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SUSY — MSSM (this talk)

> A SUSY partner for each SM particle with As=1/2 with the same mass

The known world of The hypothetical world of
Standard Model particles SUSY particles
Higgs d :": Ej : Higgsino

- quarks squarks

® leptons

A
,/
/
/

® sleptons

Second Higgs ® SusY force carriers

@ force carriers

> SUSY broken in nature

> Breaking mechanism unknown, parameterized by soft terms
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> Field content fixed: theory specified by superpotential and soft terms

W = u I:Iu Hy + kL Hu ) superfields
4+ YUHd L; E-C + YUHd Q; ch + YgHu Qi ch /

+ A LiLES + A LiQyDE + AlZ) UP DF Df
t+ i) Hy Ly Hy L+ s Qi Q) Qi Ly + rijzgy U UP DE EY

1 _ _
Lsg= —EZMa)La)La—Zmé|CI>i|2+
a i .
T,Hy, Qi+ TyH;Qd + T,HyLe + B, H, Hy

> Many new parameters (>100) but likely not independent
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High scale SUSY

> In many models SUSY breaking
at high scale in hidden sector

600

> Often some universality 400

> Take into account running to 200

predict SUSY spectrum at the
electroweak scale.

Running Mass (GeV)

—200




Why we like(d) SUSY

> Hierarchy problem: stabilizes the weak against the Planck scale
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Why we like(d) SUSY

> Hierarchy problem: stabilizes the weak against the Planck scale

> Dark matter: If lightest SUSY particle stable — dark matter candidate
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Why we like(d) SUSY

> Hierarchy problem: stabilizes the weak against the Planck scale
> Dark matter: If lightest SUSY particle stable — dark matter candidate

> Gauge coupling unification:

60 | : - - ‘ - — 60 :
50 ¢ 50 ¢
40 { 40 |
30 ¢ 30—
20 ¢ 20 ¢
2 4 6 g 10 12 14 16 2 4 6 § 10 12 14 16
log,, (u/1 GeV) log,,(u/1 GeV)
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Why we like(d) SUSY

> Hierarchy problem: stabilizes the weak against the Planck scale

> Dark matter: If lightest SUSY particle stable — dark matter candidate
> Gauge coupling unification:

> A 125 GeV Higgs boson: Additional hint for SUSY?

...a TC guy from Odense still
owes me...
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Why we like(d) SUSY

> Hierarchy problem: stabilizes the weak against the Planck scale

> Dark matter: If lightest SUSY particle stable — dark matter candidate
> Gauge coupling unification:

> A 125 GeV Higgs boson: Additional hint for SUSY?

> Also hard to get 750 GeV diphoton excess ;-)
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Why we like(d) SUSY

> Hierarchy problem: stabilizes the weak against the Planck scale
> Dark matter: If lightest SUSY particle stable — dark matter candidate
> Gauge coupling unification:

> A 125 GeV Higgs boson: Additional hint for SUSY?

gg production, B(g — qq 9"(?)=100%
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I D = 1600s =13 TeV, 36.1 fo" S== Exp. limits (+10,,.) —
> So why do people get worried” i g ... gy =
1400 [ MEff or RJR (Best Expected) ~ — =~ Exp. limits RJIR i
s :_A” limits at 95% CL. —— oL obs. limit (3.2, 13 TeV) .E
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1000— T S i
800~ e =
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Why we like(d) SUSY

> Hierarchy problem: stabilizes the weak against the Planck scale

> Dark matter: If lightest SUSY particle stable — dark matter candidate
> Gauge coupling unification:

> A 125 GeV Higgs boson: Additional hint for SUSY?

> So why do people get worried?

NATURALNESS!

But maybe what looks unnatural
can still be natural? Nature decides...

L
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The LSP — a DM candidate.

> Neutralinos are mixtures of bino, Wino and Higgsinos

> EM and colour neutral — potentially interesting dark matter candidates




The LSP — a DM candidate.

