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Short Summary

» The MSSM scenario with the CP-even Higgs
boson as light as 50-60 GeV (and above) is not
excluded by LEP2 contrary to common belief

» The MSSM parameter space corresponding to
this Light higgs scenario (LHS) is generic

» The entire parameter space corresponding to
LHS can be entirely covered by LHC

Alexander Belyaev "MSSM light Higgs boson scenario”, FNAL, April 12, 2007



The present status of the SM

» Based on ELEMENTARY
SU(3)xSU(2);xU(1)y gauge PARTICLES
symmetry spontaneously Quarks
broken down to SU(3)xU(1)e: ule _f'

» Matter: 3 generations of dI.S b ! Forces
quarks and leptons e ﬂ B

» One of the central role is Q m rﬂ
played by Higgs field e\ulr b’ : .

® interacts with all fields i z
¥ develops condensate ‘6 _Ef _‘_4

=» W,Z bosons, lepton and quarks and I 81{e 41
Higgs field itself acquires mass

Higgs boson is the most wanted particle!
The present Higgs mass limit is 114.4 GeV from LEP2 ete™ data
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Why Supersymmetry is so attractive?

» relates bosons and fermions
(/BOSON) = [FERMION) AND QO|FERMION) — |[BOSON)

» extends Poincare algebra to super-Poincare algebra
with the most general set of space-time symmetries

®» solves fine-tuning problem of SM

i . /STOP™, . >
""t;h ----- g r G AMp ~ Mgy gy log(A/Msusy)
t f Ne ¢
-------- .---'“-

=» provides
gauge coupling unification
» L SP is stable (R-parity):
perfect DM candidate o0 10
®» allows to introduce fermions into string theories

1/(1;
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MSSM HIGGS sector

» two Higgs complex-doublet
» provides masses to both up- and down- quarks

» ensures anomaly cancellation . . ]
Oy = (09, @) and @, = (&F,0%), (Pg) = NG ( Uod ) , (Pu) = —= ( ) :

2\ Vu
where \/v2 + vZ = 2My /g = v( 246 GeV), v, /vg = tan(
» 8 degrees of freedom
» 3 absorbed into longitudinal components of the W and Z

» 5 remains: h = —(\/§Re <I>3 — vgq) sin o + (\/§Re <I>2 — Uy ) COS (X
H = (V2Re ®Y — vy) cosa + (V2Re ®° — v,)sina
A =+2(Im ®Ysin 3 + Im @ cos ),
H* = (Iﬁ sin 8 + @ cos 8

a is (h, H) mixing angle; tan 8 and M 4 define the tree-level Higgs sector
Mpy+ = /M3 + M2,

ME 4y =3 |(M3 + M2) % /(M3 + MZ)? — AM3MZ co? 23|, Mp < My
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“Little” Fine Tuning in MSSM

» MISSM has a “little problem”: Mn < Mz at the tree-level!
» Solution to obey Mp > 114.4 GeV LEP2 limit:

SUSY scale R 1TeV
top-stop radiative corrections

. Msisy h h :'STOP A
6Mh “ log ---------- “ :
t h h ’

» the price: ~ 1% of fine-tuning

2 2
mz . —m ;
my = iy il _ my, — miy, — 2|yl
\/1 — sin?(2/3)

» js there other way to avoid LEP2 Higgs bound?
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Higgs (if there is) prefers to be non-SM like!

I - 400 GeV
B Heinemeyer, Hollik, Stockinger, Weber, Weiglein '07

. L] L] 1 I' I L) L] L i L] T T T I T L) L] L] I T | L] L =
80.70[~ Tevatron/LEP 2 (68% CL) [ -
- LEP1/SLD: darker region :
80.60 -
tight SUSY ]
E 80.50
- 3\-‘_51=u
= 80.40
£
80.30F ww" -

L MUY T S U N T ST TN UHE (N N WY S WY (N WHNY TR T S S -
160 165 170 175 180 185
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MSSM Higgs Interactions with vector bosons

