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The hierarchy problem :

When calculating the radiative corrections to the SM Higgs boson mass, one
encounters quadratic divergences in the cut—off scale A at which the theory
stops to be valid and New Physics should appear :

2

AFME = N,c8)\7f2 f/\2+6mflogmA72m? +0O(1/N) ; AME x N
f

If A ~ Mgur ~ 10 GeV, the Higgs boson mass would be huge ( > 126 GeV).
For the SM Higgs boson to stay relatively light (My < 1 TeV from unitarity
and perturbativity) we need to add a counterterm to M7 and adjust it with a

precision of O(1073?), which seems highly unnatural = the naturalness or
fine—tuning problem.

A related question, why A > Mz 7 : the
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The problem can be seen as a lack of a symmetry which protects My against
very high scales.

A new scalar particles would contribute to My as :
s AsNs 2 2 A )\SNS 2 A 1
_A AN _ il
A°ME = 162 + 2mslog " 167r2 1+ 2log me + O A2

If A2 =2mZ/v® = —\s and Ns = 2N then

AP MR = Af I\zlf log s + 3milog ms + 0O iz
47 ms mye A

If there are scalar particles = no quadratic divergence : the and
naturalness problems solved.

If : no divergences at all = My is protected by this 'supersymmetry’.

If this symmetry is broken, ms > m¢ = the and naturalness problems
would be reintroduced again in the theory...
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Basics of Supersymmetry :

The SUSY generators : Q|Fermion) = |Boson) Q|Boson) = |Fermion),
The particles are combined into superfields :

* T 1 a va i~
Lyin = Z{(DHS; )(D"Si) + ,w,Dﬂ“z/;,-} + Z{—ZFWF“ + é)\aa”Du)\a}

The interactions among the fields are specified by SUSY and gauge invariance :

Acint. scal—fer.—gauginos  — _\/EZ 8a |:5,* Taa,'LAa + hC:|
1 2
[’int quartic scal. = - 5 (Z 8a Si* TBSi)

Interactions are given in terms of the gauge coupling constants.

= when SUSY is exact, everything is completely specified and there is no
adjustable parameter.
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The only freedom : the choice of the superpotential W which gives the form of
the scalar potential and the Yukawa interactions between fermion and scalar
fields.

The interaction Lagrangian :

Z‘ 0z;

— PW
B 2 — {wia 2;0z;

y

¥j +h.c.

ViZESY = Ve + Vi
o Ve =3, |W* with W = owW/aS;
o Vp =133 (3,85 T°S)? with U(1)y, SU(2)r,SU(3)c

No fundamental scalar particles have the same mass as the known fermions
= SUSY must be broken.

One possibility : introduce by hand terms that break SUSY explicitly and
parametrize our ignorance of the fundamental SUSY-breaking mechanism (low
energy effective SUSY theory).

= the Minimal Supersymmetric Standard Model (MSSM).
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The Minimal Supersymmetric Standard Model :

The unconstrained MSSM, defined by 4 assumptions :
(a) Minimal gauge group: The MSSM is based on the group
SU(3)c x SU(2)1, x U(1)y, i.e. the SM gauge symmetry.
(b) Minimal particle content:
quarks and leptons + squarks and sleptons: Q, Ug, Dr, L, Er. (3 gen.)
2 chiral superfields Hy, H».
(c) Minimal Yukawa interactions and R—parity conservation: a discrete
symmetry called R—parity is imposed (enforce lepton and baryon number
conservation)
R, = (-1)>*"F*, R, = +1 SM part., R, = —1 SUSY part.

The most general superpotential, compatible with gauge invariance,
renormalizability and R—parity conservation :
W = Z —Y{ UriF2- Q + Vi drifty- @ + Vi Crifty- L + - Ay
i,j=gen
(d) Minimal set of soft SUSY-breaking terms: To break SUSY while
preventing the reappearance of the quadratic divergences (soft
SUSY-breaking).
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One adds to the Lagrangian terms which explicitly break SUSY :

e Mass terms for the gluinos, winos and binos:

1 a
7£'gaugino:§ MIBB+M2;W W+M3ZG G + h.c.
o Mass terms for the scalar fermions:

—~Lotermions = >, ma, QT Qi+ mf LILi + m3, |iig; |* + m3, |dr. |* + m7 |7, |
e Mass and biIin;érre:erms for the Higgs bosons:
—Lttiggs = Mgy HI Ha + miy, Hi Hy + Bu(Hz-Hy + hec.)
e Trilinear couplings between sfermions and Higgs bosons
L= Y [A“ Ytk Ha- Q + ALY di Hi-Q + AL Yiln Hi- L + h.c.}
’J;g Visott = —Lstermions — Liggs — Liril.
The MSSM defined by the four hypotheses (a)—(d) is the
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unconstrained MSSM : the soft SUSY-breaking terms introduce 105
parameters (+19 for SM) = phenomenological analysis complicated.

A more viable MSSM with more assumptions :

(7) all the soft SUSY—breaking parameters are real ( no new source of
CP-violation);

(i) the matrices for the sfermion masses and for the trilinear couplings are all
diagonal (no FCNCs at the tree—level) ;

(iif) the soft SUSY—breaking masses and trilinear couplings of the first and
second sfermion generations are the same at low energy.

= 22 input parameters : the (pPMSSM)
tan 8: the ratio of the vevs of the two—Higgs doublet fields;
m,z.,l, m,2_,2: the Higgs mass parameters squared;
My, M, M5: the bino, wino and gluino mass parameters;
Mg, Mag, MG, My, Meg: the 1/2 gen. sfermion mass param;
Au, Ag, Ae: the first/second generation trilinear couplings;
Mg, Mg, Mp ;s Mp, Mg 3™ gen. sfermion mass param;

A, Ap, A-: 3™ gen. trilinear couplings.
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In the MSSM to break the electroweak symmetry one need two doublets of

complex scalar fields :
0 +

le( gll ) with Yy, = -1 , H2:< Z%, ) with Yp, = +1

the terms contributing to the scalar Higgs potential

sources :
@ The D terms containing the quartic Higgs interactions

V4 come from 3 different

1 2
Uy Vb= 3 [E 0k - )]

1 ix_aygj ix__aygj 2
SU@L @ Vb= 5 [%(Hl TiH + Ha Tiné)}

@ The F term of the Superpotential which can be written as
Ve =Y, |0W(¢;)/0¢i|*. From the term W ~ wHy-Ha, one obtains the
component Vi = p2(|H1|? + |H2|?)

