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Low Higgs mass-term is Un-Natural because:
1. has dimension 2 > 0 (given that [HTH]=2 < 4)
2. 1S not protected by a symmetry

If any of the two was violated, no Naturalness problem.
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SUSY and Naturalness

For example, consider the Yukawa couplings:

/5755% (E: ppr) = /OSZSJ?(. 4 /:ZZE(. )

SAsm

= OsMY + OBSMY

3 _—» some d=0 couplings

log(ASM/MEW) Just dim. an.

No Problem: og\y~

1672
Moreover, Yukawas are also protected by a symmetry:

SM gains Flavor symmetry if y = 0

v

7...

that s why flavor origin
might be at Aqy > TeV

%

OSMY f = féﬂ% log (Asm/Mew)



SUSY and Naturalness

Other example: a fermion with mass (allowed by EW)

S <A 0O
mF:/dE mF(E;pFT):/ dE(...)+/ dE(. )

Y

— O[RMpF + oyyvmpr theory with new fermion is not
the SM, A is its own cutoff.

7 g?

Problem? o;gxmp ~ T > A is allowed by dim. analysis.
7C
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SUSY and Naturalness

Other example: a fermion with mass (allowed by EW)

S <A 0O
mF:/dE mF(E;pFT):/ dE(...)+/ dE(. )

Y

— O[RMpF + oyyvmpr theory with new fermion is not
the SM, A is its own cutoff.

m =0 = chiral symmetry (indep. L, R phase transf.)

A is allowed by dim. analysis.

2 Fermions can be

No Problem: » mp < A is Natural.
mp log A Naturally light

0 ~
T
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. SUSY
In SUSY: Bosons = Fermions = my = mp
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SUSY scalars can be Naturally light

Let us see how this works, focusing on top contribution

SM fields: Chiral SFs:
h ¢, = {h, h (Higgsino)}

tr, q ®,, = {tr,tr, (stop Left)}

tr ®,, = {t%, % (stop Right)}
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. SUSY
In SUSY: Bosons = Fermions = my = mp

-

SUSY scalars can be Naturally light

Let us see how this works, focusing on top contribution

SM fields: Chiral SFs:
h ¢, = {h, h (Higgsino)}

tr, q ®,, = {tr,tr, (stop Left)}

tr ®,, = {t%, % (stop Right)}
- Yt
Superpotential: W [®| = \ﬁ%@m D,

SM Yukawa: (—‘
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SUSY and Naturalness

SUSY
In SUSY: Bosons = Fermions = my = mpg

-

SUSY scalars can be Naturally light

Let us see how this works, focusing on top contribution

SM fields: Chiral SFs:
h ¢, = {h, h (Higgsino)}
tr, q — {tL,tNL (stop Left)}
tRr CIDtR = {t%, (Stop Right)}
Superpotential: = —<I>h<I>tL D,

SM Yukawa: (—L——+ F term potential:

1 0°W
W = bttt .@ B AL

200, 0P
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SUSY and Naturalness

The Feynman rules are;

tL h\ /%v
AN LR
2 ,/’\ ~+ — YUt T —tIt
t% f h, ’ \\\tL,R

0 .
not yet ... were is SUSY?

time to celebrate?




SUSY and Naturalness

The Feynman rules are;

We must break SUSY, easy to do it preserving Naturalness
Add stop mass-term M|t r|°, and use dim. an.:

3y2
OTR My = —AQ[ = SWZM;? log(A/MEw)




SUSY and Naturalness

SOFT BREAKING
all terms that break SUSY preserving Naturalness

e scalar mass terms —m;, ¢:|%, and

e trilinear scalar interactions —A;;x¢;¢;0% + h.c.

e gaugino mass terms —%mljxl)\l, where [ again labels the group factor;
e bilinear terms —B;;¢;¢,; + h.c.; and

e linear terms —C;¢;.

