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Higgs Boson Discovery at the LHC :

Very good agreement of Higgs Physics Results
with SM Predictions
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Going Beyond the SM :
Two Higgs Doublet Models

The simplest extension of the SM is to add one Higgs doublet, with the same
quantum numbers as the SM one.

Now, we will have contributions to the gauge boson masses coming from the
vacuum expectation value of both fields

2 Trarb a ,b
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Therefore, the gauge boson masses are obtained from the SM expressions by
simply replacing

UQ—>U% + v%

There is then a free parameter, that is the ratio of the two vacuum expectation

values, and this is usually denoted by

v
tan 8 = =2
U1

The number of would-be Goldstone modes are the same as in the SM, namely 3.
Therefore, there are still 5 physical degrees of freedom in the scalar sector which
are a charged Higgs, a CP-odd Higgs and two CP-even Higgs bosons.



CP-even Higgs Bosons

There is no symmetry argument and in general these two Higgs boson states will
mix. The mass eigenvalues, in increasing order of mass, will be

V2 h = —sina ReH{ + cos a ReHS

V2 H = cosa ReHY + sina ReH)

From here one can easily obtain the coupling to the gauge bosons. This is simply
given by replacing in the mass contributions

v; — v + ReHiO
This leads to a coupling proportional to
v; ReH
Hence, the effective coupling of h is given by

AVV = (hVV)®™M(—cos Bsina + sin Bcosa) = (RVV)*Msin(8 — a)
HVV = (hVV)*™(cos B cos a + sin Bsin ) = (WVV)*M cos(f — )

These proportionality factors are nothing but the projection of the Higgs mass
eigenstates into the one acquiring a vacuum expectation value.



Low Energy Supersymmetry : Type Il Higgs doublet models

In Type Il models, the Higgs HI would couple to down-quarks and charge leptons,
while the Higgs H2 couples to up quarks and neutrinos. Therefore,

diag . diag
dd,ll __ Mdd,ll (—sina) gdd,ll - Mdd,ll COS &
hif v cosB '’ Hff v cosf3
Mdiag (cos ) s Mdiag gin o

uu _ J—
Intf = 7y sinf3 ’ JHTS v sinf

If the mixing is such that cos(5 — a) =0
sina = — cos 3,
cos o = sin 3
then the coupling of the lightest Higgs to fermions and gauge bosons is SM-like. This

limit is called decoupling limit. Is it possible to obtain similar relations for lower values
of the CP-odd Higgs mass ? We shall call this situation ALIGNMENT

Observe that close to the decoupling limit, the lightest Higgs couplings are SM-like,
while the heavy Higgs couplings to down quarks and up quarks are enhanced
(suppressed) by a tan (3 factor. We shall concentrate on this case.

It is important to stress that the coupling of the CP-odd Higgs boson

dd uu
dd,ll Mdiag ¢ uu diag
anf3,  ga ff=

Jarr = vtan




Alignment in General two Higgs Doublet Models
H. Haber and . Gunion’03
V = m20ld; + mi,old, — m?, (01D, 4+ hoc) + %Al(cb}cblf + %Az(cb;cbgf
FA3(BTD) (PLDy) + Ay (P Dy (B D)
+{3u(ele? + D@l + rr(eleaofe, +he

€ From here, one can minimize the effective potential and
derive the expression for the CP-even Higgs mass matrix
in terms of a reference mass, that we will take to be mA

Carena, Low, Shah, C.W.’[3

M = My Mis _ ?4 5% —SpCp —|—v2 L1y Ly
My My, —SBCp C% Lis Lo
L11 = )\16% + 2)\68505 + )\58% ,

L12 = ()\3 + )\4)8505 + )\GC% + )\78% ,

L22 = )\28% + 2)\78565 + )\50% .



