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P " Kreis der Minima

The Higgs Boson

» ,Revealing the physical mechanism that is responsible for the breaking
of electroweak symmetry is one of the key problems in particle physics”

* LA new collider, such as the LHC must have the potential to detect
this particle, should it exist.”

» Seems to be possible

ATLAS & CMS studies
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What is new on LHC studies ?

» Many studies have meanwhile been performed using

detailed GEANT simulations of the detectors
- Physics Performance Technical Design Report
from the CMS collaboration
- ATLAS CSC (Computing System Challenge) notes in
preparation, to be released towards the end of 2007

* New (N)NLO Monte Carlos (also for backgrounds)
- MCFM Monte Carlo, J. Campbell and K. Ellis, http://mcfm.fnal.gov _ -
- MC@NLO Monte Carlo, S.Frixione and B. Webber, wwwweb.phy.cam.ar.uk/theory/ Physics Performances

- T. Figy, C. Oleari and D. Zeppenfeld, Phys. Rev. D68, 073005 (2003) e Tkl bt R
- E.L.Berger and J. Campbell, Phys. Rev. D70, 073011 (2004)
- C. Anastasiou, K. Melnikov and F. Petriello, hep-ph/0409088 and hep-ph/0501 130 CERN / LHCC 2006-021

* New approaches to match parton showers and matrix elements
- ALPGEN Monte Carlo + MLM matching, M. Mangano et al.
- PYTHIA, adapted by S. Mrenna
- SHERPA Monte Carlo, F. Krauss et al.,

Tevatron data are extremely valuable for validation, work has started

* More detailed, better understood reconstruction methods
(partially based on test beam results,...)

* Further studies of new Higgs boson scenarios
(Various MSSM benchmark scenarios, CP-violating scenarios, Invisible Higgs boson decays,.....)



Beam energy
Luminosity

Superconducting dipoles

Stored energy

7 TeV

1033 - 1034 cm-2s-"

10 -100 fb' / year
1232, 15 m, 8.33T
350 MJ/beam

The LHC accelerator

.-‘/

First Physics: 2008 L ~ 1 fb-1
2009 L ~5-10 fb
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* Construction of the detector component nearly finished
* Installation in full swing
» Ready for first pp collisions end of 2007 or Spring 2008
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Installation of the first (out of two) ATLAS Endcap Tracking Detector
(completed on 29. May 2007)




CMSeye 28 February 2007 18:23

CMS




Installation of the CMS Electromagnetic Barrel Calorimeter
(completed on 22. May 2007)




Which physics the first year(s) ?

Expected event rates at production in ATLAS and CMS at L = 1033 cm2 s

Fermilab SSC
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First goals .... (2008) (?)

- Understand and calibrate the detector and trigger system

in situ using well-known physics samples

e.g. -Z—>ee, uu tracker, calorimeter, muon chambers calibration and alignment

- tt — biv bjj 104 events / day after cuts
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....prepare the road for discovery

- Understand basic SM physics at Vs = 14 TeV

e.J. measure cross-sections for W, Z, tt,
QCD jets, and events features
(P+ spectra etc.)

tt and W/Z+ jets are omnipresent in
searches for New Physics !

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”

- Look for New Physics potentially accessible in first year (SUSY, Higgs, ...

A

Note: if m; <120 GeV : a fast Higgs discovery may be crucial,
competition with the Tevatron



Combination of several search channels w
and both experiments

95% CL Limit / SM value
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* The expected combined limits are still a factor of 7.5 (m;=115 GeV/c?) and
4 (m,=160 GeV/c?) away from the Standard Model expectation

* However, not all results included yet
(CDF 1fb-1 results at high mass and D@ 1fb-! result at low mass are missing)

« Many improvements have been made during the past year



qq > W/Z + H cross sections
gg > H

Higgs Boson Production at the LHC

HO

WW, ZZ fusion =9

M. Spira et al.

T

o(pp—H+X) [pb
Vs =14 TeV

M, = 175 GeV
CTEQ4M

~10
~70-80

tT fusion W, Z bremsstrahlung

 (N)NLO calculations available for all
signal processes

K factors are large for gg fusion,
moderate for the other processes

Gluon fusion: Kl ~ 1.7-1.8

KE ~ 2.0-2.1
[Djouadi, Spira, Zerwas (91)] [Dawson (91)]
[Harlander, Kilgore (02)] [Anastasiou, Melnikov (02)]
gqH production: K~ 1.1
[Han, Valencia, Willenbrock (92)] [Spira (98)]

