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A Standard Model-like Higgs particle has been
discovered by the ATLAS and CMS experiments at CERN
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Ve see evidence
of this particle
in multiple channels.

We can reconstruct
its mass and we know

that is about 125 GeV.

The rates are consistent

with those expected
in the Standard Model.
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Large Variations of Higgs couplings are still possible
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But we cannot determine the Higgs couplings very accurately
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As these measurements become more precise, they constrain possible
extensions of the SM, and they could lead to the evidence of new physics.
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LHC :The Energy Frontier

® The main mission of LHC is to explore the mechanism of
electroweak symmetry breaking.

® First successful step : Find a SM -like Higgs

® Beyond the Higgs, LHC is sensitive to pair production of particles
through QCD interactions, or resonances which couple to quarks
and gluons.

® Bounds on Z’, KK gravitons, gluinos, squarks all of order of the TeV,
although 3rd generation squarks are more difficult to test.

Friday, July 26, 2013



Theoretical Guidance : LHC and New Physics

® Colored particles are part of most known mechanism to generate the
weak scale in a natural way.

® Similarly, gauge bosons and other resonances also appear in scenarios of
composite Higgs bosons, and in many gauge extensions.

® So,LHC is a great place to find the new physics connected to the weak
scale !

® But there is no compelling physical argument that implies that, beyond a
SM-like Higgs, new physics must be visible at the LHC.

® What if there are only weakly interacting particles at the weak scale !
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Weakly Interacting Particles at the LHC

e | HC is still sensitive to weakly interacting particles, if they proceed
from decays of colored ones, or if there are light and there are
large mass gaps between them.

® Weakly interacting particles heavier than a few hundred GeV, will
be difficult to find at the LHC, particularly if they present a
compressed spectra.

® |epton colliders present an attractive alternative to search for these
particles, even if the spectra is compressed.

® The higher the luminosity, the weaker the interactions that can be
probed.

® |n the search for new physics, lepton colliders are mostly limited by
the maximum center of mass energy they can reach.
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LHC can search for small mass gaps through
monojet processes
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See Carena, Freitas, C.W.08

Friday, July 26, 2013



Are there Motivations for the Existence of Weak Scale
Weakly Interacting Particles ?

® Dark Matter and its Relic Density

® Extensions of the Simple Higgs Mechanism

® The Muon Anomalous Magnetic Moment

® Modifications of Higgs couplings to photons

® Possible Direct or Indirect Dark Matter Signatures

® Neutrino Masses

See also talk by P. Fox
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Muon Anomalous Magnetic Moment

Present status: Discrepancy between Theory and Experiment INNAREAN =a
. . I_-|21\élg\l1597 (e"e -based) i

at more than three Standard Deviation level NG (o' e
—299165 ——
Davier et al. 09/1 (t-based)
—-157+52 F—A—

Aay = a," — a;SLM =287,(63)(49) x 1071 Dpggrgraoonee) o
_Dzas\ggrrdgt al. 09/2 (e*e” w/ BABAR)
3.60 Discrepancy A. Hoecker’11 HLMNT 10 (e w/BABAR) o
DHMZ 10 (t newest)
: . 195454 —A—
New Physics at the Weak scale can fix this DHMZ 10 (6" newes!)
discrepancy. Relevant example : Supersymmetry BNL-E821 (world average) :
0+63 i
\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\i\\\\
-700 -600 -500 -400 -300 -200 -100 0
11
a — o x10
i u
A}é 2 G 2
« m 100 GeV
A oa, ~ — f; tan g ~ 15 x 10710 (f) tan (3
ji Y i 8 sin” Oy m m
4 N

M. Carena, G. Giudice, C. E.M.Wagner ’96

Here m represents the weakly interacting supersymmetric particle masses.

For tan 8 ~ 10 (50), values of m ~ 230 (510) GeV would be preferred.

Masses of the order of the weak scale lead to a natural
explanation of the observed anomaly !
Even Small masses for smaller couplings !
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Mass measurement from lepton energy spectra
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= Mass determination at the per mille level

G.Weiglein, J.Wells’ |2
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Loop Induced Higgs Couplings :
Diphoton width




Dominant Contributions to the Diphoton
Width in the Standard Model

Similar corrections appear from other scalar, fermion or vector particles. Clearly, similarly to
the top quark, chiral fermions tend to reduce the vector boson contributions
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Higgs Diphoton Decay Width in the SM

Gra*m;
1284273

2
Ay (70) + NoQ2 A jo(71), T = 4mZ/m}
A. Djouadi’'05

I'(h = yv) =

For particles much heavier than the Higgs boson
4
Av—= =T, NQiAipp = NG ~1.78, for No =3,Q, = 2/3
In the SM, for a Higgs of mass about 125 GeV

mp =125 GeV: A3 = —832, N.Q/A ;=184

Dominant contribution from W loops. Top particles suppress by 40
percent the W loop contribution. One can rewrite the above
expression in terms of the couplings of the particles to the Higgs as :

a*m; Jhww 29m1 gnss ’
L(h =77 = {5543 m2, Avlma) + WNCQ?A” 2 ()N m? Aols)
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Inspection of the above expressions reveals that the contributions of
particles heavier than the Higgs boson may be rewritten as

