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e Supersymmetry and the H*

— Supersymmetry...

... IS the extension of the Poincaré-symmetry of space-time
... leads to a symmetry between Fermions & Bosons

gauge theory with minimal SUSY

e same # of fermionic & bosonic d. o. f.
— a superpartner of different spin exists for each particle

e couplings are correlated
— e.g. scalar 4-point int. «» gauge couplings

e superpartners have the same mass
— SUSY must be broken at the electroweak scale

gauge theory with broken SUSY :

e superpartner masses enter as additional free parameters (essentially)



[ SUSY and the H* |
— SUSY extensions of the SM

e SM gauge group: SU(3)c(o|our) X SU(Q)I(isospin) X U(l)Y(hypercharge)

e incorporate SM fields into N = 1 supermultiplets:

Vo= A% VKD
— gauge fields V# into vector superfields < (
1 _ _
\ S=35, S=1, S=
L | | | d = A, Ve, F
— fermion fields 4 into chiral superfields <
_ 1 _
\ S=0, §=35, S=
| | | | | d = A, Ve, F
— Higgs fields A into chiral superfields <
S=0, S=3 S=0




[ SUSY and the H* ]
— SUSY extensions of the SM

e the Higgs sector needs two independent SU(2)-doublets:

— the Higgsino partner of only one Higgs doublet upsets the cancellation
of the chiral anomaly among the fermions.
— inconsistent quantum field theory

— two oppositely hypercharged Higgsinos are needed in order to cancel
all contributions to the chiral anomaly.

= two Higgs doublets mandatory

= two charged scalar d.o.f present

= [|SUSY extensions of the SM predict a physical HT




[ SUSY and the H*, SUSY extensions of the SM ]
structure of the interaction Lagrangian:

e gauge self-interaction
1 = — . — — A~ ~
Egauge self-int. — ZT"“{WSWH,O&HGH + h.c. with Wh o = Wn,a(vn — T“”Vﬁ””)

1
— contains D-terms : Lp = EDCL“D“”
e Higgs and matter superfield gauge interaction
Lgauge-matter = q’;[@anVna;ﬂ@@éé
= (DuA)T(DFA;) + ih;aH Dyab; + i\/ign(A;rTa"%)\a” — X, T A)
+ gn D AIT" A; + FI F,
e Super-Yukawa interaction
Esuperpotential — W({Cbi})\@@ + h.c. = (mz'jcbz'cbj + gijk¢i¢j¢k)|99 + h.c.
= mj(AFj + AiFy — ¥ibg) + g1 (A A Fy, — b Ay, + cyclic) + h.c.
e sOft SUSY-breaking interactions

L<oft = [scalar mass terms] 4 [scalar 3-point interactions]
+ [gaugino mass terms]



specific models :

mandatory part

[ SUSY and the H*, SUSY extensions of the SM |

gauge group . SU(3)c(olour) X SU(Q)I(isospin) X U(1>Y(hypercharge)

particle content :

regular particles | spin superfields sSpin | superpartners
fermions sfermions

quarks Q= (@ ) D = dy,, Uy = a5, sauarke

u,d,s,c,b,t I u,d,s,c,b,t

2 0

leptons 7 ( vy, ) | 5 % sleptons

€, Ve, by Vy, Ty U ey, €, Ve, by UV, T, VUt
gauge bosons gauginos

G, W=, Z,~ 1 G, W=*, Z,7 z GW=*, 7,5




[ SUSY and the H*, SUSY extensions of the SM ]

specific models: full model specification

gauge group : SU(3)¢(olour) X SU(2)1(isospin) XU (1)v (hypercharge) (x[xtra groups])

particle content :

regular particles | spin superfields spin | superpartners
fermions sfermions
quarks | up, T — do e — aic squarks
— ~ 9 — Yy YR — uR _— Y e M~
u,d,s,c,b,t I u,d,s,c,b,t
1
5 0
leptons ~ U ~ sleptons
g L= (") E=c¢, el
€, Ve, U, V,UnTa Vr €L €, Ve, U, V,UnTaVT
gauge bosons gauginos
S —_ s ~ 1 o~ ~ o~ —_
G)W:l:’Z,,-Y 1 G,W:l:,Z,’y 2 G,W:l:,Z,"y

+ Higgs sector + Higgs-matter interaction (in Lsyperpot., Lsoft)




