4
0.2F
O.G-.I N I S P B B 00'|||||

3 2 1 0 1 2 3 3 2 4 0 1
XM XM

= light stops down to mg, ~ 300 GeV possible
(even lighter stops possible with My, # MfR)
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The “exotic” solution:
the discovery is interpreted as the heavy CP-even Higgs

In principle also possilbe:

M;, < 125 GeV

Consequences:
— all Higgs bosons very light
— easy(?) discovery of additional Higgs bosons at the LHC

Constraints:

— direct searches for the lightest CP-even Higgs
— direct searches for the heavy neutral Higgses
— direct searches for the charged Higgses

— flavor constraints (BR(Bs — utTu™) etc.)

= original scenario: low-Mpg
[M. Carena, S.H., O. Stal, C. Wagner, G. Weiglein '13]
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ATLAS results for charged Higgs searches: [ATLAS '15]
. 60
% — — - Median expected exclusion
50 - Observed exclusion 95% CL
Observed +10 theory
40 Observed -1o theory
30
20
10
0]
80 90 100 110 120 130 140 150 160
m, . [GeV]
= exclusion of light Mg+ in the my'®* scenario!  ...low-Mpy?
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Application of charged Higgs limits on low-Mg scenario:

—
I
1

ATLAS 7 TeV

ATLAS 8 TeV 7
I T T AT AT I I e
104907115 120 125 130 135 140 145 150

M,- (GeV)

= that (particular incarnation of the) low-Mpy scenario is excluded!
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How to avoid BR(t — H*b) bounds: = higher M, +!
1 L L e

1077
O

=107
T

107°
107/

_I'I'I'I'I'II" |||||II'1 N RLL

100 120 140 160 180
M. (GeV)

= “tricky” region below and beyond the top threshold!
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2) Heavy-Higgs case: preferred parameters

100 120 160 180 200 -3 -2
M, (GeV)

= M4 ~ 140...180 GeV = mg, ~ 350...650 GeV
R, =[0.95,1.13], R! =1[0.81,0.94], R}," =[0.94,1.03], R =[0.78,0.90]

= not fully SM-like . ..
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Where is the light Higgs?

107

= strongly reduced couplings to gauge bosons = beyond LEP reach!
— M;, > My /2 (mostly) to avoid H — hh (or BR(H — hh) < 10%)

= visible in gg — h — v~7
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New low-M g benchmark scenarios

Based on our best-fit region:

Benchmark scenario My [GeV]| 1 |GeV| tan /3
low- M2~ 155 3800 — 6500 4-9
low- M4t 185 4800 — 7000 4-9
low-M25Y 140 — 220 6000 4-9

fixed parameters: my = 173.2 GeV, A, =A, =A,=-70GeV, M, =300 GeV,

Mz, = M;, = 1500 GeV (¢ = ¢, s,u,d), mz = 1500 GeV,
Mz, = 750 GeV, M; =250 GeV, M; =500 GeV

low-M 3t fixed M+ < my
low-M2tF: fixed My+ > my

low-M 3tV varied M+ (p fixed)

Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017
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low-M 3tV (140 GeV < M+ < 220 GeV):

—  My[GeV]
— M, [GeV]

140 150 160 170 180 190 200 210 220
MH+ [Ge\/]

= green area in agreement with all data!
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low-M 3tV (140 GeV < M+ < 220 GeV):

—  My[GeV]

— M, [GeV] : : : : :
140 150 160 170 180 100 200 210 220
MH+ [Ge\/]
= green area in agreement with all data! Go and exclude it!
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5. Conclusinos

e SUSY is (still) the best motivated BSM theory

e LHC SUSY searches put pressure on CMSSM, NUHM1, NUHM?2, ...

= tension between low-energy and LHC data!
= pMSSM8/10 provides excellent fit to all data

e Higgs rate measurements can be fulfilled by
— the light CP-even Higgs in the decoupling regime
— the light CP-even Higgs in the alignment w/o decoupling regime
— the heavy CP-even Higgs with M; < 125 GeV

e MSSM results:
— CMSSM, NUHM1: relatively high Higgs mass scales favored
— NUHM?2: somewhat lower values possible, but still high ...
— pMSSME: light CP-even Higgs for “all” M4
heavy CP-even Higgs
= new benchmark scenarios
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Higgs Days at Santander 2017
Theory meets Experiment
18.-22. September
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PMSSM10 prediction: m

o VS. 5.
1

[2015]

* pMSSM10 w LHCS8: best fit, 10, 20
Y === === pMSSM10 w/o LHCS8: best fit, 1, 20
-41
10—
10—42 V _
104 |
10—44 f

100 10

= LHC bounds try to ‘“rescue” DD experiments!
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PMSSM10 prediction: m-g VS o> future expectations

X1 - P
[2015]
* pMSSM10 w LHCS8: best fit, 1o, 20
== === pMSSM10 w/o LHCS8: best fit, 1o, 20
104 ———n ~
10-42 r
-4
10
10"44
€ 10"
‘E' 46
7. 10
. 47
10
1043
10-49
-50 " T . : - P
10 4
10° 10* 10° 10° 10
m. [GeV]
= 68% CL areas covered by next round of DD experiments
Sven Heinemeyer — DESY Physics Seminar, Hamburg, 21.03.2017 59



PMSSM10 analysis: DD experiments: p- vS. n-scattering

o2l is evaluated for

p T T T T T

p-scattering a5 ’

Can n-scattering come
to rescue?

