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@ What do we know about Supersymmetry, and from where?
© Excluding Supersymmetric Models
© Regardless of the GUT-model, what scenario could still be realized?

@ Other than SUSY
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What do we know about Supersymmetry, and from where?

o What do we know about Supersymmetry, and from where?
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What do we know about Supersymmetry, and from where?

Supersymmetry

@ We need Dark Matter, a stable Higgs mass and an explanation for
EWSB...

@ Introduce shadow world:
Partlcl&s One SUSY partner for each SM d.o.f.

@ Nice addition for free: If R-parity

conserved, automatically the Lightest
SUSY Particle (LSP) is a stable DM
candidate

@ But: Where are all those states?

@ SUSY breaking introduces a lot of
additional parameters

Understand model: Measure
parameters!

- Supersyrm"netnc
"shadow " particl

In any case: mpyjike < 1TeV
msysy S O(TGV)

= Terascala _— "
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What do we know about Supersymmetry, and from where?

An Incomplete Overview of the Current Situation
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e.g. arXiv:0907.2589 [hep-phl]

@ There obviously is a problem.
@ Can we predict SUSY for the ILC at all?
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What do we know about Supersymmetry, and from where?

The status of the CMSSM

healthy?
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What do we know about Supersymmetry, and from where?

The status of the CMSSM

healthy? | pretty dull?
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What do we know about Supersymmetry, and from where?

The status of the CMSSM

healthy? - pretty dull?

almost dead?
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What do we know about Supersymmetry, and from where?

The status of the CMSSM

healthy?

almost dead? buried?
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Excluding Supersymmetric Models

© Excluding Supersymmetric Models
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Excluding Supersymmetric Models

Measurements
Measurements
B(Bs — utp~) | (3.204+1.50+0.76) x 10~°
B(B* — 7*v) | (0.72+£0.27 £0.11 4+ 0.07) x 10~*
B(b—sy) | (3.434£0.21+£0.07 £0.23) x 10~*
Ams (17.719 4+ 0.043 + 4.200) ps—!
a, — aM (28.7+ 8.0 +£2.0) x 10710
Qh? 0.1187 4 0.0017
my 80.385 4+ 0.015 + 0.010
m; (173.18 4 0.94) GeV
sin2 O 0.23113 + 0.00021

+ all kinds of limits

+ Higgs mass and rate information

P. Bechtle: SUSY Messages for ILC/CLIC
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Excluding Supersymmetric Models

Higgs, Searches and Astrophysics

Direct searches for sparticles and Higgs Bosons
@ Higgs limits via HiggsBounds
@ Higgs signals via HiggsSignals
o LEP chargino mass limit
o ATLAS MET + jets + O lepton search (20fb~1)

Astrophysical observables
o We require X9 to be the LSP

@ Dark matter relic density:
Qcpwvh? = 0.1187 4 0.0017 £ 0.0119 (Planck '13)

@ Direct detection limit LUX ('13)
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Excluding Supersymmetric Models

“Allowed” Parameter Range in the Fit

The following results from http://arxiv.org/abs/1508.05951

*

2D 95% CL

1D68% CL.

Best Fit
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http://arxiv.org/abs/1508.05951

Excluding Supersymmetric Models

Classifying the “Allowed” Regions

- 71 coannihilation: mﬁ/micl) —1<0.15
-t coannihilation: mg /mgo —1 < 0.2

- Xf coannihilation: mes /mgp —1<0.1
- A/H funnel: |ma/2mgo — 1] < 0.2

- focus point region: |,u/m)~<(l) —-1]<0.4

N 5000 —
8 4500~ WM Focus Point region
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3500 1D 1o region 3
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25001~ =
2000F =
1500 =
1000 =
5001 =
C1 | | | | 1 -
0 2000 4000 6000 8000 10000 '1
M, (GeV) universititbonn
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Excluding Supersymmetric Models

For ILC/CLIC: Predicted Ranges of SUSY Particle

BH68%CL  —Bestfitvalue ( FITTINO
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& 4000—
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m, (GeV) A"H H)C?X2X2X4X1X2|H ||_ 15112qRqu1b2 4L 9
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Excluding Supersymmetric Models

But is that stable on cosmological timescales?

@ Using VeVacious arXiv:1307.1477 [hep-ph]

@ All minima in stable or metastable (lifetime > age of the universe)
regions
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< 2
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Excluding Supersymmetric Models

Sensitivity of Direct Detection Experiments

@
S
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Contributions from Direct Detection
No contributions from Indirect Detection
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Excluding Supersymmetric Models

Why are global fits of SUSY so CPU-consuming?

@ ... and impossible with naively employing Minuit?
@ This is an old result — just for education!

Looking at any correlations for all other allowed parameters:

L:

2D 95% CL no LHC
1D 68% CL no LHC

L SUSY
50—
40—
E 30—
20—
10/~
L ol b b b Lo Lo L Lya o |
04305 ~j000 50005007000 15002000 2360 3000
A, [GeV]
Looks OK
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Excluding Supersymmetric Models

Why are global fits of SUSY so CPU-consuming?

@ ... and impossible with naively employing Minuit?
@ This is an old result — just for education!
Looking at any correlations for fixed other parameters:

[_P_A0:P_TanBeta:chi2 {chi2<33.5} |
5000

4000 - 33
3000 325
2000 32
1000 4

F 31

o=

E 30.5
1000

= 30
2000

Brlnsnollononflonnnllonenflononlnoanllononl 208

52 52.5 53 53.5 54 54.5 55 55.5
P_TanBeta

Looks Terrible
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Excluding Supersymmetric Models

Is that a problem of GUT-scale models only?
@ ... and impossible with naively employing Minuit?
@ This is a work-in-progress result

Testing the pMSSM11 for My and M5 only:

= o

10°

E°r

[GeV]

Looks terrible
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Excluding Supersymmetric Models

Is that a problem of GUT-scale models only?

@ ... and impossible with naively employing Minuit?
@ This is a work-in-progress result

From which observable does that come?
50
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Measuring Qh? precisely makes fits harder '1
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Excluding Supersymmetric Models

Can we predict anything for the ILC in the cMSSM?

Y mmmm mm e e A=
2 g18t CMSSM E
g 0l16; l E\ToyFi:s E
I 0.16F 1o —
E SUSY T E
0145, bata --- Best Fit Point |
0.12F (1187 £0.12) x10" g0t g

E +1.3 10" E

0.1 a0t g
0.08F E
0.06F E
0.04 4
0.02F E

0 0.06 0.08 0.1 0.12 0.14 016 0.18 02
Qoo
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Excluding Supersymmetric Models

Can we predict anything for the ILC in the cMSSM?

S Y = i e e S B @ 045F
2 0.18F E CMSSM E S b CMSSM E
S T F [IToy Fits El 3 E [IToy Fits E
& 0.16F SUSY Mmio = T 0.350 SUSY Wmic =
£ ma2o i £ ma2o =
C14E | pata --- Best Fit Point | 0.3F -« pata - Best Fit Point —|
0.12F  (1.187 £0.12) xi0" 1.18 x10" 3 F (2.87 £0.83) x10° 3.86 «10° E
E +1.3 %107 B 0.25 +88x10" 3
0.1 a0t g E Tas a0 3
E B 0.2 =
0.08 = E E
0.06F E 015 E
0.04F = o E
0.021- 3 0.05F 3
ot B 0bt L I | I 3x10°
0.06 0.08 0.1 0.12 0.14 016 0.18 02 -2 -1 0 1 2 3
‘QCDMhZ aixp - aSM

@ Most observables are fitted fine in the CMSSM, but not (g —2),
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Excluding Supersymmetric Models

What is the P-value of the CMSSM?

o 04— T
c - ]
§e] C ]
§ 0.12— —
L C | ]
0.1~ . -
- CMSSM ]
C [JToy Fits ]
0.08[ — »2 (NDF = 22) ]
C - - Best Fit point _
0.06— 30.42 ]
r MP=(49:07)% -
0.04— -
0.02- —
O: A i
0 10 20 30 40 50
NG

@ For the first time, it has conclusively been shown that the most
constrained popular SUSY model can be excluded
e Without (g —2),, the P-value with the given observable set is 51 4- 388’
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T e @
realized?

