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Introduction: Hierarchy Problem

-

Quantum corrections to Higgs mass diverge quadratically!

-

h-----%  f----- h Smi, = 242 + O(A/my)

A: cut—off for momentum in loop.
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Introduction: Hierarchy Problem

fQuantum corrections to Higgs mass diverge quadratically! T

Y At
R R e h sm2, = 2LA2 4+ O(A
mhvt o 87'('2 —I_ ( /mh)
A: cut—off for momentum in loop. //~ i
Are canceled in SUSY! iz
homm e S e m
A7
5m}2“§ = —g’%tz/@ + ... Quadratic divergencies cancel exactly!
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At 2—loop:
2
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m
h

Papucci, Ruderman, Weiler (2012)
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Adding up
- -

2 2
5m2~& m2+m2—2m2+\A|2 lnA—+---
homgp2 2 ! ' m%b

A2
omy < mi = m? In — < (500 GeV)?

my,
At 2—loop:
A2
mgln — < 1200 GeV
my,

Papucci, Ruderman, Weiler (2012)

Should have seen stops and/or gluinos at the LHC??
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Natural SUSY Scan
f MD, J.S. Kim—‘

Minimization of Higgs potential: /7 ~ —|u|? — m3,
— Want m3, <0, with ||, |m7, | ~ O(M}) (tree-level
finetuning)
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Natural SUSY Scan
f MD, J.S. Kim—‘

Minimization of Higgs potential: %M% ~ —MQ — m%u

— Want m3, <0, with ||, |m7, | ~ O(M}) (tree-level

finetuning)
Naturalness bounds on all other sparticles are much

weaker.
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Natural SUSY Scan
f MD, J.S. Kim—‘

Minimization of Higgs potential: %M% ~ —!N\Q — m%[u

— Want m3, <0, with ||, |m7, | ~ O(M}) (tree-level

finetuning)
Naturalness bounds on all other sparticles are much

weaker.

In our scan:
1| < 500 GeV
m; , mg as small as possible

(implies m; Is also “light”)
All other sparticles, heavy Higgses out of LHC range.
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Scan

- N

# Randomly generated lots of points in parameter space

o |
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Scan

- N

# Randomly generated lots of points in parameter space

#® Compute spectrum with SPheno 3. 3. 2; check if 122
GeV < my <128 GeV: ~ 22,500 points

o |
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Scan
f # Randomly generated lots of points in parameter space T

#® Compute spectrum with SPheno 3. 3. 2; check if 122
GeV < my <128 GeV.:

# Generate per point (Pyt hi a 8. 185;
matching of extra hard parton if mass splitting to LSP is

small, using MadG aph 2. 1. 2)
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°

Scan

-

Randomly generated lots of points in parameter space

Compute spectrum with SPheno 3. 3. 2; check if 122
GeV < my <128 GeV.:

Generate per point (Pyt hi a 8. 185;
matching of extra hard parton if mass splitting to LSP is

small, using MadG aph 2. 1. 2)
Compare with LHC results using CheckMATE

ATLAS: 04 + 2b; 2¢ (direct stop); £F¢*%; 34; 10+ (b—)jets (stop); Monojet or c—jet
(stop); 1 4+ > 4jets; 0£ + 2b + 4 or more jets; 0 + 2 to 6 jets; Oor 14 +

3b; 1or2¢+ 3to6 jets; 2 £ (razor)

CMS: ap + b; ¢X¢F + 30.

All searches require some missing Er.

|
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MD, Dreiner, J.S. Kim, Schmeier, Tattersall (2013)

# Reads in user—generated hadron-level events and
Cross section



CheckMATE Propaganda

MD, Dreiner, J.S. Kim, Schmeier, Tattersall (2013)

# Reads in user—generated hadron-level events and
Cross section

#® Processes events through Del phes—based detector
simulation (chiefly ATLAS)
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CheckMATE Propaganda

MD, Dreiner, J.S. Kim, Schmeier, Tattersall (2013)

# Reads in user—generated hadron-level events and
Cross section

#® Processes events through Del phes—based detector
simulation (chiefly ATLAS)

Applies cuts used in experimental analyses
o Carefully validated! (Cut flows, exclusion plots.)