CP-even Higgs Mixing Angle and Alignment

M. Carena, I. Low, N. Shah, C.W/, arXiv:1310.2248

—tan 3 M%Q — (M%l — mi)

> sina = —cos j

Condition independent of the CP-odd Higgs mass.
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M. Carena, |. Low, N. Shah, C.W13

Alignment Conditions

(m; — \v?) + (m; — 5\31)2)75% — v2(3)\6t5 + )\7t%) :
(mj — Aav?) + (mj, — Av?)t5% = v*(3Ast; " + Aet5”)

If fuIFIIed not only alignment is obtained, but also the right Higgs
mass, m; = Agmv>, With Asy ~0.26 and A+ Ay + A5 = Ag

Asm = A cos? B+ 4)0g cos® Bsin B + 2X3 sin? B cos? B+ 4\, sin® Bcos B+  Agsin? 3

For A¢ = A7 = 0 the conditions simplify, but can only be fulfilled if

M > dsn > A3 oand Ay > gy > g,

e Conditions not fulfilled in the MSSM, where both  )\;. A3 < g



Deviations from Alignment Type 1l 2HDM

Ch—q = tlgln , SB—a = \/]. — t§2772

The couplings of down fermions are not only the
ones that dominate the Higgs width but also tend
to be the ones which differ at most from the SM ones

~ (1 1t_2 2 ~ ot
ghvy = —5577 gv gavv ~lg 1N gv ,
Ghdd =~ (1 — 77) gr 9JHdd =~ tﬁ(l + t_zﬁ)gf
B

For small departures from alighment, the parameter n can be determined
as a function of the quartic couplings and the Higgs masses

_ 1 ~
n = s% (1 — %) = S%B 3 A , B—A= % (—mi + )\31)28% -+ )\7025%155 + 3)\61)23565 + )\11120%)
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supersymmetry

fermions <« ~\__—~— bosons

PARTICLES THAT PARTICLES THAT
MAKE LIF MATTER MEDIATE FORCES
CHUARK ELECTRON PHOTOM GLLIOM HIGGS
KNOWN
PARTICLES
THEORETICAL
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Photino, Zino and Neutral Higgsino: Neutralinos

Charged Wino, charged Higgsino: Charginos

No new dimensionless couplings. Couplings of supersymmetric particles
equal to couplings of Standard Model ones.

Two Higgs doublets necessary. Ratio of vacuum expectation values
denoted by tan [

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI



Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass m, * tan beta *the top quark mass
2 2
) m, +m; + D m, X,
*the stop masses and mixing M; = m, X, m? + m* +D,

M, depends logarithmically on the averaged stop mass scale Mg,y and has a quadratic and
quartic dep. on the stop mixing parameter X,. [ and on sbotton/stau sectors for large tanbeta]

For moderate to large values of tan beta and large non-standard Higgs masses

3 mi|l - 1 (3m’ .
m, =M, cos’2+——+|=X, +t+——| =—+ - 327, (Xtt+t2)
4o~ v° |2 16x°\2 v
. 2x? X’ .
= 10g(M§Usy/mt2) X =—|1- L X, = A, — u/tan f —LR stop mixing
MSUSY 121‘4SUSY

M.Carena, J.R. Espinosa, M. Quiros, C.W.‘95
M. Carena, M. Quiros, C.W.)95

Analytic expression valid for Mg,gy~ Mg ~ My,



Standard Model-like Higgs Mass

Long list of two-loop computations: Carena, Degrassi, Ellis, Espinosa, Haber, Harlander, Heinemeyer, Hempfling,
Hoang, Hollik, Hahn, Martin, Pilaftsis, Quiros, Ridolfi, Rzehak, Slavich, C.W., Weiglein, Zhang, Zwirner

Carena, Haber, Heinemeyer, Hollik,VVeiglein,C.W.00
For masses of order | TeV, diagrammatic ahd EFT approach agree well, once the

appropriate threshold corrections are included
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X, =A;—p/tanB, X, =0: No mixing; X; =V6Mg : Max. Mixing



Condition of Alignment : Higgs Basis
Haber and Gunion’02

LN S L
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a5 wm & 0 i Hy = H,cos3 — Hysin (3
(a) (b)
B H N5 H In this basis, H; acquires a v.e.v., while Hy does not.
. - 5 e Alignment is obtained when quartic coupling ZgH? Ho
z ; v 1; vanishes. Hy and Hy couple to stops with couplings
S 2 S U 2
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0 - Q 7 ,
D - b Carena, Haber, Low, Shah, C.W.’ 14
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This expression may be given in terms of mh.
Alignment difficult close to maximal mixing.



