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& Preliminary: LHC

e Brief history ...

1989 : R&D starts

1997 : Construction starts

2003 : Underground installation starts
2008 : Installation completed

11 Sep 2008 : First beam circulated
20 Sep 2008 : Magnet failures ...

LLLLLLL

23 Nov 2009 : First collisions at /s = 900 GeV
8 Dec 2009 : First collisions at /s = 2.36 TeV
30 Mar 2010 : First collisions at /s =7 TeV

From Junichi Kanzaki's talk @ KEKPH2010



& Preliminary: LHC

Collision Event at
7 TeV

cmsShow: /afs/cern,ch/cms/CAF/CMSCOMM/COMM_GLOBAL/EventDisplay/RootFileTempStorageArea/EVDISPSM_1269944655001.root

Flle Edt View Window Help

2010-03-30, 12:58 CEST “ ’ 00

P —

Sunmary View

Run 152166, Event 316199
http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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& Preliminary: LHC

.. and near/far future of the LHC

2010 ~ 2011 : 7 TeV (3.5+3.5 TeV) runs until 1 fo=*  LHC' 1/2

2012 ~ 2012 : Shutdown for repairing to achieve 7 (6.5) TeV/beam collisions
2013 ~ 2014 : Go to 7 (6.5) + 7 (6.5) TeV runs to get ~ 10 fb~! LHC

2015 ~ 202? : accumulate 3000 fb~! with 250 ~ 300 fb~! per year

again, from Junichi Kanzaki's talk @ KEKPH2010, or
LHC Performance Workshop - Chamoniz 2010 (Jan)




& Preliminary: Standard Model Higgs Boson

e Status of the SM Higgs:

— LEP bound: MM > 114.4 GeV (95 % C.L.) ADLO, arXiv:hep-ex/0306033

— Electroweak precision data: MM <185 GeV (95 % C.L.) direct-search limit included
ACDDLOS, arXiv:0811.4682[hep-ex]
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& Preliminary: Standard Model Higgs Boson

e Status of the SM Higgs: ... continued

— Tevatron exclusion [£ = 0.9-4.2 fb~!]: 160 GeV < MM S 170 GeV (95 %
C.L.) CDF/DO, arXiv:0903.4001[hep-ex]
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& Preliminary: Standard Model Higgs Boson

e Status of the SM Higgs: ... continued

— Tevatron exclusion [£ = 2.0-5.4 fb~!]: 163 GeV < MM S 166 GeV (95 %
C.L.) CDF/DO, arXiv:0911.3930[hep-ex]

Tevatron Run Il Preliminary, L=2.0-5.4 fb 1
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& Preliminary: Standard Model Higgs Boson

e Status of the SM Higgs: combining all... Gfitter, arXiv:0811.0009
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We anticipate the SM Higgs boson lighter than ~ 200 GeV




& Preliminary: SM Higgs@LHC

e Production and decay of the SM Higgs boson at the LHC:

10—y ———————— i
g9~ H 0(pp_>H+X) [pb}
i Vs =14 TeV
MRST/NLO
my = 178 GeV 0.1 i
10F
0.01
IE
i 0.001
01 1 1 1 4 s 1 1 1 1 1 1 1 0000 hJ
100 1000 100 130 160 200 300 500 700 1000

My [GeV] My [GeV]

g9 — H; qq — ¢"¢"(VV) — ¢Vq"H H— 717,97, WW ,ZZ
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& Preliminary: SM Higgs@LHC

Discovery Significance ATLAS TDR, arXiv:0901.0512[hep-ex]

o H — 71T

I ATLAS — Co(rgbined
----- 2z . 4 o H — vy
L=10fo" vy

WWO0j - ev pv

i - WW2j - evpy > H— WW* — lviv (GF)
> H — WW* — lviv (VBF)

O H— Z7Z%) — 41

e

The WW channel plays a dominant

100 120 140 160 180 200 220 role for 130 GeVS My S190 GeV !