—44

|
B
(3]
T

Some points with
have

neutron ¢ [cm? ]
|
i
o
T

= no “‘no-lose theorem

for DD experiments! 2
—52

I
un
o

T

—54

—50 —48 —46 —44 —42
proton «* [cm? ]
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Best-fit point rates in the two Higgs cases:

| = light Higgs case (BF point) ¢ heavy Higgs case (BF point) pe= Measumnmnt] HiggsSignals-1.4.0
h—sWW stutw (VBF) 8 Tev]] ATLAS h— CMS | rode 118 ToV] hs W Ssewtw (0/14)
h—+WW—(wie (ggF) |8 TeV| i ——— 1 [a TeV] h—sWW —sfvtw (VBF)
VhVIWW (26) [8 TeV| L L — | {[8 TeV] Vh—VIWW 2020 42
i st e 5 g
il i ) E 3 18 Tev] w'{ l-1-'11r'H-" 363
h— 27248 WEII‘::N:% & TeV] | e ] a3 e : %2‘5 'Fﬁ‘v",]i J’n—:;Z—wH’{I;lJ} ’
h—+ZZ 48 8 TeV|} g - L miA g s
h—sy [cemral.higtﬁ;gm] 8 TeV|} [P e 18 %"’:;.4 ?’_’2‘5 4L S
fi—~ (central low-pr,) (8 TeV| b —a— l-@—._|__ e [; Te\r% JI.',:: ;: Ezm:gid ﬂj
h—s (forward,high-pr.) [8 TeV| | P —— 8 | Lt g
h—y (forward,low-pr.) [8 TeV] | & R, WP — 1[7 TeV] h—yy (untagged 2)
li—++ (VBF,loose) 8 TeV]| ——— & ] F ?&"v_% ia—m Eggg%qeidﬁ
h—+y7 (VBFight) [8 TeV| £ i @ e [7 TeV] h—77 jed
h—y %VH Dg } s TeVi| 2 e e [,;. HE ?—w: EEEF&%?:}”
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=y (ttH lep.) |8 TeV| b — = -3 [7 TeW| h—vy (1tH,tags)
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h—rr (boosted hadhad) [8 TeV] <m p——— ——] 108 [r~'\rf h—~v (untagged 1)
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hi—77 (boosted lephad) [8 TeV] | e ] i ——— {8 T 'Vt h—+y (untagged 3)
fi—77 (VBFleplep) [8 TeV] | - —— —_——— 1[8 TeV] h—+y (untagged 4)
hs77 (boosted, leplep) [8 TeV] | §———— - 18 TeV] hsvy (VBFdijet 0)
Vi Vb (08) [8 TeV] } ——— 2 et 4
Vh—VEb (10) a TeviL - p—— @& 1[8 J."e‘\f% by {Egéguel 1}
r - - e .-; < (——— 8 ToV Jri\—bﬂ’“ 9‘2
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B-physics constraints?

6-0""I""I""I""I""I""I""I""

CHARHRK
020 % %
Pelede e

WAANAAS
KA

02055
QK

2‘P....I-...I..||I||||I||||I||||I||||I|||| 15 PN T T T N N TN TN T N T T T T [N T TN TN TN [N TN T T A T M B
40 150 160 170 180 190 200 210 220 =15 -10 -5 0 5 10 15

M., (GeV) wA/ M2

= flavor constraints fulfilled!
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low-M 3t (155 GeV = M+ < my):

9

A palt —
low-AM

scenario

......................................

My [GeV]
M, [CeV]

4000 1500 5000
p|GeV]

= green area in agreement with all data!

5500 6000 6500
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low-M 3T (180 GeV = Myx > my):

low-M ﬁlt T scenario

9

HCH/A =TT (95% C L. excl)
LHG § 5

==
5000 5500

6000 6500 7000
p|GeV]

= green area in agreement with all datal Mg ~ M, ~ 125 GeV possiblel
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(Only?) possible search channel: hy — vy

h-->vy (65-110GeV) Run 1

-CMIS PAS HIG-14-037

CMS Praliminary 15=8 TeV L=19.7 b

3 025_ § 186: T T T | T T T E T T T T [ T T T l T :
=3 L T  1goL ATLAS — Observed =
2 i I Expected= 1o m - 1 ----- Expected -
o 0.2 ~ Expected £ 20 = 1401 Bt —
= r o - l+20 il
= - s 120 e
£ 0.151 E  100[ 1s=8TeV, JLdt-20310" 1
o : - :
> o S 60[ =
(93] & ]
401 =
0.05 20 ]