WH production: K ~1.3

(QCD corrections from Drell-Yan process)

ttH production: K ~1.1

[Beenakker, Dittmaier, Kramer, Plimper, Spira, Zerwas [01]
[Dawson, Reina (01)]

x larger than at the Tevatron
x larger than at the Tevatron




Decays of the Higgs Bosons

« Decay characteristics are known, as soon as

the mass is known: ¢
W+ Z, t, b, ¢, t......... , 0, Y
H ¢
W-, Z, t, b ct,.... , 0, Y

A Djouadl, J. Kallnowskl, M. Spira
1 T ] T T T T T T 1

Useful Decays at Hadron Colliders:

o
4 =
T

at high mass:
Lepton final states are essential
(viaH—->WW, Z7Z)

10-1

at low mass:
Lepton and Photon final states
(via H > WW*, ZZ* or H — vy)

10-2 =
i The dominant bb decay mode is only
1s useable in the associated production
10-2 mode (ttH, WH, ZH)

(due to the huge background from jet
MH (GeV) production via QCD processes)

Fa
=
Lo




Higgs boson searches in the Ty

g'UOﬂ fusion 999909

channel at the LHC

No accompanying particles (except high-P; Higgs + jet production)

— Lepton or photon final states (the “classical® channels)

Ho> ZZ0 —> HH
H— yy
H—-> WWO — f{viv
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No. of events at 5o discovery luminosity

H - Z2Z*— 28 €2

» Main backgrounds: ZZ (irreducible), tt, Zbb (reducible)

» Main experimental tools for background suppression:
- lepton isolation in the tracker and in the calorimeter
- impact parameter

Updated CMS study:
« ZZ background: NLO K factor used
* background from side bands
(gg->ZZ is added as 20% of the LO qq->Z2)
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ATLAS
H—y (m,,=100 GeV, L=10*)

Main backgrounds:
vy irreducible background

A N
Y

y-jet and jet-jet (reducible)

g

g

. . —~ 6 . . .
Cj+j 10 G,, Withlarge uncertainties
—need R;>10° for &y ~ 80% to get

Oyt € O

* Main exp. tools for background suppression:

- photon isolation !
- v / jet separation (calorimeter + tracker)

- note also converted photons need to be reconstructed

(large material in LHC silicon trackers)



Material budget in tracking detectors

ATLAS

0.9 H Bcam Pipe
E Pixel detector system
08 =[O Silicon detector system

E MSGC detector system
O Air

07 E

ECAL TDR (1996)
Micro strip gas chambers

ID Material DC3-05 layout
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Physics TDR (2006)
Full silicon tracker

42.0 %
59.5 %

Barrel region:
Endcap region:
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CMS Study: TDR (updated

New elements of the analysis:

Cllt ]
— 2 [ Int L =30fb"]
- more contributions to the yy background S ol ]
=
S I ]
i [J i q T é
'{1_3 8
Py n i
7 g 6_ U TETLE S Rt S & =
R & e i
4 | = Cut- Based Analyms (with syst. err.) v |
- Realistic detector material [ Cut-Based Analvs'stno syst. efr) i
Ar . 2 '
- More realistic K factors (for signal and background) | "/ [Optimized Ma'vswlw"h syst. errl
- Reducible backgrounds (yj and jj) considered - [ Optimized “a'\’f"““ 55’5‘ '”” .

(unlike in CMS ECAL-TDR)

- Split signal sample acc. to resolution functions

12IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

01615120125 130 135 140 145 150 155
M, (GeV)

ECAL TDR K factors | current K factors: DIPHOX(NLO) / PYTHIA
born 1 1.50 , uncertainty 10-20 %
box 1.85 1.20, uncertainty 10-20 % (Dixon et al)
isolated brem 1 1.72, uncertainty 20-30 %

?+.i 3 ] ':}E”

not simulated

1.00, uncertainty 30-40 %

i+, ji->2n’

not simulated

1.00, uncertainty 50%

Comparable results for ATLAS and CMS



H—->WW - évév

— Sigmal + boskgraurd
— — totol bochgraurd
[] ttand 't backaraum

00

* Large H - WW BR for my ~ 160 GeV/c?
Higgs

* However: neutrinos in final state, -

use transverse mass

— NO mass peak

Events / 5 Gel

s

100

» Large backgrounds: WW, W, tt

* Two main discriminants:
(Dittmar & Dreiner, (1997)) o

(i) Lepton angular correlation

Problems:

I +
_ ‘ﬂﬁ?w‘f"ﬁ (i) need precise knowledge of the

vp W- Vi backgrounds, incl. higher order corrections

(i) Jet veto: no jet activity (if) need to understand jet veto efficiencies
(P+>20 GeVlc, n| <3.2) _
in central detector region — reliable Monte Carlo generators, e.g. MC@NLO,
validation of ALPGEN/SHERPA at the Tevatron



more work on backgrounds.....