@ Soft SUSY-breaking scalar Higgs mass terms and the bilinear term

Viots = miy, Hi Hy + mi, HiHo + Bp(Ha-Hy + h.c.)
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The full scalar potential involving the Higgs fields :

Vi = (| + miy)|He + (|ul® + miy)|Ha|? — pBe;(HiH + h.c.)
2 2
+ 1
+E B — [P + S8 H{ Hf?

Expanding the Higgs fields in terms of their charged and neutral components
and defining the mass squared terms :

ml*'/‘l‘| +mH17 m27|:u| +mH27 mg:Bl‘L
one obtains :
Vi = mi(|HL P+ |Hy [?) + m3(|Ha |* + [H5|?) — m3(Hy Hy — HiH + h.e)

2 2 2
+ — — % *
+EZEL (R o+ [Hy [ = [HB = [ ) o 2 D+ P

8

We require then that the minimum of the potential Vi breaks the
SU(2)r x U(1)y group while preserving the electromagnetic symmetry U(1)q.
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Some important remarks :

o To have EWSB, one needs a combination of the HY and H? fields to have a
negative squared mass term. This occurs if

m3 > mms
if not, (HY) = (H2) is a stable minimum of the potential.
o In the direction |H{|=|H2|, there is no quartic term. V4 is bounded from
below for large values of the field H; only if the following condition is satisfied:

s + w5 > 2|3
e To have explicit EWSB the potential at the minimum should have a saddle
point :

VH

2
i

e The 2 above conditions on the masses m; are not satisfied if > = 73 and,
thus, we must have non-vanishing soft SUSY-breaking scalar masses my, and
mpy,
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o To break EW symmetry, we need also to break SUSY = close connection
between gauge symmetry breaking and SUSY-breaking.

@ In constrained models (ex. mMSUGRA), mu, = mp,, but the running to
lower energies via the contributions of top/bottom quarks and their SUSY
partners in the RGEs makes that this degeneracy is lifted at the weak scale.

o In the running one obtains m7,, < 0 or mf,, < mf;, which thus triggers
EWSB: this is the radiative breaking of the symmetry.

o EWSB is more natural and elegant in the MSSM than in the SM since, in

the latter case, we needed to make the ad hoc choice 1? < 0 while in the
MSSM this comes simply from radiative corrections.
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Minimizing the Higgs potential :

neutral component of the Higgs fields acquire vacuum expectetion values :

(H) =2 | (H) =2

S
S

where : (Vi +w)? =v? = - (246 GeV)?

2 2
g5+ey .
defining the ratio of the two vevs : tan g = :—i = ((“/’;7"5‘;))

one obtains two minimization conditions :

(mf, — miy,)tan2B + Mz sin 23

Bu =
a 2
2 Mpysin® B —mpy, cos®’ B Mz
o cos 23 2

(M, , Mu,, tan B) = (B, 11?) (sign(u) is undetermined).
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To obtain the Higgs physical fields and their masses :

@ develop the 2 doublet complex scalar fields H; and H> around the vacuum,
into real and imaginary parts :
_ 1 . _
Hy= (2 Hy) = — (v + Hi +iPD, Hi)
1

V2

The real parts correspond to the CP—even Higgs bosons.
The corresponds to the and the
bosons.

o diagonalize the mass matrices evaluated at the vacuum

1 9*Vy

A=l OV
U/ . .
2 OHiOH; (o) vy /3, (HE) =va /2, (HiE,) =0

ie Quevillon Supersymmetric Heavy Higgses at the LHC
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For the neutral and bosons :
2 —m3tan m3
M ) 2
m3 —m3cotf
Det(M3?) = 0, = 1 eigenvalue is zero and corresponds to the boson
mass, while the other corresponds to the mass:
2m3

Mz = —m3(tan B + cot) =

" sin28
The mixing angle 6 which gives the physical fields is simply the angle 3 :
. cosfB  sinf P?
( ) o (—sinﬁ cosﬂ)(PS)
Same thing in the case of the charged Higgs boson :
Gt B cosf3  sinf Hli
(Hi) a (—sinﬂ cosﬁ) (sz:)
with a massless charged Goldstone and a charged Higgs boson with a mass
MZs = Ma + My,
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In the case of the CP—even Higgs bosons :

M2 — —r'n%tanﬁ—ﬁ—l\/l%cosz/j m3 — I\/Izsmﬂcosﬂ
R= m3 — M2 sin 3 cos 3 —mcotf + M2 sin? 8

injecting the expression of M3 into M2 :

cos? 3 —cos 3sin 8 2 sin? 8 —cosfBsin 8
. .2 + MA . 2

—cos f3sin 8 sin“ 8 —cos Bsin 8 cos” 3

one obtains for the CP—even Higgs boson masses :

Mi = 1 I:MA + Mz F \/(M2 + M2)2 — 4M3 M2 cos? 26}

M,%:M%(

The physical CP—even Higgs bosons are obtained from the rotation of angle « :

H B cosa  sina HY
h - —sina  cosa HS
where the mixing angle « is given by :

1 M3 + M2
o= Earctan(tarﬁﬁ ﬁ) , —g <a<0
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@ Out of the 6 parameters which describe the MSSM Higgs sector,
My, My, Ma, M+, 8 and «, only 2 parameters, which can be taken as
tan 8 and Ma, are free parameters at the tree—level.

@ A strong hierarchy is imposed on the mass spectrum :
My > max(Ma, Mz)
Mp+ > Mw

very important constraint at the tree—level :

M, < min(Ma, Mz) - |cos2p

< Mz

ie Quevillon Supersymmetric Heavy Higgses at the LHC
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The Higgs couplings to gauge bosons:
Obtained from the kinetic terms of the fields H; and H- in the Lagrangian
Liin. = (D" H1)T(DuH1) + (D" Hz) (D, He)

Expanding the covariant derivative D,, and performing the transformations on
the gauge and scalar fields to obtain the physical fields, one can identify the
couplings V.V, H;, V,H;H; (and V.V, H;H;) :

Z,Z,h : igzMzsin(B — &)guw , ZuZoH  igzMzcos(S — a)guw
W, W, h o igwMwsin(B—a)g , WiW,H : igwMwcos(B — a)guw

ZuhA: +E cos(B—a)(p+p ) o ZuHA: =X sin(8 - a)(p+p).