_ 1
Lu,vv =g Mw (WJW . 52 ZMZM) Irr,vv Hi
Cly i
E’AHZ'Z — ZligAH,L-Z ZM(H’LzalL A)? H; = (th)
ng =
EHHiWJF — —5 gHH+W_ W_M(H’L all H—I_) -+ h.C., H = (h,H, A)
7z -
| -
‘\%W\I\A»'Jfg‘;(ﬂ —a) o fﬁ(ﬁ — ) ot
Sum rule: b o e
blue’+red’=1 LA g e,
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No lose?
b, T b, T
€+
LY b, T b, T
4 b, T <b, T
sin(8 — «) b, T cos(f — ) b. T

Q%Zh + Q%Ah =1

» Zh and Ah channels are highly complementary!
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Both channels has been studies at LEP2
Sos = g% 45, X Br(h — bb) x Br(A — bb)

Sgrg, = g%Zh X BT(h — bg)

(Lo

W 1y

= T | T T T T T T | T T T | T T T

i LEP
B (b)

H—bb

ete™— Hq.Z

Vs = 91-209 GeV

10 -
-2 ple: f ol san Deeslasalans
e 20 40 60 80 100 1220
hep-ex/0602042  ™Mui(GeV/c)

10

Similar limits are for H->tt channel,
but Br(H->71) is one order of magnitude smaller then Br(H->bb)

H H —>bbbb

0

G 00 125 150" 175 200
hep-ex/0602042 my;,+my, (GeV/c?)
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Higgs mixing and radiative corrections
(h) B (—sa ca> (Reh%) —m/2<a<0
H) \ ca Sa) \Reh, at tree-level

Co Sa\ (MZ M52, Ca —Sa\ (M7 O
(—sa ca> (M%l /\/@2) (Sa Co, >_ ( 0 Mﬁ)
M%l _/\/l M3 sin? 3+ M2 cos* 3 —(M3 + M2) sin 3 cos 3
(M%l M )tree ( —(M?% + M3z)sin Bcos 3 M3 cos® 3+ M sin? (3 )
assuming tanf>>1 for simplicity
» decoupling (SM-like light Higgs):
Mg >>Mg: ME >> M3, co~1=sin(8—a)~1(a~0)
=» non-decoupling (non-SM-like light Higgs):
My~ Mg :if M3, < M%, = co ~0,sin(8 —a) ~0 (o =~ —7/2)
M2, < MZ2,: never at tree-level but easy realize at 1-loop!
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Suppression of ZZh cou

Mp=105GeV tan B—

pling

L 3 '''' S o AL B L B
g Tt~ 02 ~. .03 7
a 2 sin(B—a) = 0.1 T~ R ,’
> 1 el oo
& 0 e
= -1 0.1/,#,,#“”"”/,/’/’// \\ E
_2 - //// /// \\ =
-7 e \
_3 02 - - 0.9 2
4 T 0.3. E
_5 ......... Lo Sl Lt Lo b i T
-5 -4 -3 -2 -1 0 1
2 2 2 2
(M7= M5)/(M 11— M2o)iree
~ . 2 2 9
Mg ~ Mz : why M7, < M3, is easy" W o s

Sytv 56 A42
» the lightest neutral Higgs is mainly h_and ) ,/\/l22 ~ In —5
t
2 2
M2~ M2, M2 ~ M2, and M2, < M2,

very different from decoupling 'standard’ scenario!
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Sample point as an example

tanﬁ MH+ % At Ml/MQ M MQ

40 130 | 600 | 600 | 100/200 | 300 | 300
> tree level: » loop corrected:
C[(101)2 —(22)%] > | (86)F —(38)
M = {—(22)2 (91) } M= {—(38)2 (119)
sin(3 — a)) ~ 0.98 sin( — a) ~ 0.22

]
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Suppression of ZZh coupling

M,=105GeV tan p=35

3 IIITI‘_..IIII IIIIIIIII | IIIIIIIII |II \llllll IIIIIIIII I IIIIIIIII
— b
\ .
~

2 L =900 GeV

-~

700 GeV it =
A, =750 GeV ~

2 2
M12/| Mi2l tree
[S—

—~1 3
2 s:n(B—oc) 0.1 \\
-3 0.9

0.2
—4r - 03 -
_5 ......... Loy & o ddy NIRRT TEETTY & 0o% s by Y R TRRY | & 695 3 ¥ 033
-5 —4 -3 -2 —1 0 1

2 p 2 2
(Mi1— M2)/(M 11— M22)iree

» additional ‘help' from |A;|, u > 400 GeV is important!