© Regardless of the GUT-model, what scenario could still be realized?
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"“For ILC/CLIC: Predicted Ranges of SUSY Particle
Masses

We are still working on the pMSSM11, so let’s use another result on the
pMSSM10 here. ..

mm68%CL  —Bestfitvalue FITTINO
95%CL - Data hL@W BT

- 1o Environment

‘ ' ' ‘ :_ - 20 Environment
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[} L
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ATL, h— yy @ r
© L
= 6000—
2 L
3]
CMS,h —»Z7Z - 4l g 4000 r
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realized?

For ILC/CLIC Predlcted Ranges of SUSY Particle
Masses

We are still working on the pMSSM11, so let’s use another result on the
pMSSM10 here. ..

pPMSSM10 prediction: best-fit masses
[2015]
4000
3500(
g 3000(
g 25001
é 2000
© 1500
S =
2 1000
A F
500(
0: | —
My Myo Myo My= Myp Myo "‘x“ '”12 My My My ”‘lk miy ""52 ”‘q:_ Mg My "‘fz My My, mg
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T e @
realized?

By H. Baer, J. List arXiv:1307.0782 [hep-phl

Proposals for ILC/CLIC Benchmark Models
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realized?

Measuring such a Scenario

E.g. by M. Berggren Nucl. and Particle Physics Proc.
(2016) 577-583

s |

’
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realized?
Measuring such a Scenario

E.g. by M. Berggren Nucl. and Particle Physics Proc. 273-275
(2016) 577-583

Signal Two photon background
W4y y

. - = — z
— 7 — — —

Signal Two photon background
MOy y

= :

aw universitétbonnl
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Al
realized?

Measuring such a Scenario

E.g. by M. Berggren Nucl. and Particle Physics Proc. 273-275
(2016) 577-583

.se C ~0I~0 T T T T | > L ~+|~_ T T T T
G200 F O T, %Y dM770 H g 8ooUX Xy dM1600 ]
I A Mi-1663:08Gev | S PORLY +14G ]
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800 F — simul. data E § [~ simul. data 1
600 @ 400F H
400 F E i ]
r 1 200 - B
200 F = : ]

%00 250 300 350 400 450 500 900 250 300 350 400 450 500
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Al
realized?

Cross-check A2 in such a scenario at the ILC?

By S. Lehtinen, M. Berggren and J. List
http://arxiv.org/pdf/1602.08439.pdf

observable | uncertainty || observable uncertainty
Mgy 0.17% Mip 0.40%

mg, 1% my, 1%

mz 0.16% mz, 2.5%

[ 1% A; 20%

my, 5.5 | 1% M 1%

mzo 0.15% mso 0.5%
Ni2,13,14 1% each Umixz, Vmiz | 20% each
myg | 1% My 1%

M, JAo, H* 1%

Table 4: STC8 particles observed at the 1 TeV ILC

observable range observable | range

My 0 5 E all equal 1 — 50 TeV My arsnin | = M, 100 GeV
LA independent | 0.6 — 50 TeV || my 1 — 50 TeV

O 0— /2 Ay 0 — —5000

Table 5: STC8 particles not observed at the 1

P. Bechtle: SUSY Messages for ILC/CLIC
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realized? o -

Cross-check A2 in such a scenario at the ILC?
By S. Lehtinen, M. Berggren and J. List
http://arxiv.org/pdf/1602.08439.pdf

Omega
- 9 Omega
— Entries 10000
0.035[— Mean  0.9998
E RMS  0.03422
0.03— Omega2
- Entries 10000
0.025— Mean 1
- RMS  0.03425
0.02—
[ — 1TeV, rest fixed
0.015— — 1TeV, rest freed
0.01—
0.005 —
R Co o oo b lal |
8.85 0.9 0.95 1 1.05 1.1 1.15
Yy 5y
universitatbonn
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Other than SUSY

@ Other than SUSY
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Other than SUSY

A little dream (unfortunately not come true)
Many nice other BSM constraints at ILC/CLIC, from top precision
couplings to TGCs, but hard to predict from current measurements. ..

By F. Richard et al. arXiv:1607.03829v2 [hep-phl

ATLAS-CONF-2016-018

3 10* ET i LA E|
g £ ATLAS Preliminary . Data B
2 10° —— Background-only fit E
g 12k Spin-0 Selection 1

v

Vs=13TeV, 32"

|

1E =
107 =
‘g 15m' E
£ 1oF + E
§ ALY H‘J{.l“ﬁ.um.. idd L4
g F v,\'f‘. T 3
= b | |%el s 3
5 -10 3
200 400 600 800 1000 1200 1400 1600

m, [GeV]
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Other than SUSY

A little dream (unfortunately not come true)

By F. Richard et al. arXiv:1607.03829v2 [hep-ph]

Vectorlike fermion

S
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Other than SUSY

A little dream (unfortunately not come true)

By F. Richard et al. arXiv:1607.03829v2 [hep-ph]
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Other than SUSY

A little dream (unfortunately not come true)

By F. Richard et al. arXiv:1607.03829v2 [hep-ph]

“pt VE=500.0GeV L=1.0ab"' Ry =1.0

e e e et V5=500.0GeV L=1.0ab"' Ry =1.0

ILCstat only ILCstat only
1800 ILCsys0.1% ILCsys0.1%
ILCsys0.3% ILCsys0.3%
1600 ILCsys0.5% ILCsys0.5%
ILC1% ILC1%
1400 y=0.1 y=0.1
. y=03 y=03
Z 1200
y=1 y=1
<
£ 1000
800
600
400
) 10 26 30 [ S0
trQ?
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Other than SUSY

Conclusions

@ We have the Higgs, it needs to be explained somewhat naturally
@ We have the LHC, we desperately would like it to find something else

@ We want the ILC, we know it could do great physics on the Higgs, but
would it find something else?

@ We want to find something like SUSY, but. ..
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Other than SUSY

Conclusions

(]

We have the Higgs, it needs to be explained somewhat naturally

We have the LHC, we desperately would like it to find something else

We want the ILC, we know it could do great physics on the Higgs, but
would it find something else?

We want to find something like SUSY, but...

The cMSSM is somewhere between extremely dull and completely dead

(]

More general SUSY is still possible, and we could re-connect to
cosmology by precicely predicting the relic density from ILC
measurements!
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Other than SUSY

Backup Slides
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Other than SUSY

Particle Physics 2015 — Exhilarating or Dull?

The LHC Experiments are an incredible success
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Other than SUSY

Particle Physics 2015 — Exhilarating or Dull?

We found a Higgs Boson

e I e
% 160 JLdt=2031% \5=8Tev 4 pan 3 o 35F ATLAS ¢ Daa B
g SIB weighted sum — Signal+background 0 E H o 72 - 4l D Signal (m, = 124.5 GeV 1= 1.66) |
1401 Signal strength categories — o C N ]
Wb ++ Background 4 2 30 ormev: _[Ldl:a.s o’ I ecioourazz =
120— — Signal — 1) C s - Background Z+jets, ti ]
E m,, =125.4 GeV ] s L Vs=8Tev: det:203!b P ]
100; E g 25 WY sysemaic uncenainy —
80— = W C ]
E E 20 -
60— — L ]
40— - 15F |
20— = F .
C ] 10 - |
g OF [ 1
T 10F L ]
g 5; 5
9
£ o
g s 0
~E 80 90 100 110 120 130 140 150 160 170

my, [GeV]
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Other than SUSY

Particle Physics 2015 — Exhilarating or Dull?

Its properties are consistent with the SM Higgs

ATLAS and CMS Preliminary :é-[ersAs
LHC Run 1 -+ ATLAS+CMS
[ —zx1lo
G(gg - - —*20
Ho ZZ) ——.—— Th. uncert.
OVBFloggF I
0-WHlo-ggF —————
0-ZH/o-ggF
o-ttHlo-ggF S ———
WW zz _—
BR™/BR =
Yy 7z —_—
BR"'/BR ———
T zz ———
BR /BR T
bb 7z _—r
BR™/BR -
IS AT S A NN N W

3 4 5 6
Parameter value norm. to SM prediction

ATLAS-CONF-2015-044, http://cds.cern. ch/record/205255§nive,siﬁtﬂ
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http://cds.cern.ch/record/2052552

Other than SUSY

Particle Physics 2015 — Exhilarating or Dull?