Main theoretical challenge: - shape of the WW background,

da fdadey [fb/deg]

T. Binoth, M. Cicciolini, N. Kauer. M. Kramer

EL

W-

o(gg > WW):

only

hep-ph/0503094

180

Atfiyy [dEE]

- contributions from higher orders,

e.g.,

gg > WW

5% of o(WW) before cuts,

but ~30% of o(WW) after cuts

— —_—
P o
TTT [ TT T TT [T [T

=
Signal region

do/dAd, [fb/0.31]
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EEEYT
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W
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M. Duhrssen, K. Jakobs, P. Marquardt, JJ. van der Bij,

hep-ph/0504006
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Discovery reach in H - WW —¢&v v

CMS Phys. TDR 2006
o - Dﬁ Run I F'rehmmary, ~950 pb”’ | | | |
S : ',. ,,,,, ’ 1 __.-' o ,_:' B |
FLH']oz — H—L}WW f-?ﬁ"f:fevj EUHV E-;-., B m  Statistical srrors H— Wl — vl E
= Qa *_Z'-'; 95% CL Limit T | o cyoemais peasea | NLO CrOSS sections 7
C L -- Expected §
o - - —— Observed s19F E
I 0= 5 e ]
(44 E o | i
% -9 555 5 [ ]
1= 5 ath Generation Model 2 r .
= = i
C 0 2L _
L < = [ ]
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E| 1 | | | 1 1 | 1 1 | | 1 1 1 | 1 1 | | 1 1 1 | E : :
100 120 140 160 180 200 — I | | |
Higgs mass (GeV) 140 150 160 170 180 ,f 190
Tevatron: my [Gevie]
Excluded o xBR at95% C.L. LHC:

luminosity needed for a 5o discovery

Estimated background uncertainties:

- tt from data: +16% at 5 fb
- WW from data: +17% at 5 fb"
- Wt from theory: + 22%

- gg — WW from theory: + 30%



Discovery potential in gluon-fusion channels

/‘_'_‘“-H-u_ﬁ_._.// |
—e— Hoyy cuts .
—=— H—>vy opt
—— H->ZZ -4l |

-1

C)

Luminosity for 5c discovery, fb

—=— HoWW-o2I2v

100 200 300 400 500 65)0
IVI .GeV/c

Note: 95% C.L. exclusion limits will need much less luminosity (0.2 — 2 fb-1),
but also need an understood and calibrated detector
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Vector Boson Fusion qq H

Motivation: Increase discovery potential at low mass

Improve measurement of Higgs boson parameters
(couplings to bosons, fermions)

Established by D. Zeppenfeld et al. (1997/98)

Earlier studies: Kleiss & Stirling (1988);
Dokshitzer, Khoze, Troyan, Sov.J. Nucl. Phys. 46 (1987) 712;
Dokshitzer, Khoze, Sjostrand, Phys.Lett., B274 (1992) 116.

Jet

Distinctive Signature of:
- two high P forward tag jets
- little jet activity in the central region
= central jet Veto

O

HD

WW., ZZ fusion Jet

. Higgs decay
L products

Tag jets




— Experimental Issues:

- Forward jet reconstruction

- Jets from pile-up in the
central / forward region

- Preliminary ATLAS studies (CSC update)
- CMS studies in TDR (full simulation)

Efficiency of forward jet reconstruction

1

= o8 ;—E s ® % 5 5 . = a)
0.6 } s
0.4 }

- Low luminosity ]
0.2 —
o - \ \
o 2 4

Rapidity distribution of jets in tt and
Higgs signal events:
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Fraction of events with jet in central region
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High Lum. 71<2.0
High Lum. Ini<2.5

.
A
*
[ J
O HighLum. n<1.5
A
#
O High Lum. InI<3.0

~ ~§--“- _ _

o]

20

40 60

P, Veto Threshold (GeV/c)

- Looks feasible at low luminosity, higher tag jet P;- thresholds needed at high luminosity
(PYTHIA result, might be too optimistic)



Two search channels at the LHC:

qqH —» qq WWwW*

—>qq ¢v v

My = \/(E%E + E&/y)2 — (15?# + ﬁ‘%}iss)Z
“E - [ Higgs ggnol my=160 Gev "
= 5 T T backgraund
% - 3 tt+Witackground ﬂ]
)] 1 — HEl "% bockground
o _
r L
= EE:
“‘;ﬂ.?S =
= - ATLAS
5
Vos

023 :—

a _I |
a = 100 120 200 220

M. (GeVic?)

Selection criteria:

evis /5 GeV

qgH —> ggqrt~
—>qq lvvivy

—>qq lvvhv

8 T ] | B B ] I | I B ] I 1T I T T I_:
7 ] m,=120 GeV=
6 =
T Zjj =
S E
4 ] tt, WWEW -
3 -
5 ‘ ATLAS
1 =
= =

0 | .