MSSM (minimal supersymmetric standard model)

[ SUSY and the H*, SUSY extensions of the SM ]

gauge group . SU(3)c(olour) X SU(Q)I(isospin) X U(1>Y(hypercharge)

regular particles | spin superfields sSpin | superpartners
fermions sfermions
quarks ~ Uy, —~ ~ A~ N squarks
— IS D =d%, Up = u% - -
w,d, s, c bt ¢ ( L) R =R TR 7.d. 52701
z 0
leptons ~ vy, ~ sleptons
L= _ B = é% .
€, Ve, by Vp, Ty VT €L €, Ve, by Vp, T, Ut
gauge bosons gauginos
o~ 1 . ~
G,W:l:,Z,’Y 1 G,W:l:,Z,’y 2 G,W:l:,Z,’Y
Higgs bosons . N Higgsinos
e H e Hu 1 ~ ~
H,, Hy, 0 | Hy=| 4 |, Hy=| = 5 | Hg Hy
( H, HY

H,, Hy, lead to 5 physical Higgs bosons: h9, HO A0 H+ H—

W=*,Z, 5 and H,, H, mix to 2 charginos X?X% and 4 neutralinos X9, ...

;X3



[ SUSY and the H*, SUSY extensions of the SM ]
NMSSM (next-to-minimal ...) and mnSSM (minimal nonminimal ...)

gauge group . SU(3)c(oIour) X SU(Q)I(isospin) X U(l)Y(hypercharge)

regular particles | spin superfields spin | superpartners
fermions sfermions
quarks ~ Uy, —~ ~ o~ N squarks
p— ~ ’D p— C . p— ’u,c _ ~
w,d, s, c bt ¢ ( L) R - R TR 7.d 52701
z 0
leptons ~ Ur, ~ sleptons
L= _ B = é% o
€, V€7M7VM77-7 Vr €L eayeaﬂayﬂoTayT
gauge bosons gauginos
o~ o~ 1 . ~
G)W:l:’Z,,-Y 1 G,W:l:,Z,’y 2 G,W:l:,Z,"y
Higgs bosons Higgsinos
Hy Hy,S 0 H; , Hy, , singlet S % H; Hy, S

Hg, Hy, S lead to 7 physical Higgs bosons: HY, HY, HY, A, AS, HT, H~

W=*,Z, 5 and H,, H,, 5 mix to 2 charginos Xf, X% and 5 neutralinos x9, . ..

X8



[ SUSY and the H*, SUSY extensions of the SM ]
Superpotential :
MSSM

WI\/lSSI\/I — szheﬁglijﬁ —|— Gwhdﬁé@]ﬁ — szhuﬁ,z@]ﬁ —I— sz,uﬁglﬁ&

Loore = —miy |Hyl? — m% |Hu|? — (uBpe;; HLHY) + h.c.)
+ [sfermion + gaugino mass terms]
NMSSM

WimssM = €ijhe HiLIE 4 €;ihg HYQID — ei;ha HLQTU 4 ¢, \SHH! + §§3
2 2 2 2 2 2
Lsoft = _de|Hd| — miy, | Hu|™ — mg|S|
— ()\A)\GZJSHZ’LH;% -+ gA,{S:% + hC)

+ [sfermion + gaugino mass terms]

mnSSM [Panagiotakopoulos, Pilaftsis’00; Dedes et al. '00]
Wmnssm = EijheHZ’iLJE -+ EijhnglQJD — EijhuH,ZJQJU -+ EijASHZJZH:L +tpS
—_ 2 2 2 2 2 2
Lsort = —myy |Hg|® — my, [Hu|® — m3|S|” + g5

+ [sfermion + gaugino mass terms]



e H* in the MSSM
— H* mass in the MSSM

tree level mass relation:

m%{i = m%/ -+ m%
radiative corrections: [Brignole et al.’91;Chankowski et al.’91;Haber, Diaz'92]
e large for tanpg < 1
e small for tan 3 € [1, 50]

— tree-level good qualitative description



[ H* in the MSSM, H* mass in the MSSM |

radiative corrections (contd)

e CP violating effects: [— talk of A. Pilaftsis]
— can give larger mass shifts dmgy+ in both directions
[Carena et al.’92; Pilaftsis,Wagner'99;Woo Han et al’'01]
— LEP bounds on M 0 much lower (~ 50 GeV) than for the
CP conserving MSSM
— much lighter H* still allowed [Ghosh,Godbole,Roy’'05]

Even in the CP conserving MSSM: with an expected mass
resolution of 1-2% © LHC a mass measurement would be
sensitive to the radiative corrections.