& Preliminary: SM Higgs@LHC

e Current search strategy is to use the transverse mass as the main observable

?j 455— — WHets MQ(WW — v ;p =pr) =
gap ww 2 2 Il
§ 353_ ----- tf my +my,” + 2\/‘PT + mll\/|P + mz/y2
W u .
- — Signal
0 ‘. g —2p/f. -
25t ' —+ Pseudodata
A ATLAS Mia;ppmx = Mr(m,, = my)
15;— Rainwater, Zeppenfeld, hep-ph/9906218
lof J'Ldtzlo ' Mirue = My (m,, = 0)
5: true
05 lll S MT(mVl/ :mVV) S MH
0 100 200 300 400 SO%IIT(Ge\%OO Barr, Gripaios, Lester, arXiv:0902.4864
. excess in the M;"P™"" distribution over the accurately estimated backgrounds

=-... but, no mass peak due to missing neutrinos




& Preliminary: SM Higgs@LHC

e Our Proposal: New observable (M}}MOS) to probe the properties of the SM Higgs
boson at the LHC: its mass and characteristic features of the coupling
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& Preliminary: MAOS

. M 1o-Assisted On-shell Scheme
then... What is Mpy 7

.. we'd better start from the Transverse Mass M+

N.B. nothing(?) to do with ...




& Preliminary: MAOS

e Transverse Mass Mt :

p* = (v/mv2+|prl2+ 02, pr,pL)

k1 = pr (fully determined)

/ V(p)
\ kH = (\/mx2+‘kT‘2+k%7kT7kL)
x(k)

Mx? =my?+m,? +2 \/ 2+|PT|2+P2L\/mx2+|kT\2+k2L—PT'kT—pL7€L)

MT :mv2—|—mx —|—2(

my? + |pp|? Va2 + [kr|? — pr - kr )

Mr < Mx



& Preliminary: MAOS

Fit to the bkg. & sig. Mp(W — [v) distribution: CDF, arXiv:0708.3642 [hep-ex]
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& Preliminary: MAOS

o ... then My 7: Generalization of My when there are 2 missing particles

Vip) kr +1r = pr
X (1) Only determined are ...

x(k) the 2 among the 4 unknown degrees of freedom !
X(2) \ x() ... but we know:

1 2 rue rue
V(q) max{ MY, M2} (kbue 1600y < My



& Preliminary: MAOS

o ... then My 7: Generalization of My when there are 2 missing particles

mr kr +lr = pr

Only determined are ...
the 2 among the 4 unknown degrees of freedom !
mi»

... but we know:

Trial LSP momenta maX{M,Z(}) , Mfl(—?) } (k:_czgue, ].;_ngue) S MX

maxc{ M{", MED}(kpin, 1) < masc{ My, ME} (e, 15e) < M

My = miny 1, max { M{Y, MP L < M




& Preliminary: MAOS

e So, Mp5 somehow determines the transverse momenta of the missing particles:

= Nothing can be done for the longitudinal momenta ? W.S.Cho, K.Choi, Y.G.Kim,
C.B.Park, PRD79(2009)031701,arXiv:0810.4853 [hep-ph]

X — V(p)x(k)

Once Mx is known, using the MTQ—determined ET, the longitudinal
momenta can be fixed requiring the On—She” condition (p + k)2 = Mx2:

<y 42 = (my? 4+ prf2)(m? + [kr?)|
where A = (Mx? — my?* —m,?)/2+ pp - kr

M 79-Assisted On-shell Scheme = MAOS




& Contents

& The process and Mo

& MAOS momenta of the missing neutrinos

& MAOS reconstruction of the Higgs boson mass
& Vector boson fusion (Preliminary...)

