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Naturalness and fine tuning

SUSY solves the hierarchy problem
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.. but leaves logarithmic dependence...
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Naturalness and fine tuning
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Naturalness and fine tuning

max{Ayp, } =10 (or 10% fine tuning) : - Natural

A 1
2 2 2 < 2 <
mg +mg, + |A¢|* < (1200 GeV)“In @ \ |M3| < (2700 GeV) In (TeV)

(see K.Kowalska's talk on Friday)

1| < 200 GeV

max{A, } =100 (or 1% fine tuning) : - This paper
A\ 12
1| < 645 GeV |Ma| < (5200 GeV) In (TeV)
AN AN
mQQ +mz, +|A]? < (4000 GeV)? In (TeV) | M3| < (8500 GeV)In (ﬁ)
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Fine tuning vs LHC

Direct SUSY searches:

95% exc. limits on the masses of stops, sbottoms, gluinos, winos
0-g production, '§—>tf§?
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Higgs mass at 125.5 GeV

How many realistic MSSM

3m? M2 X? X? : .
Amf, = 15t | vl s Ms?;y <1 - W) models with A <100 survived

Y LHC 8 TeV run?
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A~ 10 TeV here

Natural spectra

Scenario 1 Scenario 2 Scenario 3

My = 3TeV My, = 3TeV 0.01 TeV < M; <0.4TeV
My < My

Mo =1.5TeV Mo = 1.5TeV 0.1 TeV < Ma < 0.63TeV

Mz = 1.6 TeV 0.1 TeV < M3 < 1.6TeV 0.1 TeV < M3 < 1.6TeV

M, o, = M = Mey = Mg =
3TeV

0.075TeV < < 0.63 TeV

0.1 TeV < M, s Mig < 1.47TeV

M, o, = My = Mey = Mg =
3TeV

0.075TeV < u < 0.63TeV

0.1 TeV < mea., » Mg < 1.4TeV

0.1TeV < ML, 5 g0 TEr s ey, Mg <

0.63 TeV
= 0.63TeV
0.1TeV <mg,,ma; < 1.4°TeV

T 7 ~0 ~0 ~+
t1,2, b1, X1, X2. X1

~ 7 7 ~0 ~0 ~4
g, tl,Qabl:'XlaXQ:Xl

sleptons, g, 1:.-'1?2, by, X1s X9, '%1i

sleptons

b,

gluino

higgsinos

SUSY 14, 22.07.2014

Enrico Maria Sessolo

sleptons
bino/wino




Experimental constraints

Each case we generate 5000 model points that satisfy:

Measurement

Mean or range

Error: exp., th.

Distribution

Qxhz

0.1199

0.0027, 10%

20 upper limit

BR (B — X.v)x10* 3.43 0.22, 0.21 20
BR (Bs — pp7) x 107 | 3.2 +1.5,—1.2, 10% 20
AMp, x 10 1.166 GeV 0.008 GeV, 0.158 GeV | 20
Sin? Geg 0.23146 0.00012, 0.00015 20
Mw 80.385 GeV 0.015 GeV, 0.015GeV | 20
my(my)™M> 4.18 GeV 0.03GeV, 0 Gaussian
M, 173.5 GeV 1.0GeV, 0 Gaussian
(Vs 0.1184 GeV 0.0007 GeV, 0 Gaussian
LHC limits —
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LHC limits on SUSY

LHC limits for Simplified Models  Reinterpretation needed for complex scenarios.

Stops, sbottoms, gluinos

ATLAS 1-lepton + 4(1b-) jets + EXss 21fb~*
CMS O-leptons + (b-) jets +E¥S with o, 12fb~!
CMS 3-lepton +E2 9fp 1

Stops, sbottoms, gluinos

Winos

Our way to do:

@ full simulation of event generation + detector response

(PYTHIAG, PGS4)
@ closely follows the experimental analysis

SZSAXGX/L

@ validated against the official limits

SUSY Likelihood: Y InL,
()

_ (b—0)*\ -
An. e b)) — Plo.ls: b: — :
Ez(ozvszvbz) / (Ozsz’b@)eXp( 20b2 db; Allows for combination
of searches
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Validation

