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Introduction

In the MSSM, the SM-like lighter scalar h is expected to be found
in several decay channels in the region of large m, and tan

To best disentangle between SM and MSSM,
the heavy bosons, A, H and H: should be looked for !

Couplings to fermions and weak bosons (when compared to SM)
lead to specific MSSM Higgs search strategies at large tanp

Gouu 9odd 9ovv , :
, , , - suppression of HZZ/HWW couplings
h  cosa/sinf  -sina/cosp sin(B-o) . - absence of AZZ/AWW couplings

H  sino/sinB  coso/cosp  cos(B—o) - enhancement of ¢dd (d=t,b..) couplings
A 'Y5/Tan[3 Y5 TGnB 0

— Importance of decays to t's, H/A/h -> 11
and production in association with b”s in gg->bbH/A
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MSSM parameter space and mass spectrum

LEP-type SUSY scenario assumed (for most of the LHC studies):
M, = 200 GeV/c?, u = -200 GeV/c?, My, = 800 GeV/c? M

s uar'k,slegfon =1TeV/c?
No stop mixing (X; = 0) or maximal stop mixing (X; = 2450 é

tanp

eV/c?)
_ . . MSSM Higgs boson
LEP exclusion LEP exclusion with mass spectrum
with my,, = 175 GeV Myop = 179.3 GeV with maximal stop mixing
Maximal stop mixing ? I I I I I i - I ‘| I T I T T T T 300
=] Maximal stop mixing
\m - Msusy=1GeV e =0
; 10 new fop mass from
10

m, = 125 GeV/c 2

CDF&DO Collaborations:
hep-ex/0404010

H. tan fi= 20
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Mass of the lighter scalar h with two-loop/RGE-improved radiative corrections:
m,Mx = 113 (116) GeV for no stop mixing

my,"x = 127 (132) GeV for maximal stop mixing
with m,,, = 175 (179.3) GeV, Mg = 1 TeV
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Heavy neutral MSSM Higgs bosons H and A

8 Snirg: programs G G
~# (CP-evenh, Hscalar
production at LHC

) deir [5= 300
Hib Mavdrial milxiing

Production through gg->H/A and gg->bbH/A

Associated production gg -> bbH/A
dominates at large tanf

-> b taggging can be used to suppress -
Zy*, W+jet and QCD multi-jet backgrounds g I
leading to real (or fake) tt pair production R ‘
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Branching fractions at large tanp (>10): . (Ge)

BR(H,A ->tt) ~ 10%
H,A — bb dominates
-but background reduction difficult, - *
not yet shown to be really useful
BR(H,A -> pp) small ~ 3x10-4 b «

- but precise mass measurement possible | =

Branching ratio
\]
q

At large m,, sensitivity to SUSY parameters K\ 27 0t
(M and M2) due '|'o opening of H’A -> XX decay mOdes oo oo e
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ag->bbH/A, H/A -> 1t channels T

1Yy 70 v
Final states from H,A -> 1t: v;& f

2 leptons, BR ~ 12.4% v
lepton + t jet, BR ~45.6% T2
2 1 jets, BR ~ 42% p e G P

7 jet = hadronic t decay b je% \\‘
Backgrounds from b Jet

Zy*-> 11, tt, W, W+jets, bb, QCD multi-jet events

Challenges with 1t decay modes:

- Suppress the fake t's from hadronic jets
(QCD multi-jet, W+jet backgrounds)

- Trigger on fully hadronic final states, 2 1 jets (also at low m,)
- Reconstruct the Higgs boson mass from E,Mss + leptons, jets

Hadronic jet suppression (at trigger level and offline) is based
on narrowness and low multiplicity (1 or 3 prongs) of a t jet
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Hadronic Tau trigger

Requirements: 3(6) kHz output rate at Level-1 at low(high) luminosity
Reduction of hadronic QCD events by ~103 at HLT

Level-1: Narrow hadronic jet Level-2: Isolation of the jet core
in calorimeters (AR < 0.13) in the fine-grained

EM calorimeter
12@

el 1.2 H H T T H
>_f~ F avénts| padsad Lvl-1 Tou trigger |
‘-F". 1.1 ;.LLO'EI_TELII d'#lii: oni first L¥2 Calo jet
N |
T 0.9 | Efficiency Vs
> : isolation cope nadius
g 0.8 [
S 0.7 P M.=2C!DM
=] : @ M=500 GV
= C.
= 0.348 S g L=2x10"cm s’
C =2y cm
= 0.5 [-%
-3
0.4 L

