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Large Hadron Collider (LHC)
IS a pp-collider located at
CERN in Geneva,
Switzerland.

Only operating collider at the
energy frontier.

Four interaction points at the
LHC, where two are for
generic purpose detectors
(ATLAS & CMS), and the
others for b-physics (LHCD)
& heavy ion (ALICE).
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e (Generic detector located
~100m underground.

e |nner Detector: Surrounded
= by 2T solenoid. Gigantic
N\ | / silicon detector + TRT.

= o\ | AN
' ANE N\ Tile calorimeters
' . \ L LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

25m

Toroid magnets
Muon chambers Solenoid mqgnef Transition radiation tracker

Semiconductor tracker

e (Calorimeter: high granularity &
hermeticity.

The dashed tracks

are invisible to

e Muon spectrometer: surrounded by air- |
core toroidal magnets. .

e 3-level trigger system (L1, L2, EF) B i s
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' Higgs Discovery@LHC(
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e A Higgs boson was discovered at LHC in July 2012.
e Last missing piece of Standard Model (SM) or does it also imply BSM?
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~ Standard Model@LHC

Standard Model Total Production Cross Section Measurements July2014
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‘l After Higgs Discovery &:

o |Isit rea”y the Standard Model nggS boson? 5 2500p e A
P L msr-o ]
R I h I E 2000:_ (] Background f_’_ _:
o esults are consistent with scalar. S — :
1500?—'=|='=i'_‘_ -
e Signal strengths for main channels are ~ 1ooo- -
consistent w/ Standard Model. b e ;
oo Jrasmry
e H-T+T is also observed. What about H—=bb? 001702703 04 05 06 07 08 fllef
e Any exotic decays? Does the Higgs boson just §"0E 57" | é;l """ :
decay as expected from the Standard Model? § . o oot
(YY’ ZZ’ W+W-! T+T-! bb!"') ’ § HZ125;::$;1;) E
10%E =
e (Constraint on the Higgs boson width = ]
1O§H_>“ ----- # -
. . - ATLAS Preliminar .
e |nvisible decays of Higgs == |
15 (s=7TeV, 451’ ' E
* Are there more Higgs bosons? D e S
Iogm(S/B)
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H—bb Measurement
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e H-—bb has the largest BR (58%) among all the decay channels.

e Need to look at the VH production, since ggF and VBF suffer from
large multijet background.

e (Current results from other experiments: Tevatron 2.80, CMS 2.10.
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¥ VH(~ bb) i

Variable || Dijet-mass analysis || Multivariate analysis
Iy IJ 4 Common selection
prv [GeV] 0-90 90*)-120 | 120-160 | 160-200 | > 200 || 0-120 | > 120
AR(jety, jets) 0.7-3.4 0.7-3.0 0.7-2.3 | 0.7-1.8 | <14 || > 0.7 (prv<200 GeV)
O-lepton selection
PSS [GeV] > 30 > 30 > 30
Ag(Emiss plmissyec) < m/2 < m/2 < m/2
min[Agé(EEFiSS,jet)] NU - > 1.5 NU > 1.5
Ag(Emiss dijet) > 2.2 > 2.8 > 2.8
Njet=2(3) .
> Pt [GeV] > 120 (NU) > 120 (150) > 120 (150)
- See text - -

1-lepton selection

my [GeV] < 120 -

Hr [GeV] > 180 > 180 —

ER' [GeV] - > 20 > 50 - > 20
2-lepton selection

myyp [GeV] 83-99 71-121

ER' [GeV] < 60 —

e 3 channels to be considered regarding the lepton multiplicity (0, 1, 2-
leptons for ZH—vvbb, WH—Ivbb, ZH—I+I-bb).

e Both cut-based & multivariate (BDT) analyses considered.

e Require 1 or 2 b-tagged jet(s). Categorize with ptVY ranges.
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¥ VH(— bb) &
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e Main backgrounds: Z+jets, W+ets, tt, diboson, multijet.