We must break SUSY, easy to do it preserving Naturalness
Add stop mass-term M|t r|°, and use dim. an.:

3 3y?
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SUSY and Naturalness

SOFT BREAKING
all terms that break SUSY preserving Naturalness

e scalar mass terms —m;, ¢:|%, and

e trilinear scalar interactions —A;;x¢;¢;0% + h.c.

e gaugino mass terms —%mljxl)\l, where [ again labels the group factor;
e bilinear terms —B;;¢;¢,; + h.c.; and

e linear terms —C;¢;.

only d>0 SY8Y parameters (not all d>0)
for sure you cannot have y; # ;.

We must break SUSY, easy to do jtpreserving Naturalness
Add stop mass-term M>|t;_»f*, and use dim. an.:

3Y; 1 o
87‘(‘2 Mftv lOg(A/MEw>
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-
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Strings;

 Unobserved sparticles have soft masses
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EW L . SM particles only.
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— e, Soft breaking generated at Aguey
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' Above here,

i SM+partners
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. SM particles only.
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The “low- energy SUSY?” picture for high energy physics

Strmgs

. GUT, . * Unobserved sparticles have soft masses
R e Soft breaking generated at Agpey
* Above here, e Corrections to m7; below Agusy:
i SM+partners
#: Msoft 9 3yt
: Below here, (5mH M Oftlog(AS.U—S’Y/MEW)
. SM particles only. 872
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A > H i log(A M
= m2 ( ma ) (5OOGeV> og(Asav/Miw)

Natural SUSY cannot hide above the TeV scale.



SUSY and Naturalness

The “low- energy SUSY?” picture for high energy physics

Strmgs

1 GUT,. * Unobserved sparticles have soft masses
R e Soft breaking generated at Agpey
* Above here, e Corrections to m7; below Agusy:
i SM+partners
#: Msoft 9 3yt
: Below here, (5mH M Oftlog(AS.U—S’Y/MEW)
. SM particles only. 872

o2 125GeV\~/ Mg \°
A > H i log(A M
= m2 ( ma ) (5OOGeV> oglsav/Mew)

Natural SUSY cannot hide above the TeV scale.
General tuning estimate worsened by the log term.



Other virtues of SUSY

SUSY and GUT:

SM gauge group can be viewed as the subgroup of
one single simple (1 coupling constant) Lie group:

SU(3). x SU(2);, x U(1)y c SU(5)
=9 SU(3). x SU(2);, x U(1)y grSO(l())
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GUT miracle: SM matter fits in GUT group multiplets
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The 3 gauge forces might have a common origin!
For this being true:
1. Couplings must unify:
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The 3 gauge forces might have a common origin!
For this being true:

1. Couplings must unify:

Standard Model

i
8 10 12 14 16 18 20
log, it (GeV)

“almost” meet (not quite)
at Mgyt ~ 10" GeV
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Other virtues of SUSY

The 3 gauge forces might have a common origin!
For this being true:
1. Couplings must unify:

-

00

Standard Model

Supersymmetric Standard Model

Mgusy= My

T o
» 5

0 10 20 30 40 50 60 70 80 90 100

(04
1
0 10 20 30 40 50 60 70 80 90

i
10 12 14 16 18 20

8 8 10 12
log, o1t (GeV) log, i (GeV)

“almost” meet (not quite) do meet (quite well)
at Mqur ~ 101GeV at Mgyt ~ 1019GeV
2.Proton must decay: , )
e 310°GeV
P (p — 7’e™) ~ 10**years ( ks )
MauT

GUT excluded in SM.
Viable in SUSY-SM
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Solution: R-Parity (imposed on both SUSY and soft terms)



Other virtues of SUSY

SUSY, R-Parity and DM: (or, how a problem turns in a virtue)
Problem: B# and L# violation allowed in SUSY at d=4.

(unlike in SM, no Accidental Symmetries)
Solution: R-Parity (imposed on both SUSY and soft terms)

0 — —0
SF matter — —OF matter SFHiggs,gauge — +SFHiggs,gauge
O = ¢(y) + V20¢(y) — 00F (y) |
V = 90“@4“@) 13000\ (x) — 1000\ (x) + 56’9@1)@)

5

SM particles are EVEN
Associated Sparticles are ODD




Other virtues of SUSY

SUSY, R-Parity and DM: (or, how a problem turns in a virtue)
Problem: B# and L# violation allowed in SUSY at d=4.