> Neutralinos are mixtures of bino, Wino and Higgsinos

> EM and colour neutral — potentially interesting dark matter candidates

W = ,U,HUHd+H:,'LjHU
+ YeHq Li EF + Y Hq Qi DF + Y[ H, Q; Uf

+ M) LILES +2\5) LiQyDE + N UP D DS

+ /{(O) Hu L, Hu L + K’fj;{?@ Q, Q Ok LE + HE’?()E UC UC D;? Egc A1jk<

PEEWERST T SRR >{2 s -
P\d

> With only SUSY and gauge invariance: extra terms leading to proton and
dark matter decay — need additional symmetry.

> Standard assumption: R-parity conservation (good enough for dark matter —
not good enough for the proton, need a better symmetry such as Z,R)
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The relic abundance

> Neutralinos are produced in the early universe via thermal freeze out

t (ns)
(1 100 10! 102 103
. . . ag . HRRM BN LR LR 108
(1) Neutralino Xis initially in 100 Gey
epep e . 104 x-. )
thermal equilibrium: Increasing 1"
XX < qq annihilation 3
- strength
(2) Universe cools: ; .
X
XX — qq 1o 100
g -
(3) Universe expands:
10714
XX qq eng, ARAA (2010) i
1618

IIlIIl
10!

A 0 VI (O T O
T (GeV)

> Relic abundance depends on annihilation cross section
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The relic abundance

> Neutralinos are produced in the early universe via thermal freeze out

o {’"""‘*‘“
c. ‘I : ' d. | '

Jungman, Kamionkowski, Griest (1995) % , "> <z qﬁ{ Mmm
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DM naturalness in the MSSM

> How naturally can the dark matter relic abundance be achieved?

Often universal gaugino masses
assumed at high scale, at low scale
M3:M2:M1 ~ 6:2:1 — bino LSP

Bino: Typically need to finely tune
relic density via coannihilations or
resonances :-(

Crucially depends on assumption of

SUSY breaking terms!
Other patterns possible...

2-3 TeV Wino challenged by ID
Mariengela Lisanti et al 1307.4082

1 TeV Higgsino looking good :-)
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http://arXiv.org/abs/arXiv:1307.4082

EW naturalness in the MSSM

> How naturally can we achieve the correct Higgs vev?

> Electroweak vev (or M5) determined by SUSY parameters (from
minimization condition for scalar potential)

2 2 2
_ My, — my tan® IR PO
tan? 3 — 1 He

my
2

> Cancellation (tuning) needed for large SUSY masses

> How to quantify this?
dlnv? B 38_1}2
dlnp  v2 Op

A, 'sensitivity measure'

> Large A implies large tuning
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Caveats of the sensitivity measure

> What fundamental parameters should be included (and what are the
fundamental parameters)?

> Also depends on parameterization of fundamental parameters
> At which scale?
> It measures sensitivity rather than 'tuning' — can be different

> The acceptable values A depends on taste — no absolute measure

— While for a given definition it can be calculated
precisely, its physical interpretation is somewhat blurred.




The usual story

> What does this tell us about a natural SUSY spectrum?

> M is a superpotential parameter and hardly runs: pgw ~ tgur

D~
M3

Higgsino mass ~u~1TeV- A, ~250

> “Natural SUSY requires light Higgsino”
> What about the my,, part?

> Loop effects introduce a large sensitivity to stop and gluino masses

3y;
Smy = 47: m? In (A/m;)

293
e S . "
om; = 5,27 In (A/mg)
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The 'natural SUSY' spectrum

AN Nddwralhess

I

N Craig
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EW naturalness in the MSSM

> Starting from the high scale, all soft terms contribute to my, and m,

my ~ —2.18u* 0.32M35M, + 0.047M, M5 — 0.42M3
—

+0.011 M M7 =10.012M? — 0.65M3A; — 0.15M, A,
—0.025M, A, + 0.22A? + 0.004 M3 A,

—1.2Tmj,_— 0.053m7,

0.049m3, — 0.052m3, + 0.053m3,
+0.05Tmg,, — 0.11mg;, + 0.051m3, — 0.052m7, + 0.053m%,
+0.051mg, — 0.11mg; + 0.051m}, — 0.052m7 + 0.053mj; ,

> We don't just want my, to be small, but every contribution to it. Assuming no
correlations among the terms, need rather light stops and gluinos

0 ® A\ i r
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EW naturalness in the MSSM