e Backgrounds are estimated with data-driven methods or simulation
with corrections derived from data (e.g. Ad(j,j) reweighting for W
+jets).
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VH(— bb)

B s

2 lepton

1 lepton

0 lepton

Combination

ATLAS s=7TeV, [Ldt=4.7 fo™: Vs=8 TeV, [Ldt=20.3 fb
T T | T T T 1 | T T T 1 T T T 1 | T T T 1 | T T 1T 1 | T T 1T 1 | T T 1T 1 | T T T 1 | T T
— —— tot. —
stat. tot (stat syst)
0.88 0.72 +0.50
B b—a—u 0947 o0 (T5es Toa1)
+ 0.66 +0.50 +0.43
— b—e—a 117700 (Toas Jos7) —
0.55 0.49 +0.26
— b= -0.357 22 (Do To057)
B 0.40 0.31 +0.25 \ _|
== 0.51° 0.37 ( i0.30 to.zz)
1 1 | | I I | | | I I | | I I | | | I | | | I I | | | I | | | I | | | I I | | 1 1
-1 0 1 2 3 4 5 6 7

best fit u=o0/c__for m =125 GeV
SM

Measurement is still consistent with the Standard Model, but H—=bb is

Overall signal strength is 0.51+0.31+0.24 for my=125 GeV. Observed

s 4
5k
v r ATLAS [s=7TeV, f Ldt=4.7 fb"
cC L
_f_-_j 3.5 - —e— Observed (CLS). ls=8 TeV,det =203 fb”
£ - ettt Expected (no Higgs)
: 3 Expected (m , = 125 GeV)
o  [EE=xto
& 250
o
2
15
1=
0.5
O:I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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®
not observed yet.
®
significance of 1.40.
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Higgs Width




Y.  Higgs Total Width &3

e We cannot directly measure the width of
the Higgs boson ('H=4.1 MeV) due to the
detector resolution.

e Mass resolution@ATLAS is ~2 GeV.

e Current Higgs measurement does not
provide constraints on the width.
— If the width & couplings scale at the
same time, the signal yields stay the same.

2 .2

Events / 2.5 GeV

_I TTT | TTTT | |||||||| | TTTT | TTTT | |||||||||||| ]
35 ATLAS ¢ Das .
- H — ZZ* — 4] |:| Signal (m, =125 GeV u =1.51) ]
30 " {s=7TeV det=4.5 o - Background ZZ* —
C s p - Background Z+jets, tT ]
[ Vs=8Tev det=20.3 b , ’
25 B 7////% Systematic uncertainty ]

0
80 90 100 110120 130 140 150 160 170
my, [GeV]

aY i K f o Oi-H-f: Cross section of Higgs production i, decay pattern f
O-Z—> H_> f P H o Ki: Higgs coupling to particle |

o Ki: Higgs coupling to particle f

o ['H: Total Higgs width

Larger total width is a sign of BSM decays.
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BB O

Y. Off-Shell Higgs Boson &

—
=
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S
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o - 88 — Z7Z — 2¢2u H*
ol ™ — gg—H > ZZ (S) AL, D)— — —
il ¢ Y, e 99— 22 (B) i >
- 1"1.'-__. —-99— (H*=)2Z .
U, 4

i T o

sg L === 99— (H=) 22 (Moff-shell_10) =

1 0_4 = g V
LW
10°¢
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el | .

10°""500 200 600

7800 1000 @QQQ <
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o (ff-shell production of the Higgs boson shows up in the tail of the ma;
distribution & its yield greatly enhances with the Higgs total width!