ZuH™H™ —%Z cos20w(p+p)u , wH H :—ie(p+p)u
WEHEh :F,'giW cos( — a)(p +p)u , WIH®H: i/? sin(8—a)(p+p),

WiH A S (p+p)u . WG G 2(p+p)
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— CP—invariance forbids WWA, ZZA and WZH* couplings.
— The couplings of the neutral CP—even Higgs bosons : Gpyy o sin(8 — a) and
GHyv COS(B - Oé),

_ My(MZ — M7)

2
COs (5_06)—W

The couplings Gpvy and Guyy are complementary :

2 2 2
Ghwv + Ghvy = 8higy vv

— From CP—invariance there are no Zhh, ZHh, ZHH and ZAA couplings (only
ZhA,ZHA,WEH*h/H/A).
The couplings of h and H bosons to ZA and W*H* are complementary :

Giaz + Giaz = (4M§)7lg£lstz

2 2 _ 2 _ 2 \—1 2
Gpuzwt t+ Gayzw: = Gaprp= _(4MW) BHgy WW
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Yukawa couplings to fermions :

Originate from the superpotential W which leads to the Yukawa Lagrangian

Lyuk = 22{"‘38 ¥ + h.c.

to be evaluated in terms of the scalar fields Hy and H> :
Lyue = —A[0PLuHS — GPLdHy] — Ag[dPLdHS — dPLuH; ] + h.c.

The fermion masses are generated when the neutral components of the Higgs
fields acquire their vacuum expectation values and they are related to the
Yukawa couplings by :

V2m, _ V2m, V2mg _ V2mg

A=Y

Au = = —
Y Vo vsin 3 Vi vcos 3
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Expressing the fields H; and H> in terms of the physical fields, one obtains the
Yukawa Lagrangian in terms of the fermion masses :

82Mu [Gu(Hsina + hcosa) — iuysu Acos ]

Lva =  2Myy sin 3
__ &mg 7 o g .
My cos B [dd(H cosa — hsina) — idysd Asin ]
+2\/§72MW Vg {H"t[mgtan B(1 +vs) + mucotB(1 — ys)]d + h.c.}

with V4 the CKM matrix element (for quarks). The MSSM Higgs boson
couplings to fermions are given by :

.my Cos « .my sina m
Ghuu:’J " B GHuu:’J . ; GAuu:JCOtB'YS
v sinf v sinf v
.My sin o .My COS & my
Ghad = —i— ; GHdd = I— y Gadg = —tan s

v cosf3 v cosf v
i
GHtgd = ——— V:d[md tan 5(1 + ’ys) + mucotﬂ(l — ’}/5)]
\/iv

Gu-ua = = Voalmatan 5(1 = 5s) + mucot (1 + 9s)]
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—The couplings of H* have the same tan 8 dependence as the pseudoscalar A

boson, for values tan3 > 1 :
the A and HT couplings to isospin down—type fermions are enhanced,

the A and H* couplings to up—type fermions are suppressed.
—With a normalization factor (i)gam¢/2Mw = im¢/v :

sina_ sin(8 — a) — tan S cos(8 — )

Bwb = oo
ghe = :’j;‘ = sin(8 — @) + cot Bcos(B — )
gHpy = ZZZZ = cos( — ) + tan Bsin(5 — a)
gue = S = cos(d ~ a) — cotfsin(5 — a)

= the bb(tt) coupling of either the h or H boson are enhanced (suppressed)
by a factor tan 8, depending on the magnitude of cos(8 — «) or sin(8 — «).
—The reduced pseudoscalar—fermion couplings are simply :

8abp =tan B,  gawe = cotf3
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The trilinear and quartic scalar couplings :

Couplings between 3/4 Higgs fields can be obtained from Vy by performing

derivatives :
e = PV
OHOHO | (149) 1y / /2, (HR) =2 / V2. (1) —0
Ajkt L
OHOHOHOH | 149) vy /3, (H8)—va /3. (HiEy)—0

in units of Ao = —iM3 /v :

Mwhh = 3cos2asin(B + «)

Auph = 2sin2asin(f + a) — cos 2 cos(8 + a)

AuHh = —2sin2acos(fB + a) — cos2asin(B + a)
Aupn = 3cos2acos(B + «)
Maa = —cos2Bcos(B+a) Agyiy— = —cos28cos(8 + o) + 2cy cos(B — )
Ahaa = cos2fsin(f + ) Aot y— = cos 23sin(B + a) + 2cfy sin(8 — «)
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The Higgs couplings to sfermions :

Come from the F terms,the D terms, Liril.

b~ 3 (R (1),

k,I=1

Crag = ( — (13- Qqsw) M3 sin(B + ) + m3s{ 1mq(A sy + usy) )
qu(Aqsl + ﬂsz)

—Qqsiy MZ sin( + ) + mjsy

Cornr — (135 — Qqsiy) M3 cos(B + o) + m3r! 1mq(A rf + prs)

Haa %mq(Aqu + urg) Qqsiy M3 cos( + ) + mqu

c 0 ~1m, [H+Aq(tan5)*2'§’]

AGG =
“ img [,u + Ag(tan ﬂ)_z’g] 0
Co = 1 m?tan 3 4+ m? cot § — M}, sin23 mp (Aptan 8 + u)
HEEb 2 my (A¢ cot 8+ p) me mp(tan 8 + cot 3)
u __ cosa u v Sina d d sin o

d d cos«
S1=nh =——"—"—F, S =—n
cos 3 cos 3
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These couplings are potentially large since they involve terms «c m? and m:A;.
In the case a = 8 — 5 (decoupling limit Ma > Mz) :

ghiyi, = COS 28M?> B cos® 0, — %sﬁv cos 204 +m?+ %sin 20:me X;
2 1 .2 2 2 2 1 .

8hii, = COS 2BM3z 5 sin” 0; — §SW cos20:| + mg — > sin 20:m: X:
. 225 1 1

8hii, = C€0s2Bsin20:Mz gsw ~12 + 5 cos 20 m: X;

with X; = A — pcot 3.

For large values of X; = enhance the gz,;, coupling and make it
of the h boson (ghet x me/Mz).

ie Quevillon Supersymmetric Heavy Higgses at the LHC
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The upper bound on the lighter Higgs boson mass :

@ The lighter CP—even Higgs boson should have a mass below Mz.

® My ~ Mz, when Mg > Mz and |cos283| ~ 1=~ T = large tan 3.

@ The mixing angle o ~ 3 — 8 = g, are SM-like, ghuu >~ ghdd >~ ghvv ~ 1.
(the decoupling limit).

@ Since the h boson is light it should have been observed at LEP2.

@ It were not because of the radiative corrections which push its mass
beyond the reach of LEP2.