°
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CheckMATE Propaganda

MD, Dreiner, J.S. Kim, Schmeier, Tattersall (2013)

Reads in user—generated hadron—level events and
Cross section

Processes events through Del phes—based detector
simulation (chiefly ATLAS)

Applies cuts used in experimental analyses
Carefully validated! (Cut flows, exclusion plots.)
Checks whether scenatrio is allowed.
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CheckMATE Propaganda

MD, Dreiner, J.S. Kim, Schmeier, Tattersall (2013)

# Reads in user—generated hadron-level events and
Cross section

°

Processes events through Del phes—based detector
simulation (chiefly ATLAS)

Applies cuts used in experimental analyses
(Cut flows, exclusion plots.)
Checks whether scenatrio is allowed.

o o o o

User only has to generate events, select analyses
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CheckMATE Propaganda

MD, Dreiner, J.S. Kim, Schmeier, Tattersall (2013)

# Reads in user—generated hadron-level events and
Cross section

°

Processes events through Del phes—based detector
simulation (chiefly ATLAS)

Applies cuts used in experimental analyses
Carefully validated! (Cut flows, exclusion plots.)
Checks whether scenario is allowed.

User only has to generate events, select analyses

© o o o @

Fairly straightforward to implement new analyses J.s. kim,
Schmeier, Tattersall, Rolbiecki (2015)
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CheckMATE Propaganda

MD, Dreiner, J.S. Kim, Schmeier, Tattersall (2013)

# Reads in user—generated hadron-level events and
Cross section

°

Processes events through Del phes—based detector
simulation (chiefly ATLAS)

Applies cuts used in experimental analyses
Carefully validated! (Cut flows, exclusion plots.)
Checks whether scenario is allowed.

User only has to generate events, select analyses

© o o o @

Fairly straightforward to implement new analyses J.s. kim,
Schmeier, Tattersall, Rolbiecki (2015)

L #» Doesn’t work for “smart” multivariate analyses J
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m; > 600 GeV

M > 600 GeV
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Myop1 [GeV]

2

mg > 1100 GeV
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m; < 600 GeV
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m; < 1100 GeV
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Results

- N

# Scenario Is safe, If
mg > 1.1 TeV and (mj, > 600 GeV or mpsp > 250 GeV)

o |
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Results
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# Scenario Is safe, If
mg > 1.1 TeV and (mj, > 600 GeV or mpsp > 250 GeV)

#» Some scenarios with m; < 800 GeV are allowed:
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Results

-

# Scenario Is safe, If
mg > 1.1 TeV and (mj, > 600 GeV or mpsp > 250 GeV)

#» Some scenarios with m; < 800 GeV are allowed:
o Small mg — MLSP
e mg >my >my ~mysp (Signal distributed over
several channels, missing £ suppressed)
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Results

-

Scenario Is safe, If
mg > 1.1 TeV and (mj, > 600 GeV or mpsp > 250 GeV)

Some scenarios with mz < 800 GeV are allowed:

o Small mg — MLSP

e mg >my >my ~mysp (Signal distributed over
several channels, missing £ suppressed)

Smallest allowed masses Iin scan: mg min = 520 GeV,
mfl,min — 300 Gev

|
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MD, M. Asano

MSSM: m;, < M, at tree—level



Improving Naturalness

MD, M. Asano

MSSM: m;, < M, at tree—level

—> Need large finite loop correction to physical Higgs
mass, I.e. relatively heavy stops and/or large | A|
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Improving Naturalness

MD, M. Asano

MSSM: m;, < M, at tree—level

—> Need large finite loop correction to physical Higgs
mass, I.e. relatively heavy stops and/or large | A|

Implies relatively large log—divergent corrections to soft
breaking parameter m;
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Improving Naturalness

MD, M. Asano

MSSM: m;, < M, at tree—level

—> Need large finite loop correction to physical Higgs
mass, I.e. relatively heavy stops and/or large | A|

Implies relatively large log—divergent corrections to soft
breaking parameter m;

Implies few % finetuning (or worse) in MSSM: stronger
constraint than direct stop, gluino searches!
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Improving Naturalness

MD, M. Asano

MSSM: m;, < M, at tree—level

—> Need large finite loop correction to physical Higgs
mass, I.e. relatively heavy stops and/or large | A|

Implies relatively large log—divergent corrections to soft
breaking parameter m;

Implies few % finetuning (or worse) in MSSM: stronger
constraint than direct stop, gluino searches!