(In this paper we didn't consider compressed spectra)

K.Kowalska, E.Sessolo (2013) K.Kowalska, E.Sessolo (2013)

1600 ———1—————T————————— 700 ————F————F T ———————
: 572 > 11.8(99.7% CL excl.) ] 82 > 11.8 (99.7% CL excl.) ]
1400 I 599 < 52 < 11.8 (95.0% CL excl.) ] 600 [ 5.99 < 8% < 11.8 (95.0% CL excl.) ]
I 2.30 < 8% <5.99 (68.3% CL excl) + ] I 2.30 < 5% < 5.99 (68.3% CL excl.) ]
1200 ¢ 512 < 2.30 (allowed) ] 500 L 572 < 2.30 (allowed) = 1
_ CMS a7 95% CL limit — 1 I CMS a 95% CL limit — ]
< 1000 f . ~ -
[} [~ 7 0 - ® 400 - SMS Model T2bb
O a0 G — bb1 — bbX - x :
S [ SMS Model T1bbbb : S0 [ 01 77 OX
€ 600 | = : v
[ 200
400 _ /
200 : 100
L | | L f L T COT S T T | $ ! L v L 4 C L L ! i i i R B U T N
400 600 800 1000 1200 1400 300 400

mg (GeV)

CMS 0-leptons + (b-) jets +E¥S with ap, 12fb™*

CMS-SUS-12-028
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Validation

(In this paper we didn't consider compressed spectra)

K.Kowalska, E.Sessolo (2013) .Kowalska, E.Sessolo (2013)
700 R e e 800 —— L e e
I 82 >11.8 (99.7% CL excl.) ] &2 < 2.30 (allowed)
600 [ 5.99 < 8% <11.8 (95.0% CL excl) . 700 230 < 8% < 5.99 (68.3% CL excl.) ]
2.30 < 5x° < 5.99 (68.3% CL excl.)  + ] - 5.99 < §x% < 11.8 (95.0% CL excl.)
coo | 542 < 2.30 (allowed) 600 I 82 > 11.8 (99.7% CL excl.) ]
ATLAS 95% CL limijt =— co0 | CMS 95% CL limit 1
= > : 8 llllll
® 400 [ A ' | ! ||
O} O 400 f M=0.5m,=+0.5m, |
= SMS TN o I 4 i
Exaoo 7 E?e
t1 — tx 00 |
100 i3
100 | [
: AA‘ h
P 1 | R I . L % 3 0 P T S S N T SO TR T N T T e T T T Ty s T T T al b &
200 300 400 500 600 700 100 200 300 400 500 600 700 800
m, (GeV) m,: (GeV)

ATLAS 1-lepton + 4(1b-) jets + EWs5 21fp~*

ATLAS-CONF-2013-037 . _1
CMS 3-lepton +E+"°, 9fb

CMS-SUS-12-022
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Scenario 1 - light stops and higgsinos

Dominant decay channels:

tl — tXl bl — tXl chargino invisible

b1
ATLAS 1 lepton
CMS 0 leptons
K.Kowalska, E.Sessolo (2013) K.Kowalska, E.Sessolo (2013)
1000 — — T 1000 — — T
500 : 8% > 11.8 (99.7% CL excl) ] i %% > 11.8 (99.7% CL excl.)
I 599 < 5% < 11.8 (95.0% CL excl.) 900 I 599 < 5,2 < 11.8 (95.0% CL excl.)
i 2 9 . - 2 o i
800 230< 8" <5.99 {88 3% CL excl.) Scenario 1 4 800 :_ 2.30 < 0y < 5.99 (68.3% CL excl.) Scenario 1
A 5x% < 2.30 (allowed) = L 5x% < 2.30 (allowed) =
700 F ATLAS TN 95% CL limit -------- 3 700 L CMS T2bb 95% CL limit --------
> : S :
600 [ i g
ﬁ - Combination 8 600 : Combination
o 500 FATLAS tlept+ CMS oy o 500 [ ATLAS 1lept + CMS o
_ . =
= " = .
400 | - 400 [
300 F A 4-‘ e 300 |
200 e X 200 | AV RS
100 | ¢, Y ! 100 F _ -
200 400 600 800 1000 1200 200 400 600 800 1000 1200
m; (GeV) mg, (GeV)
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Scenario 1 - light stops and higgsinos