@ These radiative corrections can be very large since rather strong couplings,
such as the Higgs couplings to the top quarks and to their spin—zero SUSY
partners, are involved in the Higgs sector.

= The RC due to top and stop quark loops should be incorporated in the
MSSM Higgs sector!
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In addition to the two—point functions including top and stop loops, one has
also counterterm tadpole contributions :

2 A A Ol )
AVl = s |mtos () g ()]
47 m;z m;z 7 ‘f

one obtains the total RC to the upper bound on M, :

2
36, me log%

2
V22 m; oo
e

AM?

The correction grows as : AM; o m{ and AM;, o log(m2/m3) = very large
and shift M}, from Mz to M*®* ~ 140 GeV.

In the MSSM : when the one—loop radiative corrections are included the h
boson can be kinematically not accessible at LEP2 energies.
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

© T T T T T T 1
fo% MS ls=7TeV,L=51fb" [s= STE\/L 5310
2 ATLAS 2011 - 2012 s R A N -
S ] S. +Observed =
3 V§=7TeV: [Ldt=4.6-4.81b e Exp. = Expected (68%) |

s=8TeV: |Ldt =5.85.9 fo" Mo ,/.\'\ s Expected (95%) | o504

\\ p / \ ;99%

------ \ J99.9%

CLg of SM Higgs hypothesis

I T R B SU R
115 120 125 130 135 140 145
m, [Ge'

il ol

1 1 1 o 1 1
115 120 125 130 135 140
m,, (GeV)

5

@ In the SM, the Higgs mass is essentially a free parameter.

@ In the MSSM, the lightest CP-even Higgs particle is bounded from above:
M ~ Mz|cos2/3|+radiatives corrections < 110 — 135GeV.

@ Imposing M}, places very strong constraints on the MSSM parameters
through their contributions to the radiative corrections.
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

The pMSSM(22 free parameters+SM) : most of the parameters have only a
marginal impact on the MSSM Higgs masses.

Important parameters for MSSM Higgs mass : tan 8, Ma, Ms = /M my, and
the mixing parameter in the stop sector X = A: — pucot 8

Mp*®* is obtained for the following choice :

i) the decoupling regime with a heavy pseudoscalar Higgs boson,

Ma ~ O(TeV);

i) tan B large, tan 8 > 10;

i) heavy stops, i.e. large Ms (Ms = 3 TeV as a maximal value);

iv) a stop trilinear coupling X; = v/6Ms, the so—called maximal mixing
scenario.

We calculate the Higgs and superparticle spectrum in the MSSM with the full
one—loop + dominant two—loop corrections.
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models
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130F E = ."i‘f."ﬂ, AR
125 E 20 ]
1200 3 o A
1 2= e E
= A . —
" i L tan § < 60 ]
i< s ;
HM; <1TeV.. 8f + tanp<3 oy 35—
£t Lr L tm k! L _L L L L wha. 1

4 3 2 ] o 1 2 3 4 500 1000 1500 2000 2500 _ 3000
XM s (GeV)

@ the no—mixing scenario is entirely ruled out.

@ only a small fraction of the typical-mixing scenario parameter space, with
high tan 8 and Ms values, would survive.

@ only the scenarios with large X;/Ms values and, in particular, those close
to the maximal mixing scenario X;/Ms = V/6 survive.
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|m|p|icatcilolr:s ﬁor colnstrained M?JSIM scenarios
. . ! Split and high—scale SUSY models
Implications of a 125 GeV Higgs for supersymmectric models Other constraints

The various regimes of the pMSSM

cMSSM scenarios :  soft SUSY-breaking parameters obey universal boundary
conditions at a high energy scale = reduce the number of input parameters.

These inputs are evolved via the MSSM renormalisation group equations down
to the low energy scale.

3 classes of such models have been widely discussed in the literature :

° : SUSY-breaking is assumed to occur in a hidden sector which
communicates with the visible sector only via flavour-blind gravitational
interactions. Only 4 free parameters : tan 3,mo (scalar masses),
my />(gaugino masses), Ao(trilinear scalar interactions), sign(y).

° : SUSY-breaking is communicated to the visible sector via gauge
interactions. The basic parameters : tan 3,sign(t), Mmess(messenger field
mass scale), Nmess(the number of SU(5) representations of the messenger
fields) and A(the SUSY-breaking scale in the visible sector)

o AMSB : SUSY-breaking is communicated to the visible sector via a
super-Weyl anomaly. The basic parameters : tan 3,sign(p), mo (scalar
masses at the GUT scale), ms,, (gravitino mass).
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

In the case of the scenario, we study 4 special cases:

— The no-scale scenario with the requirement mp ~ Ao =~ 0. This model leads
to a viable spectrum compatible with all present experimental constraints and
with light staus for moderate m;; and sufficiently high tan 5 values; the mass
of the gravitino (the lightest SUSY particle) is a free parameter and can be
adjusted to provide the right amount of dark matter.

— A model with mg ~ 0 and Ag ~ —%ml/z which, approximately, corresponds
to the constrained next-to-MSSM (cNMSSM) in which a singlet Higgs
superfield is added to the two doublet superfields of the MSSM, whose
components however mostly decouple from the rest of the spectrum. In this
model, the requirement of a good singlino dark matter candidate imposes

tan 8 > 1 and the only relevant free parameter is thus my ,.

— A model with Ag~—mg which corresponds to a very constrained MSSM
(VCMSSM) for input values of the By parameter close to zero.

— The non—universal Higgs mass model (NUHM) in which the universal soft
SUSY-breaking scalar mass terms are different for the sfermions and for the
two Higgs doublet fields. We will work in the general case in which, besides the
four mSUGRA basic continuous inputs, there are two additional parameters
which can be taken to be M4 and pu.
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

S1op — NUHM ‘ 1
() o no scale ]
o r — MSUGRA :
é:135 - VCMSSM GMSB ]
= r NMSSM AMSB i

1301 -
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115/

110 | | | |

[
o
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o
a
o

—

QO

=1
el

model | AMSB | GMSB | mSUGRA || no-scale | cNMSSM | VCMSSM | NUHM
Mprax 121.0 121.5 128.0 123.0 123.5 124.5 128.5

End of AMSB and GMSB in their minimal versions!
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

The upper bound on M}, in these scenarios can be understood by considering
the allowed values of the trilinear coupling A¢(stop mixing parameter X;) :

o In , one has A; &~ 0 at relatively low scales and its magnitude does
not significantly increase in the evolution down to the scale Ms; this
implies that we are almost in the no—mixing scenario which gives a low
value of M.

