SUSY after the Higgs Boson Discovery
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" |s it THE STANDARD MODEL HIGGS ?

* Or does it have non-SM properties?

it can still be the scalar boson responsible for EWSB



Should we expect New Physics beyond the Higgs at all?

Loops are finite

2 2
Scalar masses are not protected by gauge symmetries: L oxm ‘Qb‘

At quantum level scalar masses have quadratic sensitivity to UV physics
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Although the SM with the Higgs is a consistent theory,
light scalars like the Higgs cannot survive
in the presence of heavy states at GUT/String/Planck scales

Fine tuning < > Naturalness problem



Supersymmetry:

* For every fermion there is a boson with equal mass and couplings

SUSY and Naturalness

Higgsinos, stops, and gluinos
should not be too much heavier
than the electroweak scale Y 5|2 log? (

TeV




What does a 125 GeV Higgs implies in SUSY?

Minimal Higgs Sector: Two SU(2) doublets Hy and H, (type Il 2ZHDM)
=>required by SUSY/gauge invariance and to secure anomaly cancellations

One doublet is the SM one:

And the orthogonal combination involves the CP-even, CP-odd and charged
Non-SM Higgs

Strictly speaking, the CP-even modes mix and none behaves like the SM one

In the decoupling limit, the non-SM Higgs bosons are heavy,
sin a = — cos 3 and one recovers the SM as an effective theory.



SM-like Higgs boson mass in the Minimal SUSY SM extension

depends on: CP-odd mass m,, tanf3, M,

For large m, , l mg +m; + D m, X,
mz = M22 COSZZB + Amg m, X, m{ +m; +D, )
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Soft supersymmetry Breaking Parameters in the MSSM
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One stop can be light and the other heavy
e or

Blin the case of similar stop soft masses

both stops can be below 1TeV

Direct Stop searches at LHC
are probing these mass regime

Large mixing also constrains SUSY
breaking model building



Soft supersymmetry Breaking Parameters in the MSSM

A¢ & m; for 124 GeV <my, <126 GeV & Tan =10
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[Unless stop very heavy (5-10 TeV)]

One stop can be light and the other heavy
or
in the case of similar stop soft masses
both stops can be below 1TeV

Large mixing also constrains SUSY
1000 1500 2000 2500 breaking model building




A 125 GeV Higgs and light stops

Light stop coupling to the Higgs [leRki i R i s

Lightest stop coupling to the Higgs approximately vanishes for Xt ~mg
Higgs mass pushes us in that direction
Modification of the gluon fusion rate mild due to this reason.

Limits on the Stop Mass

T, production, f—t7° IT—-W b5 IT—c %’ Status: EPS 2013 T, production, T, —» b7, 7+ W 5" Status: LHCP 2013

L, =20-21 b " Vs=8 TeV L. =471 fs=7 TeV

400—ATLAS Preliminary ) . R ATLAS Preliminary

2L =2xm
= Observed limits ~ Observed limits (-10,,,.) ***= Expected limits
w= Observed limits (-10,,,,) ==* Expected limits
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A 125 GeV Higgs and very heavy stops

An upper bound on the SUSY scale [stop masses < 10 TeV]
if tan3 moderate or large (> 5-10)]

Predicted range for the Higgs mass . N
s 58 Recalculation of RG prediction

with 4 loops in RG expansion.

= tan8 =50 Split SUSY Mo = 0, tanys = 12

tang = 1 Lee, Wagner’'13

lor ATLAS, M5

Experimentally favored

Giudice,Strumia et al

LEP exclusice, s, < 114 GeV

200

108 1010 10]2 1014 1016 1018 . .
The importance of higher

order loops computations

Supersymmetry breaking scale in GeV



Singlet extensions of the MSSM : a solution to the p problem

Superpotential D A, SHH ;=2 M= A, <S>

Higgs Mass (GeY))

3 CP even H,, mostly 2 CP odd A and one charged Higgs
Naturally light, singlet dominated H, or A, and singlino dominated neutralino



What do the Higgs Production and Decay rates tell us?
](h — Xsm)

total

Many different pieces of information: gy uiEeIR eSHERA( RN

also H — bb, 777~

Different patterns of deviations

from SM couplings if:

* New light charged or colored
particles in loop-induced processes

 Modification of tree level couplings
due to mixing effects

* Decays to new or invisible particles

crucial info on NP from Higgs
precision measurements




Loop induced Couplings of the Higgs to Gauge Boson Pairs

Low energy effective theorems relate a heavy particle contribution
to the loop induced Higgs couplings to gauge bosons,
to that particle contribution to the two point function of the gauge bosons

_ - h d T 2 v
Loy = 76—~ [Zb dlogblog (detM Mpl) Zb dl 10g (det M%) | F, F*

Ellis, Gaillard, Nanopoulos’76, Shifman,Vainshtein,Voloshin, Zakharov’79, Kniehl and Spira '95
M. C, I. Low, Wagner ‘12

Similarly for the Higgs-gluon gluon coupling

* New chiral fermions will enhance Hgg and suppress hyy
* To reverse this behavior matter particles need to have negative values for

log (det MTF!.Z-../\A p,.g)

0log v

Brod’s and Primulando’s Talks



Possible departures in the production and decay rates at the LHC in SUSY

= Through SUSY particle effects in loop induced processes

squarks and sleptons i

But mixing can alter the sign.