Dominant decay channels:

tl — tXl bl 7 tXl chargino invisible
tl \ bjzl— \ 0 I_eptons mt1 < mbl
b-jets  ATLAS 1 lepton
¢ CMS 0 leptons
K.Kowalska, E.Sessolo (2013) K.Kowalska, E.Sessolo (2013)
1000 [+ v 4 v e e woe———.—————————— e ———————
000 | 5% > 11.8 (99.7% CL excl) : %2 > 1.8 (99.7% CL excl.)
" 5.99 < 52 < 11.8 (95.0% CL excl.) 900 I 599 < 5,2 < 11.8 (95.0% CL excl.) ]
L 2 o ; [ Q, ]
800 _ 230< E'X <5.99 {88 3% CL excl. ) Scenano 1 800 [ 2.30 < 6%2 <599 (683 % CL EXCL) Scenano 1 _:
A 5x% < 2.30 (allowed) = 5x% < 2.30 (allowed) = 1
700 ATLASTN95% CLImL i —m < 175-GeV 700 |- CMS T2bb 95% CL limit -------- ]
—_ r X [ ]
> 3 S :
600 [ 3
8 8 600 : Combination
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EE [ E; L
400 400
300 | 300 i
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m,,, (Gev)

Scenario 1 - light stops and higgsinos

K.Kowalska, E.Sessolo (201¢

1000 ———————
: _ < 2%
800 | Fine-tuning: 5o, _ 30,
3% -49% & .
800 |- pin 50: Scenario 1
- s] -
700 |
600 |
500 |
400 | ,
h L ak ginnt
Al G Iy
300 |- S 788
ad / 3: ! ;-A.
iy ok
LT " ‘:': " : Y vy
100 1 2y ahsb : I.:‘F i
200 400 600 800 1000 1200 1400
Mgysy (GeV)

No points fine tuning > 5%
Mostly due to b -~ s gamma
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Scenario 1 - light stops and higgsinos

K.Kowalska, E.Sessolo (201

1000
; : < 2%
900 | Fine-tuning: o . g0,
3% -4% 4 :
800 | > Scenario 1
4% -5% =

700 |
>
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o 500 F

EH

400 |

. Y
300 | - RaAS VNS,
200 | oy
i A
100 | , , R4
200 400 600 800 1000 1200 1400
MSUSY (GGV)

LHC cuts most point FT > 3%
(but some left)
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Scenario 1 - light stops and higgsinos

K.Kowalska, E.Sessolo (201

1000
; : < 2%
900 | Fine-tuning: o . g0,
3% -4% 4 :
800 | > Scenario 1
4% - 5%
700 |
>
® 600F 95%C.L.
g ATLAS 1lept + CMS oy
o 500 F
EH
400 |
. Y
300 | B Lt o
200 | .
i A
100 | , , .. i,
200 400 600 800 1000 1200 1400
MSUSY (GGV)

LHC cuts most point FT > 3%
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K.Kowalska, E.Sessolo (201

i 95% C.L.
4 Scenario 1 ATLAS 1lept + CMS ay
3t
2 -

XiMsysy
o
"

-1 | Fine-tuning: . A
< 2%
2 |
[ 2% - 3%
3 [3%-4% 4
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-4 L I 1 I 1 I 1
200 400 600 80O 1000 1200
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1400

Higgs mass cuts all FT > 3%

(3 GeV th. err.)
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Scenario 2 - stops, gluinos and higgsinos