@ In AMSB, one has a non-zero A;; however, the ratio A:/Ms with Ms
determined from the overall SUSY breaking scale ms,, turns out to be
rather small, implying again that we are close to the no—mixing scenario.

o Finally, in the model, since we have allowed A; to vary in a wide
range as |Ao| < 9 TeV, one can get a large A:/Ms ratio which leads to a
heavier Higgs particle. However, one cannot easily reach A; values such
that X;/Ms = v/6 so that we are not in the maximal-mixing scenario and
the higher upper bound on M}, in the pMSSM s not reached.

ie Quevillon Supersymmetric Heavy Higgses at the LHC
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Implications for constrained MSSM scenarios
Split and high-scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

I
© M, = (125 £ 2)GeV
. Ay=-0.5TeV
Ay =-1.5TeV
A, =-3.0 TeV

123 < M, <127 GeV

m, <100 GeV
m0='A0
= o Ap=-img(120)
e | Y T T R
1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m,, (GeV) m,, (GeV)

mSUGRA/cMSSM still survives, but only for negative values of Ao
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

Until now Ms < 3 TeV = SUSY Higgses could be observed at the LHC.
BUT choice mainly dictated by fine-tuning considerations (rather subjective
criterion).

If very large Ms = no other scalar particle accessible at the LHC ( except h)
— split SUSY scenario :

@ The soft SUSY—-breaking mass terms for the scalars are at Ms > 1 TeV
(except 1 Higgs doublet).

@ Gauginos and higgsinos, are left at the EWSB scale.
@ The parameters : Ms, 1 Higgs mass, My, M2, M5, p and tan 3.
@ Boundary condition on the quartic Higgs coupling :

A(Ms) = % [g%(Ms) + g"(Ms)] cos® 25 .

o If the scalars are very heavy = RC in the Higgs sector that are enhanced
by large logarithms, log(Mewss/Ms).

@ One has to properly decouple the heavy states from the low-energy theory
and resum the large log corrections.
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

A radical attitude :

Assume that gauginos and higgsinos are at Ms —

Abandon the SUSY solution to the fine-tuning problem.
Abandon the solution to the dark matter problem (LSP).

@ Abandon the unification of the gauge coupling constants.

@ The matching of SUSY/EWSB is encoded in the Higgs quartic coupling A.

@ SUSY would still lead to a light Higgs boson whose mass will contain
information on Ms and tan §3.
= Still a
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Implications of a 125 GeV Higgs for supersymmectric models Other constraints
The various regimes of the pMSSM

160 160 ; ; ; ; ;
tanff =1 R
. tanff = 2
150 4 L 150 4 High-scale SUSY tanf =5 L
tan 3 = 50 R
S 140 4 Fs
o [}
e ’ Split SUSY °
g owo{/ / =l
1254/ L
120 { / tanf=1 | 120 | L
/ tan 3 = 2 - /
¢ tan B =5
: tanf=50
110 - L L L L ‘ 110 - L L L L X
10* 106 108 101 102 10" 10% 10* 106 108 101 102 10 10%

Ms (GeV) Ms (GeV)
@ The maximal M, values are obtained at high tan 3 and Ms.

@ Strong constraints on the parameters of these two models.

o tanfB =~ 1 : very large Ms needed.

o At high tan 8 : Ms~10* GeV.

@ Even in these extreme scenarios, SUSY should manifest itself at scales

much below Mgur.
Quevillon Supersymmetric Heavy Higgses at the LHC
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Other constraints

The various regimes of the pMSSM

Implications of a 125 GeV Higgs for supersymmectric models

Conclusion before to go further :
@ The Higgs sector can play an important role in constraining SUSY.
@ Several constrained MSSM scenarios are ruled out because of a Higgs of
125 GeV.

There are other constaints on pMSSM to be included :

Maximal mixing - M_ = 2 TeV

@ 50gy T T T T T T T E
8 = 123 <M, < 129 GeV S
E + Excluded by Rlavour 3
. . 40
@ The non-observation of Higgs bosons - Bk s €7 CHO T
at LEP2 excludes tan 8 < 3 and WE e
tan 5 = 5-10 for Ma < 100 GeV. 5 E
@ The latest results of CMS on the search zu;
of resonances decaying into 777, 155
105

@ The Bs — p™ ™ constraint.

L

M(A) (GeV)
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Implications of a 125 GeV Higgs for supersymmectric models
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Implications for constrained MSSM scenarios

Split and high—scale SUSY models
Other constraints

The various regimes of the pMSSM

Ms = 1,2,3 TeV for the maximal,typical,zero

mixing scenarios :
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Implications of a 125 GeV Higgs for supersymmectric models Other constraints

The various regimes of the pMSSM

The various regimes of the pMSSM Higgs sector :
The decoupling regime :

@ occurs for Ma > 300 GeV for low tan 8 and Ma > Mp*™* for tan 5 > 10.

~

@ One will have a SM-like Higgs boson h = Hsw.
@ The heavier H/A/Hi bosons, degenerated in mass, almost decouple.

— The MSSM Higgs sector reduces effectively to the SM Higgs sector, but
with a light h boson.

The anti—decoupling regime : occurs for Ma < M, and is exactly opposite
to the decoupling regime. The roles of the h and H bosons are reversed.

The intense—coupling regime : occurs when Ma ~ M;"®* then

Mp ~ My ~ Ma ~ Mi** (3 pseudo-scalar like Higgs particles).

The intermediate—coupling regime : occurs for tan § < 5-10 and

Ma < 300-500 GeV. Both CP—even Higgs bosons have non—zero couplings to
gauge bosons and their couplings to down—type (up—type) fermions are not
strongly enhanced (suppressed) since tan § is not too large.