Gluon Fusion in the MSSM

Light stops can increase the gluon fusion rate, but for large stop mixing X;

as required for mp~125 GeV mostly leads to moderate suppression
[light sbottoms lead to suppression for large tanf]

my =125 GeV, my = 1TeV, A, =05 TeV, tan =60 _ 2
t 2 2 2

5A'7'7,gg o5 m2 m?2 [mm +mg, Xt ]
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If one stop much heavier: mq >> my
and large tanf3
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M.C.,Gori, Shah,Wagner,Wang‘13
See also Dermisek, Low’07. a(gg — h) BR(/’L — fy'y)
Natural SUSY fit: Espinosa, Grojean, Saenz, Trotta ‘|2 J(gg N h)SMBR(h N ’Y'Y)SM

< (>)1
Squark effects in gluon fusion overcome

—h
opposite effects in di-photon decay rate: Ifa((f;:i h)S)M < (>)1

In the NMSSM: Trade stop mixing for sizeable Higgs-singlet mixing
More freedom in gluon fusion




Higgs Decay in the di-photon channel in the MSSM

Charged scalar particles with no color charge can modify the
di-photon rate without modifying the gluon production process

my=1TeVGeV, A, =0GeV

aigg = ) Br{lh = yy) 1.65

i 7
or (gg = M)sa Brih = yylsn (SA
my, = mg, hyy &X 2 ( X'r
‘ : / m m,r
/ A 2
- // ,/
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F

tanf3= 60 _
My = 125 GeV ,/'

Light staus with large mixing
[sizeable y and tan beta]:
= enhancement of the

GO0

SO0

400 > o = HIggS to di-photon decay rate

,,,I /,
300 0
200 220 240 260 280 300 320 340 - up to 50 % W|th SM-hke ZZ/WW -

M. G, S. Gori, N. Shah, C.Wagner; | | +L. T.Wang’|2

For a generic discussion of modified Yy and Zy widths by new charged particles,
M. C.,Low and C.Wagner’|2; for specific connection with light staus: Giudice, Paradisi,Strumia’| 2
MSSM scan: Benbrik, Gomez Bock, Heinemeyer, Stal, Weigein, Zeune’ | 2

In singlet extensions: small tan beta needed for mh~125 GeV, hence
no stau effects but possible charginos effects



* Through enhancement/suppression of the Hbb and Hrt coupling
strength via mixing in the scalar boson sector :

MSSM:

Additional modifications of the
Higgs rates into gauge bosons
via stau induced mixing effects

A.=1500 GeV
A.=0 GeV
A==1500 GeV

in the Higgs sector
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o(gg = h)Brh = VV)gy

Few percent variations
in BR [h->bb] induce
significant variations in

the other Higgs BR's m,, (GeV)
MC, Gori, Shah, Wagner,’11 + Wang'12

pMSSM/MSSM fits:  Arbey, Battagllia, Djouadi,Mahmoudi ' |2

Benbrik, Gomez Bock, Heinemeyer, Stal, Weiglein, Zeune’| 2

NMSSM : Wide range of WW/ZZ and yy rates due to Higgs-singlet mixing ( Ag)

*Through vertex corrections to Yukawa couplings: different for bottoms and taus



MSSM Couplings of the SM-like Higgs to Fermions and Gauge Bosons

. Ay,  Ahy N & uM; | h? WA
Ghvb.hrr = —hb,»,- SIn & + Ahb,fr COS & tan@  hy 37 ma‘x(mg,ﬂﬂfg) " 1672 max(m? , y?)

My SIN & AV
Ghbbhrr = ———— A~ |\l —

veos B(1+ Ay,) U tanfBtana
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The mixing angle a and Alignment (Decoupling)

—tan 8 M3, = (M7, — mj,) I T oo k:] ¢!
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: Haber, Gunion ‘03
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« If fullfilled, also the right Higgs mass can be obtained:

Asm = A1 cos® B + 4)¢ cos® Bsin 8 + 23 sin? B cos? B + 47 sin® Bcos B+ +)\g sin® B

= Case of vanishing )\6 and )\7 )\1, )\2 > )\SM > 5\3 )\1, Ay < )\SM < 5\3
> 4

” . . S AsM—A3 AL —Asum
conditions simplify, tan of O(1) A2 =AM TP T tant g

)\la X3 < /\SM

= Case of non-zero A;,; (<<1) =» tanf3 cubic equations with natural
solutions (indep. of specific values of A’s) for tan3~ O(10)