: 1 I 1 L 1 ; ] 1 1 ! | 1 ! i 1

%...I.J..I...I....l. L %U 80 100 120 140 160

0 85 80 a5 100 105 110
~ 2 ~ e ™ i no

» ~20 excursion @~97.5 GeV 20 excursion @~80 GeV

5. (Grazeon-Shotkin HDays 16, Santander, S Sept. 23 2016

= NO sensitivity yet!
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Results in the NMSSM
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Some NMSSM Higgs theory (Z3 invariant NMSSM)

MSSM Higgs sector: Two Higgs doublets

- (Hll):( +<¢1+7z><1>/\6>
2 —
$1

o= () (e
H3 + (¢o +ix2)/V?2
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Some NMSSM Higgs theory (Z3 invariant NMSSM)

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
Hy, = (Hll ) _ (Ul+(¢1+i><1)/\/§>
2

Hi ¢1
= (1) (vt o)
° Hz vo + (2 +ix2)/V2

S

Vo= (W% 4 [g\S|2)H1 Hy + (M3 + |AS|?) HoHo — m35 (e HYHS + h.c.)

12 2
49 +g

K
+ |>‘(€abHiLHg) + H52|2 + m%|S|2 + (AA)\(Ea,bHiLHS)S + §A/153 + h.c.)

2
— — g —
(H Ay — HoH5)? + ) |H1H>|?

Free parameters:
>\7 K, Alia MHia tanﬁa Heff — )\US
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Higgs spectrum:

CP—even : hqi, ho, h3
CP—odd : aq,an
charged : H+,H_

Goldstones : GO, G+,G_

Neutralinos:

M — Heff
compared to the MSSM: one singlino more

~0 ~0 ~0 =0 =0
— X1y X2, X3y X45 X5
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Mass of the lightest CP-even Higgs: (no singlet mixing)
2

2 _ 2 2 .2
M} tree,NMSSM = M}, tree, MSSM T MZg_2 sin© 25

Mass of the CP-odd Higgs:

MSSM : Mfl = —m%Q(tanﬁ + cotf) = uB(tan 3 4 cot3)
NMSSM : " M%" = pefrBesr(tan g + cotg)

With Berf = Ay + Kvs, Ueff = AUs = one very light a;

Mass of the charged Higgs:

1
MSSM : M7 = M3 + Mg, = M3 + 5?)292

2
NMSSM : MZs = M3 + 2 (% - /\2>
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Mass of the lightest CP-even Higgs: (no singlet mixing)
2

2 _ 2 2 .2
M} tree,NMSSM = M}, tree, MSSM T MZg_2 sin© 25

Mass of the CP-odd Higgs:

MSSM : Mfl = —m%Q(tanB + cotf) = uB(tan 3 4 cot3)
NMSSM : " M%" = peffBesr(tan g + cotg)

With Berf = Ay + Kvs, Ueff = AUs = one very light a;

Mass of the charged Higgs:

1
MSSM : M7 = M3 + Mg, = MA—I— v2g?

2
NMSSM : M2y = M3 + v° <% - /\2>

MSSM. tree NMSSM . tree NI\/ISSI\/I ,tree

= My1SSMEree < pnMSSMITEE fone light aq, My oM > My

H=*
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Interesting case: light singlet

Singlet does not couple to SM particles!
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Interesting case: light singlet

Singlet does not couple to SM particles!

“Non-interacting particles are hard to detect.” W

[F. Klinkhamer]
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Interesting case: light singlet

Singlet does not couple to SM particles!

“Non-interacting particles are hard to detect.”

“Easily” possible in the NMSSM:

Light, singlet-like Higgs below 125 GeV

Can the LHC find them?

[F. Klinkhamer]
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NMSSM parameter scan: [F. Domingo, G. Weiglein '15]

Parameters:

tan =8, My=1TeV, Ay = —-2...0 TeV, u = 120...2000 GeV,

2M71 = M, = 500 GeV, M3z =1.5 TeV, mea, = 1 TeV, me B = 1.5 TeV,
Ay = —2 TeV, Ab,T = —1.5 TeV

nj Il‘2 .

2
877/ 8M
1

50 80 100 120 my, GeV) | e 70 s w0 100 110 120 my (GeV)

= light Higgs below 125 GeV
= strongly reduced couplings to gauge bosons!
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NMSSM parameter scan: [F. Domingo, G. Weiglein '15]

Parameters:

tanB =8, My=1 TeV, A, = —2..0 TeV, u = 120...2000 GeV,

2M; = Mp =500 GeV, M3z = 1.5 TeV, mg =1 TeV, myz =15 TeV,
Ap=-2TeV, Ay, = —15 TeV |

S;; (singlet composition) S;?a (singlet composition)
"u’.- 1|_.f- S B gl gt SR S S 8
i I
o8} % osl My =7551
[ .. . 8y <2.20
o8- 08 = ¢ 220< 3y’ <4.88
'r : _ 1.88< §)* <9.49
: 04r 9.49< §y*<13.28
[ : 3 1328< By?, y*<122.94
0.8 . ] .'/j . x7 =~ 122.94
80 T m ' 1:J:=_.ﬁl (GCVJ TR a0 1e0 180 o0 220 240 m, (Ge
erl ) o2 y hz( i

= light Higgs below 125 GeV has large singlet component
= second Higgs is SM-like
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