The Elephant outside the room

Somehow that can't be dull . ..
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Other than SUSY

The Greatest Mystery of the Standard Model

@ Sure, the Higgs explains the mass

Re(¢)

o V(®) =~ + Ao
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Other than SUSY

The Greatest Mystery of the Standard Model

@ Sure, the Higgs explains the mass

Re(¢)

o V() = —p2[0) +- A®*
@ But come on, is that an explanation? Also, the mass is not even stable
under radiative corrections. .. umversitétm
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Other than SUSY

Explaining the Higgs Potential
o Naturally include V(®) = —u2|®|? + A\|®|* through RGE running for

large my
400 L 400 L
Ep, o U E L ED, O U E Ls
300 | 300
200 F 200
100 F 100 |
0 F 0F
100 [ -100 F
AN RN ol
100 100 108 10" 100" 100 100 10® 10" 10™10™
Q [GeV] Q [GeV]
@ Example from arXiv:hep-ph/0511006v2 '1
universitatbonn
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Other than SUSY

Why do it differently: Kinematic (pr) distributions

@ In EFT approach: can have operators with different tensor structure
= potential changes in kinematic distributions
(while inclusive rate might be unaffected)

Look at the ATLAS search pp — VH — V/(bb)
[Biekotter, Knochel, Krdmer, Liu, Riva, 1406.7320]

[lew = O.16(A2/m%V), cg = —0.09(A2/m€v)
OB cew =cg =0

(do/dpr)/o

0 100 200 300 400 500 600

pr(V)
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Other than SUSY

What can be used?

@ S N s L B A A @ R B S e R

€ - L. —®-Data - = — P —8-Data —

§ I ATLAS Preliminary =¥;(hh)(nesmo - § 18: ATLAS Preliminary =§;«hm(hesnn) B

o5 fs=7TeV fLdi=47 1" =0 — L ggF (s=7TeV fLdt=47" [ fa =

L B EmZ+bb 4 C " Emz+bl |

[ fs=8TeV [Ldt=2031b =] i F (s=8TeV [Ldt=2031b Bzvcc 4

L . v Ez+cc ] = i v Ez+cl -

[ 2lep., 2jets, 2 tags, 160<p <200 GeV EDz+dl ] 141 2lep., 2 jets, 2 tags, p>200 GeV EZ3Uncertaint —

T [EZ3Uncertainty T -~ Pre-fit background

20— -= Pre-fit background ] C [EVHbb) (u=10) ]

I [ VH(bb) (p=1.0) A | |

o B77 1| e | e T T o E =
S P =
E 8
I I
o [a}

my, [GeV] my, [GeV]

ATL-CONF-2013-079
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Other than SUSY

What can be used?

2-jet, 2-tag sample

0-lepton 1-lepton 2-lepton

Process EFs [GeV] ‘l‘ [GeV] pf[GeV]
120-160]160-200| >200| 0-90/90-120]120-160|160-200|> 200| 0-90/90-120|120-160|160-200|>200
Z—w 1.6] 09 10/ <0.1) <0.1] <0.1| <0.1] <0.1] <0.1] <0.1] <0.1] <0.1| <0.1
Z - <0.1)  <0.1f <0.1} 02| <0.1] <0.1| <0.1 <0.1] 2.1 05 0.4 02 02
W — (v 0.4 02 02] 7.6 1.7 12 1O L1 <01} <01} <0.1] <0.1]<0.1
VH total 2.0) Ly 1.1 7.8 1.8 12 Ly rip 21 05 0.4 02 02
VH expected 11 58 6.1 42 9.5 6.6 56/ 61 11 2.7 2.2] 1.1 12
Top 159 33| 8 2763 729 359 113| 40| 166 32 8.0) 0.5/ <0.1
We, light 21 53] 27 616 65 27 12| 7.8/ <0.1| <0.1] <0.1] <0.1] <0.1
W+b 30 10| 6.1} 909 106 49 25 19/ <0.1] <0.1] <0.1] <0.1] <0.1
Z+c, light 23 8.1 5.2 22 2.1 0.5 03] 01f 91 12 5.6 16 LO
Z+b 226 71 39 97 13 39 1.8 05| 938 146 64 14| 83
WwW 0.5 0.1f 0.1 11 1.0] 0.7 03] 02| <0.1| <0.1f <0.1f <0.1<0.1
VZ 26 1 10 145 20 12 76/ 6.5 60 8.6) 4.5 22 21
Multijet 4.8 L1 0.7 1306] 45.6 8.7 48 04| <01 <01 <0.1f <0.1/<0.1
Total Bkg. 491 141 72| 5869 981 460 165 7411255 199 82 18] 11.4
+ 10) +3| £2| +64 =16 +9 +4| +£3| 24| +4 + 2| +1]£ 05
Data 502] 143] 90| 5916 990 458 162) 79| 1282| 204 70) 22 6
S/B 0.004/ 0.008| 0.02| 0.001| 0.002] 0.003| 0.006 0.02/0.002| 0.003| 0.005 0.01| 0.02

ATL-CONF-2013-079
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Other than SUSY

What could we compare to, just as a simple test?

ATLAS Prelim. *gg;ﬁg)) Total uncertainty
my = 125 GeV o(theo) + 1o on l.,l

) +1.1 I
VH(bb), 7 Tev A B :
VH, Olepton  H=-27,,[x1.8 [ | e I i
VH, lepton [ =-25 - A,O,,tjfi(,s,,,g_‘_l_‘_‘;‘l | i -
VH, 2leptons  H=0.6"/ |+3.1 L e Y :

s +0.5 |
VH(bb), 8 TeV_ 0507 [£04 : : S :

H=95,1<0.1 L L L L

VH, 2 leptons 1 =-0.4 71+

L
i
i I L I — L : L
VH, 2leptons K =-0.377[+12 ; ; + R
e +0.5
comb i s L
,,,,,,,,,,,,,,,,,,,, Ho o osl<0a || Lo L
VH,Olepon  1=0577)08 | s =
VH 1lenton  n=01"0:0g : B R
VH, 1 lepton H L0 |*0.8 ; ; '_1|_' : :
| T

Ay

Vs=7TeV [Ldt=47 1"
Vs=8TeV [Ldt=20.3 "
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Other than SUSY

How to make use of kinematic distributions?
Example: ATLAS search for pp — VH — V/(bb)  ATLAS-CONF-2013-079

@ different event selections / kinematic regions:
(2 or 3 jets) ® (0, 1 or 2 leptons) @ (3 EF* or 5 p¥ bins)

= 26 categories: Nops, N, ANgg, NSS"’I publicly available (Table 5)
@ But: no coherent information on correlations

@ Just for testing: Layman calculation:

Nops =N
Wi = — w7,
Ng
v/ NI AN ANM
Opi = O;J\SISMJ B @ NSISVI T i
S S

@ combination of ' (neglecting correlations):
poe = 1.15£1.06  (ATLAS: 0.5+ 0.9)
pie =0.20£0.93 (ATLAS: 0.1 +1.0)
fize = —1.70£1.79  (ATLAS: —0.4 +1.5)

=- unfortunately unable to reproduce

u niversitétbonnl
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Other than SUSY

What would be necessary?

@ This is only a very rough first test, maybe others have made more
thorough studies

@ Still, it has been independently tested by 4 peoplE, with the same
result

u niversitétbonnl
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Other than SUSY

What would be necessary?

@ This is only a very rough first test, maybe others have made more
thorough studies

@ Still, it has been independently tested by 4 peoplE, with the same
result

@ Of course you can say that it is not necessary that phenomenologists
can use our kinematic distributions in fits.

@ Unfolded distributions might improve the situation, but correlations
would still be lacking, so still (other?) challenges for independent fits

u niversitétbonnl
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Other than SUSY

What would be necessary?

@ This is only a very rough first test, maybe others have made more
thorough studies

@ Still, it has been independently tested by 4 peoplE, with the same
result

@ Of course you can say that it is not necessary that phenomenologists
can use our kinematic distributions in fits.