Can be improved by increasing tree—level value of m,,!
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NMSSM
-

Introduces additional Higgs singlet superfield NV with
Superpotential W = ANH,H,

-



NMSSM
-

Introduces additional Higgs singlet superfield NV with
Superpotential W = ANH,H,

-

| ) 2 g 5 o\ 2
Potential V' = \* |H, Hg4|" + 454 (|Hu\ — |Hy| ) + ...
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NMSSM
-

Introduces additional Higgs singlet superfield NV with
Superpotential W = ANH,H,

_ 5 9 24 2 9 2\ 2
Potential V = A2 |H, Hy|? + £%2° (|Hu\ | H,| ) +.

m% ~ MNov?sin? Beos® B+ M% (sin2 B — cos® 6)

A% sin®(283) + M7 cos®(20)

(HY) =wvsin B, (HY) = vcosf

o

-

2

|
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NMSSM
-

Introduces additional Higgs singlet superfield NV with
Superpotential W = ANH,H,

-

_ 5 9 24 2 9 2\ 2
Potential V = A2 |H, Hy|? + £%2° <|Hu\ | H,| ) b

m% ~ MNov?sin? Beos® B+ M% (Siﬂ2 B — cos® ﬁ)Q
A0? sin?(20) + MZ cos?(23)

(HY) =wvsin B, (HY) = vcosf

Cannot maximize both contributions to m? simultaneously!

o |
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TMSSM

f Espinosa, Quirds (1992); Pérez, Spinner (2012); Kang, Liu, Ning (2013)—‘
Introduces two Higgs triplets 77, 75 with
W =MH, D Hy +  oHgloHg+ priils + pHyHy

o |
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TMSSM

f Espinosa, Quirds (1992); Pérez, Spinner (2012); Kang, Liu, Ning (2013)—‘
Introduces two Higgs triplets 77, 75 with
W =MH, D Hy +  oHgloHg+ priils + pHyHy

2, 12 2
V= N H 03 ol + S5 (|~ Hal?) 4
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TMSSM

Espinosa, Quirds (1992); Pérez, Spinner (2012); Kang, Liu, Ning (2013)

Introduces two Higgs triplets 77, 75 with
W =M MH,/h"Hy + X HiloHg+ prIils + pHy Hy

2, /2 2
V= N H 0 Hol + S5 (| = | Ha)

mi ~ MZ cos?(28) + v* (A3 sin 3 + A4 cos? 3):
both terms are large if tan? 5 >> 1!

o |
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TMSSM

f Espinosa, Quirds (1992); Pérez, Spinner (2012); Kang, Liu, Ning (2013)—‘
Introduces two Higgs triplets 77, 75 with
W =MH, D Hy +  oHgloHg+ priils + pHyHy

2, /2 2
V= N H 0 Hol + S5 (| = | Ha)

mi ~ MZ cos?(28) + v* (A3 sin 3 + A4 cos? 3):
both terms are large if tan? 5 >> 1!

Yr, = =Y, = 1: Triplets contain doubly charged fields!
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TMSSM

f Espinosa, Quirds (1992); Pérez, Spinner (2012); Kang, Liu, Ning (2013)—‘
Introduces two Higgs triplets 77, 75 with
W =MH, D Hy +  oHgloH, + priils + pHy Hy

2, /2 2
V= X[+ 3 Hal + 4 (2= 1)+

mi ~ MZ cos?(28) + v* (A3 sin 3 + A4 cos? 3):
both terms are large if tan? 5 >> 1!

Yr, = =Y, = 1: Triplets contain doubly charged fields!

Possible problem:
Need vz = (T7)? + (T%)* < v*: new source of finetuning?

o |
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Triplet VEV

-

Assume tan’ 5 >> 1 for simplicity (not important):

Y v2 )\LuT sin 5T—,LL SiH(?ﬁ)()q COS 6T—|—>\2 sin ﬁT)—A1A1 COS 6T
T V2 m?@ sin? BT—m%l cos? Br—ui cos(207)

o |
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Triplet VEV

Assume tan’ 5 >> 1 for simplicity (not important):

D — v2 Apr sin Br—psin(28) (A1 cos Br+Az sin Br)— A1 A1 cos Br
' =1 m7, sin® Br—m7. cos? Br—u7 cos(2fr)

Small v not unnatural if m7. > [\ Ailv, |Aprl|v, [plv!
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Triplet VEV

Assume tan’ 5 >> 1 for simplicity (not important):

D — v2 Apr sin Br—psin(28) (A1 cos Br+Az sin Br)— A1 A1 cos Br
' =1 m7, sin® Br—m7. cos? Br—u7 cos(2fr)

Small v not unnatural if m7. > [\ Ailv, |Aprl|v, [plv!