[ H* in the MSSM |

— H¥ interactions in the MSSM
H= gauge interactions (3 point)

JH* JH*
Ve Ve
A A 5 5
VAAANK X Ak o s
Cw Sw
N\ N\
A A
N\ N\
\H:I: \H:I:
JH*
Ve
A
Wi’\/\/\/\/\K/ o & The HT is the only Higgs boson with
\\ Sw at least one unsuppressed coupling
N to stable particles (photons)
\hO,HO,AO

note! dependence on Higgs mixing angles «, 3 (usually) not shown



[ H* in the MSSM, H* interactions in the MSSM ]
H* gauge interactions (4 point)

H™ H~ H™ H™ H™ H™

AN /7 \ / N\ /7

\\ // \\ // \\ //
O o g2 N e?(c2—s2)2 N e?

vﬁ%& ‘ﬁ CQQUSQQU ‘ﬁ&%
vy vy Z Z W %4
H—- H- H~- hO,HO,AO

N\ / N\

N i N ’ - ho HO, AC

/

Cwa {Sw,cw} \ \ //
N /7




[ H* in the MSSM, H* interactions in the MSSM ]

Q: What about a HTW¥Z interaction ?
H x VEV W=
N\ 7
A d
AN / . 7
— H — -+ _ X gmyy !
— / A
W
A: | There is no HTWTZ interaction ! [Grifols, Mendez '80]

e For a number of isospin multiplets of the same SU(2)-representation,
all containing an H* d.o.f and a neutral VEV,
only one linear combination couples to W+Z

— That's the Goldstone G* in our case (two Higgs doublets).

e In order to have H,;—LW¢Z couplings of physical H;—L one would need
at least two Higgs multiplets belonging to different SU(2)-representations.
Such models exist (e.g. models with an extra Higgs triplet).
But, usually very restricted by p-parameter constraint.



[ H* in the MSSM, HT interactions in the MSSM ]
H¥T Yukawa interactions

-
e
— X mytan 3 P
- - = - \/§swmw l 6 L
Vi
large tan 3: large mg, m;-terms, small m,-terms
small tan £: small mg , m;-terms, large m,-terms
— "in-between” tan 3 region (" wedge-region’)
where HT detection is difficult at the LHC
dm
CKM %
_ eVom { L Muy }
- X my tan (3 P P
\/Eswmw dm 6 LT tan ﬁ R



[ H* in the MSSM, H* interactions in the MSSM ]
the wedge-region (nightmare for H* searchers)

m_ 50 T 17 I \\::J I ‘ T 17 ‘ T 17 ‘ T 17 ‘ T 17 T 17 T 17 T 17
S 40 —f—t—=>bH", H > 7V ]
30+ /
20 —/
> M
situation
10, gb —>tH*, H* =71 1 |
-l . in threshold region | ?
| ATLAS | clarified by
6 JLdt = 300 fb™'
5 Maxi ., 4+ [Assamagan, Guchait, Moretti'04]
aximal mixing
4 r i
-
LEP 2000
2 ]
| gb—=>tH, H* = tb
1 I O I | ‘ | \:‘Tti ‘ I O I | ‘ I O I | ‘ I O I | ‘ I O I | ‘ I O I | ‘ I O I | ‘ I O I |

50 100 150 200 250 300 350 400 450 500
m, (GeV)



[ H* in the MSSM, H* interactions in the MSSM ]
H* Yukawa interactions

-
€
- _ o _ X hv1 tan g P
— _ \/§Sme (V1 6 L
large tan (3 region:
Yy large radiative corrections A, tan g
to b-quark Yukawa-coupling hy, = my/v1q
need to be resummed for reliable predictions:
resummed
— i.e. use hy vl(l—l—Abtanﬁ)
instead of hé"oop = ?—f(l — AptanB3)
dm [— talks of J. Guasch, S. Pefaranda]
CKM %
_ e Viom | hUnUQ
— e - \/—Swm {hdmfultanﬁpL | tanﬁP



[ H* in the MSSM, H* interactions in the MSSM ]
H*-Chargino-Neutralino interaction

