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Naturalness problem of the Standard Model (SM)

The key part of the SM is Electroweak (EW) symmetry breaking via Higgs
mechanism. Due to the EW symmetry breaking Z and W get their masses.
Assuming no new physics all the way to the Planck scale, what values of
mz would we expect to get for generic values of the couplings in the
Lagrangian?

Theoretical
m . For completely generic couplings in
m, =10"Gev the potential, we either get
mz = 0 or mz ~ Mp/.
mz ~ 100 GeV can be achieved
only if the couplings are carefully
fine-tuned to cancel one another in

% the radiative corrections to the
mz.

Welive here.
Why??

100 GeV.

1 Couplingsin the potential
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Supersymmetry

Supersymmetry (SUSY) is a space time symmetry, extension of the
Poincare symmetry which connects the states with different statistics and
their couplings

Qlb) o |f)  Q[f) o [b)

Unbroken SUSY predicts: each fermionic state is accompanied by a
bosonic one with exactly the same mass.
SUSY solves the hierarchy problem of the SM by symmetry. Large
radiative corrections, induced by the SM are canceled by the superpartners
of the SM particles.
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SUSY As a Solution to the Hierarchy Problem

m? A
V = ——hr+Zn
2 * 4
2
2 2_m
mz o Vv 3
t
Dominant Am? = HOH Am? o y2A\?

Top has the strongest coupling to the Higgs = we need top partners to solve the
hierarchy problem caused by the top.

In SUSY this diagram, which is sensitive to the cutoff of the theory (namely, very
heavy particles that we would naively expect to decouple) is canceled by the top
scalar partners.

SUSY: the scalar top couples to the Higgs with strength y;.

SUSY is broken = m; # my, but this just means that A* ~ m2 x log.
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Is There Still Room for SUSY?

ATLAS SUSY Searches™ - 95% CL Lower Limits
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Probing SUSY Naturalness at the LHC

Typical SUSY

As we see, the bounds on generic SUSY spectrum are very severe. The
scale of the squarks and gluinos is well above TeV scale = the cutoff is
pushed above the TeV scale. Unnatural

Natu l’al SUSYPapucci, Ruderman, Weiler; Brust, AK, S. Lawrence, Sundrum

What do we really need for the leading level naturalness? Stops, sbottom,
gluino (slghtly heavier), higgsinos, EWikinos (can also be ~TeV). Most of
the versions of this spectrum are already cornered, but RPV stops can be
as light as 100 GeV! Gluinos are generically > TeV.

Other possibilities are also allowed by current constraints (e.g. “Flavored
Naturalness, Bianke, Giudice, Paradisi, Perez, Zupan).

LHC has already excluded lots of possibilities, but there is always a
question of model-dependence and spectrum dependence.
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Model (In)dependent Probe of SUSY Naturalness

SUSY naturalness is already strongly constrained. However, some
particular spectra are very hard to exclude.
Given a plethora of variations, spectra, and decay modes, are there
any robust probes of SUSY naturalness?
The answer: SUSY higgs sector. SUSY heavy Higgs scalars decay modes
are relatively model-independent given one parameter (tan 3). They
provide an important probe of naturalness.

@ — Heavy Higgses are relatively hard to find — decay modes are not
spectacular and cross-sections are small

° + It is not easy to significantly modify the decay modes of A, H.
Channels 77 (tan 8 > 1), tt(tan 3 ~ 1) and hh are generic.
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SUSY Predicts the Mass of the Light Higgs

The Standard Model (SM) does not predict the higgs mass. The Higgs
self-coupling is a free parameter of the theory and

m? o Av2.
Depending on A the higgs mass can acquire any value <TeV for given v.

In minimal SUSY extension of the MSSM the quartic is determined by the
symmetry: A ~ g2. For known Higgs expectation value we know the mass.
More detailed SUSY calculation shows:

mp < mz| cos(25)]

The measured higgs mass is my, ~ 125 GeV.
What does this tell us about SUSY and how fine tuned it is?
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Radiative Corrections to the Higgs Mass in MSSM

In exact SUSY limit the bound my < mz|cos2f| is exact. SUSY is broken
= new radiative quartic is induced

N ’ 7 ’
N ’ L t ’
L 0 h N L=-. s N

~

h \ v < \'</

’ \ LN , o
, \ , - N
4 \ 7 ~
’ \ ,
’ \ h h
h h
+

,
Am? o m?In (ﬂ)
h t )

t

mp ~ 125 GeV = my 2 10 TeV = very unnatural.