& Summary and future prospects



& The process and Mrpo (1/7)

e LHC Signature of a New Physics Model with a Z5 symmetry:

ﬂ UTM

% &} V(p) ...visible

~ x(k) ...invisible

. xX'(1) ...invisible

} V'(q) ...visible

MTQ(eventa mx) - minkT—i—lT:]jT[maX {MT(p27 PT, My, kT)7 MT(C]2, a7, My, lT) }]

a systematic scheme for determinging transverse momenta of the two invisible particles
C.G.Lester and D.J.Summers, PLB463(1999)99; A.J.Barr, C.G.Lester and P.Stephenes, JPhysG29(2003)2343



& The process and Mrpo (2/7)

e Why not Standard Model with two missing neutrinos ?:

&} b, 1](p) ...visible

v(k) ...invisible

UTM

l ..invisible

%} b,l(q) ...visible

Mrps(event, m, = 0) < my in the zero-width limit

W.S.Cho, K.Choi, Y.G.Kim, C.B.Park, PRD78(2008)034019; CDF Note 9769 (2009)



& The process and Mro (3/7)

e The SM process we want to consider ...:

o

~ v(k) ...invisible

ﬂ UTM

...visible

. V(1) ...invisible

Q\} T




& The process and Mrpo (4/7)

e Of course ...: T.Han, LW.Kim, J.Song, arXiv:0906.5009 [hep-ph]

ﬂ UTM

% &} V(p) ...visible

~ x(k) ...invisible

. X (1) ...invisible

% } V'(q) ...visible




& The process and Mo (5/7)

e Returning to the process:

’ﬂ UTM

...visible

o v
v(k) ...invisible

% (l ..invisible

Q\} T

How does it look like?




& The process and Mro (6/7)

e |f you see this process from the viewpoint:

’WUTM. 1

p /} [(p) ...visible

1~ v(k) ...invisible

V(1) ...invisible
—C(
\} l'(q) ...visible

\

Mrlip+¢)?,(p+a)r,(k+12,(k+1)7] < Mysu

A.J.Barr, B.Gripaios, C.G. Lester,JHEP0907(2009)072, arXiv:0902.4864 [hep-ph]



& The process and Mo (7/7)

e We see this process from the WV subsystem:

’ﬂ UTM 1 1

p /} [(p) ...visible

~ v(k) ...invisible

V(1) ...invisible
—C(
\} l'(q) ...visible

\

M? gy = (p+ k+ g +1)% with k and 1 determined by the MAOS




& MAOS momenta of the missing neutrinos (1/10)

e MAOS transverse momenta:

H— Wp+k)W(g+1)— I(p) vik) I'(q) v'()

p,u — (\/|pT‘2+p%7pTapL)7 k"u: (\/‘kTP‘i_k%akTakL)a

q,u — (\/|qT|2 + Q%vqT7QL) ; " = (\/|1T|2 + l% 71T7 lL)

1 2
(M) =2(prlikcr| prker), (M) =2(arlir| - ar - 1r)



& MAOS momenta of the missing neutrinos (2/10)

e MAOS transverse momenta: ... continued

For the transverse momenta of the two neutrinos, we assign the usual Mqps
momenta which minimize

max { My, M |

In our case, assuming vanishing UTM or pr = —(pp + qp), the solution of the
minimization is simply given when M}l) = Mg) or

2(Iprllkr™| = pr - k™) = 2(lag|[17™| — ar - 1777)

which results in

maos
1T

k7% = —qpr and = —pr




& MAOS momenta of the missing neutrinos (3/10)

e ... then M5 is given by:

(Mr12)? =2(|prllar] + pr-ar) < A4lprllar] < (pr| + |lar])? <

Mz < min (MW : @)

Mp
1

Note (MH)?2 = 4(|pp| + |ar|)?