(unlike in SM, no Accidental Symmetries)
Solution: R-Parity (imposed on both SUSY and soft terms)

5

Virtue: lightest SUSY particle (LSP) is stable
(can be DM, thanks to WIMP Miracle)
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3. A Dark Matter Candidate
4. A string-friendly UV picture
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Summary

Low-energy SUSY provides:
1. A Natural theory
2. Viable GUT

3. A Dark Matter Candidate
4. A string-friendly UV picture

This led to “some” excitement about SUSY ...

In these lectures I hope to convince you that supersymmetry (SUSY)1)

will soon provide you with a whole new spectroscopy to investigate. Indeed,

2.3)

1t may even be that experiments are already starting to reveal this

spectroscopy to us.

From John Ellis’ lecture notes:
SUPERSYMMETRY --SPECTROSCOPY OF THE FUTURE?
OR OF THE PRESENT?

1984



Summary

Low-energy SUSY provides:
1. A Natural theory
2. Viable GUT

3. A Dark Matter Candidate
4. A string-friendly UV picture

This led to “some” excitement about SUSY ...

“Ift SUSY will not be found at LEP, | will cut my ba...”

Riccardo Barbieri
private communication (secondhand)
circa 1989
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The excitement WAS JUSTIFIED.



Summary

Low-energy SUSY provides:
1. A Natural theory
2. Viable GUT

3. A Dark Matter Candidate
4. A string-friendly UV picture

This led to “some” excitement about SUSY ...

The excitement WAS JUSTIFIED.
But life is not that easy...
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The SUSY Higgs

In SUSY, fields are promoted to SuperFields.
One would thus naively expect:

SM Higgs field SUSY Higgs SF
#
H e 21/2 D 21/2
Instead, we need two: &, € 2,5, Pg €2_41);

In SM we can freely use conjugate H: H = iooH"
Ly = yuqrHug LS = yaqr, HdS,

A |

216 ®21/2®1_5,3 2D 1p 216 ®2_1/2® 11,3 D 1p
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The SUSY Higgs

In SUSY, fields are promoted to SuperFields.
One would thus naively expect:

SM Higgs field SUSY Higgs SF

HEZl/z 43621/2

Instead, we need two: &, € 2,5, Pg €2_41);
In SM we can freely use conjugate H: H = iooH"

Ly = yuQLHUC;{ [J% = Yaqr H dp
In SUSY instead we use Superpotential W |®, &7 |
W{} — quDQL (I)uq)fu,‘]iz W{} — yd(I)qL (I)d(I)d%

2 4

Ly = yuqr Hyufg LS = yaqr Had5



The SUSY Higgs

The SUSY Higgses scalar potential:

V[Hy, Ha] = p* [|Hu|” + |Hal?|
Igz_l_g/Q
8
+my|Hy|® + m3|Hal* + B[HyHa + HH}]

2 212 g° + 2
|Hul? = [Hal?)* + £ i Hy



The SUSY Higgs

The SUSY Higgses scalar potential:

F-Term (|0W/0®|?)
from
W = ,u<I>u (I)d

V[H,, Hy| =
|92_|_g/2
8
+my|Hy|® + m3|Hal* + B[HyHa + HH}]

,UQ [|[{u|2 T |Hd‘2}

2 212 g° + 2
|Hul? = [Hal?)* + £ i Hy
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The SUSY Higgs

The SUSY Higgses scalar potential:

F-Term (|0W/0®|?)
from

D-Term (~ ¢°|®|*)
from
EW int. + SUSY

| |Hol? — |Hal?]” + % |H{ Hqy|?

2
+mg|Hy|? + mg3|Ha|* + B[HyHq + HH}]

Soft terms:
only masses can

break SUSY

Particular case of generic 2 Higgs doublet model
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Four implications of the SUSY Higgs sector structure.