- : 0 0.10.20.30.40.50.60.70.80.9 1
Jet finding region +(QCD bkg 50-170 GeV)

given by Lvil-1 trigger
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Level-3 Tau trigger

with isolation in the Pixel detector or in the B Tt
full tracker (Pixel + Silicon) o
signal cong R ¢ =
Method: <
- Reconstruction of tracks around the Level-1 jet direction in §
the Pixel detector or in the Pixel+Silicon tracker E
Small signal cone (AR = 0.07) around the hardest track g ¥ e
Larger isolation cone around jet direction TR e
g /8
g /o
Efficiency (QCD vs H->t1—> 1/3 prong jets) _‘53.‘3“9
as a function of the isolation cone size P T
gﬂuéz HLT efficiency forl Hi—> 2#i—> 2§
:, GG % L2 Cole+-Pxl, =2x1%033(!l‘1‘1-z$-' H—>TT_>ZT JeTS, m :200 Gev:
T F Ry=0.07, R, is varied D.2H0.5 . g H
©0.55 Friogyh gathe Signal efficiency for a QCD background
T 05 f T suppression of 103 at L=1033cm2s!
3 0.45 [ Pimt=5i6Cavar
g 0.4 L Mi-tHoo-opv- HLT path eff. cpu[ms]
D035 [t Mi=HOO Gev- Calo+Pixel 0.41 59
S 034 Calo+Tracker 0.45 130
% 0.25 (5P e
0.2 © — —
13;(::00 bkg 50-170 GeV)
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Hadronic t identification

Algorithm:

- pt (leading track) > 40 GeV in a jet with E > 60 GeV

-two other tracks, p> 1 GeV, allowed in a small signal
cone of Ar < 0.04 around the leading track

- isolation of the signal cone in a larger cone of AR = 0.4

QCD jet suppression ~ 1000
T jet efficiency ~ 30% for m, = 500 GeV

T -> 3 prong decays can be used too ! S S 2'00'255{ 50 550 0
Jet e

Further methods exploiting T properties

200
c_. | ocooes Signal (Mh = 200GeV) [Track Only]
180 :_E‘E Signal (Mh = 200GeV) [Track + Cluster]
T TGQanq WITh mass 150;55 ------ C!CD[SO_BOGEV][TrLLkOnIy] ]
o N 140 i—:li QCD (50_80 GeV) [Track + Cluster]
Reconstructed t mass for il
3 prongs and h* +nn° final states w0l
H->tt—>21 jets, m=200 GeV “F
. 40
and for QCD jets af
% 05
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Methods exploiting t lifetime: ¢t ~ 90 um

Ts from H->tt with my; = 200 GeV travel ~ 5 mm before decaying ->
Z -> fand QCD multijet backgrounds can be suppressed by

1 tagqging with impact parameter R T
.. . S % - ‘l"j;i' o~ =500 GeV
combining impact parameter measurements to g T s A= 96 5 :: -y |
10 — el
((Glpﬂ)2 + (G 12)2)1/2 % 7.:‘-:"—-— e Mu=200 Gej fili
in two T's forl and 3-prong T's i + . T
. ‘ Qcojj #-a " ny
-> QCD di-jet suppression further by ~9 ©E Z%JT s T
for ~60% signal efficiency i T o oo
. |
10 ol b b b by 1y r@d 0 Ly L

(o] 2 4 6 8 10 12 14 16 18 20
Glp(rl)(-Bclp(‘cz)

Secondary vertex reconsruction in 3-prong t decays

- : et we——| ' P
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lii o, TNNCETE _\. YT | > 0.9 , Y
g 085 - o
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Higgs boson mass reconstruction in H A -> 11

Assume v's emitted in the two t directions given by the visible decay products
(leptons, hadrons), project E,™ss on the two t directions to give F - F -

—jet
lepton missE
my = (ZETIETZ(I_COSOW))I/Z \M
_ _ '||'| / :
Erl - Eje'r * Ev ' Erz - EIep‘ron * Ev
Recoiling jet
- Resolution and reconstruction efficiency sensitive to E,™ss measurement
- Resolution depends on A6_. as 1/sin6_,