Down Couplings in the MSSM for low values of u

Draper,Liu,C.W.10

(no Alignment)
Q In this regime, 6,7 ~ 0, and
2 2 2
1 91 + 9> M SM
4 v
2 2 2 2
- M7 3 4 1 Mgygy Aj A
Ao~ —Z 4 T pd|log (—SUSY ) b (Tt
v2 82 m? M2 12M2
t SUSY SUSY
8hdd / 8hddsyy
50 ‘ : 1
i i Tpen XBrth—»WW ZZ yy) suppression for SM—like Higgs
20l i 5 in MSSIM rclatilvc to SMI at s'2 =.7 TeV |
i H [ [— no mixing, tan3=9
1 H t |— no mixing, tan8=50
1.25 E i 5 0-8_ max mixigng[, (fnﬁ:‘)
30F 105 ! = [ |— max mixing, tan8=50
Q. E € 06
=] 1 1 =
8 i H 2
20{[15] L e=0 i g 04 ]
; ; i 3 115 5 my, = 130 GeV
: ! i “02 -
1.1 1 I
o o
L i / 0065200 350 300 350 400 450 500
r /l /l ‘ ,l ‘ /1 ‘ (‘/ my (GCV)
200 400 600 800 1000
my (GeV)

Carena, Low, Shah, CWI13

For moderate or large values of tanf3
—1 3m}
~— 5 m; +my + L

tg Ccp_
B e = 2

4%202]\/@

All vector boson branching
ratios suppressed by enhancement
of the bottom decay width

A 2 A
o 1= )25




Low values of i1 similar to the ones analyzed by ATLAS

ATLAS-CONF-2014-010
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M. Carena, |. Low, N. Shah, CW’I13

Higgs Decay into Gauge Bosons
Mostly determined by the change of width
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CP-odd Higgs masses of order 200 GeV and tanfs = 10 OK in the alignment case



Non-Standard Higgs Production

QCD: S.Dawson, C.B. Jackson, L. Reina, D.Wackeroth, hep-ph/0603 |

g b
Associated Production
""""" H,A
...... -
b

8 Gluon Fusion

........................... b,t
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...... 8 i

N _ mptanf N _ mrtan

gAbb = JHbVY = (1 T Ab)?}’ 9Arr = JHr+ = y



Neutral
Higgs
bosons

Charged
Higgs
bosons

Non-Standard Higgs Searches
50, ATLAS-HIGG-2013-31
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Variation of the SUSY scale (FeynHiggs)

P. Draper, G. Lee and C.W/13; G. Lee, CW/I5

At lower values of tan 8 the stop mass scale should be
raised in order to recover the proper values of my,

mp®™ my, = 125.5 + 3 GeV for my = 200 GeV mp™%: my, = 125.5 + 3 GeV for my = 200 GeV
30 1
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—~ N mmem—— mhalt9 l“t = 1/2 m — 6’ “| """ m m0d+’ =m
5 ) 0 b
2 20 R mp®t, =200 GeV = Ly my™ =12 mg
& [ =l Y ‘\
S S I "- ‘\ d
4L 5N\ e my ™% u =200 GeV
40 45 50 55 60
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M. Carena, H. Haber, |. Low, N. Shah, C.W. 14



Heavy Supersymmetric Particles

Heavy Higgs Bosons : A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W/14

Depending on the values of Y and tanf different search strategies must be applied.

my™', u = 4/3 mp, tan B = 10 mp™, = 4/3 mg, tan B = 4
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At large tanf, bottom and tau decay modes dominant.
As tanf3 decreases decays into SM-like Higgs and wek bosons become relevant



Large M and small tanf3

hh dominant until top threshold hZ relevant

my™, 1 =4/3 mg, tan = 4
1.00 ‘

my™, u=4/3 mg,tan B =4

hh 1.00 |
tt —
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Decays into gauge and Higgs bosons become important. Observe, however
that the BR(A to T T) remains large up to the top-quark threshold scale



Light Charginos and Neutralinos can significantly modify M the
CP-odd Higgs Decay Branching Ratios

Carena, Haber, Low, Shah, C.W. 14 :
arena, Haber, Tow; Sha SUSY decays dominant,

hh still relevant, SUSY decays hZ suppressed
m™", i1 =200 GeV, tan B = 4 m;™, i = 200 GeV, tan 8 = 4

1.00 1.00
hh 0 0 YX;
0500  bb XX 0.50
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=) <
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an] an)
0.05- 0.05-
0.02- 0.02-
0000 300 s00 %00 300 500
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At small values of tan3, and small Y, heavy Higgs decay into top quarks and
electroweakinos become dominant. Still, decays into pairs of Higgs very relevant.