140 160 180
m._. (GeV)

80 100 120

Lepton P+ cuts and tag jet requirements (An, P;)

Require large mass of tag jet system
Jet veto (important)

Lepton angular and mass cuts

How reliable are these signals ?



(i) background shape (the experimental approach)

Cuts can be relaxed, to get background shape from the data:

FOEEEES . 5 BEEE. .
o E " No kinematical cuts on
- b / leptons applied:
* E : (ATLAS study)
azs E— e ;_
] :J a L

a

b) [ Higgs signal my=160 GeV/c*

Evidence for spin-0 of
the Higgs boson
A¢ distribution

O) 1 Higgs signal my=160 GeV/c?
7% P o7 brEmm

[ tt + Wt background

_ doldao ()
o -

o
wn

Spin-0 - WW — {viv expect leptons
to be close by in space

o
N
a1

o

A ¢ (rad)

 Similar approach (extract background from data) possible for the Z — 11
background in qq H — qq tt



Nevts (30fb™) / 5GeVic?

(ii) Results from the first full simulation analysis of

qqH —qq 1t — qq @vv had v

T T T T T T T T I T T T T T T T T T T T T T I_ @_ 1T | T T T T 7T | UL | T 11
sl == signal (135GeVic’) ] S "a CMS 1
B - EW/QCD 21+-|EIE' ] o T o m"® scenario |
L tthar W+jets . 2 ';. " \ ]
| [ Fit to Signal i i 8 ES Mousy =1 TeV/e
N R Fitto Ziy* (—21) ] ok ] £ - M, =200 Gevie® | |
B === Fit to tthar W+jets | O o 1 =200 GeV/c” ]
3 Sum of fits ) X & i m s cevi? | ]
E E .i E:; Stop mi)(:}(l=2I"w13u3\‘r :
of E ;
C i m, =115 GeV/c?|
1P 5 _ L
C ] qqh, h—»tt—l+jet, 30 and 60 fb
i i 1F qqH, H->ti—sl4jet, 30 and 60 ib” E
l] - TR e I TR R RN B i
0 10 200 250 {00 200 300 400 500 600 700 890
M., [GeVic'] M,.GeV/c
Signal and background numbers, signal significance
My [ GeV ] 115 125 135 145
Production o [tb] 4.65x10°% | 4.30x10°% | 3.98x10° | 3.70x10°
ox BR(IH—77—17) [fb] 157.3 1129 82.38 45,37
Ns at 30 fb—! 10.5 7.8 7.9 3.6
Npg at 30 fb—! 3.7 2.2 1.8 1.4
Significance at 30 fb=1 (op =7.8%) 3.97 3.67 3.94 2.18
Significance at 60 fb~1 (op = 5.9%) 5.67 5.26 5.64 3.19

discovery
region in the
MSSM



LHC discovery potential for 30 fb-

2003 ® ' - ' 2006
&) B -1 =
; e — = CMS, 30 fb

s t=301b = wHH - bb) O
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3 0% e ™ D10 A .
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Total significance ry K factors included
i \ —e— H—yy cuts i
—=— H—>yy opt
10 | i H—=ZZ—4l 7
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—o— (qH, H—=tt—=l+et
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 Full mass range can already be covered after a few years at low luminosity
» Several channels available over a large range of masses
Vector boson fusion channels play an important role at low mass !

Important changes w.r.t. previous studies:
* H — yy sensitivity of ATLAS and CMS comparable
« ttH — tt bb disappeared in CMS study (more realistic background estimates, under study in ATLAS)




How much can the

associated production modes
ttH, WH with H — bb

t t fusion

/

difficult, main problem is

large background from signal itself
(combinatorial background)

and from QCD processes

contribute ?