Implication #0: (actually 5 impl.) vacuum is viable
(ho e.m., color, L and B breaking)
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Implication #1: both Higgses take VEV

U2 U2
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The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #1: both Higgses take VEV

U2 Uz
Hu2 __ _u H 2\ _ “d
(B =2 (H? =2

2 sources of ENSB =y v + v = v” = (246GeV)”

Abbrewatlons

. Uy = vsin 3
define: vy /vg = tan [ el {vz — v cos (3 63 iléls% b=t

e



The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #1: both Higgses take VEV

212 v2
H,|%) = = Hq|*) = 5
(H =3 (Hd*) =

2 sources of ENSB =y v + v = v” = (246GeV)”

Abbrewatlons
Uy = vSIin S
f A _ =sinf 5B
define: vu/vq = fan f me—gp- {vd = v cos 3 63 cosp P cg
Both Higgses must take VEV, for u and d-type masses:

5%1( — yuQLHuu(i{ nmy, = yuvu/\/i
d c : {md = yqvq/V'2

Ly = yaqr Hadg



The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #1: both Higgses take VEV

212 v2
H,|%) = = Hq|*) = 5
(H =3 (Hd*) =

Abbreviations:

2 sources of ENSB =y v + v = v” = (246GeV)”
Vy — ’USinﬁ S@ZSinﬁ ; S3
=58

define: vu/vq = fan f me—gp- {vd = 00083 | cg=cosB " c5
Both Higgses must take VEV, for u and d-type masses:

ﬁ%{ — yuQLHuu(;{ . {mu — yuvu/\/i
,C% — yquHdd% mq = ydvd/\/i
TA 47
For yu.q < 47 (perturbative): 0.08 ~ iop <t S —ayp ~ 500
7T

yb ot



The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #2: many scalars around
) ~InUnitary Gauge )
0 H vq+hg 1A
H,,= vatha | T CB @2_ H4= V2 - °p V2
V2 Cs NG 0 S@H_
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Four implications of the SUSY Higgs sector structure.
Implication #2: many scalars around
In Unitary Gauge

0 csH vatha | fgid
H,,= vatha | T B£ H4= V2 - 85\/5
vz | [Pve 0| sl

H,=(H_)": one charged scalar
A :one neutral pseudo-scalar (CP-odd)
hy.a :two neutral scalars
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The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #2: many scalars around
In Unitary Gauge

0 csH vatha | fgid
H,,= vatha | T B£ H4= V2 - 86\/5
vz | [Pve 0| sl

H.,=(H_)": one charged scalar
A :one neutral pseudo-scalar (CP-odd)

hu.a :two neutral scalars The Higgs we saw
- - - 9 | - M — 125Ge\f
Ry cosa sinal | h

hq —sino  cosal| | H

- 0" - L The Other Higgs
(maybe heavier)




The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #3: modified Higgs couplings

 Ghuwu  sSin(a +7/2)

fu = “aar = -
Jhuu sin [3 The form of the potential allows us
cos(a + 7/2) to express (v in terms of 3 and of
Kq = gg—dl\f — the pseudo-scalar A mass:
9hdd cos 3 t (m2 +m2)ts
all ¢ —
hVV : 2 2\ _ o2 o2 42

9hvv
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The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #3: modified Higgs couplings

. Obs., h couplings [xy, x,, x) ] Obs., H->ZZ- 4, Il qg/bb/vv .
....... " T Exp. ATLAS arXiv:1509.00672
[:] Obs.. AH-stt [135577] Obs., H»> WW- Iv qg/lv
------- Exp.
------- Exp.
Obs.,H' - v -
Obs,AsZhotwby o oo Direct scalar searches play an
Exp. . . .
o g iImportant role in this plane.
_:". N 1
40 | NN
NN e Ll
NN I
10 b |  ATLAS =
- N\ 1s=7Tev, 454717 -
4 WY 1s=8 TeV, 19.5-20.3 b~
3 WA\ hMSSM, 95% CL limits
2F /1 SR \ ;;;;
1 L L A A A A4 L L . \ :::::
200 250 300 350 400 450 500

m, [GeV]