4

(9 b = —N,Q* for a Dirac fermion ,
Ly = ———— Z 2b; log m; (v) | F,F* { 3

167T v a log () b = —7 for the W boson ,

1
b = 3 N.Q% for a charged scalar .

where in the Standard Model

gwww O 5 208 O 5
D togmiy (). 22 = D ogmin

This generalizes for the case of fermions with contributions to their masses independent
of the Higgs field. The couplings come from the vertex and the inverse dependence on the
masses from the necessary chirality flip (for fermions) and the integral functions.

0 0
1 (d ¢ ) b, log (det M2 )| F,
Lny = 167rv [Zb Ologv g (det M Me, +; Ologv og (det Miz;) | F,

M. Carena, |. Low, C.W,, arXiv:1206.1082, Ellis, Gaillard, Nanopoulos’76,  Shifman,Vainshtein,Voloshin, Zakharov’79

Quite generally, large deviations of Higgs diphoton width
associated with light charged particles, at the reach of TLEP

Friday, July 26, 2013



Two Scalars with Mixing

Similar to light stau scenario,

Lo c1=cr=0 and m;=mg=300 GeV M. Carena, S. Gori, N. Shah, C.WV,, arXiv: I 112.3336,
] ] M. Carena, S. Gori, N. Shah, C.W,, L.T. Wang, arXiv:1205.5842
20 ~ 2 1
, M2 = mr(v) -5V Xy
1 ~ 2
§ . E’UXS mp(v)
S Negative Effective
10 _ Olog(DetMg) — Xgu Coupling of lightest
— 2 2
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Model with a four generation leptons
and their vector pairs.

Model can lead to the presence of Dark Matter and an enhanced diphoton rate

A.Joglekar, P. Schwaller, C.W!12. See also Arkani Hamed, Blum, D’Agnolo and Fan’12
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Light, weakly interacting particles with small
mass gap are present in this model
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LEP put a strong constraint, of order 103.6 GeV on
charginos decaying to W’s and missing energy.

Bound significant even in the most difficult region of difference
of mass between chargino and neutralinos.

standard
10 stable ‘ N
; 0_2 | L3 preliminary
a0 60 80 100

M7 (GeV)
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Higgs Decay into two Photons in the MSSM

Charged scalar particles with no color charge can change di-photon rate
without modification of the gluon production process

my=1TeV GeV,A; =0GeV M2 ~ mj, +m: + Dy, h,v(A. cos 8 — psin )
- = | hyv(A,cos 8 — psin§) m¥. +m? + Dp
900 origg - ) Brih = yy) 165 |/ Light staus with large mixing
7 (88 = Asu Brh = 77)sn [sizeable y and tan betal:
800 mpr,; = ME;g
= enhancement of the
~ 100 Higgs to di-photon decay rate
! ;
g 600
=
1.3
500 =7 9 12
< SM m. 2 2 2
= o : 5Ah77/“4h'yfy — _39 mgl m72_2 (mf’l + m7~'2 o XT)
400 ,1 ,’
& ,," 0ot
300 ,” / X, =A; — Mtanﬁ
200 220 240 264) 280 300 320 340
my, (GeV)

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

For a more generic discussion of modified diphoton width by new charged particles,
see M. Carena, |. Low and C.Wagner, arXiv:1206.1082
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M. Carena, S. Heinemeyer, O. Stal,
C.E.M. Wagner, G. Weiglein,

arXiv:1302.7033 The Light Stau Scenario

Enhancement of diphoton decay rate at large
values of tan(beta).

2 m?
O Apyny ] A, = ~35 7 (m2, +m2, — X2) X, =A, —ptanp
T T2

light stau

light stau
1.30 < L

° Mh=125.513
1.25<r_<1.30

o M =12552+2
1.20<r_<1.25
° LHC excl.

N LEP excl. 115<r_<1.20

110<r_<1.15
1.05<r_<1.10

1.00 <rW< 1.05

e I,< 1.00

° LHC excl.
L] LEP excl.

200 400 600 800 1000 200 400 600 800 1000
M, [GeV] M, [GeV]

X% = 1.6 Msysy (FD calculation),

Mgusy = 1000 GeV, Xi\/l_s = 1.7 Msysy (RG calculation),

i =500 GeV, A, = A,
p = 450 GeV (A, calculation), A, =0,
M, = 200 GeV, m; = 1500 GeV,
My = 400 GeV (A, calculation), Mz, = 245 GeV,

Mj, = 250 GeV (A; calculation).
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M. Carena, S. Heinemeyer, O. Stal,

CE.M. Wagner, G. Weiglein, The Light Stop Scenario

arXiv:1302.7033

Stop mixing large, lightest stop mass of order 320 GeV.
Heaviest stop mass of order 650 GeV.
Reduction of the gluon fusion process rate.