& MAOS momenta of the missing neutrinos (4/10)

e ... then M5 is given by:

M2
(Mr2)? = 2(Ip7llar| + pr-ar) < 4prllarl < (lprl + lar))? < TH
54500 —m,, = 140 |+ laz|)?
- —m,, = 180
§4000 —m, =220
£
>

Mz < min (MW : @)
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& MAOS momenta of the missing neutrinos (5/10)

MAOS longitudinal momenta:

H— Wp+k)W(g+1)— I(p) vik) I'(q) v'()

Using the Mpo-determined k2%%° and 17%°°, the longitudinal momenta k2% and
['12%8 can be chosen to satisfy the on-shell conditions (p+ kmaos)? = (¢+lmaos)® =
M2, W.S.Cho, K.Choi, Y.G.Kim, C.B.Park, PRD79(2009)031701,arXiv:0810.4853 [hep-ph]

maos 1 i m
Ep(E) = pr|? pp A=+ \/‘PT‘2 +p% \/A2 - |pT|2|kTaOS‘2] ;

maos 1 i maos
[7°°(£) = ar|? qr, B £ \/|qu2 + Q2L \/32 - |QT|2“T |2] :

where A= M3, /2 + pr - kg™ and B = M, /2 + ag. - 1




& MAOS momenta of the missing neutrinos (6/10)

e MAOS longitudinal momenta: ... continued

. complication : what about off-shell W boson?

= the modzified MAOS scheme using Mo instead of Myy:

(p + kmaos)2 — (q + lmaos)z — (MT2)2

Then we arrive at, with no ambiguity,

|1%&OS |

kmaos |k%aos | lmaOS
L pT| PL; L — ar] qr




& MAOS momenta of the missing neutrinos (7/10)

e Is the modified MAOS scheme working well?: My = 140 GeV < 2Myy,

Full events

1600q

1400q

Number of events

1200q
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\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\l\

lll‘l

— Ak
— A k_(modified)
— Ak (original)

l‘lll

Il
-200

-100

10 260 300
Ak, [GeV]

Number of events

Upper 10% near M5 end point

2500

i — Ak,

i 1 — Ak, (modified)
2000 — Ak (original)
1500
1000; rl]_rlll‘

500

-300 -200 -100 0 100 200 300
Aky | [GeV]

the original scheme fails (!) especially when the M5 cut has been introduced

... the modified scheme works better




& MAOS momenta of the missing neutrinos (8/10)

e Is the modified MAOS scheme working well?: My = 180 GeV > 2Myy,

Full events Upper 10% near M5 end point
18000 £ so0f"
o - — Ak, o B — Ak,
gleoocj — A k_(modified) g 3500i — A k_(modified)
5 i — Ak (original) s - — Ak (original)
S14000- o T
E L € 3000
£12000— z C
- 2500
10000— -
N 2000—
8000— -
- 1500—
6000— -
4000 1000 ]
il " Af%ﬁ M
0: 11 llll‘ \\\‘\\\ ‘llll L1 | O:quLLLL I L1 \‘\ - LLlllJl
300  -200  -100 0 10 200 300 300  -200  -100 0 100 200 300
Ak, [GeV] Ak, [GeV]

the modified scheme is working well (!) especially together with the My, cut



& MAOS momenta of the missing neutrinos (9/10)

e Is the modified MAOS scheme working well?:

= Yes! it seems working well independently whether the intermediate W bosons
are on-shell or not, especially when it's combined with the M5 cut

H— Wp+k)W(g+1)— Up) vk) U(q) v'(1)

MAOS MAOS
kT = —qpr and If = —Pr
MAOS _ [K)A0S) MAOS _ |IFAOS)
kr = o] PL l = lar] YL




& MAOS momenta of the missing neutrinos (10/10)

e The modified MAQOS scheme does work well:

with the upper-10% Mo cut

0 0
2 ~ £ 1500~ )
0 5000— — modified o | — modified
QL — original et — original
o o B
5[ 5|
QO L o]
= = |
6000
| < 1000
4000 - 1
i 500—
2000
01 l‘llll‘llll‘\\\\ 1111&1;11 Ollll‘llll‘llll ‘|-|\ ‘llll‘llll
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
m{12°s [GeV] m{12°s [GeV]