@ Unfolded distributions might improve the situation, but correlations
would still be lacking, so still (other?) challenges for independent fits

@ | can only speculate about the concrete minimal additional information
which would improve this situation, but a full set of u's in all 26
subchannels with a full experimental covariance matrix for bg and
signal uncertainties (seperately) might be a starting point?

u niversitétbonnl
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Other than SUSY

The obvious Likelihood Based Solution

@ Let's provide a rather complex function:
L(d, P) = pyu(d|mn, pic, ¢, Niet, pr; v, 71s) (7o 116) P (775 1)
where p,, contains all correlations between all subchannels and all kinematic
subdivisions, and where
e c: subchannel
o 1. scale factor for the theory uncertainties on b, s
e 77 input scale factor for the theory uncertainties on b, s chosen by the
user
e These must be vectors, separately for o, pdf's, ..., and for different
production modes, decay modes, etc.
@ Could maybe be handled. All internal nuisance parameters of the experiments would
be profiled out.
@ Correlations between experimental nuisance parameters and theory nuisance
parameters are ignored (probably rightfully so)
@ Should be fast. FULL parametrization of the outcome of the PL fit after profiling
out all experimental systematics.
@ Provide all acceptances, efficiencies, compositions of all subchannels
@ After we formulated that: Turned out to be practically what Kyle, Tilman et al.

already proposed N "
y prop universitatbonn
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Other than SUSY

The not so obvious gaussian approximation

@ Just a short overview here:
@ Provide all acceptances, efficiencies, compositions of all subchannels

@ In principle it's easy: N measurements of fi; (i =1,...,N) in
subchannels, kinematic bins, etc.
@ Has a covariance matrix C = Cjyy = pjpoioj

@ But: C; needs to be decomposed into different error sources
@ Idea (only roughly written here): Decompose C;i into individual

matrices )
Cl'i/ = E CJ,
n
J

where the CJ,:,., represent the uncertainty for each individual error source
for each component (e.g. ggF might have a different scaling of its
theory error in a new physics model than VBF, same for final states,
etc)

@ Then, the uncertainties in the individual matrices can be scaled

@ Looks simple, but fully formulated it can become a bit ugly, too ﬁ

universitit
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Other than SUSY

For the Future: The Likelihood Based Solution

Let's provide a rather complex function:
‘C(d’ P) = p#(dlmh’ ﬁcv Njet, PT, .- ﬁbs ﬁs)p(ﬁb|ﬁb)p(ﬁ5|ﬁ5)
where p,, contains all correlations between all subchannels and all kinematic
subdivisions, and where
e c: subchannel, including kinematic bins, etc
o 1. scale factor for the theory uncertainties on b, s
e 77 input scale factor for the theory uncertainties on b, s chosen by the
user
e These must be vectors, separately for o, pdf's, ..., and for different
production modes, decay modes, etc.
Could maybe be handled. All internal nuisance parameters of the experiments would
be profiled out.
Correlations between experimental nuisance parameters and theory nuisance
parameters are ignored (probably rightfully so)
Should be fast. FULL parametrization of the outcome of the PL fit after profiling
out all experimental systematics.
Provide all acceptances, efficiencies, compositions of all subchannels
After we formulated that: Turned out to be practically what Kyle, Tilman et al.

already proposed universitétbonnl
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Other than SUSY

HiggsSignals

The program HiggsSignals
(PB,S. Heinemeyer,0. Stal,T. Stefaniak,G. Weiglein,
arXiv:1305.1933, arxiv:1403:1582)

@ evaluates the total x? for both the signal strengths and/or the mass measurements,
@ featuring two distinct x*> methods (peak- and mass-centered),
@ includes correlations among the major externally accessible systematic uncertainties
(cross sections, branching ratios, luminosity, theory mass uncertainty),
@ includes many more features:
o It finds best assignment of Higgs bosons to the signal and automatically
combines signal rates of Higgses overlapping within mass resolution,
e Framework to include signal efficiencies,
o New (even hypothetical) signals can be implemented by the user,
e Toy measurements can be given to existing observables for statistical

studies,
e Signal rate uncertainties can be scaled for future projections,

HiggsSignals is a stand-alone program using the HiggsBounds libraries. Coding "

language is Fortran90/2003. universititbonn
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Other than SUSY

HiggsSignals: The basic idea

@ Take model-predictions of a given (arbitrary) Higgs sector for

my, Ft"t, U,‘(pp — Hk), BR(Hk — XX),

with k=1,..., N, i€ {ggH, VBF, WH, ZH, ttH}
for N neutral Higgs bosons as the program’s user input.
Optional input: Theo. uncertainties for mass, cross sections and BR's.

@ Calculate the predicted signal strength p for every observable.

© Perform a 2 test of model predictions against all available data from
Tevatron and LHC, using signal rate and mass measurements.

u niversitétbonnl
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Other than SUSY

HiggsSignals: The basic idea

@ Take model-predictions of a given (arbitrary) Higgs sector for
my, Ft"t, U,‘(pp — Hk), BR(Hk — XX),

with k=1,..., N, i€ {ggH, VBF, WH, ZH, ttH}
for N neutral Higgs bosons as the program’s user input.
Optional input: Theo. uncertainties for mass, cross sections and BR's.

@ Calculate the predicted signal strength p for every observable.

© Perform a 2 test of model predictions against all available data from
Tevatron and LHC, using signal rate and mass measurements.

The aim is to be as
@ model-independent as possible,
@ precise as possible (given the limited public information available)

u niversitétbonnl
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Other than SUSY

Experimental input
@ Signal strength measurements:
2= model [7i(PP = H) X BR(H — XX)|model
S el [oi(pp — H) x BR(H — XX)lsm
with i € {ggH, VBF, WH, ZH, ttH} and efficiencies ;.

Vs=7TeV,L<5.1b" {s=8TeV, L<19.6 fb”

HH—-XX =

Combined .
n=080+0.14| CMS Preliminary m,=125.7 GeV

H-2zz" >4
H - bb (VHtag) | p, =094 3.5 —Best Fit
H - bb (ttH tag) L -2In A(u) <1

H - yy (untagged)
H - yy (VBF tag)
H - yy (VH tag)

H - WW (0/1 jet)
H - WW (VBF tag)
H - WW (VH tag)
H - 1T (0/1 jet)

H - 1T (VBF tag)
H - 11 (VH tag)

H - ZZ (01 jet)

H - ZZ (2 jets)

ATLAS Preliminary

[s=7TeV: [Ldt=4.61"
s=8TeV: |Ldt=20.7fo

Signal strength ()
w

—_

4“‘_‘2“‘(‘)“‘2‘“‘4 110 120 130 140 150 160 170 180
Best fit o/ag,, m, [GeV]

nn
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Other than SUSY

Experimental input

The user can directly add/remove/edit observables via text files:

# Published at Moriond 2013.

# Data read in from Fig. 25a.

# No efficiencies are given (for this inclusive result)

# Mass uncertainty contains 0.6 GeV (stat) and 0.5 GeV (syst) error.
#(Gauss: 0.8, linear: 1.1)

2013013101 201301301 1

ATL-CONF-2013-013

LHC, ATL, ATL

(pp) ->h->2Z->41

8 25.3 0.036
11
1.1
124.3 124.3 0.1
4 -1
13 23 33 43
124.3 1.293 1.697 2.194

u niversitétbonnl
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Other than SUSY

Peak-centered Y\’ method

@ Tests agreement between model and

Vs=7TeV,L<5.11fb" Vs=8TeV,L<122f0"

data at the observed mass. CMS Preliminary  m,, = 125.8 GeV
H— bb (VH tag) T
@ Define observables by the best-fit signal H—bb (it tag) | ———m——(=
A . . H— 1t (0/1 jet) —
strength, [i;, at a hypothetical Higgs H > (VBF tag) —
3. H— 1t (VH tag) R —
mass m’ : H - yy (untagged) |—-—
@ The total x? consists of a signal Ho T (VBF a0 —
. H— WW (0/1 jet) -
strength and a Higgs mass part, H > WW (VBF tag) ——
H— WW (VH tag)| ~———a—at—
2 o 2 2 H->ZZ ) . - .
Xtotal = X/—L + Z er‘ N 0 Bestzfit c/cs,:

assigned Higgses i
@ Only analyses with a good mass measurement enter X%n,- (H—~vy,22)
@ Can be evaluated at different m; for each measurement

@ Assign carefully chosen penalties if predicted Higgs m; is too far off
from m;

Good method to get a global picture on Higgs coupling properties.

u niversitétbonnl

P. Bechtle: SUSY Messages for ILC/CLIC IPA LAP 09.09.2016 43



Other than SUSY

Efficiencies

Essential information! Is included in HiggsSignals if available.