Xj

- o ;€3 x [Higgs-, yT-, xO-mixing matrices]

X9

- electroweak gauge coupling strength

- interesting new H* decay mode if my+ > m. 0 —|—mX+
1 1

— may improve situation in the wedge-region for LHC
[ATLAS study: Hansen, Gollub, Assamagan, Ekelof '05]




rg_ 50 — 17 I T T T T T
40 | 4\,‘.‘ = "'1 -l
3 ATLAS, 300 fb
30 - - 3
20 ~ .
,r
10 - e 1 -
4 | gb — tH, ;
ol | H %% AN -
61 . —X1,2Xq,234 7 9N 7
5| _
47 -ﬂﬂ;l"_i["hh - |
ar . LEP 2000
2 L -
I 1 ] 1 ] 1 | 1 | 1 ] 1 ] 1 ] 1 | 1
50 100 150 200 250 300 350 400 450 3500

[ H* in the MSSM, H* interactions in the MSSM ]
H*-Chargino-Neutralino interaction: application

m, (GeV)

great improvement of the
ATLAS HT discovery reach
in the wedge-region

fmygsr >m o+ m
H X1 X]L
[Hansen et al.’05]



[ H* in the MSSM, H* interactions in the MSSM ]

H* sfermion interactions (3 point)

/ls_
/
' 4
/
_—— e —
\
AN
AN
\
\Vl
/dm,r
/
' 4
/
— - -
N
A
\
\~
Un,s
KM
GVn(f-,tn > Udn Udn
X ( r,1» r2>
\/§Sme ; ;

XX
\/§sme

~—— (U} 1,U. )

m?, sin 28—m? tan 3
—my(p*+Al tan 3)

- depends critically on

SUSY breaking parameters AL A% AU (n=1,2,3),
sfermion mixing Uﬁ,S,Uﬁl’fg,U%g,

w and tan g

- AL Ad AU 1 in general complex quantities
— possibility of large CP violating effects

[— talk of A. Pilaftsis]

2
m
miysog—mg tg— t;”, —mg,, (W +Adt5) U
AU* 1 Wik
—Mmup (L+ =), munmdm(tﬁ‘F%) U8>2




H* sfermion interactions (4 point)

H~ H~ H™
AN / AN
N\ /7 AN
AN A AN A
AN / AN /
X x
/ AN /7 N\
/ \ // \\
~ / N\ ~ _ /
[~ N vy
H™ H~ H™
AN / AN
N\ /7 AN
NS 7
AN / N\ 7/
X X
/ AN / AN
A AN A AN
/ AN /
7 N 7
d, i da U

[ H* in the MSSM, H* interactions in the MSSM ]

H™ H™ [~
/7 AN /7
AN /
AN A
AN 7/
x
/7 AN
/7 AN
/7 AN
~ —~ /7 \
NV vy 7/ \hO,HO,AO
hO,HO,AO
/7
couplings: mixture of
D-term contributions « j—s
and
2
7 F-term contributions « ez My
N d s%m%/
and Higgs and sfermion
mixing matrices [no u or Aqu]




[ H* in the MSSM, H* interactions in the MSSM ]
H*-Higgs self interactions (3 point)

H—
/
/
A
KO, HO- - - - - < x gmy
\
A
\
N H—

— coupling completely from D-terms: ¢* — (VEV) x ¢3

— gives interesting contribution to HTH- pair production , ,
2

. . . _ gmHi gth gm
— analogous coupling in the THDM totally different: o ( — { :
. . . . . W mW mW
— sensitivity to Higgs self couplings

— no AOHTH~ coupling due to CP conservation in the Higgs sector

0
HOY



[ H* in the MSSM, H* interactions in the MSSM ]

H*-Higgs self interactions (4 point)

H™ H™ H™ H™
\ / \ 7/
\ / \ /
\ A X o
\ / \ /7
x X
/ AN / \
// \\ / \
/7 \ / \
/7 \ i \ o
(h0, HO}, A0 {nO HO} A0  H H

— all couplings « g2 (come from D-terms)



e H* in SUSY models with an extra singlet
— H* in the NMSSM
WimssM = €iihe HiLIE + €;ihg HYQID — e;;hu HLQTU 4 €, \SHH! + gé?’
Lsoft = —m%,d\Hd\Q —m% |Hul|? — m%|S|? — (\Axe;; SHLH)+
+ gA,.{S3 + h.c.) 4+ [sfermion and gaugino mass terms]

changes compared to MSSM:
— in the minimum of the scalar potential Hy, H;, S acquire VEVs