MH — 140 GeV MH — 180 GeV

ISR yes but no hadronization, no detector smearing, no backgrounds ... yet



& MAOS reconstruction of the Higgs boson mass (1/11)

e The main SM background: pp — qq/qq9/99 — WW

ob? =W~ 120 pb while o927 T ~ 20 pb (My = 170 GeV)

signal

ATLAS TDR, arXiv:0901.0512[hep-ex]



& MAOS reconstruction of the Higgs boson mass (2/11)

e The spin-spin correlation in the signal:

A®;;: the transverse opening angle between [~ and [T

H (spin 0)

> i
(") «<=O—")r
- — the two leptons tend to be aligned !
7)r<«—O—> )L

= small A®y



& MAOS reconstruction of the Higgs boson mass (3/11)

e Also included is the tt background: Cut flows for my = 170 GeV with ADF"
1.6 and M&F =67 GeV at 10 fb 1.

Selection Selection cuts gg— H WW tt
Lepton selection +my; 4,445 18,501 139,256
Basic pr| > 30 GeV 4,012 12,801 120,597
Selection b-veto 3,956 12,656 60,438
Jet veto 2,039 8,096 1,287
Tuned Ady < ADF 1,621 2,939 332
Selection Mrpo > MS 619 585 107

ISR, hadronization, detector smearing, ALL simulated : PYTHIA6.4 and PGS4




& MAOS reconstruction of the Higgs boson mass (4/11)

So, we have two important cuts: A®;; < AP and Mpo > MY

Actually, they are correlated: (Mr32)? = 2(|pr|lar| + pr - ar)

L : e
a ¥ Signal Q ‘Background
25— 2.5+
2~ 2~
1.5 1.5
11— 11—
0.5— 0.5—
07‘\\\‘\H\‘H\\‘\\\\“..H..\.\‘:\:I.i'l\..v.\':‘l ‘I:~‘-\.'\\\‘\\\\ 07\\\\‘\H\‘H\\‘H:.\.\“":\'.:.\.:\ "\'/\'?\v\\i'\-\\uu
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

M-, [GeV] M., [GeV]



& MAOS reconstruction of the Higgs boson mass (5/11)

e Optimization of the cuts: AP < ACI)lCl“t and Mpo > MG3

My (GeV) | 130 140 150 160 170 180 190 200

AN 186 1./0 165 150 1.60 1.7/0 1.90 2.05
MSSt (GeV) | 38.0 51.0 57.0 66.0 67.0 680 69.5 70.0




)

f the Higgs boson mass (6/11

reconstruction o

A

& MAOS

cut

and M7y > MT2

AD;, < A(I)lclm

lon of the cuts

Imizat

e Opt

140 150 160 170 180 190 200

130

1.90 2.05
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1.85
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& MAOS reconstruction of the Higgs boson mass (7/11)

A

e MAOS Higgs mass distribution
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(

Iggs boson mass

f the H

reconstruction o

A

& MAOS

A

e MAOS Higgs mass distribution
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Number of events / 8 GeV / 10 fb

& MAOS reconstruction of the Higgs boson mass (9/11)

o Likelihood analysis: £ = []

Ne Mimt
. —————— with n;/m; the number of events

1 n;.

nominal /template M%AOS distribution
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& MAOS reconstruction of the Higgs boson mass (10/11)

e Likelihood analysis: ... continued

My (GeV) 130 140 150 160 170 180 190 200

Fitted value (GeV) | 130.0 140.1 1509 160.6 170.3 1794 190.4 199.7
1-0 error (GeV) 2.4 1.7 1.2 1.0 0.9 1.4 2.0 3.5

l-0 = A(—lnﬁ) — 1/2 sol- ILdtzlofbl

~In (L / Lyng)