Comments on Production Cross Sections

At moderate or large values of tanf, the production cross section is
governed by the large coupling of bottom-quarks to non-standard Higgs
bosons.

At small values of tanf, instead, the bottom coupling become small, while the
top quark coupling becomes large. The main production cross section is
induced by gluon fusion processes, mediated by the top-quark.

There is 2 minimum of the production cross section of non-standard Higgs
bosons in the region where neither the top, nor the bottom couplings are
large. This occurs at values of tanf} about 6 or 7.

At small values of tanf, the heavy CP-even Higgs boson decay branching
ratio into T pairs is suppressed, while the CP-odd Higgs boson one is only
suppressed if there are light neutralinos or charginos.

If light neutralinos or charginos were observed at the LHC, these would
provide alternative search channels for non-standard Higgs bosons.
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Variation of the Experimental Bound with the value of u

Carena, Haber, Low, Shah, CW’ |4
S bb(@; > T D+ged; - T7)

$i=A.H

20"

. Scaled my™°% limits in different scenarios at
Vs =8 TeV.
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arXiv:1408.3316 [hep—ex] |
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The bound becomes stronger at large values of |,
due to the increase in the CP-odd Higgs T decay branching ratio



Complementarity between different search channels

Carena, Haber, Low, Shah, C.W/ |4
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Limits coming from measurements of A couplings
become weaker for larger values of p

— Y42 u0(bbo;+ggd,) X BR(¢; —» 7 7) (8 TeV)
--- o(bbh+ggh) x BR(h » VV)/SM

Limits coming from direct searches of H, A — 77
become stronger for larger values of p

| Bounds on m4 are therefore dependent on the scenario
500 and at present become weaker for larger u

With a modest improvement of direct search limit one would

be able to close the wedge, below top pair decay threshold
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At low values of [, it is difficult
to close the wedge by TT modes



Comment on other direct search channels

There are other channels that can complement the search for the non-
standard Higgs bosons

Some powerful ones are the decay of the heavy CP-even Higgs boson into pairs
of neutral gauge bosons, Z, or into pairs of lightest CP-even Higgs bosons

Other channels involve the decay of the CP-odd Higgs boson into a Z and a

lightest Higgs boson S.Su et al

The decays into gauge bosons vanish in the alignment limit and, as emphasized
by N. Craig et al ’| 3, also the decay of H into hh vanishes in the same limit

9ahh = 9uzz = ganz = 0

Therefore, these channels cannot be efficiently used when the conditions of

alignment are fulfilled. Decays into tops can be used at MH > 350 GeV.
N.Craigetal’'l5, Liuetal’l5

Moreover, the reach of these channels should be revised in the presence of
light charginos and neutralinos, which may provide alternative search channels.



Carena, Haber, Low, Shah, C.W.15

Naturalness and Alignment in the NMSSM

see also Kang, Li, Li,Liu, Shu’l 3, Agashe,Cui,Franceschini’ |3

It is well known that in the NMSSM there are new contributions to the lightest CP-
even Higgs mass, p
W = ASH,Hy + §53

2
2 v

mi ~ A2 —sin® 28 + M2 cos? 23 + A;

It is perhaps less known that it leads to sizable corrections to the mixing between
the MSSM like CP-even states. In the Higgs basis,

1
tan

Mz(1,2) ~ (mj, — M cos28 — N0 sin? 3 + 07)
The last term is the one appearing in the MSSM, that are small for moderate mixing
and small values of tan

So, alignment leads to a determination of lambda,

The values of lambda end up in a very narrow range, between 0.65 and 0.7 for
allvalues of tanbeta, that are the values that lead to naturalness with perturbativity
up to the GUT scale

m32 — M2 cos 203

A\ =
v2sin? 8




Alignment in the NMSSM (heavy or aligned singlets)
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It is clear from these plots that
the NMSSM does an amazing
job in aligning the MSSM-like

CP-even sector, provided
lambda is of about 0.65




Stop Contribution at alignment

Carena, Haber, Low, Shah, C.W! |5
Interesting, after some simple algebra, one can show that

;= —cos2B(mj — M%)

A =125 GeV

10— 25007
0.9/ 2000
, = 1500} ]
~ 0.8+ S . :
, = 7 ]
= 1000 /
0.7’ L Xl:MS ]
I 12543 Gey 500f
06—
1.0 15 2.0 2.5 3.0 1.0 15 2.0 2.5 3.0
tan B tan B