The vanishing—coupling regime occurs for large values of tan 5 and
intermediate to large Ma values as well as for specific values of the other
MSSM parameters. The RC lead to a strong suppression of the couplings of
one of the CP—even Higgs bosons to fermions or gauge bosons.
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Implications for constrained MSSM scenarios
Split and high—scale SUSY models

Implications of a 125 GeV Higgs for supersymmectric models Other constraints

The various regimes of the pMSSM
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The treatment of radiative corrections
The low tan 3 regime

The approach to the decoupling limit
Higgs decays and production at the LHC

MSSM at high Msysy : reopening the low tan 3 regime Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

In the pMSSM few parameters plays a significant role in the Higgs sector :
This mass matrix receives RC at higher orders :

M = M+ AME M+ AM,
My + AM3, M3 + AM3,

AM;; : leading one-loop radiative corrections controlled by A:+subleading

contributions at 1-loop+the leading logarithmic contributions at 2—loops :

AnE, = VB oalava L AL + cral
11 = —Wﬂ Xt t( + c11 S)+ab b( + C12 S)
> vZsin? B _
AM12 = W Xt)\ (6 — Xtat)(]. + C31€5) — ,LL ab)\b(l + C32€s)
2 vZsin B —4.4 -
AM3 = W 6)\ 55(2 + Czlfs) -+ Xfat)\ (12 — Xtat)(]. -+ C21Z5) — U Ab(l + szfs)

with : Zs = Iog(Ms/mt) i=p/Ms, arp = At p/Ms, xe = Xe/Ms,
cj = 32 = (tu)\2 + b,J)\2 — 32g3) (t11, tr2, to1, ta2, t31, t32) = (12, —4,6,—10,9, —7),
(b11, b12, bo1, b2z, ba1, b32) = (—4,12,2,18, —1,15)
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The treatment of radiative corrections
The low tan 3 regime
The approach to the decoupling limit

. X h N Higgs decays and production at the LHC
MSSM at high Msysy : reopening the low tan 3 regime Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

A very simple and good approximation
AMG, ~ AME~0,

3 m} M2 X2 X2
A 2 _ ~ t log —5 RALEN t
Mz Y 2n2u2sin? B {og m? + M3 12 M2

The radiately corrected CP—even Higgs boson masses :

M2 M3 cos? 23 + (M3 sin® 8 + M2 cos? B)
(M3 + M2 +¢)?

1
Mﬁ,HZE(Mf\-i-M%-FG) 1F4/1-4

Myz = /M3 + M2,

For Ma > Mz :
Ma>>Mz - eM3 cos® 3 M2 sin? B + e cos®
M M2 cos? 2 281 -
hoo \/ 7 cos? 20 + esin [3{ T OME(ME + esin? B) 2M2

Ma>My M2 sin® 28 + ecos? 3 Ma>Mz Mﬁv
M Ma |1 M M,
oo WA { + 202 » Mt A1t oz

In exact decoupling Ma/Mz — o0 : My=Ma= My+ and :

Mp= MP>> = \/ M2 cos? 23+ € sin®

h
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The treatment of radiative corrections

The low tan 3 regime

The approach to the decoupling limit

Higgs decays and production at the LHC

Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

MSSM at high Mgy gy : reopening the low tan 3 regime

If we consider only AM3, which involves the by far dominant stop,top sector
correction,

AM3, (Ms!) is fixed by M, :

_ —MaM} + My — MEM3 + MAM3 cos® 23
N M2 — M2 cos? 3 — M3 sin 8

The RC in the MSSM are fixed by the constraint M, = 125 GeV!

= we can simply write the MSSM parameters in terms of Ma,tan 8 and M,, :

M3 M3+ M3 +c— M;

M3 + Mz
—arctan 5 o 5
M3 tan 8 — 2M3 /sin 28 + M3 cot 3

(e
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The treatment of radiative corrections
The low tan 3 regime
The approach to the decoupling limit

. X h N Higgs decays and production at the LHC
MSSM at high Msysy : reopening the low tan 3 regime Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

13 T T T 181
123 GeV < My < 129 GeV
10k 4
v 0.08
5 F
o .nallll"""'"l“ 0.06
g o}
-
A '""'"""I" 0.04
-3
-0 M4 = 300 GeV 0.02
tan@ =5
-15 1 1 1
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Mg (GeV)
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The treatment of radiative corrections

The low tan 3 regime

The approach to the decoupling limit

Higgs decays and production at the LHC

Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

MSSM at high Mgy gy : reopening the low tan 3 regime

o Large value of M+ nonobservation of superparticles at the LHC =
suggest a high Ms.

o tan < 3 usually "excluded” by LEP2: My, > 114 GeV with Ms ~ 1 TeV.

But we can be more relaxed Ms > Mz = tanﬂ 1 could be allowed!
50 T T

My, = 114 GeV
My =120 GeV
My, =123 GeV
My =126 GeV
My, =129 GeV
My =132 GeV

tang3

110J 164 165 1(3"’ 107
Ms [GeV]
@ We turn My, ~ Mz|cos28| + RC to RC = 126GeV — f(Ma,tan 3)
ie. we trade the RC with the measured M,
= MSSM with only 2 inputs at HO: Ma,tan 8 a model indep. effective
approach!
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The treatment of radiative corrections

The low tan 3 regime

The approach to the decoupling limit
. Higgs decays and production at the LHC
Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

MSSM at high Mgy gy : reopening the low tan 3 regime

) goau Bodd govv 8OAZ [ BoH+w—
h | cosa/sinf | —sina/cosfB | sin(B—a) | o cos(fB— a)
H | sina/sinf | cosa/cosff | cos(f—a) | osin(f— )

A cotf3 tan 3 0 x 0/1

The decoupling limit is controlled by ghvv = cos(3 — a) :

100 T
MazMz _ 1M3 e .o
gHw T X = 20 sin4f — 2B sin2f —0
Tree—level part: doubly suppressed in both the tan 3 >> 1 and 10 L |
tan 3 ~ 1 cases.
Hdd
.. 4tanB(1 —tan® B) —4/tan 3 for tanf3 > 1 _
sin4f = (1+tan2 B)? 71— tan? Bfor tanf ~ 1 -0 Ma =300 GeV
L My, = 126 GeV ]
The radiative part : behave as —¢/M3 x cot 3, also vanishes at §
high tan 3 values = the decoupling limit gyyy — 0 is reached T
very quickly at high tan 3, as soon as M > Mj"**. Instead, for 0 01
tan 3 & 1, this radiatively generated component is maximal. 0.1 ¢
Bhuu Mazllz +xcotf —1
ghas 27 1-xtanf o1 0.01 | E
8Huu Mazllz ot B+x — —cotp
8Hdd Mazilz +tanf+x — +tang
gHvv is non—zero at low tan 3. The guee and gae is significant at 0.001 : ‘_
low tan 3 values, gf > 0.1 for tan 8 < 3. = H/A/H* bosons 1 2 9 10
can have sizable couplings to top quarks and massive gauge tang8

bosons if tan 5 ~ 3 .
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The treatment of radiative corrections

The low tan 3 regime

The approach to the decoupling limit

Higgs decays and production at the LHC

Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

MSSM at high Mgy gy : reopening the low tan 3 regime

The high tan 3 regime ("simple” pattern) :

couplings of non-SM like Higgs bosons to b quarks and to 7 leptons are
strongly enhanced, to top quarks and massive gauge bosons suppressed.