Expected signal and estimated background

Event classes

SM Higgs boson expected signal (mpy=125GeV)

Background

Tott FWHM/2.35] My = 125GeV
Total | ggH  VBF VH tH (GeV) (GeV) (ev./GeV)

T | Untagged 0 || 3.2 [ 614% 168% 187% a1% 121 1.14 33 £04 |
f Untagged 1 163 | 87.6% 62% 56% 0.5% 1.26 1.08 375 %13
i | Untagged 2 || 215 | 91.3%  44%  39%  0.3% 1.59 1.32 748 +19
T | Untagged3 | 32.8 | 91.3% 4% 0% | 247 207 1936 +3.0

t~ Dijet tag 29 | 26.8% 0.6% - 1.73 1.37 1.7 +02 |
~ | Untagged 0 17.0 | 72.9% 129%  2.6% 1.36 1.27 221 x£05
£ | Untagged 1 37.8 | 83.5% 71% L% 1.50 1.39 943 £10
2 | Untagged2 | 1502 | 91.6% 04w | 177 1.54 5705 +26
= | Untagged3 || 159.9 33% 261 2.14 1060.9 +3.5
& | Dijet tight 9.2 03% 1.79 1.50 34 +02
= Dijet loose 115 17% 5% 1.87 L60 124 +04
Muon tag 14 79.0%  20.8% 1.85 1.52 0.7 +01
Electron tag 0.9 04% 787% 19.8% 1.88 1.54 0.7 +01
ESs ag 17 | 220%  26% 637% 1.7% 1.79 1.64 18 %01

An interface to insert relative efficiency scale factors (' =€/, /el per
tested parameter point and analysis is provided since HiggsSignals-1.1.
This in principle really allows arbitrary Higgs sectors

P. Bechtle: SUSY Messages for ILC/CLIC
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Other than SUSY

The \? evaluation

In the x? evaluation, we try to take into account the correlations of the
major systematic uncertainties, that are publicly known. These are

@ correlated luminosity uncertainty: AL,

@ correlated theoretical rate uncertainties: Ao;, ABR;.

Other correlations of systematics could be easily incorporated if they were
public.

The global x? for the signal strength measurements is then given by
X = (p—p)"CH - p).

A similar calculation is done for the mass observables = x?2,.

u niversitétbonnl
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Other than SUSY

Complications with multiple neutral Higgs bosons

Any neutral Higgs boson could be responsible for the observed signal.

@ Higgs boson i is assigned to the observable «, if its mass is close
enough to observed signal position:

|mi — ol < A/(Am)? + (Ama)2 = Higgs i assigned
with tuning parameter A ~ 1 (assignment range).

o If multiple Higgs bosons are assigned, their signal strengths are added
incoherently: (1o = ), fla,i

e If no Higgs boson is assigned to an observable a, its x? contribution is
evaluated for zero predicted signal strength, p, = 0.

u niversitétbonnl
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Other than SUSY

Supersymmetry

@ Even if we have found the Higgs, we still have a problem ...

@ If the new particle is the Higgs:
t mpy ~ 126 GeV
Z 57 ATLAS Préfiminary || 2011 + 2012 0a
H H % = ‘ESM‘VE\mmaW V5 =7TeV: Im:».a‘n:a'
§ 20 [Jemuwe<t s =8TeV: [Ldt = 5869 b
—————— —————— g2
= 1.5
8

0.5=

m% ~ N?
in the presence of gravity:
natural
mp = A= MP/anck ~ 1019 GeV

Finetuning at Mpjanck:

) 110 115 120 125 130 135 140 145 150
m, [GeV]

2 2 . e M2 2
M obs = M pare+(fine —tuned difference of couplings ~ Mp . )X Mp, ek

universitétbonnl
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Other than SUSY

Supersymmetry

@ Even if we have found the Higgs, we still have a problem . ..

@ If the new particle is the Higgs:

t my & 126 GeV
H H @ To prevent quadratic divergencies:
—————— - - Introduce shadow world:

One SUSY partner for each SM d.o.f.

t @ Nice addition for free: If R-parity
conserved, automatically the Lightest
only SM: m? ~ A2 SUSY Particle (LSP) is a stable DM
candidate

o
@ But: Where are all those states?

P A
H fk\ j{ H

——— e B = ———

SUSY: my, ~ min M2y /12

u niversitétbonnl
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Other than SUSY

Supersymmetry

@ Even if we have found the Higgs, we still have a problem . ..

Partlcl&s

ix

Supersymmetnc
"shadow " particl

In any case: Myjike < 1 TeV
msysy S O(TGV)
= Terascala

P. Bechtle: SUSY Messages for ILC/CLIC

If the new particle is the Higgs:
mp ~ 126 GeV

To prevent quadratic divergencies:
Introduce shadow world:
One SUSY partner for each SM d.o.f.

Nice addition for free: If R-parity
conserved, automatically the Lightest
SUSY Particle (LSP) is a stable DM
candidate

But: Where are all those states?

SUSY breaking introduces a lot of
additional parameters
Understand model: Measure

parameters!
universitétbonnl
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Other than SUSY

HiggsSignals main ldeas

HiggsSignals (PB,S. Heinemeyer,0. Stal,T. Stefaniak,G. Weiglein,
arXiv:1305.1933, arxiv:1403: 1582)

Evaluates a x? using a gaussian approximation of the ;i measurements
in all subchannels (can be asymmetric gaussians, often already quite
good approximation)

Model-independent input

(Originates from before the collaborations published "almost’
likelihoods)

One of the main distinctive features: Can handle any number of Higgs
bosons, and as long as user is prepared to re-evaluate channel
efficiencies: Can handle arbitrary Higgs sectors

Works well as long as statistics in each subchannel is low, such that
experimental correlations between subchannels are not yet too

dominant
universitétbonnl
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Other than SUSY
HiggsSignals Inputs
User Input (From Theory):
@ Take model-predictions of a given (arbitrary) Higgs sector for
me, T, oi(pp — Hk), BR(Hx — XX),
with k =1,...,N, i€ {ggH, VBF, WH, ZH, ttH)
for N neutral Higgs bosons as the program'’s user input.

@ Optional input: Theo. uncertainties for mass, cross sections and BR's
This is important for all New Physics models

Experimental Input:
@ my measurements

@ Signal strength measurements:

ieglodcl [oi(pp = H) x BR(H = XX)]model
> i€du loi(pp — H) x BR(H — XX)]sm
with i € {ggH, VBF, WH, ZH, ttH} and efficiencies ¢;.

@ Efficiencies of each production mode i in each subchannel j

HH—XX;

@ 1D p measurements allow for easier deconvolution of theory uncertainties than 2D

@ But it is much more difficult to account for experimental systematics in between g
subchannels universitétbonnl
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Other than SUSY

HiggsBounds Let’s not forget the Limits

HiggsBounds
(PB,S. Heinemeyer,0. Brein,0. Stal,T. Stefaniak,G. Weiglein,K. Wiliams
arXiv:0811.4169,arXiv:1102.1898,arXiv:1311. 0055)

Limits continue to be of great relevance! Let's not forget that we do not know for
sure that there is only one Higgs!

We are talking about likelihoods for measurements! Why not finally publish
likelihoods for exclusions?

Also: SM Higgs search combinations in the full mass range remain important. As
far as we know, the last of such combinations was published at HCP 2012 by CMS,
using the 4.8fb-1 / 12.2fb-1 of 7/8 TeV data.

Equally important as for the signal rate measurements is the publication of signal
efficiencies for the limits (if necessary, mass-dependent).

CMS made a nice approach to publish likelihood information for a single resonance
toy model in the non-standard H — 77 search. Extremely useful e.g. in global BSM
fits.

u niversitétbonnl
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Other than SUSY

HiggsBounds Let’s not forget the Limits

m,"® scenario -2In(L)
60 95% C.L. excl. (CMS) m 20
95% CL excl. (CMS noSMHBG)
-2InL = 5.99
50 | 95% CL excl. (HB)
= 15
40
(<o N
S 30 =10
20
5
10
0

100 200 300 400 500 600 700 800 9001000
Mj [GeV]

CMS H — 777~ works extremely well! Yellow should reproduce green"

universitatbonn
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Other than SUSY

Validation against ATLAS and CMS (Moriond 2013)

10 [Higgssignals—1.1.0
using ATLAS Moriond 2013 results — Ao wWwW

Ky

Kd

HaqH+VH
IS

HggF+ttH

ATL-CONF-2013-034 CMS-PAS-13-005

Generally good agreement Main limiting factors / challenges:
@ Missing public information on signal efficiencies,
@ Missing public information on correlations of exp. systematics,

@ some measurements are performed at different my values than validation. '1

universitatbonn
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Other than SUSY

Test using ATLAS and kr, ky

@ Test simple 2D effective coupling benchmark models, proposed in LHC
[1209.0040]

@ Scale fermion couplings by kg and vector boson couplings by kv

Higgs Cross Section Working Group, Sep.12,

@ non-trivial scaling of loop-induced Hvy~ coupling.

@ loop-induced Hgg coupling scales with g (effectively a fermion loop).