Note, if there is only 1 bin: 40}

—InL =m —nln(m) +In(n!) ~ (m —n) + nln (X&) .
leading to o

—InLin=m]~0; —InLin=m=++/m]~1/2 201~

10—

o
T




& MAOS reconstruction of the Higgs boson mass (11/11)

Comparison: ... MAO95 works better!
E I Eo.04
=00 ILdtzlo ' ~ ILdtzlo '
£ £0.03
' 0.02— -
£ 0.02
:

-0.02
-0.02—
. 10.03
o 0.04"
-III||||||||||||||||||||||||||||||||| -III|||||||||||||||||||||||||||||||||
13 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200

m,, [GeV] m,, [GeV]
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& Vector boson fusion (1/4)

[ Why VB F? See, for example, D. Rainwater, hep-ph/0702124

Y
Y

— The 2nd largest source of Higgs at LHC

W,Z
— Two forward tagging jets H
— Large rapidity gap s
: W,Z
— Central Higgs decay < <

= Clean environment with low background !

Forward Higgs
tagging Decay
jets (I)

n
= Useful to measure properties of the Higgs boson !



& Vector boson fusion (2/4)

e MAOS reconstruction of the Higgs boson mass with 10 fb~!:
( Preliminary: PYTHIA6.4, MadGraph/MadEvent, VBFNLO, PGS4)

Number of events / 10 GeV / 10 fb

= e =
© 1) ~ a5
L L L B

Number of events / 10 GeV / 10 fb
>
P2

= = =
=) 1) [N} I
L L L B

Number of events / 10 GeV / 10 fb
>
P

Number of events / 10 GeV / 10 fb

mijees[GeV]

170 GeV
m (GeV) 130 140 150 160 170
Fitted value (GeV) | 131.8 140.1 1509 160.6 170.3
1 —o error (GeV) | 7.840 5.415 4711 3.532 4.339




& Vector boson fusion (3/4)

L AZimUthal ang|e diStribUtion: Plehn, Rainwater, Zeppenfeld, PRL88(2002)051801, hep-ph/0105325

The distribution of the azimuthal angle between the two tagging jets A®,,
probes the tensor structure of the H-W-W coupling

- 1o, dc/dA(DH (H-WW) y
- m=160 GeV 2 SM : I o g™
B CP odd
0.01 CPeven: TH o [q1-qg™ — ¢4qY]

CPodd: TH o eP7q,q24

0.005

. CPeven’

’
7 ~__- N
I I | ‘ I I B ‘ [ ‘ [

0 50 100 150 pO,




4/4)

(

& Vector boson fusion

)

145<m :'aos<l95

minary

e Azimuthal angle distribution with 30 fb~! (Prel

no MT2 cut,

“mm
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& Summary and future prospects

Dileptonically decaying W bosons play a crucial role in the Higgs boson searches
at the LHC when 130 GeV < My S 190 GeV.

We propose to use new observable M}}“‘OS to probe the properties of the SM
Higgs boson at the LHC

The modified MAOS is powerful in the reconstruction of the SM Higgs boson ! :
useful to measure the mass and characteristic features of the coupling of the SM

Higgs boson

You may have more ideas on how to apply the MAOS to other SM /NP processes



& Backup: What can we do with 1 fb~! at LHC 1/2

o ATLAS sensitivity: arXiv:0901.0512

Combination of 0j and 2j, Hto WW to I

"r| T I 1 T I 1 I T T I ] I T I I' I.l T ] T
. m=130GeV e 2, 10
o  1fb =
e 7 D
€ m, = 160 GeV v a
O r m, =170 GeV * =
= 6__ E 1 o o M=M
€ r S5 a9 =
o - - e i
i~ AR o . — m,=m.= 440 GeV: 2
4:_ 10‘1 rrsoheh
3=
2:_ 10‘2 ki
1= - .
-] ATLAS preliminary estimate PO I A A
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2 4 6 8 10 12 1 LHC centre-of-mass energy [TeV]
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