3y v?ss . M N yiv sy X, A, AN viv?st o \*
872 m? ) 3272 M3 M2 3272 \ Mg

- 42
OM35y =~
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Suppression of the lightest Higgs mass

1 10 A -

100 _ S~ L =500 GeV

90 ;_70 )y GeV

Mn[GeV]

900 GeV

80}

70 _ tan 3= 35
- M, =105 GeV

—600 —400 200 O 200 400 600
At [GeV]
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MSSM pararmeter scan

Parameter space,

CP conserving case

Constraints

parameter | lower limit | upper limit

tan 3 1.1 50
Mg+ 100 200

L4 -2000 2000

My 50 500
M, 50 500

M3 50 1000

Ay -2000 2000
M@Q3 300 700

LEPII ZH and AH constraint H = (h, H)
g%ZH X BT(H — Izb) < FZH(MH)_

95 zn X Br(A — bb) x Br(H — bb) < Fap
9%, X Br(A — bb) x Br(h — bb) < Fag

Mxli > 100, M; > 100, M3 > 270 GeV

Color breaking constraints
A} < 3(Mdy + Mgy + 2 + M3,

APSUSY <2x 1073

CpsuperH is used

b — sy SUSY constraint:
|[ABr(b — sv)| <1 x 1074

(Lee,Pilaftsis,Carena,Choi,Drees,Ellis,Wagner)
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Scan Results: ~50 GeV light Higgs boson is allowed!

H(GeV)

excluded by: W LEP2 Zh search B LEPZ2 Ah search LEP2/TEV SUSY search
the color breaking constraint
allowed: "M <M, M>M,
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Key-point: SUSY corrections suppressing

7tH and bbH couplings in non-universal way!
(Carena,Mrenna,Wagner;Borzumati,Farrar,Polonsky; Guasch,Hollik,Penaranda)

3 0.95 3 0.95 - 2 0.95 v
709 T 09 & T o9f
S 0.85F S 085 M = 0850
T osf Y] 5 ] 9 osfr
T P ; 2
075~ b 0.75 < i 0.751
a) 0.7p< ) 0.7 - C) 0.7+
0.651— 0.65+ R 0.65
0.6p  rRTEERAAeS 0.6 T 0.6
-ﬂ,55 ol I I | ':fr'r.;'f il A {155 =, F] ; - .T 055 » =15 LT i
0 500 1000 1500 2000 0 20 40 0 200 400 600 800 1000
u(GeV) tanp M, (GeV)
& = ruvp
N = mp + 0myp =
o =4 1+ Amb
e
A
i;:_ A 200 S ( M S) . " 6
2 (Amsp)susy—qop X 3. g ptan
. my M2R~ ~ my ‘n'{{if‘i' ~
br, -8~ br -
b,/ v bg b, [ v g
> . ) - - ——K— -
g H, H,
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Key-point: SUSY corrections suppressing

7tH and bbH couplings in non-universal way!
(Carena,Mrenna,Wagner;Borzumati,Farrar,Polonsky; Guasch,Hollik,Penaranda)

3 3 095 - 3 095rrer
=] 2 a9l : 2 pgob
1 (N | it T ™
£ £ 085f s S 085p
D peli Y] B I ¥
: VT Pl i 1
b 075 .i 075"
a) 070 AT ) 0.7 } C) 0.7p=
-~ AR ' 0.65(= — 0.65—""
0.6 ";; o '_:.i 0.6 € it o T e
0.55 21 ol I8 055 : R e g
0 20 40 0 200 400 600 800 1000
tanp M, (GeV)
ruvp
mp + 0my, =
1+ Amy
A 2&5(Ms) ) " 6
(Amp)susy_qep X +——5— Mg ju tan
my M} my Mg
BL//®‘\BR }:R,’@“\EL
b,/ v bg b, [ v g
> . ) - - ——K— -
J H, H
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895
[a—