03"%CM‘SM|‘|"[‘
Mass reconstruction in H->11—> 2 1 jets: o | e o]
g—f’o.zsl e’ + u + E| N
glm _, | Entrima] 73 B ]

g m'm;m 7 ) ~ C L Ad.< 175° ‘
é:: 1] a5 s Resolution for g 0'2; lepton + 7 jet + E,2°
ol i door g My = 500 GeV: T~ —
r L » N 015 4 = =
i | E: 260 Getl o/« mH>~15A> i ]
o e yith A, < 175° e
2 c '-,ﬁ-ljn,m:qnm G o“/&WT jets + E™™
o A I D.P__-. i T1,T2 - 1
%00 Jm o0 %ﬁ%mu 00l T

M. Gel 100 200 300 400 500 600 700 800 900

Mitiges (GEV)

Best resolution obtained with fully hadronic t final states
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Events/10GeV for 30 fb™

Discovery potential for H/A -> 1t

Background suppression with
lepton isolation in ep and # final states: bb background
hadronic t identification, lepton+jet and 2-jet final states: QCD multi-jets, W+jets
b-jet tagging: Z-> 11, QCD multi-jets, W+jets
T tagging with impact parameter: Z->/, QCD multi-jets
central jet veto: t+ and Wt backgrounds

Signal superimposed on the total background in

: , _ two-jet final state 60 fb-!
e-u final state 30fb! lepton+jet final state 30 fb-!

— T T 7
A,H%TT—)twojetSnL)i

e}
I

>
()
£ - ©
45— £ 40 o -
. ; = E CcMS N m, = 500 GeV
F H/A —> 77 —> eu+X 5 350 o ) o~ 8- tang = 30 7]
- B &k Hg gy—>Tt—=l+Het (+X) T_o ) )
F with b—tagging < 30 _ 2 = with b tagging
0 E M. — 200 GeV 3 ¢ m, = 200 GeV/c S
= tan@ = 20 g 251 tanf3 = 20 O
26 E C Gauss+2xLandau ©
- < 20— Entries 272 "
= 5 £
20 |— > = Mean 206.3 -+
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= 15 2, o
R F %2 / ndf 16.42 /17 =
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Helicity correlations in HA ->tt—>21 jets

a possibility to suppress further Z,y* background?

"c -
< —> —> <
. T LT 1% 1
v v Vv Y

Two possible spin configurations:

H(A) -> tt Z ->11
T helicity LL LR
RR RL
T polarization +- ++

Expectation:
H(A) -> Tt
Z->1T:
where AE(t)=E,. -ZE,

R. Kinnunen
Helsinki Institute of Physics
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LT, T LTS T
< < —
T, T U I | A
.V v, v v
t(+pol) -> hard n*, p., q, soft pg.a;
t(-pol) -> soft n*, p, q., hard py.a;

AE(t,) large and AE(t,) small
AE(7,) and AE(t,) small or AE(t,) and AE(7,) large




bo discovery potential for the heavy neutral MSSM Higgs bosons

@_50 ———t L L L | LS 7 | L | L | L | T T
s I < 1
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40 |+
-~ <<y S s
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Reach sensitive to SUSY
parameters (L and M,)
at large m, :

Reduction of the H-> 1t
branching fraction for smaller
u and M2

-> enhancement of H,A->yx
due to lighter gauginos

Enhancement of the H-> 1t
branching fraction for larger
W and M2

-> reduction of H,A->xy

due to heavier gauginos




H production in weak gauge boson fusion
Production characteristics:

- the final state g-jets from qq->qqH are energetic and distributed in the
forward regions

- no jets expected in the central region

9 1 = s
74 2 5 in 1 events

» H o

z jetsinqq->qqH _=

q / q /T' e

Forward jet tagging and central jet veto can be used to suppress the
QCD multi-jet, W+jet, Z+jet, y+jet and tt backgrounds

(mo K-factars)

Signal signilicance
|

qq -> qqH important for the SM Higgs boson
searches with H->WW ,WW* yy,7t decay modes,

in particular in the region of small (<120 GeV)
and large (>500 GeV) m,,

R. Kinnunen
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H -> tt -> 2 leptons, lepton + t jet in weak boson fusion

Backgrounds from Z+jets, W+jets, 1+, WW
suppressed with forward jet tagging and central jet veto

The electro-weak qq->qqZ/W background is irreducible but initially smaller then
the QCD induced ones