> Starting from the high scale, all soft terms contribute to my, and m,

m? ~ —2.18u+ 3.84M2 + 0.32M3M, + 0.047M, M5 — 0.42M?2

+0.011 M M, — 0.012M7 — 0.65M3A; — 0.15M, A,
—0.025M, A, + 0.22A? + 0.004 M3 A,

—1.27Tmj, — 0.053m7,, m;2 = mg?
+0.73mp, + 0.57m{, + 0.049m}, — 0.052m7, + 0.053mp,
+0.051mg,, — 0.11mg;, + 0.051m3, — 0.052m3, + 0.053m%,| ~0.01 my?
+0.051mg, — 0.11mj;, +0.051m3, — 0.052m7 + 0.053m3;

> We don't just want my, to be small, but every contribution to it. Assuming no
correlations among the terms, need rather light stops and gluinos

> But we know correlations should be present...

> Example: the scalar focus point.

0 ® >\ i r
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The gaugino focus point

> Assume fixed ratios of gaugino masses My =a-my
My =0b-my/o

> Possible also in GUTs
M3 =my o

I 500

200

100

| 50

NHSSM-NUGM

-4

-15 -10 -5 0 5 10 15
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The gaugino focus point

> Assume fixed ratios of gaugino masses My =a-my

My =0b-my/o

> Possible also in GUTs |7 p——
3 =MmMy/2

200

100

50

‘ 2
> Can find correlations such that the sensitivity
to the soft terms is strongly reduced

> You may wonder about FT in 'theory space'

> u not a soft term...

10 15

oA
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Comment on loop corrections

> So far assumed tree-level relation for EWSB condition

oy
ovy

=0=(mj +p°+ L@+ @)+,

tan f—o0
How to parametrise X,?
@ 2y =V2yy

1

no change in FT; only valid if £, is independent of v!
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Comment on loop corrections

> So far assumed tree-level relation for EWSB condition

oy
ovy

=0=(mj +p°+ L@+ @)+,

tan f—o0
How to parametrise X,?
® Z,=1Z,

1
= My = =\l = mi, + Zu

no change in FT; only valid if £, is independent of v!

@ ., =v+3,0”+331°
_ 8y
@+ 2821 +4%yv
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Comment on loop corrections

> Result for leading stop correction 10001
2m2+12Y I
m+
3 Y; (—Zlog(T) +2 +log(4)
T =-
! 3272 g 100}
Zz = 0 50}
4 2m+PYE) L (RY?
. 3Y (log(—Q2 ) log( 93 ) Loop level
& 3272 K
gOE) ‘ | 560 T ‘10I00 | 20I00
i 3 y [GeV]
AuOOP 3 Y4 m? 1
= Tree 2 log =5
A o g&+g 2

> Reduction of about %2 when including loop corrections
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Comment on loop corrections

> Result for leading stop correction 1000}
2m2+ 1P Y 2l A~ iz
3 Y; (—210g( Yo ) +2 +log(4) tree level
By =—
! 322 g 100} e :
Zz =0
J > u not a soft term...
4
3Y, (log(— > So does a 1 TeV Higgsino always Loop level
23 = require significant electroweak tuning?
> Two possible ways beyond the naive Foo 000 2000
FT arguments p [GeV]
ALoop
pFT = =(
- A;IL‘ree

> Reduction ¢

> The p-term could be correlated with
the soft terms (— p problem)

> The Higgsino mass could arise from
something beyond the p-term
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A further correlation

> The p-term could be correlated with the soft terms S Martin, 1712.05806
Mpianck
7y M,  (hidden sector becomes strongly coupled, superconformal)

Hidden sector superconformal strong dynamics + MSSM RG running

X A ~+/Fs (hidden sector SUSY, conformal symmetry broken)

MSSM RG running

y TeV scale

~.\¢ Lisaesetts:
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A further correlation

> The p-term could be correlated with the soft terms S Martin, 1712.05806
Mpianck 9r | | | | | | [

yy M,  (hidden secto . 8- .
Hidden sector superconfo E ;: :

- A~VEs  (hidded \f

MSSM RG running

- TeV scale 1 — T— —

O - ] 1 | L ] 1 | 1 ] L

2 4 6 8 10 12 14 16
Log, ,(Q/GeV)
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A new contribution to the Higgsino mass

> Non-standard SUSY breaking terms (in the classification of S Martin: 'maybe-
soft')

Enw = hahy + T, by @+ Ty e dy 1G5+ T, ihy,eg i+ h.c.