Dominant decay channels:

t1 — tX1 by — X1

&y° = 11.8 (99.7% CL excl.) Bx° > 11.8 (99.7% CL excl.)
5.99 < &° < 11.8 (95.0% CL excl.) | 5.09 < 8y% < 11.8 (95.0% CL excl.)
1000 ' 540572 <599 (68.3% Clexcl) * 1 1000 I n9p«5y® <500 (68.3% Clexcl)
&y° < 2.30 (allowed) - Fy® < 2.30 (allowed)
—. 800 | Scenario 2 . —. B0O - Scenario 2 Combination
= = ATLAS 1lept + CMS
3 ATLAS 11 + 4{1b) jets + MET 3 ol i
g enf J g B0t S
‘ L
E : E
400 400 |
200 | 200 |
800 1000 1200 1 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
mg (GeV) mg (GeV)
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Scenario 2 - stops, gluinos and higgsinos

K.Kowalska, E.Sessolo (201:

K.Kowalska, E.Sessolo (201:

1000 T T T T T 1000 T T T T T
; : <2% < 2%
900 | Fine-tuning: o, . 50, 1 900  Fine-tuning: 5o, . 39, ;
3%-4% & :
800 | Scenario 2 4 800 | Scenario 2 8
49, - 5% =
700 . 700 F 1
; —_—
© 600 % 600 F  95%C.L.
I 0] ATLAS 1lept + CMS g
—
o 900 | o 500 F ]
E?d Fad
400 | E 400 |
r “' L Y .
| = A - -
300 g 300 | R
3d ‘3' *
200 | %, g Ak o 200 |
wos .
r AT N £
100 | , oF * “‘l‘f“:‘ a.. A B 100 1 1 I : ]
200 400 600 800 1000 1200 1400 200 400 600 8OO 1000 1200 1400
Msuysy (GeV) Mgysy (GeV)
P re L H C K.Kowalska, E.Sessolo (201
5 T T T T T T P t L H
D 0S C
4 +  Scenario 2 ATLAS 1lept + CMS aq ;.
3k 3
2 b ]
)—
0
2 1E
7]
X°l | Higgs
-1 | Fine-tuning: 8 gg
b <% ]
2% - 3%
3F b
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200 400 600 800 1000 1200 1400
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Scenario 3 - stops, gluinos and EW-inos

Combination of searches:
- stronger bounds due to various topologies
- bounds can be weakened by long decay chains

K.Kowalska, E.Sessolo (2013)

900 [T T T T T [T T T | T T T [T T T I T T T [ T
200 . &% > 11.8 (99.7% CL excl.) ] . 4+
599 < 8y° < 11.8 (95.0% . ‘- ) Y
: <6x2<118(9500/ CL excl.) : : t bX]_
200 [ 2:30 < 3¢* < 5.99 (68.3% CL excl.) Scenariod
: &7 < 2.30 (allowed) = ] -t + -0
600 | ATLAS TN 95% CL limit =------- ] X 1 —S T V’TXl
S 3 ]
© 500 L ATLAS 1l + 4(1b) jets + MET . ] .
SN L D 7+ — hadronically
=400 L f
- § B, 3 5
300 [ it g .
200 | e R
: "J' L 4 ,= W 1A - : . .f- ‘ . .
0o g G o 'r*s‘-.“h__;:_,. No hard leptons in the final
L al ﬁh hy state
200 400 600 800 1000 1200
mg, (GeV)
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Scenario 3 - stops, gluinos and EW-inos

Combination of searches:

- stronger bounds due to various topologies
- bounds can be weakened by long decay chains

K Kowalska, E.Sessolo (2013)
900 ———————————————————————————1—

_ &y® = 11.8 (99.7% CL excl.)

[ 5.099 < 8y° < 11.8 (95.0% CL excl)

[ 2,30 < By° < 5.90 (68.3% Cl excl) .

700 | Scenario 3
: Gy < 2.30 (allowed) *

500 F CMS ar, 11.7/b

200 400 600 BOO 1000 1200
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Scenario 3 - stops, gluinos and EW-inos

Combination of searches:
- stronger bounds due to various topologies
- bounds can be weakened by long decay chains

K.Kowalska, E.SBessolo (201¢

m, (GeV)

1000 e
 fa ; < 2% : ~ ~
it t— bXT
800 | 9%-10%  + Scenario 3 :
X§ = TRy
600 95% C.L. 5
5505- ATLAS 1lept + CMS o + CMS EW _ 7__|_ _> hadronica]]y
400 -
300 ; ¢ l
200 | ]
100 Hadronic search excludes
e R Eﬂ%ﬂsu;rm(]GEV;m ioade 1 point FT = 5%-10% left
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Conclusions

@ | HC provides strong limits for natural SUSY spectra, but
most gen. definition of naturalness already in trouble
because of Higgs and other constraints.