Higgs boson mass can be reconstructed from visible t's (jets and leptons) and

E,miss with collinear neutrino approximation

Further background suppression with
x, = p(t decay products)/p(t reconstructed) os

thxrl > O

lepton+t jet final state

a
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T

Events for 30 fb™ / 5 GeV/c?
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qg —> qgH ]
H — 7°7~ —> lepton + 7 jet]
My = 135 GeV/c*
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CMS, 30 fb-!
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qq ->qqH/h, H/h->tt in MSSM

qq->qqH/h significant near the lower (upper) mass bound of H/h

B NI proorame ior A =l e : .
T ¢p =l # CP-evenh, H scalar S0 :" CMS, 30 fb™
I production at LHC w il EE R mEs
AT ) tan [3= 30 g qq — qqH/h
E 10! Hib Maximal mixing 20 H 2 .
E - 1 .
o y ?‘: e _"”"“"“51;51'2:75&:'?::5
; 1.3..._I_J’ R h— 't — lepton + 1 jet
_‘ __ .
Y
J'HJ s
wed
In this region, H/h is SM-like s . - .
-> discovery region c.a.lcula‘red oTmoEmeoEwe S { é‘:w‘:é';“
from the SM sensitivity A

Large coverage in MSSM with qq -> qgh, h->tt already with 30 fb! |
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Charged MSSM Higgs bosons

Production:

- in t1 events with t -> bH* if my, < m,,,
- through gg -> tbH* if my, > my,

For my,, > my,, no need to detect the associated b (at large rapidities) ->
gb -> tH* can be used

Decay channels
My, > My, BR(H: -> tv) ~100%
m. > My, and large tanB (>10):
H: ->tb dominates
BR(H: -> tv) sizeable ~10%

Branching ratio

Advantage with H: -> tv, T —> hadrons+v:
Helicity correlations can be exploited :
to suppress irreducible backgrounds
from tt, Wt and W+jets with W->tv
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Helicity correlations in H* -> tv and W* -> v

\Y% +
— H T Vo wr ——
v Vv

v T+ TC+ Tc+ T‘l‘ E——

Harder pions from H* -> ttv than from W* -> ttv
(through T —> v and the longidutinal components of p and q,)

éz,sf— - =

Suppression of backgrounds S0}

with genuine t's from W->tv 575}

with a cut in pr/E" Jet =

Efficiency with pr/E7jet>0.8: <75

Signal, m,,, =400  ~45% o

tt background ~2% 7 |

(fast simulation) o, .als
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Ht -> tv, T —> hadrons+v_for m, < my,,
in Tt events with t; -> bH:, t, -> lep’ron +qq

Background from tt, Wt, W+jets

Background suppression with p®/E* ief cut, lepton isolation, b-tagging,
top mass reconstruction
H* mass reconstruction not possible, signal as an excess of t°s in tt events

t ->1v,7—>hadrons+v_for m,,_ > m,,
in fully hadronic events from gg- >TOH:

Background from tt, Wt, W+jets
Background suppression with p®/E* ief cut, E,miss cut, b-tagging,
hadronic top mass reconstruction, central jet veto

E,miss (mainly) from H: -> tv: transverse mass m(t-jet,E,mss)
can be reconstructed with an endpoint at m,,,
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Transverse mass reconstruction in tH:, H:

Quasi two-body decay between the 1 jet and 8. ]
E,mss in fully hadronic events -> 2 tonét = 40 E
almost background-free situation in m(t-jet E,mss) 2 E
sfl Ad(T-jet E,Miss) -

, . . - ) L I mSineetT
CMS, Ad(t-jet E miss) > 20° ATLAS, Ad(t-jet E\MsS) > 570 o0 0 s 65750 100 120 150 66 150

" . Dp(T jet,E™ de
gb—tH", t—jib, H —tv o (7 J ") (deg)

[
(o]

o3 T T T T T = P T T Barkbromnds

~ r + + ] Y E . =ememe Backarounds ]

> pp = tH™ + X, H™ — 70 A -jet vela 3

8 25 ] a, F | pyiet = 100 GeV ]
o mH+=200GeV/c2 1 o 3:—” Y |]mm-_>|([](m\ - F 5:|| LI B B B L N B B L L B L
o tang = 30 4 s 7E Ad > 1.0 rad 3 45 E e gh —+iH, t—> i, HY =1y =
g i 1 Q 3 3 = 4 Emgh—3tH"—>Hb 3
ﬁ 15 | 0 my, =250 GeV ] E 4 E_- .F E
Pt Background SE tanfs=40 ; x5 E 3
L0 . 1F E 3| tew=as _