BR(H/A — 7777) ~ 10% and BR(H/A — bb) ~ 90%.
BR(H® — 7v,) &~ 100% for My+ > me + mp,
otherwise : BR(H* — tb) ~ 90%

The processes gg/qg — bb + H/A,

all the other production channels are irrelevant.

The most powerful search channel at the LHC :

pp — gg+bb — H/A — 771
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The treatment of radiative corrections
The low tan 3 regime
The approach to the decoupling limit

. | h P : Higgs decays and production at the LHC
MSSM at high Msysy : reopening the low tan 3 regime Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

The phenomenology of A, H, HT is richer at low tan 8 and leads to a production
and decay pattern that is slightly more involved than in the high tan 3 regime :

100 T T T T T T T
Vs =8 TeV [ Vs =14 TeV ggA
tanB = 2.5 ggH —— 100 1 tan3 = 2.5 ggH  —— |
10 4 My, = 126 GeV bbA L My, = 126 GeV bbA
§ bbH bbH ———

0.01 5

0.001 - - - - 0.001
131 200 400 600 800 1000 131 200 400 600 800 1000

My [GeV] Ma [GeV)
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The treatment of radiative corrections
The low tan 3 regime
The approach to the decoupling limit

. X h s : Higgs decays and production at the LHC
MSSM at high Msysy : reopening the low tan 3 regime Present constraints on the MSSM parameter space

Heavy Higgs searches channels at low tan 3

Decay pattern of the heavier MSSM Higgses in the low tan 8 regime:

We assume that Higgs decays into SUSY particles are kinematically closed.

1

° AbO\'/e tt threshold, H — tt [ Hot

dominate. _ H - hh—

T H-bb—

@ Below tt threshold, H — WW g 0.1y Il{{i‘iv_‘iv, ]

and ZZ with substantial rates. H- 27—
e 2My < My < 2my, very

interesting channel H — hh.

0.01 L k L L
131 200 300 400

Mj [GeV]
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The treatment of radiative corrections
The low tan 3 regime
The approach to the decoupling limit

Higgs decays and production at the LHC
Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

MSSM at high Mgy gy : reopening the low tan 3 regime

@ Above the tt threshold, A — tt
dominate.

o For MAZ My, + Mz GeV, E/
A — hZ with a significant rate ™M
below the tt threshold.

I  tanp = 2.5
I My, = 126 GeV 1

@ BR(A — 77) 2> 5% up to . ]
Ma = 2m;.

001 Il Il Il
131 200 300 400 500
[GeV]
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The treatment of radiative corrections

The low tan 3 regime

The approach to the decoupling limit

Higgs decays and production at the LHC

Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

MSSM at high Mgy gy : reopening the low tan 3 regime

1 F - -
H* - tb —
- - H* > hW*——
e H™ — tb dominant for I Hi: Tt
tan g < 3. H* — be
0.1 | H* — cs E
e BR(H" —tb) > 1% for i
My ~130 GeV. T
"
e H™ — Wh important. as]
0.01 F ! ]
o My= <170 GeV, H" — ¢35 b
and H* — ¢b (flavor changing
mode) have rates ~ 1%
(= 10%, for tan 8 ~ 1).
0.001 L L L
100 200 300 400 500
A [GeV]
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The treatment of radiative corrections

The low tan 3 regime

The approach to the decoupling limit

Higgs decays and production at the LHC

Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

MSSM at high Mgysy :

reopening the low tan 3 regime

The case of the h boson :

1.6 E
10 f 1 tan3 =2.5
14 My, =126 GeV
_ 1L | ~192¢F
3 2
& \¥ E 1¢F El
= &
ool 1 B8t
) )
Cl E 0.6 F
N Vs=8TeV ggh —— n
hqq
0.01 b tanf = 2.5 bbh  —— 1 04 F
Wh / h—2Z ——
My =126 GeV wt / o ww ]
tth 74
0001 L L L L 0 L L L L L
131 200 400 600 800 1000 131 200 300 400 600 800 1000
My [GeV] My [GeV)
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MSSM at high Mgysy :

reopening the low tan 3 regime

The treatment of radiative corrections

The low tan 3 regime

The approach to the decoupling limit

Higgs decays and production at the LHC

Present constraints on the MSSM parameter space
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Constraints from the h boson rates :

_ o(H)BR(H—XX) 50 . .

HXX = 5(H)smBRsm(H—XX) eslﬁgi
95%
cleanest observable : the signal 99%CL
strength pzz in the search
channel h — ZZ.
The combination of ATLAS and ) 104 ) ]
CMS data in the ZZ : g Fit of 17z
pzz = 1.10+£0.22 £0.20 (25 2 |
fo~t, 748 TeV data). 3 | L
Constrains the couplings of the
h state in [tan 3, Ma] parameter
space : 1 : : ‘ '
153 200 300 100 500 600
Ma [GeV]
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MSSM at high Mgysy :

reopening the low tan

B regime

Present constraints on the MSSM parameter space

Constraints from the heavier Higgs searches at high tan 3 :

e o(pp — H/A) x BR(H/A — 771)
is very robust = exclusion limit
almost model independent.

o CMS H/A — 77 analysis :
constraint very restrictive for
Ma < 250 GeV, excludes
tanf8 > 5.

o Caveat : ATLAS/CMS constraint
for a specific benchmark :
X:/Ms = /6 and Ms = 1 TeV;

@ exclusion limit can be obtained in
any MSSM scenario with the only
assumption that SUSY particles
are too heavy to affect
o(pp — H/A) x BR(H/A — 77)
by more than 25%, (th.
uncertainty).

tang3

10

d 777 exp

& — 771" Ath

(2

HT - 7%

3 T T

CMS limits

® — 777" obs mmmm

H* = 750 obs mm—

200 400
Ma [GeV]
A.Djouadi, J.Q.,arXiv:1304.1787

800
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MSSM at high Msysy : reopening the low tan 3 regime Present constraints on the MSSM parameter space

o Constraint from H™ — Tv "
(t = H"b — Tvb). ATLAS &
CMS results with ~ 5 fb™* at
Vs=T7TeV.
o
o Constraint only Ma < 150. § 0 CMS limits
@ The search is sensitive to the very g::ﬁ:ﬁ ;’)‘f; —
high tan g region which is 5 1 L Y r
completely excluded by the 77 e gi jﬁ,’j ;’}:; —
search (need much more data). 31 : .
100 200 400 800
My [GeV]

A.Djouadi, J.Q.,arXiv:1304.1787
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The treatment of radiative corrections
The low tan 3 regime
The approach to the decoupling limit

. X h N Higgs decays and production at the LHC
MSSM at high Msysy : reopening the low tan 3 regime Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

Important remarks:

The LEP2 constraint excludes the entire low tan 8 regime, tan 8 < 3, and at
low Ma = 100 GeV, tan 3 values up to tan 8 =~ 10.