For moderate mixing, It is clear that low values of tan/ < 3
lead to lower corrections to the Higgs mass parameter at the alignment values



Aligning the singlets
Carena, Haber, Low, Shah, C.W! |5

The previous formulae assumed implicitly that the singlets are either decoupled,
or not significantly mixed with the MSSM CP-even states

The mixing mass matrix element between the singlets and the SM-like Higgs is
approximately given by

2 2 ,
2 2
M§<1,3) ~ 2\vi <1 Ty 80 B ks 5)

4142 2\
If one assumes alignment, the expression inside the bracket must cancel

If one assumes tan 5 < 3 and lambda of order 0.65, and in addition one asks for
kappa in the perturbative regime, one inmediately conclude that in order to get
small mixing in the Higgs sector, the CP-odd Higgs is correlated in mass with the
parameter mu, namely

Since both of them small is a measure of naturalness, we see again that alignment
and naturalness come together in a beautiful way in the NMSSM

Moreover, this ensures also that all parameters are small and the CP-even and
CP-odd singlets (and singlino) become self consistently light



Perturbative Values of kappa
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Top Yukawa Coupling becomes stronger
for smaller values of tanf;



Values of the Singlet, Higgsino and Singlino Masses
Carena, Haber, Low, Shah, C.W/I5

Aalt’ K = Aalt/Z,

M (GeV), k=212, m,=125 GeV my(GeV), tg =2, my =125 GeV
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In this limit, the singlino mass is equal to the Higgsino mass.
KR

So, the whole Higgs and Higgsino spectrum remains light, as anticipated



Constraints on Higgs Components
Fairly weak bound on the Higgs singlet component

Carena, Haber, Low, Shah, C. W15

tan f =2, upp=1203, uyy=1£0.3
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. : Searches for New States
Precision Higgs Measurements

at the 8 TeV LHC ® decaying to VV at the LHC

No large tuning necessary in this region of parameters



Components in
Blue : tanp = 2 the aligned NMSSM

Red :tanfp = 2.5

Yellow :tanf = 3 Carena, Haber, Low, Shah, CW/I5
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Mixing between the two MSSM CP-even like
states induced mostly by the mixing with singlets



Allowed signals and Higgs couplings after incorporating
constraints
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Allowed CP-even and CP-odd Masses
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Significant decays of heavier
Higgs Bosons into lighter ones and Z’s

Crosses : H| singlet like

, Haber, Low, Shah, C.W! |
Asterix : H2 singlet like Carena, Haber, Low, Shah, C.W!15

““““ L e
0.5 014* : |
+ 012 * |
: i >§$’<* >X<>:<
04 onor FEEs |
’ N i > %k
P <008 + o
m037 T : K *‘l‘ fys’%
= | T 006 o« ol
Q I o B
0.2 =004 AR
B T ++ T |
0.02¢ +H
-
0.1t 000F # £ 4

300 350 400 450 500



like Higgs bosons

Decays into pairs of SM

suppressed by alignment

Carena, Haber, Low, Shah, CW! 15

Crosses : HI singlet like

Asterix : H2 singlet like
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Heavy CP-odd Higgs Bosons have similar decay modes

Carena, Haber, Low, Shah, C.W/I5
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myi,2

gg - Ay > ZH,; - 11bb (fb)

Production Cross Sections quite significant,
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Discovery Mode at the 14TeV LHC?
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Decays into neutralinos
and charginos are relevant, also above the top threshold

Carena, Haber, Low, Shah, CW’I15
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Complementarity between WW and Il bb modes

Carena, Haber, Low, Shah, C. W15
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Promising H decay channel
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Conclusions

Low energy supersymmetry provides a very predictive framework for the
computation of the Higgs phenomenology.

The properties of the lightest and heavy Higgs bosons depend strongly on
radiative corrections mediated by the stops and on lambda.

Alignment in the MSSM appears for large values of mu, for which decays into
electroweakinos are suppressed, making the bounds coming from decays

Complementarity between precision measurements and direct searches will
allow to probe efficiently the MSSM Higgs sector

In the NMSSM, alighment occurs in regions of parameter space in which the
naturalness conditions are fulfilled, with lambda of order 0.65. Stops can be
light, since their relation with the Higgs mass is different from the MSSM one

Light Higgs, chargino and neutralino spectrum is a prediction of this model in
this region of parameters.