10

10

LHS sample pomt

]

H H —>bbbb

25 50 75 100 125 150 175 200

my,+my,, (GeV/c 4

t
: LEP 2N (B}
- (b) ; ;
_ Vs = 91-209 GeV _
I H—bb 10 _15_ .............
ete”— HiZ z_f =
3 E (I —
[ of
- + 10
el I T S A I -4f
20 40 60 80 100 120 10 =52 g™ 5™ 106125 150 175
mHl(GeV/cz)
tan 3 | My | u | Ay | Ma/My | M3 | Mg
40 130 | 600 | 600 | 100/200 | 300 | 300

My, /Ma /M = 84/101/120 GeV
Br(h/A/H — bb) = 0.71/0.70/0.62

9% 7, = 0.05, 9%, = 0.94, M, + =196 GeV, M, =138 GeV
Ap=0.9%x10"3, Br(b— sy)=29x10"*
ozn/0yy =0.04, oap/o5; =04
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LHS pararmeter space versus LEP2 constraints

SS’S
[—

LEP
Vs = 91-209 GeV

10

L] 3 :* '4_ H [ i H

T N T P P T T T
20 40 60 30 100 1220 10 0 25 50 75 100 125 150 175 2_?0
m. (GeV/c") m,,,+m,,, (GeV/c")

10

Alexander Belyaev "MSSM light Higgs boson scenario”, FNAL, April 12, 2007 21



Associated production of Charged — Neutral
Higgses would a perfect test of LHS

®» Jarge WH'h coupling scenario makes H'h (H'A) associate
production very special: complementary to LEPII

1 for A, cos(8 — «) for h

» Jag+w- = 1 :does not depend on SUSY
parameters at tree-level
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H'A signal rate

o(fb) . | | | | | |
= +
”)3 xfkuo- (pp7 pp — AH ) NLO

-
i e
ST LHE
| - )
| T .
% e g
L e Mg e
] Ea, b P
'\. - = " s

o
o

. B B e
H . e
i e,
i g +

e ey
o n AH

- AH "\ AH

i . = - \ |
0 Tevatron \ :

00 200 0 400
M, (GeV)

Q.-H. Cao, S. Kanemura, C.-P. Yuan
hep-ph/0311083

NLO QCD correction is about 20%
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Signal / background stucdy

> qg - W* - A(— bb)H T (— 7-+u) process
» bbb Er signature

» backgrounds, cuts .

qq’ — W+b59 qq’ — tEa
qq — tt, qg — q'tb

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww

» P_-dependent b-tagging: e, = 0.57 x tanh ( p% )
=» basic cuts:
Pr(b,b,7") > 15GeV, |n(b,b,77)| < 3.5, AR(b,b,7") > 0.4

+ veto for jets and leptons in the central region:
pr(lepton) > 10 GeV, and |n(lepton)| < 3

pr(jet) > 10 GeV,and |n(jet)| < 3.5
®» hardcuts: Fr >50GeV, pT >40GeV, |my; — ma| < 10GeV
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Tevatron/LHC H'A production rates

pp(pp) — H' h(A) — t*v bb — n* v vbb rates in fb

200 -
5 190 Tevatron : 3,1
8 180 - o 53
= 170 ¢ 04
34
S j20 - 03
130 ] 0.19
120 = — 7" LHC is sensitive
200 o to~1fb level
e Wi 7  rate for this signature
170 - ¢ with 100 fb
e 19 integrated luminosity
140 14
;gg 3 N s 1%
50 60 70 80 90 100 110
M, (GeV)
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10 fb! and 100 fo'LHC reach for H*A production

Significance contour of AH /hH'