. m2
SApga/ AN ~ L
QQ/ hgg 4 ”tgl ”7%2 (

light stop

light stop 0.85< Fgg < 0-90

M, = 1255+ 3

0.80 < Fog < 0.85
M, =1255+2

LHC excl.

LHC excl. LEP excl.

LEP excl.

400 600 800 1000 200 400 600 800 1000
M, [GeV] M, [GeV]
MSUSY — 500 Gev XtOS = 2.0 MSUSY (FD calculation),
Y -
1 =350 GeV XtMS = 2.2 Msysy (RG calculation),
’ A=A, = A,
My = 350 GeV, b ! ’
mg = 1500 GeV,
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Light Stau Searches

M. Carena, S. Gori, N. Shah, C.W. and L.T.Wang, arXiv:1205.5842

Signature | 8 TeV LHC (fb) | 14 TeV LHC (fb)
= nn | 2n By 55.3 124.6
pp — T1T2 27, 7, Fr 1.0 3.2
P — Tate | 27,22, Fir 0.15 0.6
op— i, | 2n W, B 14.3 38.8
pp — ToU, | 21, W, Z, Fr 0.9 3.1
pp — U0, | 27, 2W, B 1.6 5.3

T — x17, or T4 — GT

Possible stau and sneutrino direct production channels with their signatures at the LHC.
The cross sections shown are computed for mr, = me, = 280 GeV, tan 8 = 60, pu = 650
GeV and M7 = 35 GeV.

® Direct stau pair production leads to final states with two taus plus missing energy.

® Very large backgrounds coming from W plus jets, WW, ZZ* (y*) production turn this
channel difficult. In addition, tau tagging reduces the cross section from 55 to 7 fb.
One can reduce the physical backgrounds but W plus jet seems difficult to overcome.

® We concentrated on the associated production of staus with sneutrinos.

® Production of stau pairs should be explored in more detail : Considering, for example,
tau decays into leptons and possible tau polarization discrimination.
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Stau plus Sneutrino Searches

M. Carena, S. Gori, N. Shah, C.W. and L.T.Wang, arXiv:1205.5842

® We consider alternative searches for associated production of staus with
sneutrinos. Since the staus have large mixing, the stau sneutrinos are
relatively light, and of the order of the left-handed stau mass.

pp — vy > 11(Wr) - maaWrx

® W decaying leptonically. Main background :W + 2 jets. We impose two
loose T tags.

® | epton and neutrino from W in signal boosted :We required large lepton pr
and missing Er larger than 70 GeV

® Then,jets from background tend to have large pr We required the largest
jet pr to be lower than 75 GeV

® We also avoid taus with invariant mass close to the Z mass, but
improvement is insignificant after previous cuts.
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Leading jet PT Distribution

M. Carena, S. Gori, N. Shah, C.W.and L.T.Wang, arXiv:1205.5842
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Signal (black histogram) and background (blue) pT distributions.
Signal rescaled by a factor 100 for visibility
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Results of Simulations

M. Carena, S. Gori, N. Shah, C.W. and L.T.Wang, arXiv:1205.5842

Total (fb) | Basic (fb) | Hard Tau (fb)
Signal 0.6 0.16 0.07
Physical background, W + Z/~* 15 0.25 <1073
W+ jets background 4 x 10° 26 0.3

: Cross sections for the signal and the physical and fake backgrounds after 7-tags at the 8
TeV LHC: after imposing acceptance cuts p;(J) > 10 GeV, AR > 0.4 and and |n| < 2.5
(second column); with the additional requirement p4 > 70 GeV and Fr > 70 (third

column); imposing that the 7 is not too boosted p7. < 75 GeV (fourth column).

Total (fb) | Basic (fb) | Hard Tau (fb)
Signal 1.6 0.26 0.11
Physical background, W + Z /~* 27 0.32 <1073
W+ jets background 104 39 0.25

: Cross sections for the signal and the physical and fake background after 7-tags at the 14

TeV LHC: after imposing p;(j ) > 10 GeV, AR > 0.4 and and |n| < 2.5 (second column);
with the additional requirement p% > 85 GeV and Fr > 85 (third column); imposing that
the 7 is not too boosted p7. < 80 GeV (fourth column).

Very low statistics, but worth a dedicated analysis.
Prospects are better at the 14 TeV LHC.
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An electron positron collider presents also the
opportunity of searching for these particles up to
near the kinematic limit.