The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #3: modified Higgs couplings

Jhua  Sin(a + 7/2)
Ru = :

Q}SL% sin [3 The form of the potential allows us
cos(a + 7/2) to express (v in terms of 3 and of
Kq = gg—dl\f — the pseudo-scalar A mass:
9hdd cos 3 t (m2 +m2)ts
all ¢ —
hVV : 2 2\ _ o2 o2 42
Ihvv

Decoupling limit: m; — oo (technically natural)

1
m% = ma + ... — 00 =P tana ~ ——

tg
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Four implications of the SUSY Higgs sector structure.
Implication #3: modified Higgs couplings

Jhua  Sin(a + 7/2)
Ru = :

Q}SL% sin [3 The form of the potential allows us
cos(a + 7/2) to express (v in terms of 3 and of
Kq = gg—de — the pseudo-scalar A mass:
9hdd cos 3 (m2 +m2)ts
ghVV tan o = 21 tgl Z2 2 42
KV = “ai = sin(f — a) mj, (1 +1t3) —mz —mity
Ihvv

Decoupling limit: m; — oo (technically natural)
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The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #3: modified Higgs couplings

Jhua  Sin(a + 7/2)
Ru = :

Q}SL% sin [3 The form of the potential allows us
cos(a + 7/2) to express (v in terms of 3 and of
Kq = gg—de — the pseudo-scalar A mass:
9hdd cos 3 (m2 +m2)ts
ghVV tan o = 21 tgl Z2 2 42
KV = “ai = sin(f — a) mj, (1 +1t3) —mz —mity
Ihvv

Decoupling limit: m; — oo (technically natural)

2

1
mA:m(21+...—>oo—}tanozf:—t— =P o~ [ —7/2 =P SM Higgs
p
2B m4

In the limit we also have: sin28 = — = tg5 ~ > 0O
m45 B
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The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #3: modified Higgs couplings

s Obs., h couplings [xy, K, %) [[] Obs., H-» ZZ- 41, Il qg/bb/vv
------- Exp.
[ ] Obs., AH-tx
------- Exp.
: Obs., A— Zh— llivv bb

Exp.

------- Exp.

[135577] Obs., H»> WW- Iv qg/lv
....... Exp.
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------- Exp.
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Huge decoupling limit region
Is technically natural.
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The SUSY Higgs

Four implications of the SUSY Higgs sector structure.
Implication #4: wrong Higgs mass !!

In the decoupling limit, H can be ignored (set to zero)

H.. H Vani= i | Hy |+ H,, |
V[ us d]-> SM IUSM| ‘_I_ | | M%M:MQ_l_lel

Habitual SM formula gives: \ g% + ¢
mu = V2 v = /g2 + ¢2v/2 = my 8

Beyond decoupling limit: m g <| cos 23|mz. Even worse

Problem: ) is too small. Solution: increase ).
my —my

A— A+ 0N O\ =
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The SUSY Higgs

Two ways to increase \:

First way: rely on large loop corrections (only way in MSSM)
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Need exponentially heavy stops ... (usey; ~ 0.94)

8W25A

Mz ~ mye 39~ 1.3 TeV
... Which is exponentially bad for tuning:

Msoft ’
A > log(A M
= (500 GeV) og( ,S—H‘S’Y/ EW)

l l low Agyer= 10 TeV




SUSY and Naturalness

The “low- energy SUSY?” picture for high energy physics

Strmgs

1 GUT,. * Unobserved sparticles have soft masses
R e Soft breaking generated at Agpey
* Above here, e Corrections to m7; below Agusy:
i SM+partners
#: Msoft 9 3yt
: Below here, (5mH M Oftlog(AS.U—S’Y/MEW)
. SM particles only. 872

o2 125GeV\~/ Mg \°
A > H i log(A M
= m2 ( ma ) (5OOGeV> oglsav/Mew)

Natural SUSY cannot hide above the TeV scale.
General tuning estimate worsened by the log term.