* A~ 10 TeV:
Compressed spectra ==> maybe FT > 5%
Higgs ==> FT < 3%.

® Two competing effects:

1. Complex decay chain soften simplify model limits
2. Statistical combinations strengthen simp.mod. limits
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Outline

1. Definition of fine tuning
2. Reinterpretation of the LHC exclusion bounds
3. Limits on natural spectra

4. Conclusions
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Comparison with other tools

I T T T
FastLim - EXCLUDED
FastLim - ACCEPTED e
ATLAS 20.7/fb 1lep

Scenario 1

FastLim

K.Kowalska, E.Sessolo (2013)

5y° > 11.8 (99.7% CL excl.)

5.99 < 8y < 11.8 (95.0% CL excl.)
2.30 < &y° < 5.99 (68.3% CL excl.)
12 < 2.30 (allowed)

ATLAS TN 95% CL limit

200 400

Scenario 1

ey

iﬂ‘?ﬂ"’r_ --\ A

11 ATLAS searches at 21 f

Point excluded if it is
excluded in any bin

Enrico Maria Sessolo

FASTLIM

M. Papucci, K. Sakurai, A. Weiler, L.
Zeune
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m,, (Gev)

L (GeV)
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Comparison with other tools

FastLim - EXCLUDED Scenario 1
FastLim - ACCEPTED
ATLAS 20.7/fb 1lep

FasiLim

- .$ Yy e : > :
200 400 600 800 1000 1200
my (GeV)

K.Kowalska, E.Sessolo (2013)

5y° > 11.8 (99.7% CL excl.)
5.99 < 8y < 11.8 (95.0% CL excl.)
2.30 < &y° < 5.99 (68.3% CL excl.)
5% <2.30 (allowed) =
a ATLAS TN 95% CL limit --------

Scenario 1

Combination

- ATLAS 1lept + CMS o
.

200 400 600 800

Ay
ey

wih' -~ 1T

11 ATLAS searches at 21 f

Point excluded if it is
excluded in any bin

FASTLIM

M. Papucci, K. Sakurai, A. Weiler, L.
Zeune

ArXiv:1402.0492

Points “almost” excluded,

eg: CL, = 0.053 in one bin

Statistical combination of
likelihoods from all bins -
slightly stronger exclusion
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Scenario 3 - light sleptons, winos, binos

Dominant decay channels:

{1 — t)??

61 — t)zl_

551i — VU liX1

l-l-l— ~0

(GeV)

€L

off-shell

SUSY 14, 22.07.2014

K.Kowalska, E.Sessolo (2013)

1000 |+ v e
i %2> 11.8 (99.7% CL excl.)
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F 2
: Scenario 3 dy” < 2.30 (allowed)
700 [ ]
: CMS EW (31 + MET)
600 [ :--u- ta &
; k70t
500 | N g 14 : s
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400/ | ¥
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300\ [ _ by ol 424 =
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100 00 500 600
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Scenario 3 - light sleptons, winos, binos

K.Kowalska, E.Sessolo (201!

K.Kowalska, E.Sessolo (201!
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Naturalness and fine tuning

max{A,, } = 10 (or 10% fine tuning) :

A\ 12
4l < 200 GeV M| < (1700 GeV) In ()

TeV
—1 A —1
m2 4 m, + A, S (1200 GeV)? In Ma] £ (2100 GeV) n ()

N\ ~ lO16 GeV (but see K.Kowalska's talk on Friday)

max{A,, } = 100 (or 1% fine tuning) :

A —1/2
1] < 645 GeV |Ma| < (5200 GeV) In (TeV)
5
A -1 A -1
mg, +mg, + |A:* < (4000 GeV)?In (ﬁ) | M| < (8502(§}eV) In (ﬁ)
5
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