W, Z bremsstrahlung

AN

..... has not been re-surrected by CMS




& _ —
S tt H— ttbb
S
)
?\GXBRN3OOfb -

Complex final state: H— bb, t — bjj, t > b/v

gons ™

* Main backgrounds:

- combinatorial from signal (4b in final state)

Events for 30 b / 10 GeV/c®

- ttjj (dominant, non-resonant)

» b-tagging performance is crucial

ATLAS results for 2D-b-tag from full simulation
(¢, =60% R, (uds)~ 100 atlow L)

« Shape of background must be known; 60% (from ttbb)

« LHC experiments need a better understanding of signal
and backgrounds (K factors for backgrounds)

CMS t(tH, H —» bb

m,,: 115 GeVic®

L L ' 1 L
50 100 150 200 250 300
m,, (jj) [GeV/c’]

S = 38 events
B = 52 events
S/B ~0.73

S/VB=35
forK=1.0



ttH— tthb

e CMS 2006: COMPHEP and ALPGEN matrix element calculations used
— larger backgrounds,
uncertainties on backgrounds, exp. normalization seems difficult.....

Signal significance as function of the background

uncertainty:

% S8 semileptonic, tight

o0 35 ~ ok nann

5 b -
25 T 60fb!

oF I 1 T | e
" \ 2007

156 \ :
0.5F : \ﬁw_ﬁ_ S e T ... heeds more studies....
E O (— ATLAS CSC notes)

sl boadaa L s
0.050.10.150.20.250.30.350.40.450.5
dB/B



....rare decay modes visible at high luminosity

Signal significance for WH, H —yy

e
-
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- Cttyy3 S 8 1
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e 4 5E —. m=180
0.02; i
o
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%I
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Luminosity (fb™)

my = 120 GeV/c?  Sig=3.5c (incl. syst)

&

ttH + WH + ZH — yy + P miss
(ATLAS fast simulation, prel.)

Events/5 Gev

-

For 100 fb': expect 20.9 signal events (mass peak)
5.4 background (flat)

Not discovery channels,
but will contribute to Higgs parameter determination




Is it a Higgs Boson ?

-can the LHC measure its parameters ?-

1. Mass

Higgs boson mass can be measured with a precision of 0.1%
over a large mass range (130 - ~450 GeV / ¢?)
(yy and ZZ— 4f resonances, el.magn. calo. scale uncertainty assumed to be + 0.01%)

2. Couplings to bosons and fermions (- D. zeppenfeld's talk)

3. Spin
Angular distributions in the decay channel H — ZZ(*) — 4 { are sensitive to spin
and CP eigenvalue
C.P. Buszello et al. Eur. Phys. J. C32 (2003) 209;
S. Y. Choi et al., Phys. Lett. B553 (2003) 61.
+ new studies using VBF (CP from tagging jets) in ATLAS and CMS ( — D. Zeppenfeld’s talk)

4. Higgs self coupling

Possible channel: gg > HH > WW WW — 8vjj €vjj (like sign leptons)
Small signal cross sections, large backgrounds from tt, WW, WZ, WWW, tttt, Wit,...
= no significant measurement possible at the LHC

very difficult at a possible SLHC (6000 fb-1)

limited to mass region around 160 GeV/c2  (update will appear soon)



Measurement of Higgs Boson Couplings

Global likelihood-fit (at each possible Higgs boson mass)
Input: measured rates, separated for the various production modes

Output: Higgs boson couplings, normalized to the WW-coupling

L |'I o 2 L o 2
= §1.4— [[T—oHDIgHW) 3 §1.4_ —gH.2)/ g (HW)
Io L | |—dHn/gHwW) I= [ —g¥H) / g°(H,W)
Mg ot " _ " XN f -' _ "
gE2 g(Hb) /g (HW) =12~ [ |9 Hb)/ g (H.W)
- o .'I - o li"
L f B /
1 __ r-'lll without syst. uncertainty 1 __ I,u"l without syst. uncertainty
o8- 3 /  ATLAS 0.8 /  ATLAS
i /
L -1 L o -1
oo \\ J J.L dt=30 fb o 2 _[L dt=300 b
0.4— \ 0.4
0.2 \/\ 0.2— -
G_JlllIIIIJIlIIII]I'IIIII|JlI|IlII.III|JII G_J'lll'lllllll\llllllllII'I|J'lIlIlII.I.‘I-“I-llll
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Relative couplings can be measured with a precision of 10-20% (for 300 fb-1)

M. Duhrssen, ATL-PHYS-2003-030;
M. Duhrssen et al., Phys. Rev. D70 (2004) 113009.



Is it a Higgs Boson ?