To have natural SUSY we need extra contributions to the Higgs quartic
beyond MSSM
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SUSY Heavy Higgses

SUSY necessarily has at least two Higgs supermultiplets H,, Hy = three
additional (heavy) Higgs (pseudo)scalars compared to the SM: A, HO, H*.
SUSY constrains possible mass splitting between the heavy Higgses. In
non-minimal SUSY we might get slightly different splittings than in
MSSM, but since we will need 6\ ~ O(1) at most, ma, my, my+ will still
be &~ at the same scale. We will denote this scale as ma.

As we will later see, this scale cannot be arbitrarily heavy, unless
severe fine tuning is involved.
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Extra Quartics, Heavy Higgses and Naturalness

Assume that we have extra Higgs quartic contributions from the new
physics, that we integrate out at several TeV scale. Our considerations will
be insensitive to the exact mechanism which produces the extra quartics.

@ How big are the quartics that we need?

@ What is the bound on the mass of heavy higgses from
naturalness considerations? Where does this bound come from?

@ Most of natural parameter space will require large tan 3. What
constraints do we have there from flavor physics?.

@ What is the natural parameter space which is left?
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Sources of Extra Higgs Quartic

Mostly during this talk we will be agnostic about the precise origin of the
new Higgs quartic. Here we just review the most important possibilities

The SM gauge group emerges from a

bigger symmetry. By integrating out the singlet field
link fields we get an effective term
AV ~ |H, - Hyl?.
H. H, VEVS of the link
fields SU(2) triplets which couple
to the SUSY Higgses
Gd GSM

Depending on the hypercharge can
induce either AV ~ |H,|* coupling

2 .
W', Z'. Most important term: or AV ~ |H, - Hyq|* coupling

New quartics - D-terms of the heavy

AV ~ |Hy[*.
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Why Do We Have Naturalness Bound from the Heavy

Higgses?

Let us consider first MSSM and tan 8 > 1. For tan 8 ~ 1 we will always
need very big correction to the quartic. From equations of motion we have:

my mpy, + p* — (mjy, + p?)tan’ 3

2 tan23 —1

No fine tuning = no unnatural cancellations

TR m% — Higgsinos should not be much heavier than the EW scale

° ]m,z_,u| s m2Z — to get a mass near the weak scale, Higgs should have a

mass parameter near the weak scale

o m7, ~ mZtan® 3. This is a constraint on the masses of heavy

Higgses. They cannot be much heavier than mytan 3. In
non-minimal SUSY we will see very similar constraint, even though it
will be numerically modified.

What are more precise bounds on m4 in MSSM extensions?
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Non-minimal SUSY

A priori 2HDM has seven different types of quartic couplings one can write
down. Most of them are very hard to get in any SUSY model, and they
are naturally very small. In the MSSM only 4 types are present at the tree

level
o V ~ |H,*
o V ~ |H,?|Hyl?
o V ~ |H, - Hyl?
e V ~ |Hy|* - very suppressed in tan 3 > 1 limit

To illustrate the point that heavy Higgses can exacerbate the fine tuning,
we will concentrate on beyond-MSSM contributions to two different types
of quartics: |H,|* and |H, - Hy|?.
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|H, - Hy|?> Extension

This extension arises in models with a singlet, which couples to the
Higgses. The correction term involves vy = will be small in the limit of
tan 8 > 1. On the other hand, the MSSM term becomes small in
tan 8 ~ 1 limit.

The effect is maximized for moderate tan 5.

Contours of higgs mass, my=800 GeV Contours of higgs mass, ma=400 GeV
SO BEIn T q SO =] T T Iﬂl
[

A
oA
5

00,
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Fine Tuning in |H, - Hy|?> Extension

We quantify the fine tuning as variation of the Higgs VEV with respect to

; 2 . _ _Olnyv?
the input parameter mj, : A = -1 m?,

@ Purple lines - required values
of )\ to get mp, = 125 GeV.

@ Non fine tuned region is very
small and requires large dA

@ Black - contours of fine
tuning A, in very big regions
of parameter space the fine
tuning is worse than 4%.
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|H,|* Extension

This term does not involve vy and therefore the contribution to the Higgs mass is
maximized and the fine tuning is minimized for tan 8 > 1. Values of §\ that we
need to accommodate my, = 125 GeV are modest.

_ SM-like Higgs mass, my=300 GeV SM—like Higgs mass, m,=800 GeV
o ; ; - - - ? . :

o7f ]

oAy
Y
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‘ 4
u

Fine tuning in |H,|* Extension

@ Large regions of parameter
. Contours of fine tuning space are completely not
fine tuned, for tan 8 > 1
one get appreciable fine
tuning at ma ~6...7 TeV.