We have removed the region excluded by the bound M, > 114 GeV from
negative Higgs searches at LEP2 :
@ the “observation" constraint 123 GeV < My, < 129 GeV is by far stronger.

@ if Ms =1 TeV and maximal stop mixing : tan 3 < 5 and tan 8 > 20 for
any Ma value would be excluded simply by requiring
123 GeV < My, < 129 GeV = excluded regions would be completely
different for other Ms and X:.

o The LEP2 M, constraint can be simply evaded for any value of tan 3 or
Ma by assuming large Ms =

Low tan /3 region can be probed in a model independent way by Higgs search
channels involving the H, A, H* bosons....
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The treatment of radiative corrections

The low tan 3 regime

The approach to the decoupling limit

Higgs decays and production at the LHC

Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan

MSSM at high Mgy gy : reopening the low tan 3 regime

Extrapolation to the low tan 3 region : A.Djouadi, J.Q.,arXiv:1304.1787

10
BR(t — bH™) significant at low tan 3
(geor+ o< Me/ tan B) + BR(HE — 7v ~ 100%
= pp — tt with t — bH™ — brv are
comparable for tan3 ~ 3 and tan 3 ~ 30 :
probe the low tan 3 .

5

& — 77 obs W
® 77 exp
HT — 750 obs mmmm—
H 5 750 exp mmimnms

o
pp — H/A — 77 useful at low tan 3 : E
fortan8 ~ 1, gg — H/A large
(8rH/ate o< M/ tan f).
A — 7777 stays significant for My values up
to the tt threshold = gg —+ A — 77 stays
large : CMS search limit is effective and 1 ‘ ‘
excludes low tan 3, for Ma =~ 350 GeV. 100 200 300 400 50
Mp [GeV]

Low tan 8 areas,thought to be buried under the LEP2 exclusion bound on M,

are now open territory for heavy MSSM Higgs hunting!

This can be done not only in these 2 channels but also in a plethora of

channels...
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MSSM at high Mgy gy : reopening the low tan 3 regime

The H — WW, ZZ channels :

@ The H — WW particularly useful in the region 160 < Mp < 180 GeV
where the branching ratio is close to 100%.

@ The search modes that are most useful at relatively low My should be
pp — H— ZZ — 4% and pp — H — WW — 202v : When the 2
processes are combined, the sensitivity is an order of magnitude larger
than for the SM Higgs for masses below 400 GeV and one can thus afford
a substantial reduction of the couplings gut and guvyv which should allow
to probe tan 3 values significantly higher than 1.

@ For My > 300 GeV, one could also add the

pp — H — ZZ — 202q,2v2q,202v and pp - H - WW — (v2q
channels to increase the statistics (recently done by CMS).

@ One difference with the SM Higgs : the SM Higgs has a large total width
at high masses (M3,,,) & the MSSM H boson remains narrow as the
coupling gnvv is suppressed = reduce the continuum ZZ background by
selecting smaller bins for Mzz.
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MSSM at high Msysy : reopening the low tan 3 regime Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

The H/A — tt channels :

@ This search channel has not been considered in the case of the SM Higgs
boson for two reasons :
© For Mpyg,, 2 350 GeV, Hsp — WW, ZZ still relevant and largely dominate
over the Hgyp — tt.
@ The continuum tt background was thought to be overwhelmingly large as it
had to be evaluated in a large mass window because of the large Higgs total

width.
o Situation very different in MSSM : total width for heavy H and A states
are much smaller, less than < 20 GeV for any tan 8 > 1 value for
Mp,a < 500 GeV and grow linearly with the Higgs masses beyond this
value = one can integrate the tt continuum background in a smaller
invariant mass bin and significantly enhance the signal to background ratio.

@ BR(H/A — tt) ~ 100% for tan 8 < 3 if kinematically open.

Search for H/A — tt will certainly be more favorable for the MSSM at low
tan /3 than in the SM.
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MSSM at high Mgy gy : reopening the low tan 3 regime
Heavy Higgs searches channels at low tan 3

The A — Zh channel :

o o(gg — A) > o(gg — Hsm) at
low tan f.

e For M, + Mz S Ma 52mf
BR(A — hZ) is large for
tan 8 = 3 and largely dominant
for tan3 ~ 1 = for

50

LHC sensitivity
7+8TeV/ 25 fb!

M4 = 210-350 GeV )

o(gg =+ A — hZ) should be 3 -

very high at low tan . 5 Iéﬂﬁvg“'— L
The H — hh channel : very large 3 A—hZ memm |

H — hh
production rates in the low tan g3 H/A — t7
regime in the mass range

250 GeV < My < 350 GeV when

the decay channels H — hh is 1
kinematically open and the H — tt

mode is closed.

153 200 400 600 800 1000
MA [GeV]
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MSSM at high Mgy gy : reopening the low tan 3 regime

Conclusion:

@ We have considered the production of the heavier H, A and H* bosons of
the MSSM at the LHC, focusing on the low tan 3 regime.

@ We have used a simple but not too inaccurate approximation to describe
the radiative corrections to the Higgs sector, in which the unknown scale
Ms and stop mixing parameter X; are traded against the measured M,,.
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MSSM at high Mgy gy : reopening the low tan 3 regime

Present constraints on the MSSM parameter space
Heavy Higgs searches channels at low tan 3

Conclusion ...

@ The neutral H/A states can still be produced with large rates, and they
will decay into a variety of interesting final states such as H - WW, ZZ,
H — hh, H/A — tt, A— hZ.

o Interesting decays can also occur in the case of the charged Higgs bosons,
eg. H" — hW,c5,ch.

@ These modes come in addition to the two channels H/A — 7" 7~ and
t — bH™ — brv which are currently being studied by ATLAS and CMS
and which are very powerful in constraining the parameter space at high
tan 3 values and, as is shown here, also at low tan /3 values.

@ We have shown that already with the current LHC data at /s = 7+8
TeV, the area with small tan 5 and Ma values can be probed by simply
extrapolating to the MSSM Higgs sector the available analyses in the
search of the SM Higgs boson.

@ All this promises a very nice and exciting program for Higgs searches at
the LHC in both the present and future runs!

Merci !
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