-can the LHC measure its parameters ?-

1. Mass

Higgs boson mass can be measured with a precision of 0.1%
over a large mass range (130 - ~450 GeV / ¢?)
(yy and ZZ— 4f resonances, el.magn. calo. scale uncertainty assumed to be + 0.01%)

2. Couplings to bosons and fermions (- D. zeppenfeld's talk)

3. Spin
Angular distributions in the decay channel H — ZZ(*) — 4 { are sensitive to spin
and CP eigenvalue
C.P. Buszello et al. Eur. Phys. J. C32 (2003) 209;
S. Y. Choi et al., Phys. Lett. B553 (2003) 61.
+ new studies using VBF (CP from tagging jets) in ATLAS and CMS ( — D. Zeppenfeld’s talk)

4. Higgs self coupling

Possible channel: gg > HH > WW WW — 8vjj €vjj (like sign leptons)
Small signal cross sections, large backgrounds from tt, WW, WZ, WWW, tttt, Wit,...
= no significant measurement possible at the LHC

very difficult at a possible SLHC (6000 fb-1)

limited to mass region around 160 GeV/c2  (update will appear soon)
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The Higgs Sector

in the MSSM




MSSM Hiqggs bosons h,H, A,H+1

B U om @O

\ H=tb | -

-

ATLAS+CMS
SLdt=30 b~ fexp

Maximal mixing

m,, < 135 GeV
m, =~ my~m,, at large m,

v 0 e ,—— A H, H cross-section ~ tan?p

- best sensitivity from A/H — tt, H+ — ©v

- A/H - upu experimentally easier

50 400 450 500
mx (GeV)
* Validated by CMS TDR full simulation studies *
K. Jakobs Brookhaven Forum 2007: New Horizons at Colliders
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L HC discovery potential for SUSY Higgs bosons

dt=300 fb .
| YRR 4 Higgs observable
| 3 Hgggs observable
| 2 Higgs observable
| — Y 1 Higgs _
| hH: ——  observable Here only SM'l'ke h
';, .., . —— observable if SUSY
J! \ ) particles neglected.
H h (SM -like)
. —-.i___

What can be done in the large m, wedge region ?7?

- Higher luminosity ? SLHC
- Additional SUSY decay modes

K. Jakobs Brookhaven Forum 2007: New Horizons at Colliders



MSSM discovery potential for Super-LHC
ATLAS + CMS, 2 x 3000 fb-!

@ 30 TF
S 40 .“\ F
—-—

ATLAS + CMS
J‘Ldt—»SOO fb

-

(¥} = U@ NO0o

JLdt=3

000 167!

h — SM like

A A BT LAY R TR R IR R R R RN

4 .
1 U
IOD 200 300 400 500 EOO ?OD SOO 200 1000

ma (GeV)

» Situation can be improved, in particular for m, < ~400 GeV

* But: SLHC cannot promise a complete observation of the heavy part of the
MSSM Higgs spectrum ....

...... although the observation of sparticles will clearly indicate
that additional Higgs bosons should exist.



Higgs decays via SUSY particles

If SUSY exists : search for
HIA — ¢%%°%, — y° #y° gb>tH*, HE — y, 30 x4 o* — 3¢ +Eis

50 = <=8 50 T T | I ‘1 .
§ o ATLAS, 300 fb
45 ; 0t
“0 :% 20t
” % 1 gb — tH’, <‘-
25 =2 . §/— it 0 )
yg SIS LSO 6 H =%, %155, 3N _ -
20 g maximal stop mixing 5 o )
15 4 4r
A H XG> 4 lept sl
0 E;: TT —>+71—jet+X, 30 fo~’
5 5 . i
100 200 300 400 565(;|Jcégé)y E:7'300 800 900 R [P IS R RS B B
ma (GeV) !so 100 150 200 250 300 350 400 45(?;.: 3)09
CMS: special choice in MSSM (no scan) ATLAS: special choice in MSSM (no scan)
M, = 60 GeV/c? M, = 60 GeV/c?
M, = 110 GeVi/c? M, = 210 GeV/c?
u = -500 GeV/c? n = 135 GeV/c?

m(s-Ig) = 110 GeV/c?
m(s-tg) = 210 GeV/c?

« Exclusions depend on MSSM parameters (slepton masses, m)
* More systematic studies are needed (initiated by A. Djouadi et al.)



Updated MSSM scan for different benchmark scenarios

* Benchmark scenarios as defined by M.Carena et al. (h mainly affected)

ATLAS, 30 fb'

MHMAX scenario

n
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=
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MHMAX scenario (Mgusy=1TeV)
maximal theoretically allowed region for m,,

Nomixing scenario (Mg s,= 2TeV)
(1TeV almost excl. by LEP )
small m,, -> difficult for LHC

Gluophobic scenario (Mg,gy = 350 GeV)
coupling to gluons suppressed

(cancellation of top + stop loops)

small rate forgg > H, H> yyand Z>4 {

Small a scenario (Mgysy = 800 GeV)
coupling to b (and t) suppressed

(cancellation of sbottom, gluino loops) for
large tan 3 and M, 100 to 500 GeV



Higqgs search at the LHC in CPX scenarios

- CP conservation at Born level, but CP violation via complex A, A,, M....