@ Here it looks like most of the

i parameter space is not fine
tuned. However, it is subject
- to b — s constraints. In
Tt T T practice tan 8 > 10 will be

difficult to get.

Andrey Katz (Harvard) Naturalness at the EW scale May 14 19 / 27



b — s7v in the SM and MSSM

This constraint is important only for tan 8 > 1. If we discover, that there are no
heavy Higgses in the LHC range, we will be pushed to tan 8 > 1 limit.
This would be immediately in tension with b — s~.

In the SM this process is mediated only by W-loop:
v

W

In the MSSM we get three new contributions: Higgsino, gluino and wino loops.

In the natural regime the Higgsino diagram is the most important one.
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b — s~ in Natural SUSY

Correction to the matrix element is

Acpt

4
my

M(b — S’}/)Fh'i_ ~

@ m; cannot be too large (needed for 1-loop naturalness)
@ 1 is constrained by direct searches for Higgsinos at LEP

@ A; cannot be too small, since it receives loop corrections proportional
to the gluino mass

Experimentally measured:

0.0 < BR(Bs = Xs7)exp

. < 1.32
BR(Bs — Xs7)sm
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What Are the Natural Values for A;7

Running of A; from a high scale A is dominated by gluino loop:

M /\

RG- Generated Vaue of A [GeV]

Even for low mediation scale, the

of ‘ — ]
natural value for A; is around

8t q .
< | [ 7 —209 GeV, and it can na.turally
) as high as 0.7 TeV for higher
g%e ] scales. Getting A; much smaller
8 than that (preferred by b — s7v)

4t [-200 ] involves fine tuning against the

s T s —| tree level parameter.

1000 1500 2000 2500
M; [GeV]
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b — s~ for tan 8 > 50

For very large tan /3 the standard expressions for the b — s are corrected
by “wrong Yukawa terms”, which are formed radiatively: £ ~ ebHIQbC:

These corrections can become important only if €, tan 5 ~ O(1).

Both gluino and higgsino loop must be proportional to u. For large values
of w this can give sizable contributions to the observed Yukawas, however
1> 100 GeV are disfavored by naturalness considerations. Practically, for
1 ~ 100 GeV we always get €, < 1072, which gives less than 10%
correction in b — s rate.
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Interpretation of b — s results

Maximum tan(g) from b - sy [ = 100 GeV]

mys [GeV]

0

50 100 150 200 250 300

~A[GeV]

Maximum tan(8) from b - sy [A; = —200 GeV|

\
It

L=

200
100 150 200 250 300 350 400
nlGev]
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Contours of maximal allowed
tan 3 for pA; < 0. The shaded
regions are fine-tuned:

@ Purple - fine tuning in A;
(assuming M3 =1 TeV)

@ Red - fine tuning in m,2_,u
from the large stop mass

@ Orange - fine tuning of tree

level EWSB due to large

Very little room in not fine tuned
regime even for tan 8 = 10.
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Interpretation of constraints

Maximum tan(g) from b - sy [ = 100 GeV]

Contours of maximal allowed
tan 3 for pAs > 0. The shaded
regions are fine-tuned. The
constraints are slightly weaker for
1A because the new physics
interferes constructively with the
SM contribution, and the data

A [Gev]

Maximum tan(8) from b - sy [A, = 200 GeV]

00 prefers slightly higher values than
o the SM.
gﬂ‘m \\Ee'i Not fine tuned region_ of
g% — parameter space is still very
€ w0 limited for tan 3 > 10.
300, \\\El
—r

200
100 150 200 250 300 350 400
nlGev]
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Comment on B; — ™

This extremely rare process, mediated in the SM by W-diagrams, can be

W 7
t

t H

Additional SUSY contribution:

17

Naively should be a strong
f constraint, SUSY contribution
o tan3 8. However, it is
suppressed by ma. From our
) preliminary estimates this bound is
sub-dominant to b — s7.

X
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Conclusions

@ In SUSY theories heavy higgses can be a very clear diagnostic of
naturalness or fine tuning. Natural theory requires either SUSY
Higgses not too heavy or large tan 3.

@ Natural SUSY theory needs extra Higgs quartic beyond MSSM. The
exact naturalness bound on the masses of heavy Higgses depends on
the details of the MSSM extension.

© The demand of large tan 3 (for the heavy A) is already in clear
tension with flavor measurements, predominantly b — sy. There is
still some room for “natural theories”, but most of the parameter
space demand fine tuning to reduce A; to have heavy stops.

@ Given the importance of the heavy Higgses for SUSY naturalness, it is
crucial to understand, how one can improve the LHC searches for the
heavy Higgses.
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