@ No special treatment of negative u;

Signal strength (u)

ATL-CONF-2013-034

P. Bechtle: SUSY Messages for ILC/CLIC

T T T T T s5ignals-1.1,0
ATLAS Preliminary ™= 1255 GeV 40 sl SN
o ATLAS fsus Fom Worora 01311 -
6 el 30 swoL | O SM (5, )= (1.12085)
) 9% 0L
- .
£ 74 CL
H
€ -
- v
H ¢
- .
o
H
i .
1
c
- -
.q.
I I
0 +1
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T T
ATLAS Preliminary

[ 5=7TeV JLot=46481" X Bestfit

(5= 8TeV, Lot = 13:207 15" —68%CL
- 95% CL

T T
+ M
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Other than SUSY

Test using CMS and xg, &,

@ Test simple 2D effective coupling benchmark models, proposed in LHC
Higgs Cross Section Working Group, Sep.12, [1209.0040]

@ scale loop-induced gluon couplings by x4 and photon couplings by ..
(keep tree-level couplings at their SM value)

@ probing new physics contributions to loop-induced couplings.

@ No special treatment of negative u;

E=7TeV,Ls51fb' {s=8TeV.L<122fb" 2.0 20
CMS Preliminary m, = 125.8 GeV'
H > bb (VH tag) -—
H - bb (ttH tag) | ————m——+ 15 15
H— 12 (01 jet) —
H - ¢ (VBF tag) .
H > ¢ (VH tag) I £ 10 F I8 10
H—> vy (untagged) -—
H -y (VBF tag) ——
H—> WW (01 jet) r 05 | - 1H 5
H > WW (VBF tag) ———
Ho WW (VHtag)| —————a—
Hozz| 4 ) 0.0 L L 0
5 3 2 0 1 2 3
Best fit o/cg), %
CMS-PAS-HIG-12-045 universitétbonnl
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Other than SUSY

Default set of observables (in HiggsSignals-1.1.0)

Higgs mass [GeV] Best fit i
125 126 127 ) 23456789101 LHC7, LHCS, TE]
* = o h W (0] i)
* S p) Sh 1Y)
B e )+l
* ——— p) i ko)
¥ pp)—+h igh pr
® —_— p) i cony. central low p
X pp)—+h cony. st high ,.7§r
¥ —— i
0} —+h
® —— o) —+h
® —_—] p) i
® — o0} —+h
* p)—+h
* —— o0} —+h
* [ p)—+h
x a: o) —+h
* e p)—+h
* —— wp)—+h
x i fromed igh o
: == L& il
* —— D0y —h rest-high p g
pE—— Do “rest-low )
* — pp)—+h
* —— i high- mm 3 ot loon
* — D0} —+h high-mas @ tight
* _— i o, 2 jots
* —— p)—+h 1 lepton)
* _ i ETimiss)
— D
[RaN i Ry 4 (0 lopton
— D 3V (1 lepton:
— i (2 lepton
— L (7
COF (7!
| COF (1]
GDF (7
E— GDF (7
——— COF ()
* i CMS (pp) 0/1
— e QS (ppish -2z dech] jet)
* e S (7 27 an2jel)
® — S (7 7 (untagged
x i GHS (7 uniagged |
* — S (7 tageed 2
x GHS (7 \ntagged 3
X - ais (pp ity
* — S (7 uitageed 0
—_— e S (7 untagze
e GHS (7 tagged 2
— S () i Q.Agged 3
I S (7 ete oo
e GHS (7 sy
S ()
GHS ()
— GHS () )
x GHS ()
* i QS (pp)—+h 'r twjm)
* o GHS (pp)—+VEl
* S GHS (7
* GHS ()
* e GHS (7
% I GHS ()
* [EE=— GHS ()
% — GHS (7
% e GHS ()
% GHS ()
* GHS ()
* GHS ()
* —r GHS (7
* _— g
® — D0 {pp]
® D0 {pp
¥ = 0 {pp

generated by HiggeSignals
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Other than SUSY

The Minimal Visible Rate

0.6F

0.4F

R(H — inv.)

0.2}

Ax?

BR(H — NP)

0%

K%—I,Iimit = 40 (10)

P. Bechtle: SUSY Messages for ILC/CLIC

ﬁ

0.0

K < 2.51(1.78)

1.0

0.8F

0.6F

0.4

95%
\ limits from CMS

L. upper

using CMS-PAS-HIG-14-002

Ax?

and B(h — NP) < 84% (68%)

u niversitétbonnl
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Other than SUSY

Example: Ultimate Precision at the ILC

Just as an example to show why this sort of input is very flexible for all kind of studies

0.0 0.01 0.02 0.03 0.04 0.05 0.0 0.01 0.02 0.03 0.04 0.05
3l
BR(H - NP)P BR(H — NP) p—— l
o HE— LHC (T fice)
fp— c— - 1950 (glotal
K o ——— | & HL— LHC & ILC 230 (o'5i")
ILC 250 E - HL— LHC @ ILC 250
¥ |e HL-LHC®ILC 500
Kz iz —o— | '& HL- LHC&ILC 1000
? ¥ HL — LHC & ILC 1000 (LumiUp)
3
i Hu —
——
) s . e
Kd Kd :é_—
==
—— |
" e =
==
—_—mm—
e .
Kg g :é__
——
| G
Ky iy —_—
HiggsSignals ™} HiggsSignals et
0.90 0925 095 0975 1.00 1.025 1.05 1.075 1.10 0.90 0.925 0.95 0.975 1.00 1.025 1.05 1075 1.10
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Other than SUSY

Indirect Constraints

SUSY or 2HDM

SM “radiative penguin SUSY penguin penguin
e BaBar (SLAC) and Belle (KEK) ? conse my max (L[]

o Example for sensitivity for large M
at low /s = 10.58 GeV

@ New Physics at the same loop level
as in the SM

o Radiative Penguin decay 1
BM(b — sy) = (3.15+0.23) - 10~*

no SUSY prediction from SPheno

el
0 200 400 )
m, (GeV/c")

u nive{sitétbonnl
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Other than SUSY

Why try (trust?) SUSY?
Wim de Boer et al. (1991):

It was shown that the evolution of the coupling constants within the minimal
Standard Model with one Higgs doublet does not lead to Grand Unification, but if
one adds five additional Higgs doublets, unification can be obtained at a scale below
2.10' GeV. However, such a low scale is excluded by the limits on the proton lifetime.

On the contrary, the minimal supersymmetric extension of the Standard Model
leads to unification at a scale of 1069493 GeV. Such a large unification scale is
compatible with the present limits on the proton lifetime of about 102 years. Note
that the Planck mass (10'® GeV) is well above the unification scale of 10'® GeV, so
presumably quantum gravity does not influence our results.

e e SUSY 2nd order 10 10
DELPHI 90 :

o' (1)

. L Ll
3 5 7 5 d 73 d° d7

5 |
[GeV]
#  [GeVl

, Prediction" of sin® 8y :
sin? 037°Y = 0.2335(17),  sin? 6P = 0.2315(02) ,
universitétﬂ
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Other than SUSY
So near... and yet so far...

£ ATLAS 2011 -2012

Local p

V5= 7TeV: [Ldt = 46481"

We found a SM-like Higgs. ..

u niversitétbonnl
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Other than SUSY

So near

. and yet so far...

ATLAS 2011 -2012

V5= 8TeV: [Ldt=5.859 b"

--- Sig. Expected

— Observed "

i ‘
200 300

We found a SM-like Higgs. ..

P. Bechtle: SUSY Messages for ILC/CLIC

700

600

500

MSUGRA/CMSSM: tan(p) = 30, A, = -2m,, 1 >0

Status: SUSY 2013

© T T T T T T T T T T T

ATLAS Preliminary

[l vt

95% CL limits. 34y not included.
O-epion, 26 ets
BRI
Odepton, 7-10 jets
PSR

0-1 lepion, 3 brets
iasEo 13
t-leplon + jos + MET
ATASCONF 2013062

1-21aus + jets + MET
ATLAS CONF- 2013026

2:8S-leptons, 0 -2 3 bijets
ATLAS CONF-2013:007

5000 6000
m, [GeV]

But we did not find anything else.

IPA LAP 09.09.2016
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Other than SUSY

So near... and yet so far...