- CP eigenstates h, A, H mix to mass eigenstates H,, H,, H,

- Effect maximized in a defined CPX benchmark scenario
(M. Carena et al., Phys.Lett. B 495 155 (2000))
arg(A,) = arg(Ay) = arg(My,n,) = 90°

My, = 169.3 GeV/c

- No lower mass limit for H, 2
from LEP ! °
(decoupling from the 2) 10 £y

(=

details depend on m,,, and on
theory model S
i . PEoepx Inscccsssoid K
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my, {'GeWCZ)

m L
e e
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10s { IR
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MSSM discovery potential for a CPX benchmark point

ATLAS preliminary (M Schumacher)

£ T N
= E l
0
5
:
g only H :
8 1 . 3 !
7 ] X 3
6 NN HZ and/or H3 s §
5 5
] H” 4 N )
F _ 3 ;
= m H+ &:S‘ Z
3 o, o X INEN} [ 'l
A 2 : N H, and/or H, 3
2
excluded by LEP ]
theoretically inaccessible theoretically inaccessible
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Large fraction of the parameter range can be covered,
however, small hole at (intermediate tanp , low m,) corresponding to low My,

* More studies needed, e.g. investigate lower H, masses,
additional decay channels:
tt — Wb H*b — tvb WH.b, H, — bb



Invisible Higgs decays ?

Possible searches: ttH — fvb qgb + P ™Miss
ZH —> W + PTmiSS
qq H—o qq + PTmiSS

WW, ZZ fusion ™9
All three channels have been studied:
key signature: excess of events above SM backgrounds with large P:™ss (> 100 GeV/c)

Sensitivity: ¢ = _Caq—gqH .
Y- &=Br#H = Ino) - T Problems / ongoing work:

_| Comparison of the discovery polential for different channels |

o * ttH and ZH channels have low rates

E-’Z

« difficult trigger situation for qqH

* backgrounds need to be precisely known
(partially normalization using ref. channels

possible)
: * non SM scenarios are being E:;Il
- SR studied at present

M, [GeV/c?]

first example: SUSY scenario



Higgs in a 5-dim. Randall-Sundrum Model

fnﬁ /;ﬁf;:'; Scalar sector of the theory includes:

stro we

Higgs h, radion ¢

ﬁ/‘m‘n} ﬁ‘_ﬂ
- I Parameters: m,, m;, A,, ¢ (h-¢ mixing parameter)

Sth coordinate

ﬁ 4r ¢—hh—2y+2b, m =300 GeV/c®, m; =125 GeV/c*
I_n& K CMS, 30 fb™'. 5a discovery contour
<350 with i, yyce, yyob ireduc. bkgs and
[ assuming 40 % of reducible / total bkg
CMS SearCh for (I) — hh — .Y,Y bb 3r solid contour : no systematics
K dashed contour : with systematics
_)y 25 :_
Scan in (A, §) plane for r
m¢=300 GeV/c?, m,=125 GeV/c? -
1 5 th. excluded
i th. excluded
1_|....|.. L A | Ll |
2 -15 -1 05 0 05 15 2



Where do we go from here ?

- Data taking is only ~1 year away !
* Need to get ready for first data

— Commissioning, alignment, calibration activities;
Development of computing tools,... reconstruction software, data challenges,
GRID, e.g. ATLAS CSC studies
Development of analysis tools, e.g. Tau tagging
b tagging;
Development / improvement of methods to extract background from data;

— Get familiar with new, improved Monte Carlo Generators
(e.g. MC@NLO, SHERPA, ..... )

Test and validate them at the Tevatron
(nice synergy between LHC and Tevatron activities)
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Changing Prospects for Higgs and SUSY ?

1985:. No — Lose theorem
LHC will discover a Higgs boson and/or a Supersymmetric World

1995: Maybe SUSY will not be realized in its minimal version ....
(maybe there is NMSSM, no h with m,, below 130 GeV)

.... but we believe in SUSY (see e.g. J. Ellis, hep-ph 9503426)

negligible in this range. Similar sensitivity is to be expected in the CMS experiment [14]. Thus
essentially all the parameter space of the MSSM allowed by naturalness arguments will be cov-
ered. If the LHC does not discover supersymmetry, we theorists will have to eat our collective
hat.

2006: No discoveries at LEP-Il and Tevatron (so far), Standard Model still rules !
Maybe SUSY is not realized as a Low Energy SUSY .....