Searches for heavy Higgs bosons decaying into non-standard light Higgs and
vector bosons is prominent and should be emphasized at LHC [4.
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Large Mixing in the Stop Sector Necessary
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Stop Mixing and the Stop Mass Scale

For smaller values of the mixing parameter, the Stop Mass Scale must be
pushed to values (far) above the TeV scale

The same is true for smaller values of tan [, for which the tree-level
contribution is reduced

In these cases, the RG approach allows to resum the large logarithmic
corrections and leads to a more precise determination of the Higgs mass
than the fixed order computations.

The level of accuracy may be increased by including weak coupling
corrections to both the RG running of the quartic coupling, as well as
threshold corrections that depend on these couplings

One can also use the RG approach to obtain partial results at a given fixed
order by the methods we shall describe below



Dominant Corrections for heavy Stops and Higgs Masses, [ = log(Mg/M;)
Draper, Lee, C.W.’13, S. Martin’07

The analysis of the three-loop corrections show a high degree of cancellation

between the dominant and subdominant contributions
Harlander, Kant, Mihaila, Steinhauser’08, 10

O3\ = { — 1728\ — 3456 )%y7 + N2y (—576y; + 153643) Feng, Kant, Profumo, Sanford’ 13
+ \y; (1908y; + 480y; g5 — 960g3) + vy (1548y, — 4416y; g5 + 294445) }L3
+ { — 2340\" — 3582\ 7 + N\?y7 (—378y7 + 201643)
+ P (1521y) + 1032y7 g3 — 249693) + v} (1476y; — 3744y g5 + 4064g3) }L2

+ { — 1502.84\* — 436.5\%y? — A2 (1768.26y7 + 160.7743)

+ Ay2(446. 7640y + 1325.73y2¢2 — 713.9364%)
+ 4, (972.596y, — 1001.98y7 g3 + 200-80493)}L7 (

This is a SM effect, since this is the effective theory we are considering.

This shows that a partial computation of three loop effects is not justified



Cancellations still present at higher orders

S = {2073&5 + 5184097 + A\?y2 (2160037 — 2304093)

+ M2 (—=30780y; — 18720g3y? + 14400g3)
+ AyZ(—22059yP + 2851293y, + 10560937 — 1056095)

+ yH(—8208y°P + 560161° g5 — 8457612 gs + 4416049) }L4

Draper, Lee, C.W.’I3

For values of the strong gauge coupling of the order of the Yukawa coupling, the
corrections become significantly smaller than naively expected. Positive
three-loop corrections small, implying the need for very heavy stops for small
values of the stop mass mixing parameter Xt.



Draper, Lee, C.W.’ |3

Necessary stop mass values to get the proper Higgs mass for
Small mixing in the stop sector

Here we kept the gaugino mass M2 = 200 GeV and M| = |00 GeV
The effect at low values of mu is due to chargino and neutralino loops
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Such heavy stops would be out of the reach of the LHC
A higher energy collider necessary to investigate stop sector



tan[f]

Draper, Lee, C.W.’ |3

Necessary stop mass values to get the proper Higgs mass
for Maximal mixing in the stop sector
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Light Stops at the reach of the LHC for large mixing
in the Stop sector and moderate values of tanf}



Lower values of MA Lee, C.W’I5

Lower values of MA may have an important effect on the determination of Higgs masses
and mixings. The mass of the lightest CP-even Higgs is lowered by these mixing effects.

These effects may be reduced at alignhment, which however may only be obtained for large
values of Y and tanf.

This means that certain low values of MA and tanf, it is not possible to obtain the right
Higgs mass even if the stop spectrum is pushed all the way to the GUT scale.

My, my=200 GeV, u=Ms, X,=0 M,,, my=200 GeV, u=200 GeV, X,=2.45

14+

12+

4 6 8 10 12 14 16
Log,([Ms/GeV]

Log,,[Ms/GeV]

Working on a program that allows to compute masses and mixings
for arbitrary values of MA, tanf3 and MS



Comparison with FeynHiggs

ArgM),, low—tanS—high

tanf

200 250 300 350 400 450 500
my [GeV]

Next to leading order relation
between M; and running m;(M;)

Somewhat less extreme differences than
the ones presented in SUSYHD article

Vega and Villadoro’l5
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Good agreement for large tan 8 and
LO relation between M; and my(M;)