Light Slepton Searches at LEP

Vs = 183-208 GeV ADLO Preliminary
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Precision Electroweak Data

® The Tevatron + LHC will allow a proper determination of 3
parameters which are essential for electroweak precision data :
-iggs mass, W mass and top-quark mass. Precision data provided

by LEP + SLC

® Not only will TLEP allow a more precise determination of these
parameters, but running at high luminosity at the Z peak, can
determine the precision Z observables at unprecedent level

® This will allow for a test of the SM which goes far beyond what can
be observed by direct searches
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Performance Comparison (11)

Extending the concept to a BSM framework,
and projections:
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Sensitivity to weakly-interacting
multi-TeV BSM Physics.

Patrick Janot
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GigaZ: sensitivity to the scale of SUSY in a scenario where

no SUSY particles are observed at the LHC

[S. Heinemeyer, W. Hollik, A.M. Weber, G. W. 07]

= M + para-ILC :
0.231 6 _ S (MHSM = MhMSSM) B
I I eI T e s g e e R S e S R S R
I
g 20 \exp ILC

= _ s (Sln Geff) = today +0 :
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502314 [/ x :
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= GigaZ measurement provides sensitivity to SUSY scale,
extends the direct search reach of LC500
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Precision Higgs Couplings

® Study of Higgs Couplings is perhaps our best window to
Physics Beyond the Standard Model

® They will be study well at the LHC, in particular at high
luminosity

® |epton colliders allow to reach new precisions, particularly
at high luminosities like the ones reachable at TLEP
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HZZ Hbb Hee Hgg ~ HWW Ht HZZ Hbb Hce Hgg HWW Htt

e ILC complementary to HL-LHC (g,,., I}y, T,0)

Inv

= TLEP reaches the sub-per-cent precision (>1 TeV BSM Physics)
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Capabilities of different colliders to
determine Higgs boson couplings

g(hAA)/g(hAA) | -1 LHC/HLC/ILC/ILCTeV

o ll,, QQQ ol lu "[1'""[ (TR T
wl W Z.b g v T C 't inv .

M. Peskin, arXiv:1207.2516
LHC at 14 TeV and 300 inv. fb, ILC at 250 GeV and 250 inv. fb,
500 GeV and 500 inv. fb and | TeV and 1000 inv. fb.
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Typical Variation of Couplings in Different Models

® Two Higgs Doublet Models/MSSM

Agnpy ~ Agnrr
(ghbb)SM (ghTT)SM

1 TeV)2

= few percent X (
ma

But real deviations cannot always be parametrized this way (see later)
® Composite Models

Agnrr  Agnvv
(ghff)SM (ghvv)SM

1 Te\/)2

= —few percent X (
mpg

® Extended Quark Sectors (Y = O(1))

Aghyy
(ghvv)SAl

Agngg
(ghgg)SAI

1 TeV~
~ —3 N¢ Q?c )

= —few percent X (
maq

TLEP will probe new physics scales of a few TeV
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Implications of Higgs Couplings Modifications in type || 2HDM

In supersymmetric theories, there is one Higgs doublet that behaves like the
SM one.

Hgyr = Hycos 8+ H, sin 3, tan 8 = v, /vy

The orthogonal combination may be parametrized as

H+ 1A
= ()
where H, H* and A represent physical CP-even, charged and CP-odd scalars
(non standard Higgs).

Strictly speaking, the CP-even Higgs modes mix and none behave exactly
as the SM one.

h = —sina Re(H))) + cosa Re(H))

In the so-called decoupling limit, in which the non-standard Higgs bosons
are heavy, sin = — cos [ and one recovers the SM as an effective theory.

Friday, July 26, 2013



Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass m,, * tan beta *the top quark mass

M: =

2 2
. N m, +m;, +D, m, X,
the stop masses and mixing t

2 2
m, X, my; +m, +Dg

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

2 2 2 t
m:-=M:cos 20+ X +t+
h “ p 4% v? _2 g 1677

3 mt |1 . 1 (3m3

- 32%053)()?; + tz)

2 v?

X, =A, —u/tan f —LR stop mixing

t=10g(M§USY/mt2) X, = M?2 12M?

SUSY SUSY

_ 2x? (1 X?

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,
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~~5~ '¢" Hu
Large tan 3 corrections 5 E
v b, T
Corrections from the sbottom sector : ',:. ......... .5\
Negative contributions to the Higgs mass ]—[;u,/ e H
'l §~ u
hiv? ot m
Ami ~ — b /i I’Lb ~ b
1672 M&yay v cos B(1 + tan BAhy)
Similar negative corrections, often ignored,
appear from the stau sector
, hip? - m.
Amij, ~ T AR ML " weosB(1 + tan BAR,)
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Soft supersymmetry Breaking Parameters

M. Carena, S. Gori, N. Shah, C.Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842

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

JE NGNS RRN:
2s00] SUERENSRINSUERSEA

m,, (GeV)

)
500 \«(;c\»’i.”
== m;(GeV) - '.
S D

500 _.-\,((;1‘\')1‘”” AT N N,
—=m;(GeV) =3 m - = AL
500 1000 1500 2000 2500 500 1000 1500 2000 2500
mg, (GeV) mg, (GeV)
Large stop sector mixing | " l ) eta load
A > 1 TeV ntermediate 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