But: 77 couples to H,

2 _ 6M\. 2 A
— 5mHu = g Mmp In Opw + ...
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Triplet VEV

Assume tan’ 5 >> 1 for simplicity (not important):

D — v2 Apr sin Br—psin(28) (A1 cos Br+Az sin Br)— A1 A1 cos Br
' =1 m7, sin® Br—m7. cos? Br—u7 cos(2fr)

Small v not unnatural if m7. > [\ Ailv, |Aprl|v, [plv!

But: 7} couples to H,

2 _ 6M, 2 A
— 5mHu = g Mmp In Opw + ...

Performed quantitative analysis to compare finetuning Iin
MSSM and TMSSM

o |
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Finetuning Measure

-

Mz | P, OM3
® Ap” = |z 0P

of the theory, at input scale )

-

(P;: some dimensionful free parameter

o |
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Finetuning Measure

-

Mz | P, OM3
® Ap” = |z 0P

of the theory, at input scale )

P, O(vr/v®)
vr /v OF;

-

(P;: some dimensionful free parameter

vrv?
® Ap' =
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Finetuning Measure

-

(P;: some dimensionful free parameter

M?2 P aM
Z&}%Z — i Z

of the theory, at iInput scale @)

P, O(vr/v®)
vr/v? OF;

vrv?
Ap' =

Total finetunings:

2

Mz Mz vr /v vr /v
AMZ = max; ApZ, AUV = max; A

|
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Finetuning Measure

-

2
AYz = | L aMZ (P;: some dimensionful free parameter

P ]\42
of the theory, at iInput scale @)

P, O(vr/v®)
vr /v OF;

vr [v?
Ap' =

Total finetunings:

2

M7
AMZ = max; AMZ Avr/v = max; AUV
J

Grand total: A = AMZ . max{A"/v" 1}

|
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Finetuning Measure

-

A%g — ]\1;2 3MZ (P;: some dimensionful free parameter
of the theory, at Input scale ()

vr/v: _ | _ P O(vr/v?)
APT; v /v? 5TP7; |

Total finetunings:

2

M7
AME — max, AMZ Avr/Y — ax; AYTY
P, > J —P;

Grand total: A = AMZ . max{A"/v" 1}

Scan a few million points in parameter space, look for
scenario with smallest A

|
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Results

-

Take mz; = 1.1 TeV, 122.5 GeV < my;, < 128.5 GeV,
_ghvv 1| < 0.1

grhvVv,SM

-

® Forln g% =5: A < 7 possible! m3, ~m3, > p3 ~ 1

TeV, \; ~ 0.3; Avt/v" < 1 easy

o |
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grhvVv,SM

-

® Forln g% =5: A < 7 possible! m3, ~m3, > p3 ~ 1

TeV, \; ~ 0.3; Avt/v" < 1 easy
# With same set—up, A > 50 in MSSM

o |

SUSY and Naturalness — p. 18/22



Results

. N

Take mz; = 1.1 TeV, 122.5 GeV < my;, < 128.5 GeV,
_ghvv 1| < 0.1

grhvVv,SM

® Forln g% =5 A < 7 possible! m3, ~m3, > 3 ~ 1

TeV, \; ~ 0.3; Avt/v" < 1 easy
# With same set—up, A > 50 in MSSM

# In TMSSM: A,,;, basically independent of my,; not
sensitive to dimensional parameters in triplet sector.

.y ) B Q
Most critical: mg, In 52
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Results
- -

Take mz; = 1.1 TeV, 122.5 GeV < my;, < 128.5 GeV,
_ghvv 1| < 0.1

grhvVv,SM

® Forln g% =5 A < 7 possible! m3, ~m3, > 3 ~ 1

TeV, \; ~ 0.3; Avt/v" < 1 easy
With same set—up, A > 50 in MSSM

In TMSSM: A,y basically independent of m;,; not
sensitive to dimensional parameters In triplet sector.