94]

> u' contributes to the Higgsino mass (m,, ~ nu + p') but does not enter the tadpole
equations

100
=0 =
=
g 10
L =
> Can significantly reduce FT e 5
603.09347
foo 200 500 1000 2000
m- [GeV]
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http://arXiv.org/abs/arXiv:1603.09347

Embedding this into a model

> Studied different MSSM variants with GUT boundary conditions

my | my | M M, Mz | p | A

CMSSM mg | mg | mip miz | mMa2 | - | -
MSSM-NUHM || mz, | my | mijz | mip | mip | - | -

r MSSM-NUGM | mj | mg | a-muj2 | b-mypp | mupp | - | -
CNHSSM mg | mg | muip myz | mu | 1| A

\ NHSSM-NUHM || mj | mf | mz | my | mp | p | A
NHSSM-NUGM | mj | mg | a-my2 | b-mujp | myp | @ | A

1701.03480
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Results non-universal gaugino masses

> Region of small FT can be well beyond LHC reach

n=0
3000 500 3000 500
MSSM-NUGM NHSSM-NUGM On|y 'collider cuts' I
2500 200 200
5 2500 " = g —
100 " | 100
2000 2000
i 50 50
3 =
% 1500 - o 9. 1500 20
>
S 10 E 10
1000 1000
500 500
1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Mguino [GeV] Mgluino [GeV]

1701.03480

> Allowing for DM underabundance FT can be as small as 10.

o ® )\ i
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Results non-universal gaugino masses

> A1 TeV Higgsino can be quite natural
bino
u'=0 Higgsino

Wino

1000 1000 7
500 | 500 | -
o
100 | 100 !l;‘” 7 |
S| | VL
50} ] ]
Jre”
10} : ] 10} . S ]
MSSM-NUGM NHSSM-NUGM
300 200 500 1000 2000 300 200 500 1000 2000
m, [GeV] m, [GeV]  1701.03480
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The SUSY spectrum

> What does the spectrum in the regions with low FT look like?

104 i
5000

my [GeV]

100

50

1000

Oh?<0.12]

A=<30

T

- - ~0 = ~ ~ =

g h X1 X1+ t q [ |
SUSY spectum
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Prospects for direct detection

> Prospects for direct detection

> No lower bound on relic abundance (and rescaled) — other DM
component

10~43

— T ————rr — 500
NHSSM-NUGM ] I

Only tree-level
evaluation

1701.03480
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Prospects for direct detection

> Prospects for direct detection

> No lower bound on relic abundance (and rescaled) — other DM

component
10_43 1 1 1 1 1 LI I 1 | 1 1 1 LILIL | ] ? I 500
NHSSM-NUGM E :
10~44 ] 200
100
& 1074
E o
% 10-46
g 20
ol 10747 o
X F TS
ba' 10748
10749 Only tree-level
evaluation
10-50 1701.03480

10’ ‘ s
m, [GeV] | @ s
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Prospects for direct detection

> Prospects for direct detection

> No lower bound on relic abundance (not rescaled) — non-thermal

production

(gravitino decay)

10~43

I 500

200

NHSSM-NUGM

100

50

1701.03480

L _?&géggi
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Prospects for direct detection

> Prospects for direct detection

> Correct (thermal) relic abundance

10_43§ T T T IIII| T T T T IIII| T ? l500

NHSSM-NUGM

200
100
50
20
10

10749 E

10—50_ 1 1 Lol 1 1 Lol 1

10’ 102 10
m, [GeV] 1701.03480
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http://arXiv.org/abs/arXiv:1701.03480

Summary

> What looks unnatural from an IR perspective might still look natural from
the UV

> Extra Higgsino mass contribution u' could help

> To do: build a UV model

> SUSY could well be beyond the LHC reach

> (Good chances at direct detection experiments to find it
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> What looks unnatural from an IR perspective might still look natural from
the UV

> Extra Higgsino mass contribution u' could help

> To do: build a UV model

Thank you!

> SUSY could well be beyond the LHC reach

> (Good chances at direct detection experiments to find it

L
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