One stop can be light and the other heavy
At large tan beta, light staus/sbottoms can decrease

or
in the case of similar stop soft masses. mh by several GeV’s via Higgs mixing effects
and compensate tan beta enhancement

both stops can be below 1TeV
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140 -
130 - Lo e e
—~ L R I
< I
g | — ]
S | Io ATLAS, @MS
g L S T .
120 - )/ -
L /
/
e
4
o/ /,/,f
1nor |,/
L/
t LLEP exclusion, m;, < 114 GeV
100 L L 1 L L L 1 L L L 1 L L L 1 L L L
2000 4000 6000 8000 10000
Mg (GeV)
X,/Ms=1,tanf =5
150 — T T T T T T
140 -
wo- - -—-
s L _ ]
8 /== ]
< | 1o ATLAS,CMS
B 3 1) et T T .
, 7‘,
120
B /
1o+ |/
t LLEP exclusion, m;, < 114 GeV
100 L L 1 L L L 1 L L L 1 L L L 1 L L L
2000 4000 6000 8000 10000
My (GeV)
X/Ms =245,tan =3.2
150 — T T T T T T
140 -
[ /
130/ e
> [ -
3 M e e — |
= t /}/0' ATLASCMS — ———
g L s
s 7
1201 /2
110 -
+ ILEP exclusion, m;, < 114 GeV
100 . . , .

I I I I I L I I I I I I . I
2000 4000 6000 8000 10000
Mg (GeV)

Impact of higher loops

Recalculation of RG prediction
including up to 4 loops in RG expansion

Agreement with S. Martin’07
and Espinosa and Zhang’00,
Carena, Espinosa, Quiros,C.W.00,
Carena, Haber, Heinemeyer,

Weiglein, Hollik and C.W.00,
in corresponding limits.

Two loops results agree w FeynHiggs and
CPsuperH results

For moderate or large values of tan 5, the stop
masses should be smaller than about 4 TeV
for light inos and 10 TeV for heavy ones !

G.Lee, CW’I3
(see also Feng et al | 3)
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Higgs Boson Properties

The gauge boson masses still proceed from the kinetic terms

L= (D*H,)" D, H, + (D"H,)' D, Hi+ — ¢*(HIW,W"H, + H'W,WH*H,)

Therefore, the order parameter is v = /v2 + v2.

The fermion mass terms proceed from the Yukawa interactions
L = _thLHddR — huULHu’LLR + h.c.
Therefore, my, = hg v cos 3, and

L — —md(h—l—tanﬁH)
v

and the down sector has tan S enhanced couplings to the non-standard Higgs
bosons.
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Hempfling "93
Hall, Rattazzi, Sarid’93
Carena, Olechowski, Pokorski, C.W.93

Radiative Corrections to Flavor Conserving Higgs Couplings

® Couplings of down and up quark fermions to both Higgs fields arise

- : 0 .
after radiative corrections. ©2 )
' '
_ W D N
L = dL(hdH? —+ Ahng)dR Ly %R uL/// \\\uR
// \\\ yu '/ \\‘}é
— X1 R e S
dp g g dg dp B h, dr

® The radiatively induced coupling depends on ratios
of supersymmetry breaking parameters

5
Ah — =z
my = hpv1 | 1+ —btanﬁ tan 3 Y
hy, 1
Ay Ahy N 200 uM; N h? WA,
tan3  hy, 37 max(mz , M7) = 167% max(m? , )

Xt:At—,u/tanﬁf:At Ab:(Eg—l—Eth?)taﬂﬁ

Resummation : Carena, Garcia, Nierste, C.W.00

Friday, July 26, 2013



Non-Standard Higgs Production

QCD: S.Dawson, C.B. Jackson, L. Reina, D.Wackeroth, hep-ph/06031 12

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

8 Gluon Fusion

........................... b
"""" HA
b

...... S

N _ mptanp N _mrtanp

JAbb = JHbb = 1+ A0’ JArr = QHrr = .
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Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.VV, EJPC’06

® Searches at the Tevatron and the LHC are induced by production channels
associated with the large bottom Yukawa coupling.

2
o(bbA) x BR(A — bb) ~ o(bbA)sm tan 5 5 X ) 5
(14 Ap) (1+Ap)"+9

tan® 3
(1 + Ab)Z +9

g(bE7 gg — A) X BR(A — 77) ~ O-(bga 99 — A)sm

® There may be a strong dependence on the parameters in the bb search
channel, which is strongly reduced in the tau tau mode.

Validity of this approximation confirmed by NLO computation by D.