= 200 0 < 200
o ) : o

§ 190 10 b 1§ 19

1 180 2 : 180

= 170 3 =qn

160 .5 160

150 6 150
4

140 8 140
130 9

120 >10 :g

60 80 100
M, (GeV) 60 e Ilgj’Ge V)
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10 fb! and 100 fo'LHC reach for H*A production

Significance contour of AH /hH'

~ 200 = 0 ~ 200
& 190 17 & 19
2 180 2 3180
J =
= 170 y/ 170
160 |5 160
150 g 150
140 8 140
130 g 130
120 >10 120
100 150 100 150
M,(GeV) M,(GeV)
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Projecting on to tanfl — M, plane

H'A—

| r r
CMS, 100 fb™"
: no stop mixing B <
50| | H=— 1, 104 pb Lo ciag i
[ 4 H*— tv
o 20t o = =
% - _ o _ A,h—'grt—vh*+h‘ a.10% pb'1
1 O ‘ . = “' ] ku A.H‘h-.—': T u‘? t+ hi+:{ a1 Od pb'1_
E _r‘ o ‘ ] “h.H.A -1t —setth{ i
- hA L/ - ]
5k d Whi fth - vyf = _1
|I Y ﬂ ~ h— Y . .
LEP Il |
| 5= 200 GeV
o | H 22,221 - 48°f Ay 2] ~7h i
4'“‘ ~ | A Zn10%pbT
1 L il ] ; | ] R N N S
0 100 200 300 400 500

my (GeV)
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Further LHC prospects for Yukawa enhanced processes

Yarssa/Ysar X/ Bryssa/Brsyr < tan 3

5 50 = 5 SprT T 7T T T

9 455 = S 455 =

F - - = £

- = < : Bz
- EN S
y 2BE = g 5=

. 20F = © 20F ”

15 A = 155 =

10 o 10- =

55 i = 55 S =

0 =SV SO T I, | g A = 0 == [ I P ot e

50 100 150 0 20 40
MA(G‘E'V) tan}

using tanf introduces model dependence!
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Further LHC prospects for Yukawa enhanced processes

Yairssar/Ysar X /Brussa/Brsar < tan 3

% 50 = L E % 50 S — —T
§ 45t = § B
2 = = £ e =
g A= =R E
§ 351 = § 35E- 3
= 305 =+ 5 30 =
3 = B = 3 25 =
© 20 &= 4 ©  20- =
15 g - 15 -
10E- o 10 E
55 B = 5 -3
OEI T O [T BT BT ti = 05 g JEaly el
50 100 150 0 20 40

MA(GEV) tanp
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LHS: features/consequences

» Light MSSM Higgs ~ 50 GeV mass is allowed!
» Light Charged Higgs

* small ZZh coupling and large WH™h coupling
» Intermediate — large pand A,

* Large u>0 and intermediate-heavy gluino provide

non-universal corrections to tau and bottom Yukawa
couplings suppressing Br(H->bb)

®» Intermediate-high tanf

* provides futher suppression of Br(H->bb), in agreement
with b->svy. Light stop and charginos!

» H*A : LHC covers the whole LHS parameter space, suggested
process is independent of tanf3

» Correlation with Yukawa-enhanced processes, ILC precision tests
» Important tests from B-physics experimets!
» Different look at fine-tuning problem (especially for ~90 GeV M )
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Neawy

BELLE results: charged Higgs constraints
consistent with Lh scenario!
B(B—T1v)=B(B = 1V)gMm X g
2
rg = (1 - —Btan?p)2 —p 75 = 0.67
g
B(B — mv) = (1.06

+0.29
—0.26

0.34
fo.zs (stat)

SM : B(B = mv) = (1.5

+0.18
—-0.16

9+ 0.40) x 1074

(syst)) x 10~4

1.5

| T T | 30’0_| T T T 7 T ] T 1

250/

H

o]
|||8|||

—

H* Mass (GeV/c")
2
| I

0.5

N
Q

Illgllll

Excluded (95% C.L.)