Variation of the down fermion couplings in the MSSM
MC, Low, Shah, Wagner ‘13

&hdd / &hddsy
'

Strong lower bounds on m, from

SM
i e bounds on departures from g;44/9nqq
v due to BR(h >WWY/ZZ) measurements

600

Weaker lower bounds on m,,
with strong tanf3 dependence

s/ 3255{ALy+ A L) =25 A/H =» x X restricted due to large p
7). AN H->hh~0, A>Zh~0
P L) b ey A/H = tt and bb,TT (large tanB) remain open

400 ‘600 800
nmy (GCV)




Variation of the down fermion couplings in the NMSSM

8hdd | 8hdd, 8hdd | 8hddy,

]0[0_9[ 09

200 250 300 350 400 450 500 200 250 300 350 400 450 500
my (GeV) my (GeV)

A3 = —0.135 + N2

Suppressions of down couplings become stronger for larger values of Ag and
lower CP-odd Higgs masses =» enhancement of the di-photon and VV BR's

Hall et al’11, Ellwanger et al ’ll; Hao et al'12, Gunion et al’12

(If Ag 0.5 or smaller =» alignment for tanf3 infinity)




Searches for non-Standard Higgs bosons at LHC

mp tan 3
gAvy = gHbY = (

1+ Ab)’U

QCD Production:
S.Dawson,C.B.Jackson,L.Reina,D.Wackeroth

2
o(B6A) x BR(A — bb) =~ o(BbA)sy 2P )
(1+Ab) (1+Ab) +9

tan® 3
(14+Ap)°+9

o(bb,gg — A) x BR(A — 77) ~ o(bb, g9 — A)sm

Excellent LHC coverage in the di-tau inclusive channel
M.C, Heinemeyer, Weiglein, Wagner



Benchmark Scenarios for the Search of MSSM Higgs Boson\with
125.5 GeV signal interpreted as h  (H possibility excluded by H* searches)

m,Ma* scenario m,™°d scenario

Lower bound on tanf, M, and M,

_ ) Moderate stop mixing: large region in
(slightly relaxed if Mg 5y ~ 2TeV)

tanB-mA plane compatible with Higgs signal

max
m
h

light st
M, = 1255+ 3 ont stad

C M—125542 M, =1255+3 A/HeTT
n=12551+

o M, =1255%2
e LHC excl. LHG |

[ excl.
° LEP excl. o LEPexd

Msysy = 1000 GeV

1 =200 GeV, Msusy 10007(.10\",
GeV GeV,

Green region favored by LHC observation



Benchmark Scenarios for the Search of MSSM Higgs Bosons
with the 125 GeV signal interpreted as h

M.C., Heinemeyer, Stal, Wagner, Weiglein ’13

CMS Preliminary, Vs = 7+8 TeV, L = 17 fb*

95% CL Excluded Regions
[ observed
Expected
1o expected
+20 expected
LEP

A/H=DT1T

[ | n ]
- )
Mj,-mod+

max

MSSM m, scenario

M =1TeV
susy

100 200 300 400 500 600 700 800
My (GeV)

Green region favored by
LHC observation



Decay of Non Standard MSSM Higgs Bosons in electroweakinos

m,M°d scenario

BR < 0.1

0.1<BR<0.2
0.2<BR<0.3
0.3<BR<0.4
0.4<BR<0.5
0.5<BR<0.6
0.6 <BR<0.7
0.7<BR<0.8
LHC excl.

LEP excl.

ct of A/H suppressed decays
} |nto charglnos and neutralinos

M, [GeV]

Reach of non-standard Higgs bosons in tau decays modified.
Opportunity to search for these new decays
Also H=>hh relevant at low tanf3

M.C., Heinemeyer, Stal, Wagner, Weiglein ’13



Composite Higgs Models

The Higgs does not exist above a certain scale,
at which new strong dynamics takes place TeV

Higgs is light because is the Pseudo Goldstone Boson 100 GeV
of a global symmetry
-- like pions of a new strong sector (QCD inspired) --

contribution from
/ the strong sector

. h =0 it’s a Goldstone

Higgs mass difficult to compute m?{ ~ m%M%/fQ

due to strong dynamics behavior

l.e. MCHM, = SO(5)/S0O(4)



Minimal Composite Higgs models confronting data

ATLAS95%. Cl ATLAS 5% O
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New colored and em charged fermions in the loops
Effects from= Mixing between new fermions and SM fermions

Mixing between new guage bosons and SM ones

M.C., Da Rold, Ponton, Preliminary



Outlook

The Higgs Discovery is of paramount importance
but

We need much more precise measurements of Higgs Properties

and thorough exploration of possible extended Higgs sectors

to further advance in our understanding of EWSB