North and M. Spira, arXiv:0808.0087
Further work by Mhulleitner, Rzehak and Spira, 0812.3815
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In the MSSM, non-standard Higgs may be produced
via its large couplings to the bottom quark, and
searched for in its decays into bottom quarks and tau leptons

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

95% CL Excluded Regions

[1 Observed
B LEP

H A—

TT

MSSM m, " scenario

Msusv =1TeV

400

600 800
m, [GeV]

How to test the
region of low tanbeta
and moderate mA !

Decays of non-standard
Higgs bosons into paris
of standard ones, charginos
and neutralinos may be
a possibility.

Can change in couplings help
there !

It depends on radiative corrections
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Decays of the non-standard Higgs bosons into EVWKinos in the

: mﬁ"d scenario

M. Carena, S. Heinemeyer, O. Stal,

C.E.M. Wagner, G. Weiglein,
arXiv:1302.7033

60

mod-
m, "%, M, = 2000

BR <0.1

0.1<BR<0.2
0.2<BR<0.3
0.3<BR<0.4
04<BR<05 40
05<BR<0.6
06<BR<0.7

50 BR < 0.1
LHC excl.

e LHC excl. (M, = 200)

L] LEP excl.

0.7<BR < 0.8
° LHC excl.
LEP excl.

20

10

200 400 600 800 1000 200 400 600 800 1000
M, [GeV]

M, [GeV]
Reach of non-standard Higgs bosons in tau decays modified
Opportunity for dedicated search of these decays.

Also BR(H — hh) may become important
for small values of tan 3
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Couplings of SM Higgs to Fermions and Gauge Bosons

Down-type Fermions

Ghbb hrr = —hp - sina + Ahy - cos a

My, Sin o Ap -

T — 1 —
Jhbb veos B(1+ Ay ) ( tan 3 tan oz)

Up-type Fermions

M COS (v

Ihtt = vsin 3

Gauge Bosons For moderate values of m4 and tan j3,
the top and W, Z couplings go fast to SM values
ghww,hzz = sin(a — B)

M2
cosa | cos(a — 3) h

M3 tan 3
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Effective Analysis of Behavior of Couplings
in two Higgs Doublet Models

1 1
V= mi @0y + ma, L@y — miy(D[0y + hic) + oM (R]81) + S Aa(@1Dy)’
+A3(P1 P ) (PID2) + Ay (D] o) (PSP
1
{01 + (o0 + A (@) ] + e

In the MSSM, at tree-level, only the first four AN = My = %(gf +¢2) = m_2Z ,
couplings are non-zero and are governed by D- ! 2 Y !
terms in the scalar potential. At loop-level, all of A = Z(gf ~g3) = —U—QZ + 593 :

them become non-zero via the trilinear and quartic 1,

interactions with third generation sfermions. Ay = 592

Haber, Hempfling’93

M2 L Mfl M%Z L m2 S% —SBCB n v2 L11 L12
— =m5
My M3, —S5BC8 C% Lya Lo

MSSM
Lll = )\16% -+ 2)\68565 + )\58% ,
2 2 2 2
v° L1y = M7 cos™ 8+ v ALy 2 2
: Lis = (Mg + A\y)sgcs + AgCh + A7s%
'U2L12:—M%COSﬁSIIlﬁ—|—UZAL12 12 = (A3 4 Aa)spcp + Aoch + Ars
1 2
U2L22 — M% SlIl2 5 —|— ALQQ L22 — )\23% + 2)\78565 + )\505 .
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The mixing of the two CP-even Higgs bosons may be determined
from the matrix elements

M,
V(IMB)? + (M) —m3)?

So —

In the MSSM,
(m? 4+ MZ)spcs — v2 ALy,

\/((mi + M2)sges — v2ALy)° + (m?s3 + MZc3 —mj + U2AL11)2

For tan 8 > 5 and m4 > 200 GeV, if ALy, 12 are small,

Sa _ miy+ M7

- 2 2
C3 my —m

Deviations from SM behavior depend
only on m4 and not on tan

M. Carena, l. Low, N. Shah, C.W/[3
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Suppression Factors at the LHC
If loop corrections are small

M. Carena, P. Draper. T. Liu, C. W. .arXiv:1107.4354

Open XBrth—-WW ZZ yy) suppression for SM—like Higgs
in MSSM relative to SM at s'/* = 7 TeV

) —
| |— no mixing, tan3=9
- [= no mixing, tan8=50
— 0-8: —— max mixing,tang=9 ( "
.8 | |- max mixing, tan8=50 et
2 !
— &
= 0.6]
S |
% g
O 041 -
Q o R
B 115 s my, < 130 GeV -
202} -'
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Loop Effects
It is easy to see that, if loop effects allow for
tan 3 M7, = M7,

one would obtain sina = — cos 8 even if m 4 is not large

In the MSSM this condition implies

mi = MgCQB -+ U2 (ALH + tﬁAng)

which is independent of the CP-odd mass ! Carena, Low, Shah, C.W! I3

This can be generalized to more general Il Higgs Doublet Models.
See Haber and Gunion’03. for a similar demonstration in the physical basis.