“The SUSY train is already a bit late.....”  (G. Altarelli)

New models: extra space time dimensions, ...... including Dark Higgs scenarios !
(e.g. J.van der Bij et al., Higgs boson coupled to a higher dimensional singlet scalar, hep-ph/0605008)

in the range s%2 > 100 GeV. The data show a slight preference for a five-
dimensional over a six-dimensional field. This Higgs boson cannot be seen at
the LHC, but can be studied at the ILC.



Conclusions

 The LHC experiments are well set up to explore the existence
of a Standard Model or MSSM Higgs bosons
.... and are well prepared for unexpected scenarios

» The full Standard Model mass range and the full MSSM parameter space
can be covered (CP-conserving models)

in addition: important parameter measurements (mass, spin, ratio of couplings)
can be performed, vector boson fusion channels are important;

more difficult: invisible Higgs boson decays
measurement of Higgs boson self coupling

» Hopefully LHC data will soon give guidance to theory and to future
experiments




» Comparison between explicit matrix element calculations and shower Monte Carlos

for W + jj production

*

0.3 e
N t W+ 2 toggs + = 1 jets 7; =
o
T [ (p> 20 Gev, an > 2.0) —— MadCUP W3] + PYTHIA 7, W%
3
025 (p > 20 Gev, §71X%5.0) — MadCUP W2j + PYTHIA =
[ (P > 10Gev, 7 < 2.0 PYTHIA 5
L & ) Py Py
0.z} | 2P
W3y ME + PYTHIA| o
0.15
i
0.1+ |
- le ME
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T YYTHIA

Ny =n3— 72 (M;+ny)

(ii) jet veto

data w/stat error

10"_._|—

0 —L“%:
—a

= data w/stat & sys error

[ Sherpa range stat
[ Sherpa range stat & sys

10?
10 D@ Z+jet data
1 vs. SHERPA
10‘1 | L I I | 1 | PR T S |
0 2 3 4 5 6 7
Ar
3F R = data / SHERPA
2
15 * ! :% 1%
| %
o T I R T N R

jet multiplicity
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Measurement of the Higgs boson mass

En” H, WH, ttH (H—yy) .
5 o HoA Dominated by ZZ— 48 and yy resonances !
W oH— —Iviv

@ WH (H=WW_—=Iviv)
A all channels

well identified, measured with a good resolution

Dominant systematic uncertainty: vy // E scale.
Assumed  1%o
ATLAS + CMS Goal 0.2%o

Lot =200’

" Scale fromZ — /¢  (close to light Higgs)

10
102 103
my (GeV)

Higgs boson mass can be measured with a precision of 0.1%
over a large mass range (130 - ~450 GeV / c?)
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What do we need from theory ?

Friendly cooperation

NLO calculations, reliable Monte Carlo event generators

Urgent exp. wish list for MC@NLO: tt (spin correlations)
Zbb, ttbb,....
bb H/A
WI/Z + jet (if possible)

VBF H signal production

Cooperation in validation of matrix element + parton shower matching

(started already, Tevatron data)

More validation and tuning of Monte Carlo generators

important examples:
- underlying event in PYTHIA, MC@NLO, SHERPA,...

(comparison with Tevatron data, studies a la R. Field)

- parton shower parameters

Charged Particle Density

-
g
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-
°
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0.1
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data uncorrected ¢ Leading Jet
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TE
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Updated MSSM scan for different benchmark scenarios

* Benchmark scenarios as defined by M.Carena et al. (h mainly affected)

ATLAS, 30 fb'
MHMAX

50 coverage for h

[ia
=
8

10

No Mixing

400 600 800 1000
M, (GeV)
Small alpha

F : : _ _
200 400 600 800 1000
M, (GeV)

MHMAX scenario (Mgysy=1TeV)
maximal theoretically allowed region for m,,

Nomixing scenario (Mg s,= 2TeV)
(1TeV almost excl. by LEP )
small m,, - difficult for LHC

Gluophobic scenario (Mg;g, = 350 GeV)
coupling to gluons suppressed

(cancellation of top + stop loops)

small rate forgg > H, H> yyand Z>4 {

Small a scenario (Mgysy = 800 GeV)

coupling to b (and t) suppressed

(cancellation of sbottom, gluino loops) for
large tan 3 and M, 100 to 500 GeV
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MSSM discovery potential for various benchmark scenarios

MHMAX scenaric

Na mixing semxaria

M, (GeV)

M N0 0 58 s N0 3N W 100
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* Full parameter range can
be covered with modest
luminosity, 30 fb-1, for all
benchmark scenarios !

» Only one Higgs boson, h,
in some regions
(moderate tanp — large m, wedge)

valid if CP is conserved !!

Different in CP violating
scenarios
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