Status: SUSY 2013

MSUGRA/CMSSM: tan(p) = 30, A, = -2m,, 1 >0
L e

o T = 1000 T T T .|
o ATLAS 2011 -2012 3k ) 05% CLimis. 5 roivcoded.
5 g L ATLAS Preliminary ™~ | -- £eces gopton, 26j6ts 3
0 g laszos-a07mlissatey | TTQe AUScomien
010 E o e 3
A w00 [ o guemaes

10 : S M
LMo A f """""""" Lo 700 [ SO e 3
10 \s=7TeV: |Ldt = 4.6-4.8fb E Eomoes 2SS leptons, 0.2 3 bits
10 (5=8Tev: [Lot=5859 1" wo = E
10 s N N e E
500 —
10 Sig. Expected E -
10 — Observed 40 =
10 £
10 ¢ H a0 |- 1
110 150 200 E L ! ! L L d
0 1000 2000 3000 4000 5000 6000
m, [GeV]

We found a SM-like Higgs. .. But we did not find anything else.

Two questions arise:

@ How can we learn from the Higgs discovery for any model of physics
beyond the SM?

@ What can we learn from everything we know about SUSY?

u niversitétbonnl
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Other than SUSY

Multi-Messenger

Experiments at highest _ Experimente at highest
precision ?: uf LEP . ‘ energies
@ Babar o 3 @ SUSY-search at
@ Belle | Tevatron
@ BES, CLEO o} @ Higgs-search at
@ Aleph w £ Tevatron
@ Delphi " g i @ ATLAS
wl EE H
@ L3 R N @ CMS
@ OPAL b BT @ Cosmology of the early
@ SLC F { universe
° (g 2) 5 —0.0237“5510.00035 5 n
s 1 roncion i o .
® mw,m:,Bbei CDF _ ° o
@ mw, me, B bei DO 9 ]
@ Indirect Detection, 7] ]
Satellites i 1
@ SuperBelle 0 el
@ ILC? m,, [GeV]

u niversitétbonnl
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Other than SUSY

Fitting the CMSSM

Using HS(,HB) + other input
see e.g. arXiv:1204.4199, arXiv:1310.3045, and arXiv:1410.6035, arxiv:1508.05951
CMSSM is experimentally constrained by

@ indirect constraints from low energy precision measurements
@ direct searches for sparticles and Higgs bosons

@ astrophysical observations

To evaluate the corresponding model predictions we use:

@ SPheno for spectrum calculation

e FeynHiggs for Higgs properties, (g — 2), & Ams

@ Superlso for other B-Physics observables

@ Prospino, Herwig++, Delphes for direct sparticle searches
@ MicrOMEGAs for dark matter relic density
°

DarkSUSY via Astrofit for direct detection cross section

u niversitétbonnl
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Other than SUSY

Higgs, Searches and Astrophysics

Direct searches for sparticles and Higgs Bosons
@ Higgs limits via HiggsBounds
@ Higgs signals via HiggsSignals
o LEP chargino mass limit
o ATLAS MET + jets + O lepton search (20fb~1)

Astrophysical observables
o We require X9 to be the LSP

@ Dark matter relic density:
Qcpwvh? = 0.1187 4 0.0017 £ 0.0119 (Planck '13)

@ Direct detection limit from 225 live days of Xenon100 ('12)

u niversitétbonnl
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Other than SUSY

But is that stable on cosmological timescales?

@ Using VeVacious
@ All minima in stable or metastable (lifetime > age of the universe)

regions
[ 2D 95% CL, stable LSUSY LW

[ 1D 68% CL, stable
rrrrrr 2D 95% CL, metastable
rrrrrr 1D 68% CL, metastable

Ayl M,

@

My, (GeV)
IS
&
g
3

3000

#

H

2500

2000

[ 2D 95% CL, stable
[ 1D 68% CL, stable
...... 2D 95% CL, metastable
...... 1D 68% CL, metastable

1500

n P T S S S I NI R | P I [ I I S [ SIS A SAVER ]
2000 4000 6000 8000

10000 6
M, (GeV) tan
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Other than SUSY

og [pb]

a
S

0°

Sensitivity of Direct Detection Experiments

FS
a

©
S
AT LRI AR LA

x 5 50 T T T T &%
3.5 2 36
d Law
40 2
3 SUSY 35
b5 35
’ 30 |
2 25 S
15 20 - ] AP
1 15 ’ 32
10E e
0.5 . =
s L5 31
o -

| . . " o g
0,
200 400 600 800 1000 1 200nlio1[ﬂ)eqll 0 200 400 600 800 1000 1200"‘#1[@91{,]
1 4

Contributions from Direct Detection
No contributions from Indirect Detection
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Other than SUSY

The Higgs

Mass

140 10000 __ ;‘ 10000 __
FE = C 2
g ¢ oo & g 9000 g
=..F . s = F =
E=-  FeynHiggs 2.9.5 g Fosp ]
r s000 2 o s000 2
r o E
130 ] ~
r .|I“ '|II 7000 1% F 7000
r e r
r ] E
1250 1 .|l|'. .III II.' 6000 1251 6000
r # an . E
o~ K .=:I l:::. = o 120 :— 5000
. s ' _
Foas oS y 4000 F 4000
15~ nn g " F
L mm - 3000 15—
F o . F ; 3000
e J . J e . : FeynHiggs 2.10.0
E 2 Bl 0 1 1 ! L L 1 L 2000
XUmSUSY 2 - 0 1

2 3
XUmSUSY

In latest codes, there is enough headroom to accomodate the 125 GeV
Higgs boson in the cMSSM
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Other than SUSY

The E821 Experiment at Brookhaven
Storage ring @ BNL

250” diameter ring
i Superconducting coils
B =1.45T

py = 3.1GeV/c

e ;;:étbonnl
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Other than SUSY

The E821 Experiment at Brookhaven

_ QED QCD QFD
a,=a, +a, +a,

VALUE (x 10~'") UNITS
QED (v +7¥) 116 584 718.853 4 0.022 + 0.029,,
HVP(lo)* Significant 6923 + 42

*ok _
HVP (ho) work ongoing 98.4 4+ 0.7
H-LBLf 105 + 26
EW 153.6 = 1.0
Total SM 116 591802 + 42 1,0 £ 26110 £ 20ther (£49%t0t)
today __
Oy, =163

* Davier et al., Eur. Phys. J. C (2011) 71:1515
** Hagiwara et al., J. Phys. G38, 085003 (2011).
Prades et al. Lepton Moments
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Other than SUSY

The E821 Experiment at Brookhaven
f(t):Noe_t/t”[l+ACOS(Dat+cp]

(2]

i

g MV

2, .6 SV

» 10

3

(=3

2

§ 10°
NNANAANA -

10* Muon lifetime : T1,=64.4 s /\/\/\N\/\/vv

(g9-2) period I Ta=4.37 us

10

10’
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1
V] 20 40 60 80 100
Decay time module 100 ps [ps]
~1010 events, ~10 lifetimes "
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Other than SUSY

Now we know where the cMSSM would be

1.4

1.2}
(o))
C
>
£
e | R )
: | [
i
B [ \
()
2 o.8f
[92)
(%]
[]
=

0.6}

12
X2 _ (y: f(Ziaa)) —3.83
0.4 . . . . . .
-1 0 1 2 3 4 5 6
Messung Nr.

A small abstract example:
6 indpendent measurements '1
universitatbonn
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Other than SUSY

Now we know where the cMSSM would be

12 T T T T T

1.1+

=
=)

o
©

o
©

Messwert/Erwartung

o
N

0.6} —flz..d)?
X2 :Z(y, f(z,, )

=0.60

0.5 - - - - -
-1 0 1 2 3 4
Messung Nr.
A small abstract example:

6 indpendent measurements
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Other than SUSY

Now we know where the cMSSM would be

P. Bechtle: SUSY Messages for ILC/CLIC

Messwert/Erwartung
[=] = = [ = =
© o i IS > ©

o
)

I
>

A small abstract example:
6 indpendent measurements

IPA LAP 09.09.2016

12
X2 — (yi_f(‘fna)) 3.47
S,-'
-1 1 2 3 4 5
Messung Nr.
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Other than SUSY

Now we know where the cMSSM would be

=
o

I
S

=
N

Messwert/Erwartung
o =
© o
T T

1
I
1
I
I
1
I
1
'y
1
I
1
I
1
I
1
I
1
|
1
I
1
I
1
1
I
1
I
1
I
1
I
1
I

o
)

o
»
>
V)
Il
g
|
=
&
D
w
NeJ

I
N

2 3 4 5 6
Messung Nr.

|
=
o}
.