A,
M2’

h4 2 3A h4 2
1g1}2 sin? f 0 4 D
T

’UQAL12 ~ 6|+ MélUSY 4872 Sin2 B

mf ,UAt AtAt
167202 sin? B M2qy | M3yugy

’UQALll ~ —

v (BhytAY | ShytAy et AL
9672 MS2USY MSZUSY MT2

m 4—m
p' Ay

UzALij ~ 200 G6V2 x O (

4
MSUSY

)
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MSSM condition to obtain SM coupling to fermions
(true for moderate or large tanbeta)

m% -+ M% — U2AL11
UZAng

tan 0 =

Observe that if ALz is small, there is no solution for reasonable values of
tanbeta.

AL2 has to be sizable. AL/ tends to be smaller than the radiative corrections to

the Higgs mass and is negative in the region of parameters where AL is
positive.

Large or small deviations in the wedge depend on if ALz is positive or negative
and on its magnitude.

For ALi2 small, we should recover couplings that are approximately
independent of tanbeta and larger than in the SM !
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. N. S(h)ah, M. Carena, |. Low, CW’I3

Shdd | 8hdds, Shdd | 8hdds,

Here

Ay = etan

ALij = [’UQAij] (G6V)

(ii) (iv)

Shdd | Ehddgy, Shdd | Ehddsy,

30 30
2 2
S S

]
200 400 600 800 1000 200 400 600 800 1000
my (GeV) my (GeV)
Decoupling condition is independent of ¢ tan 8 ~ 25000 — ALy,
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N. Shah, M. Carena, |. Low, CW’I|3
(i) (ii)

Shdd | &hddgy, Shdd | &hddgy,

Here
e =001
AL,;, = 5000
AL]Z = 1000
Ag=c€ctanf

ALf,;j = [’UQAZ']'] (GGV)

(iii) (iv)

8hdd | 8hddg, 8hdd | 8hddg,

200 400 600 800 1000 200 400 600 800 1000
e " 55000 — AL
Decoupling condition is independent of € tan 3 ~ — ALy

ALz
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tanp

The 7-phobic Higgs scenario

Suppression of down-type fermion couplings to the Higgs due to Higgs mixing
effects. Staus play a relevant role. Decays into staus relevant for heavy
non-standard Higgs bosons.

t-phobic
1.0 <1,

09 < Mop < 1.0

0.8 < Mop < 0.9

07< Moo < 0.8

LHC excl.
LEP excl.

200 400 600 800 1000
M, [GeV]
MSUSY = 1500 GeV,
11 = 2000 GeV,
My = 200 GeV,

tanp

X® = 2.45 Mgysy (FD calculation),

ng—s = 2.9 Msysy (RG calculation),

Ay= A, = A,
m; = 1500 GeV,
M;, =500 GeV .

50

40

30

20

10

Loop,; =

T-phobic
1.0<r

200

09<r_<10 ALlQ — 1500
vrer o8 AL, = —1500
LHC excl.
LEP excl.
400 600 800 1000
M, [GeV]
M. Carena, S. Heinemeyer, O. Stal,
C.E.M. Wagner, G. Weiglein,
arXiv:1302.7033
'nt . pﬁ; AU&! -6 +ht!72 B h: ? 23”3_‘41’
16m%v?sin’ 8 Miysy | Miusy 16m2 Mgusy Tk M;
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Conclusions

® After the Higgs Discovery at the LHC, it is important to define a coherent program in the
search for new physics

® LHC will explore the TeV scale, while studying the properties of the newly discovered Higgs
particle

® LHC is mostly sensitive to strongly interacting particles, or light weakly interacting particle
with a large mass gap.

® TLEP can explore in a more efficient way, light, weakly interacting particles, particularly when
the spectrum is compressed (or the interactions are weaker, for higher luminosity)

® TLEP can also provide significant improvements in precision electroweak data analysis, being
sensitive indirectly to particles not visible at the LHC

® While the LHC will be sensitive to a few percent variation of the Higgs couplings and will be
able to search for heavy non-standard Higgs particles, TLEP will be sensitive to smaller
variations, implying indirectly higher scales. Some caveats to this conclusion were presented.

® Of course, TLEP presents another complementarity with LHC : It enables aVLHC, with
energies up to 100 TeV in the center of mass !
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Coupling to Fermions and Weak Gauge Bosons

M. Carena, S. Gori, N. Shah, C.W.and L.T.Wang, arXiv:1303.4414
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http://arXiv.org/abs/arXiv:1303.4414

Searches for staus in associated production

with sneutrinos.
M. Carena, S. Gori, N. Shah, C.W. and L.T.Wang, arXiv:1303.4414

Final State in pp — Wh, followed Look for leptonic decay

by h — 7777 is similar to the one in of the W, and one hadronic
and one leptonic tau decay.

pp — 70, followed by 7, — 7 + X(1)° Same selection cuts as in

the Higgs search analysis.