=

LEP Excluded |{95% C.L.)
I b

50_|||||| L
0 40 60

03 80 100

20
tan B

95.5%C.L. exclusion boundaries

Koji Ikado FPCP 2006
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Tevatron reach for H'A production

Sianificance contour of AH' /hH’

200
0 = 0
0.2 G 190 0.2
o3 o
.- ~fog S 170 0.3
At ! s 1.2
- 50 1.
1.4 = 1.4
1.6 14 1.6
1.8 130 ' (1.8
o 2 120 = L I L 2
60 80 100 100 150
M,(GeV) M,(GeV)
Event-number contour of AH' /hH"
N 200 0 N 200 0
t'.:i 190 0.2 t‘g 190 0.2
"1 180 0.4 2 180 0.4
= 170 g:g = 2 g:g
160 1 160 1
150 ;i 150 ;g
140 1.6 140 1.6
130 1.8 130 T’LE
120 2 120 1 2
60 80 100 100 150
M, (GeV) M,(GeV)
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Significance contour of AH'/hH"

10 o

Event-number contour of AH /hH*

N 200 0 N 200 0 N 200
& 190 (a) 1 & 190 (b) 4 1 & 190
3 180 12 2 180 ¥ 12 2 180
= 170 g = 170 : g = 170
160 5 160 |5 160 .
6 6 ;
150 A 150 i 150
140 8 140 8 140
130 9 130 19 130
120 B 1 L 1>10 120 . 1 | Li=>710 120
60 80 100 100 150 100 150
M, (GeV) M,(GeV) M,(GeV)
= 200 200 < 200 = 200
s 0 s o S 0 S 0
§ 100 @ 11 dwmE @ SfI Ew o I §wE w S
3 180 12 3 180 12 2 180 12 3 180 y 12
170 :g = 170 :g = 170 :3 = 170 :g
160 rg 160 g 160 5 160 ) g
I | . o |6 4 I
150 1% 150 i 150 e i 150 _ i
140 '8 140 8 140 ap 8 140 i
130 9 130 |9 130 " 9 130 |9
120 Bl a1 1>70 120 A 1 | U>10 120 Bl 1 l>10 120 = 1 1 Ji>10
60 80 100 100 150 80 100 100 150
M, (GeV) M,(GeV) M,(GeV) M,(GeV)
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Significance contour of AH /hH' Event-number contour of AH'/hH"
N 200 0 N 200 0 < 200 0 N 200
& 190 (a) ﬁ 3 & 190 (b) &3 8§ 190 (c) 30 & 190 (d) ﬁ
3 180 g 2180 vl .-g 3 180 :% 3180 I
= 170 192 = 170 it s 170 120 =m0 i’ i
160 | }g 160 I ;g 160 | ;gg 160 e I
150 155 150 125 150 210 150 >
140 124 140 124 140 11240 140 ; ;
130 |27 130 |27 130 1270 130 |
120 i1l 111 )30 120 1 | 1 >30 120 1111 1 11 11=300 120 1 | i
60 80 100 100 150 60 80 100 100 150
M,(GeV) M,(GeV) M,(GeV) M,(GeV)
%200 o %200 ’I" %2m 3 %\200 y
o 190 (e) 3 <] 190 (f) I3 o 190 (9) 10 <) 180 (h) 4
2 180 g 3 180 .-g 2 180 gg 2 180 B
= 170 172 = 170 72 170 170 = 170 i
160 15 160 115 160 150 160
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150 5 150 155 150 % 150
140 124 140 124 140 180 140
130 27 130 27 130 90 130
120 Ll i1 }30 120 i L | 1 >3O 120 [ T | i1 =700 120 L | 1
60 80 100 100 150 60 80 100 100 150
M,(GeV) M,(GeV) M,(GeV) M,(GeV)
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MH' (GeV)

tanf
Br(h—bb)

M, (GeV) M, (GeV)
excluded by: B LEP2 Zh search B LEPZ2 Ah search

the color breaking constraint
allowed: "M <M, uM>M,

' Results

u(Gev)

9zzn

50 100 150

M, (GeV)
LEP2/TEV SUSY search
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