Splitting the Two Stop Masses
Soft supersymmetry Breaking Parameters

M. Carena, S. Gori, N. Shah, C.Wagner, arXiv: | 1 12.336, +L.T.Wang, arXiv:1205.5842

A, and m; for 124 GeV < mj, < 126 GeV and Tan g =10 A, and m; for 124 GeV < m;, < 126 GeV and Tan g = 60

m,, (GeV)

500 A (GeV)

== mi(GeV) , m ;
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500 CAGVI N Ll NN T —A(GeY) TRty
—=mAGeV) N R ’

500 1000

Large stop sector mixing _
A: > 1 TeV Intermediate values of tan beta lead to

the largest values of mn for the same values

No lower bound on the lightest stop of stop mass parameters



Light stop coupling to the Higgs

2
, 2 2 2 O
mg > my; m; = my + mjy —mé

Lightest stop coupling to the Higgs approximately
vanishes for X; ~ mg

Higgs mass pushes us in that direction
Modification of the gluon fusion rate milder

due to this reason.



Stop Searches

Provided the lightest neutralino (DM) is heavier than about 250 GeV, there
are no limits on stops. Even for lighter neutralinos, there are big holes.

1, production, t» b7, /{» c T A, Wb ¥ /i-t%,  Status: ICHEP 2014
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Comment on CP-violation

® In the presence of CP-violating phases in the soft SUSY parameters, the mass eigenstates
are no longer CP-eigenstates

® Mixing between the would be CP-even and CP-odd Higgs bosons exist.

Pilaftsis’98, Pilaftsis, C.W.99
® How large could be the CP-odd component of the lightest neutral Higgs 7

3hiv? sin? Bsin 23 [ X Yy (1 | X, |2 )])

82 2M S2USY 6.V, S2USY

® |tis proportional to Im <

® So, it goes to zero for maximal mixing ! For stop masses of the order of the TeV scale it is
difficult to obtain the right Higgs mass and a relevant CP-odd component

MS =2TeV Bing Li, CW’15
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® A CP-odd component is further restricted by electric dipole moments and Higgs couplings



Mixing mass matrix

Bing Li, C.W/14
/ M2 cos* 28 + 1 0 &
OMz, 0" = 0 m?+ MZsin?28+p & Higgs Basis.
\ & ¢ m? Third component A
= 3hiv?sin® 3 _log (M82U8Y> X Rk (1 _ Rk )]
8 ! my Mysy 12 Mysy
Shio? sin? § sin 20 2 Observe that a large CP-odd component
0 = — M3 cos235in 2 + - Sféﬂ(z = [log (Lzs\{) means that the alighment condition,
X2 X,y X2 : already hard to achieve in the MSSM,
oz, TR <2Ms2usy (1 - 6M§USY>>] becomes even harder to achieve.
3htv?sin? Bsin28 [ X, Y/ | X, |2 . . . .
§2 =Im 50,2 M2y \N T 602y CP-violation only possible for relatively

small values of the non-standard
Higgs masses, and hence significant
deviations of the bottom coupling are
expected.

4,2 o4 2
On & ~ 3hyv*sin® B Im(uA,) (1_ | X )

2,72 2 2
16m°my,,  Mgygy 6 Mgy



Deviation of Higgs Branching Ratios compared to the SM

BRygsn(Hy —ZZ)
H

0.5

5, - 1807
@ﬂ{fs :1750
M, =300 GeV

.08-0.06-0.04—-0.020.00 0.02 0.04 0.06 0.08
031

19.6
18.8
18.0

721

=
IS
6.4+

5.6

4.8

Bing Li, C.W/ 15

Values of the CP-odd component
of HI of a few percent are
obtained for these sizable values
of At and P and small values of
the charged Higgs mass.

A sizable deviation of the Higgs
branching ratios is observed, what
constrains the CP-odd component.

Larger charged Higgs mass leads
to branching ratios closer to

the SM, but smaller CP-odd
components, too.

Putting all constrains together, CP-odd components
larger than a 3 percent are difficult to achieve in the MSSM for
stops at the TeV scale. Larger values may be obtained for very heavy stops



CP-Violation in the tau lepton sector

The resulting values of the CP-odd component are very small and difficult to measure.

Observe, however that if one defines

P
tan ¢7- — gféTT

htt

The axial coupling of the tau to HI, which is due to the mixing with the would be
CP-odd scalar, is enhanced by tanf.
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