18;

16
14 Cut in visible mass
increase signal to
background ratio, but
very low statistics.
Dedicated search
with optimized
selection cuts should
be performed.

Events
20 GeV

N A SN X
e
O
e
°
e

0 30 50 70 90 110 130 150 170
myis|GeV]

Friday, July 26, 2013


http://arXiv.org/abs/arXiv:1303.4414
http://arXiv.org/abs/arXiv:1303.4414

M. Carena, S. Gori, N. Shah, C.W.and L.T.Wang, arXiv:1303.4414

Light Stop Searches

® Light stops, mainly right handed, may be present without affecting
the Higgs mass predictions and without affecting precision
electroweak measurements.

® [f present, they have an impact on both gluon fusion cross section

as well as in YY Higgs decay width. There are strong direct search
constraints.

® Three body decay into staus may become the dominant stop decay
mode, when three body decay into a neutralino,aVV and a b is
closed.

® For a neutralino mass of about 40 to 50 GeV, this happens for stop
masses of about 130 GeV.
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Stop Branching Ratios in Light Stau Scenario

1.0
- 0.8
= *
5 |
= 0.6
= ﬁ
= V
£ 04
2
0.2

0.0

Apart from region close to top neutralino decay threshold, decays
of stops into staus open new possibilities

M. Carena, S. Gori, N. Shah, C.W. and L.T.Wang, arXiv:1303.4414
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http://arXiv.org/abs/arXiv:1303.4414

M. Carena, S. Gori, I. Low, N. Shah, C.WV,, arXiv:1211.6136

Vacuum stability

For large values of the mu parameter and the
tau Yukawa coupling, one can generate new
charge breaking minima deeper than the electroweak

minimum
hu o 2 2 hi 2 g2 3 3 hi 2
V= [ue -] + 2 (1P ) 2 (- 2 - 22
h2 B 2_|_ 2 h4
iy, =+ R el T o

This occures in this improved tree-level potential,
but also occurs in the full one-loop effective potential
we shall analyze
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Vacuum Stability

Electroweak Minimum is in general metastable in this scenario
Hisano, Sugiyama’l |
Metastability bound depends on tan(beta)

Effective values include one loop correction effects, and it is different for
bottoms as for tau leptons. In the following, we refer to the tau one.

tan 3
(1 + Abﬂ-)

my, tan 3
hb,T =~

~ tan Bog)p . =

S. Gori, I. Low, N. Shah, M. Carena, C. EM.W)|2

A, =0, my =2TeV A =0GeV, my =2 TeV

o 1.65.
40000 1.60°
> O s |
W : 1.55
& 35000 1.50.
2 30000 < 145
= '? 1.40
S : 135
2 25000 | 30 |
90 95 100 105 110 115 1230 95 100 105 110 115
m; (GeV) ms (GeV)
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Inclusion of Mixing in the CP-even Higgs sector

A =700 GeV, my = lTeV

40 000
35000
30000
25000

u tan B (GeV)

90 95 100 105 110 115
m;l(GeV)

A =700 GeV, my =1TeV

1 '0 7 tan B = 60
0.9 7 tan Besr = 80

Co
< 08

07—
i tan B = 120 :
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S. Gori, I. Low, N. Shah, M. Carena, C.EM.W)I12
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Branching ratio of decay into bottom
quarks remain larger than 95 percent

Calculated with FeynHiggs (no A,
but full one-loop corrections.)

New CPsuperH includes all Ay.
Leads to similar gamma gamma rates,
but slightly smaller 7 suppressions.
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Evolution of Yukawa Couplings
S. Gori, |. Low, N. Shah, M. Carena, CEM.W/12
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Large suppression of Higgs decay into taus, keeping metastability, may only be
achieved at large values of the effective tan(beta) of tau leptons.

Values of effective tan(beta) larger than 90 imply the existence of a Landau
pole before the GUT scale

An ultraviolet completion would be therefore necessary at high scales.
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Non-Standard Higgs Production

QCD: S.Dawson, C.B. Jackson, L. Reina, D.Wackeroth, hep-ph/06031 12
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Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.VV, EJPC’06

® Searches at the Tevatron and the LHC are induced by production channels
associated with the large bottom Yukawa coupling.

2
o(bbA) x BR(A — bb) ~ o(bbA)sm tan 5 5 X ) 5
(14 Ap) (1+Ap)"+9

tan® 3
(1 + Ab)Z +9

g(bE7 gg — A) X BR(A — 77) ~ O-(bga 99 — A)sm

® There may be a strong dependence on the parameters in the bb search
channel, which is strongly reduced in the tau tau mode.

Validity of this approximation confirmed by NLO computation by D.

North and M. Spira, arXiv:0808.0087
Further work by Mhulleitner, Rzehak and Spira, 0812.3815
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CMS Preliminary, Vs =7+8 TeV, L = 17 fb
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