12/ 5 . E iy, =500 GeV ] e E
S Signal IF 3 25E / E
:>j s 9 > E /;nﬂH-..jn 3 o z_ F_._-' ATLAS_
ob . 1 . e ‘ FE 3 L5 E
) 50 100 150 250 300 p Ealit by T ] i E ! E
m(T Jet E{“"’) (GeV) 100 200 300 400 300 600 3 E
m.(Gel') s E o A7, L=300/™
2 FEM SN Feny
g (e
Precision of m,,, measurement from m(t-jet E,miss)
. . . . . o
with likelihood fits: Am,,./m,, ~1-15%
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tanp

Discovery potential for charged Higgs bosons

Production in qq' -> H* ->tv
large background from qq ->W->tv

H* -> tb in gg->tbH

50:$~||||| TT T T[T T T T[T ONT [T I T T[T T[T T [TTTrTTi - _ModeStmaSSreSoluTion

- ) - Difficult backgroud
a0l ] suppression
30 |- ]
o CMS, 30 b B

B i = -200 GeVi/c 2, M, = 200 GeV/c2
10 A, =\6 TeV/c?, My,sy = 1 TeV/c? _]

b i Background determination

—l i [ I l“l‘ P(Filuﬂp¢ PY|LﬁPl A l i B i l 34 1 2 I | i I | i i A i ;4 (— uncerTOlnTles Impor‘TanT

100 150 200 250 300 350 400 450 500 550 20813
m,(Gevic?) Discovery for tanf~50 with 30 fb!
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Measurement of tanB in H -> 1t from event rates
At large tanp oy ~ tanB ¢ x f(m,), BR(tt) ~constant

AtanB/tanB = 7 * ((Ns*Np)2 / Ng + AtanB ;)

. . e
Atanp g consists of: | o S E————
- Theoretical (scale) uncertainty about 20% s “F u=3ggoegwc/2 -------- Hgyoy—> eI
. . S b M= evic?
for 6(gg -> bbH) with NLO calculations S maciTevie T MeusyoTeoewil
<

35? Stat + L + oxBR + m errors

- Luminosity uncertainty AL/L ~ 5%

- Uncertainty of mass measurement,
preliminary estimate 5%

- Uncertainty on event selections ~ 3%

30
- AL/L = 5%

Acl/c = 20%

ABR/BR = 3%

25
20—
15

10—

_ ra T T T T
E 9FEw gh—MH LDl K —Mrp - - x
%&_5 z_ _; O0 100 200 300 400 500 600 700 800 900
3 sf mu-2sce# 1 Theoretical uncertainties m,(GeVic’)
i5 E - H
S ATLA% nhot includes
“E f Event rates (branching fraction) sensitive to
S5 E L son 3 SUSY parameters, uncertainty due to
BRE I parameter measurement not yet included
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Conclusions

The main discovery potential for the heavy MSSM Higgs bosons H and A
is through the H/A -> 1t decay modes, with 7, #jet and 2-jet final states,
in the gg->bbH/A production at large tanf

The most probable discovery mode for the charged Higgs bosons
is the Ht -> tv decay in the 11 events for m,, < m,,, and in the
gg -> tbH* production for my, > m,,, .

Advantages with 1°s:

- Leptonic and hadronic (including 3-prongs) decay modes can be used
— 1 lifetime can be exploited in H/A -> tt with impact parameter
or flightpath measurements
— T mass tagging may be used
- Helicity correlations in H* -> tv (and in H/A -> 1t ?) can be used to
suppress backgrounds from W->tv (and Z->tt ?) decays

R. Kinnunen 2004 LHC Days in Split
Helsinki Institute of Physics 5-9 October, 2004, Split, Croatia




Conclusions (cont.)

Requirements for efficient use of t's in the search of MSSM Higgs bosons:

* Triggering hadronic t decays on lowest possible thresholds is advantageous
* Identification of t's is (largerly) based on isolation:
high reconstruction efficiencies needed for tracks in jets, i.e.
tracker performance is essentiel
 Good vertex and impact parameter measurement precisions for t tagging
- E,"iss measurement precision important for mass (m;) reconstructions
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