Most critical: mg, In g2

L I

# All triplets can have mass > 1 TeV: no LHC signal!

o |
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7.3

1.2

7.1

6.9

6.8

6.7

6.(6.

Variation of triplet parameters
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Philosophical Remarks

-

In unconstrained MSSM: A — 1 always If all parameters are
assumed to be correlated!

-



Philosophical Remarks

o N

In unconstrained MSSM: A — 1 always If all parameters are
assumed to be correlated!

If all P, = ¢; M, only one “free” dimensionful parameter M
— My =r-M, risdim.—less
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Philosophical Remarks

o N

In unconstrained MSSM: A — 1 always If all parameters are
assumed to be correlated!

If all P, = ¢; M, only one “free” dimensionful parameter M
— My =r-M, risdim.—less

Mz _ M &Mz _ M .. M Mgz _ q
— Ay = a0 =3 T = ar, o = 1
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Philosophical Remarks
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n unconstrained MSSM: A — 1 always If all parameters are
assumed to be correlated!

If all P, = ¢; M, only one “free” dimensionful parameter M
— My =r-M, risdim.—less

Mz _ M &Mz _ M .. M Mgz _ q
— Ay = a0 =3 T = ar, o = 1

“Unconstrained” # “uncorrelated”. Assuming absence of
correlations is a constraint!
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Philosophical Remarks

o N

In unconstrained MSSM: A — 1 always If all parameters are
assumed to be correlated!

If all P, = ¢; M, only one “free” dimensionful parameter M
— My =r-M, risdim.—less

Mz _ M &Mz _ M .. M Mgz _ q
— Ay = a0 =3 T = ar, o = 1

“Unconstrained” # “uncorrelated”. Assuming absence of
correlations is a constraint!

Do not seriously expect 124, or even 18, “uncorrelated”
parameters!?

o |
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Is 1% finetuning really so unnatural?




Is 1% finetuning really so unnatural?

Sufficiently rare to look for aliens? i.m. Banks
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Is 1% finetuning really so unnatural?

Sufficiently rare to look for aliens? i.m. Banks Google
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Summary

- N

® In “natural SUSY":

» mg > 1.1TeVand (m; > 0.6 TeV or mpsp > 0.25 TeV)
s safe!

o |
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Summary
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® In “natural SUSY":

» mg > 1.1TeVand (m; > 0.6 TeV or mpsp > 0.25 TeV)
s safe!

s Some scenarios with m; < 800 GeV,
my ~ 400 GeV, m; ~ 350 GeV are safe!
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Summary

| N

® In “natural SUSY":

» mg > 1.1TeVand (m; > 0.6 TeV or mpsp > 0.25 TeV)
s safe!

s Some scenarios with m; < 800 GeV,
my ~ 400 GeV, m; ~ 350 GeV are safe!

» TMSSM

» Has one order of magnitude less finetuning than
MSSM
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Summary

| .

# In “natural SUSY™:

» mg > 1.1TeVand (m; > 0.6 TeV or mpsp > 0.25 TeV)
s safe!

s Some scenarios with m; < 800 GeV,
my ~ 400 GeV, m; ~ 350 GeV are safe!

» TMSSM
» Has one order of magnitude less finetuning than
MSSM

» But: needs two new superfields of new kind, 7 mew
parameters, little hierarchies

2 2 | 2 2. ’ ,
my, 7, > |my |, pp > p”i really more “natural™?

L |
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Summary

| .

# In “natural SUSY™:

» mg > 1.1TeVand (m; > 0.6 TeV or mpsp > 0.25 TeV)
s safe!

s Some scenarios with m; < 800 GeV,
my ~ 400 GeV, m; ~ 350 GeV are safe!

» TMSSM

» Has one order of magnitude less finetuning than
MSSM

» But: needs two new superfields of new kind, 7 mew
parameters, little hierarchies

2 2 | 2 2. ’ ,
my, 7, > |my |, pp > p”i really more “natural™?

\_’ No finetuning if all dimensionful parameters are J
correlated!

SUSY and Naturalness — p. 22/22
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