A small abstract example:
6 indpendent measurements '1
universitatbonn

P. Bechtle: SUSY Messages for ILC/CLIC IPA LAP 09.09.2016 68



Other than SUSY

But how do we find whether it can be there?

250 . \{ertellung fjer Fltwertle

2001

Haeufigkeit
.
w
o

un
o
o

50F

0.7 R 0.9 1.0 11
Messwert/Erwartung

Repeat these measurements each in a simulation: “Toys”
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Other than SUSY

But how do we find whether it can be there?

300 Verltellung der (|2h|2

Haeufigkeit

25

Chi2

Repeat these measurements each in a simulation: “Toys”
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Other than SUSY

To which Higgs Maesurent Set do we Fit best?

> WW = (utv (0/1 jet) [8 TeV] | ATLAS . CMs -— STeV] H — WW = 2020 (0/1 jet)
Howw .1./:.4».4-.\;R' — — 8TeV] H — WW — 2020 (VBF)
VH = VIV [8 Te [EE— eV S W= 2020 (V]
> 22 4 (VBE V) STV — T | Jenvivia v s
— 4¢ (gzH like) [8 T - B
H —~~ (conv.cutr. high pr) |8 TeV | —_— L e STeV] WH SWWW 303y
H =~ (conv.cutr, low pr) (8 TeV] [ —_— STeV| H = ZZ — AL (0/1 jet)
H 37 (conv.rest high pr.) [S TeV| _— —_— ‘T“]" »2 g
—— ——l
onv.cutr. high pr,) |8 TeV’ —_— i
(unconv.cutr. low pr,) [8 TeV| — o STeV| H —~
pm) [8TeV]| —_— . STeV] H
~ (unconv.rest low pre) [8 TeV —_— STeV| H —
H =~ (conv.trans.) [8 TeV — ——
(higH mass, 2 jet loase) [8 TeV ——— L
~ (high mass, 2 jet nnhh xT\ — ]
H = (low mass,
"
[CA———

H (ETmiss
+ (conv.cntr. high pre) [7
(conv.cutr. low pr)
(conv.rest high pr,)
+ (conv.rest low pr,) |7 TeV = -

v.cutr. high pre) |7 TeV] | ey
(unconv.cutr. low pre) (7 TeV]

ind
—_—e STV H

(unconv.rest high pr) fhee Lo STeV] H 77 (0jet)
~ (unconv.rest low pr) —_— b
H =~ (conv.trans.) [T ——
STeV| VH - 77
—_— — STeV| VH - Vib
e S8 TeV] 0 = 21 (same sign)
—_— . STeV] tH — 3
—— STeV] 1tH —
F——1 ——— sn»\'}uu > tt(o0)
) =TT STeV] ttH - tt(17)
VH = Vb (16) [8 TeV 8TeV] ttH — tt(rr)
VH = Vb (2) [8TeV]
v.1 2] H-Wwi
H—ww|Dg —_— H =9
He
. R ———— e VH = Vb
NS CDF ] t1H > b
-1 0 1 2 3 -1 0 1 2 3 8
1z . —ioco.tbonn
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Other than SUSY

To which Higgs Maesurent Set do we Fit best?

[168% CL  —Bestfit value
95%CL  -»Data LSIUISY

S ATL, h — WW — Ivlv
|E — e | ATLh>ZZ 4l
I ————— ATL, h > vy
——o—| ATLLh> 1t
P ATL, Vh - Vbb
—~—|‘ CMS, h - WW - Iviv
—{;— CMS, h - ZZ - 4l
H—{— CMS, h - vy
e CMS, h - 1t
— CMS, Vh — Vbb
0 o 1 T 2

H u niversitétbonnl

P. Bechtle: SUSY Messages for ILC/CLIC IPA LAP 09.09.2016 70



Other than SUSY

To which Higgs Maesurent Set do we Fit best?

[168% CL  —Bestfit value !
95 % CL -e-Data

~+|ﬁ h—>Ww, zZ
- |
<va— h— 1t
—t h - bb
0 T 1 — 2

# u nive{sitétbonnl
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So does the Higgs do

0 10 30

20

40
HiggsSignals: p
HiggsSignals: m,
HiggsBounds
Amg,

sin?(0,,)

LUX

BR(B > tv)
BR(B, — uu)
BR(b—>sy)
My

Mhop

(92),

LHC

Lou PR B

anything?

L

D Full Range
- local 95% Interval
- local 68% Interval

®  Original Best Fit Point

preliminary

NI B

15

20 25 30
Contribution to 2

@ This plot shows the variation of the x? contributions for all toy fits,

calculated with respect to the smeared

values

@ If the colored band is small: Observable has no effect on the fit

@ my, obviously has an effect, u's a bit.
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Other than SUSY

So does the Higgs do anything?
12 125 13 135 14 _m
iggsSignals: m t

] Full Range
- local 85% Interval
- local 68% Interval

® Original Best Fit Paint

BR(B —» tv)
BR(B, »uu)

BR(b »s7)

0 2 4 6 8 10 12 14 16 18 20
Contribution to ¥?

@ This plot shows the variation of the x? contributions for all toy fits,

calculated with respect to the measured values
o If the colored band is small: Observable has no effect on the fit :
@ my obviously has an effect, u's a bit. univ&mimﬂ
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Other than SUSY

Effect of the Combination on the P-value

Measurements (zi,0:),i =1..N

'\2 N (aci—a_c)2

X?ﬂata = Z

=n Ti
~ =
2 i — a4 T~
Xsplit = Z o . . =

i—1 @ Combination (Z,0)

/

e — a2 T—a
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Other than SUSY

Effect of the Combination on the P-value

1]
= 1_
=} -
= L
g | FITTINO
2 08
© _
0.6 [ split measurements
L ] combined measurements
0.4
0.2
0 I I I IS B
0 5 10 15 20 25 30 35

x/ndf
n=1 N =10, 30 devition

u niversitétbonnl

P. Bechtle: SUSY Messages for ILC/CLIC IPA LAP 09.09.2016 73



Other than SUSY

HiggsSignals Test using ATLAS and kr, Ky

Higgs Cross Section Working Group, Sep.12,

Test simple 2D effective coupling benchmark models, proposed in LHC

[1209.0040]
Scale fermion couplings by k¢ and vector boson couplings by ky/

loop-induced Hgg coupling scales with kg (effectively a fermion loop).
No special treatment of negative p;

°
@ non-trivial scaling of loop-induced Hvy~ coupling.
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Other than SUSY

HiggsBounds Let’s not forget the Limits
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CMS H — 777~ works extremely well! Yellow should reproduce green"
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Other than SUSY

Constraint SUSY Models

Reduction of the number of parameters: Assume unification at Mgyt

Example Unified model: CMSSM
Universal gaugino mass M, J 4 additional continuous parameters
700 @ universal gaugino mass M/,

@ universal scalar mass My
@ universal trilinear coupling Ao
@ tanf=w/n

@ signy

Typical model point for older studies:
SPS 1a
F vy

ook il My, = 250 GeV, Mo = 100 GeV,
I 1 Ao = —100 GeV, tan 3 = 10, sighy =1
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Other than SUSY

Y2 contributions

At each parameter point P calculate:

X2 = <6meas - 6pred(ﬁ)> ! cov 1 <5meas — 6pred(ﬁ)> + Xfmits

@ An example for a limit: The ATLAS 0-lepton generic SUSY search

_[Ldt=20.3!fb,‘;=8TeV
® Ailas median expected limit
Ailas observed limit
Feepmleton L
500 1000 1500 2000 2500
M, (GeV)
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Other than SUSY

P-values for different Observable Sets

Observable Set x2/ndf | naive p-value (%) | toy p-value (%)
Small 27.1/16 4.0 19+04
Medium 30.4/22 10.8 49+0.7
Combined 17.5/13 17.7 8.3+0.8
Medium (Focus Point) | 30.8/22 10.0 7.8+0.8
Medium without (g-2) | 18.1/21 64.1 51+3
No Higgs rates 15.5/9 7.8 1.3+0.4

from PB et al., http://arxiv.org/abs/1508.05951
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Other than SUSY

Traditional Finetuning

Older results from arXiv:1204.4199
Might be interesting to revist them for the pMSSM?
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Other than SUSY

Alternative Finetuning

Older results from arxiv:1204.4199
Might be interesting to revist them for the pMSSM?
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Other than SUSY

Alternative Finetuning

Older results from arxiv:1204.4199
Might be interesting to revist them for the pMSSM?
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Other than SUSY

A Warning: Apparent Finetuning
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