Higgs Mass vs. Fine Tuning

The SUSY Higgs
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maoreover ...

LHC discovery not expected
(heavy spart.) even if true.
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look for SUSY beyond MSSM !
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The SUSY Higgs

Second way to make m g right:
Add an extra singlet SF. (NMSSM or ASUSY ')

Ws = AsPsP, g mmmp Vg = \o|H Hyl”

Mechanism works at moderate ¢35 (H4is involved)

\

No (obvious) decoupling limit.

\ 4

Interesting to study Higgs couplings and extra scalars
in this framework.

Caveat: needed values of A¢ ~ 1 give ~10 TeV cutoff.
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Current Status of SUSY

Higgs should be lighter in Natural MSSM:

2 /2
Due to peculiar structure of Higgs potential, at tree-level: \ = 2 9

’ \ /
N ——’ N/ 4
e N 3 N~

=1 ' ~a’ \ ST T+

Raising A requires large radiative corrections, from heavy stops

Heavy stop = large thning: .

Sm2 125GeV\?/ M.z
A > H 20 log(A M
= M2, ( —_— ) (500Gev> og(Asusy /Mew)

MSSM is Un-Natural with 125 GeV Higgs!
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Current Status of SUSY

Higgs should be lighter in Natural MSSM:
Stop bounds at 600 GeV at run-1. [1 or 1.5 TeV probed at run-2/3]

1., production Status: SUSY 2013

1L

; IIII||||||||||||||||||||||"||||||||||IIII|IIII|IIII|IIII|
i I -1 -1 i
[4) 600 — ATLAS Preliminary L,=20-21f"Vs=8TeV L, =47fb" Vs=7 TeV —
C) B = oL, Tty OL ATLAS-CONF-2013-024 OL [1208.1447] .
B . —m 1L, Tty 1L ATLAS-CONF-2013-037 1L [1208.2590] T
o | == Observed limits DS ' 4
[P i B 2L, Tty 2L ATLAS-CONF-2013-065 2L [1209.4186] ]
E 500 |— === Expected limits . oL T-Ww b)‘(? 2L ATLAS-CONF-2013-048 - |
| —— 0L mono-jeUc-tag,T1—> c 3‘(? OL mono-jet/c-tag, CONF-2013-068 i
| All limits at 95% CL —— 0L, Mm.=m,+5GeV 0L 1308.2631 i
= B 1-2L~, t,— bif, mxj =106 GeV 2L [1208.4305], 1-2L [1209.2102] _|
L CDF 2.6 fb-1 [1 203.41 71] —_— 1|_, t1 — bij, mx* =150 GeV 1L CONF-2013-037, OL 1308.2631 - -
400 — — 2L, 71 — b)”(f, m = my - 10 GeV 2L ATLAS-CONF-2013-048 - —]

- % 1

B = 12t b, m . =2xms, 1L CONF-2013-037, 2L CONF-2013-048  1-2L [1209.2102] -

L 1

300

200

100

T—cx /[T=Wby /T—1t%,




Current Status of SUSY

Higgs should be lighter in Natural MSSM:

Stop bounds at 600 GeV at run-1. [1 or 1.5 TeV probed at run-2/3]
Gluinos also relevant for Naturalness. [bound easily > TeV]



Current Status of SUSY

Higgs should be lighter in Natural MSSM:

Stop bounds at 600 GeV at run-1. [1 or 1.5 TeV probed at run-2/3]
Gluinos also relevant for Naturalness. [bound easily > TeV]

Impressive search program
Quantitative illustration Qualitative illustration
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After the Higgs discovery, no no-loose theorem is left.
No new guaranteed discovery in any research field.

BSM is not (must not be) a collection of models.

It a set of questions and possible answers about
fundamental physics, to be checked with data.

Naturalness is one of those questions, not the only one.

Experimentalists should not blindly trust theorists.

They should critically listen to theorists. And get
convinced (or not). Nobody has the truth.



Final Thoughts

Learn from yesterday,
live for today, hope for
tomorrow.

The important thing is
not to stop questioning.

— Albert Einstein