— MSSM p-term generated dynamically pefr = A(S)
— peff IS Naturally O(SUSY breaking scale)

— tree-level mass relation of charged Higgs to my, changed:
2 1
2 2 Heff Reff 2 2
— A — —A :
e mW_I_sinQﬁ( SN ) 2" 7
where one of the 2 CP-odd Higgs bosons has the mass

2,2

2 K A<V
2 Heff Heff LD
ms = Ay 4+ 1+ sin< 2
41 sin 25( AT )( 8uc ﬁ)




[ H* in SUSY models with an extra singlet, NMSSM ]

consequences of the changed mass relation
LEP bounds on m4, weaker than on m>>M 4 negative A2-term:

— indirect my+-bounds are weakened

m"" [GeV]

300

250

200

150

100

50

[Drees et al.’98; Godbole, Roy '06]
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[ HT in SUSY models with an extra singlet ]
— H* in the mnSSM

Wmnssm = Eijheﬁéijﬁ + Ezjhdﬁ&@]b\ — Ezjhuﬁz@]ﬁ + EZ]Agﬁg’lﬁz + tpg
y > y > 212
Lsoft = _de|Hd| — miy, |Hul® —mg|S|® +tgS
— (M ye;;SH,H? 4 h.c.) + [sfermion + gaugino mass terms]

changes compared to NMSSM:
— S acquires a VEV Dbecause of the tadpole term tg

— no 53,53 terms present — neutral Higgs(ino) interactions changed

— tree-level mass sum rule holds:

2 2 2 _ .2 2 2
mHl _|_mH2 _I_mH3 — Mz +mA1 +mA2

— similar to MSSM: m#? + m%, = m% + m3

— no such sum rule in the NMSSM



[ H* in SUSY models with an extra singlet, mnSSM ]

changes compared to NMSSM (contd)

— tree-level mass relation of charged Higgs to my, changed:

2 At 1
m?{i=m12/[/-|— .Mefr Ay — S| 232,2
sin 23 peff) 2
but similar to the NMSSM, for typical values of tg (1...10 TeV3), it holds

> 92 2 1.5 5
mHiNmW—I—mAl—E)\ v



[ H* in SUSY models with an extra singlet ]
— H7 interactions compared

In both models (like in the MSSM):

HT cos3 —sin Gt .
C_ﬂ_ — _ b b with tan g = 02
H; sin3 cosf HT vy
e all HT interactions without neutral Higgs bosons and Higgsinos
are the same as in the MSSM

e changed/new H¥ interactions involving the
5 neutral Higgs bosons (Hy, Hy, H3, A1, A)

e changed/new H* interactions with the 5 neutralinos and the 2 charginos

In both models (like in the MSSM): my+ Can be chosen as input parameter

— T he major H* production and decay cross sections have
the same tree-level prediction in all three models.
Differences start at loop-level, where neutral Higgs bosons are involved.

— T he real difference is in the neutral Higgs sector.
Thus, testing mass relations among Higgs particles may be
crucial in order to decide which model fits the data.



e HT in other SUSY models

— SUSY Higgs triplet models
WonT-Mssm = €ijheHgL? E + €;jhqHyQ' D — e;jhuH,Q°U
+ eijupHLH, + e NHY(Z Hy) + prTr{E?}
2 2 2 2 2
Lsoft = —miy,|[Hal* — mF, |Hu|* — mg Tr{=5}

— (Me;;H)(ZHu)? 4+ BpupeijHLH) + BrurTr{=?} + h.c.)
+ [sfermion and gaugino mass terms]

—

with Higgs triplet superfield >

[— talk of J.L. Diaz Cruz]

— ... (and many more models)



summary

e SUSY extensions of the Standard Model predict the existence of a
charged Higgs boson.

e T he major H¥* production processes in MSSM, NMSSN and mnSSM are
not terribly different.

The real distinction is in the neutral Higgs (and Higgsino) sector.

e More exiting SUSY extensions exist, the H* phenomenology of which

need to be examined (e.g. SUSY Higgs triplet models, Twin SUSY,
etc.)