e H-ZZ & W+W- are promising decay channels for this measurement.
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> T T N F -
CGD) 100 ATLAS [s=8TeV: fLdt=20.3 " 2 S0 ATLAS [s=8TeV: fLdt=20.31b"
o L ® Data i <€ i ® Data ]
2 L H—ZZ -4l 4522 SM (stat @ syst) GCJ B H—2z ~4 755 SM (stat @ syst) ]
o 80- - Total @, 0 o > 400 - Tol gy, Z10) T
[= 5 gg+VBF—(H*—) 2Z L i 7 gg+VBF—(H*—) 2Z
G>) %, I Background qg— ZZ 7 . 7 % I Background qq— ZZ
L 6 O | Background Z+jets, tt n 30 / Background Z+jets, tt
) 20
. 10
075300 400 500 600 706 800 6601000 95 353252151050 05
m,, [GeV] ME Discriminant

e Same strategies as the coupling measurement with the H—»ZZ*—4l.
e 50<mi2< 106 GeV, 50 <mazs <115 GeV, 220 < ma < 1000 GeV.

e Exploits the Matrix Element using 8 kinematic variables (ma4i, m12, maa,
cos 01, cos 02, ¢, cos 6*, $+) to discriminate gluon-gluon initiated signals.
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\ﬁ H*—>ZZ—-I1#l-vv %‘%%

e (Cut-based analysis with the Z+Missing
Er final state.

e PBasically the same strategies (e.g. BG
estimation methods) as the previously
published ZH invisible search (

), but the
event selection is optimized for the off-
shell signals.

e e.g. Etmiss > 180 GeV, mtZZ> 380 GeV.

e mtZZis used as the final discriminant.

Events / 50 GeV

30

25

20

I|IIII|IIII|IIII|IIII|IIII|II
® Data

S QM (stat t
TLAS Internal 7 SM(siat © sys
----- All Contrib. (uoﬁ_she” 10)
H — 7ZZ — 2[2v 0g+VBF— (H'—) 22
B o2z
Is =8 TeV: [Ldt = 20.3 fb" Wz
Z(—ee/un)+jets

WW/Top/Z—1t
Other backgrounds

|IIII|IIII|IIII|IIII|IIII||L

E||||||||||||||||||||||||||||||:

|||IIII|IIII|| 777777
400 500 600 700 800 900 1000
m&- [GeV]

2
o = (Vo P o ) -+
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\f H*_>W2W$ _}eiv“ +V %"%’%

- - : -I_- . . > I I | I I I | I I I I | I I I I | I I I I
e (Cut-based analysis using exu~ final state. 3 F ATLAS e T2
_ _ o 20 %/ /s =8 TeV, 20.3 fo .
e Baseline strategies are the same as the <7 DI ]
* . ¥ Wz %/%Tota(l (W 11)0) i
SM H—=>WW* measurement, but no jet 5 154 T ggrVBE T
binning is performed. S — kit
I * 19 [ ] Other Backgrounds i
. . . . . 10 o —
e Rsgis used as the final discriminant. :

WwW _ %A %% 2 £ w2 5
My = (ET+pT) _|1’T tPr| >
| | | | | | | | | | | S0 i |
R \/ 2 ( WW)z 500 600 700 800 900
= m a-m .

° t T R, [GeV]

e a=0.8 &Rs>450 GeV were adopted from optimization.

e Dominant BGs: Top quark & qg—WW events.
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Combined Results

Process 727 — 4 274 —202v | WW — ev uv
g9 — H* = VV (S) 1.1 + 0.3 3.2+ 1.0 1.54+04
g9 — VV (B) 2.8 £0.8 5.3+ 1.6 3.6 £1.1
g9 — (H* =)VV 2.4 + 0.7 3.9 + 1.2 2.4 + 1.2
99 = (H* =)VV (jogrshen = 10) | 9.2 £25 24.0 + 7.3 10 + 4
VBF H* - VV (S) 0.12 + 0.01 0.48 £ 0.04 0.42 + 0.05
VBF VV (B) 0.71 + 0.04 1.2+ 0.2 1.6 + 0.2
VBF (H* —-)VV 0.59 + 0.03 0.7 £ 0.1 1.1 £ 0.1
VBF (H* 5)VV (fofishen = 10) | 1.17 £0.06 | 2.9 + 0.2 2.8 + 0.3
0q— 272 213 £ 21 | 315 %35
qq — WZ : 10.6 &+ 1.4 2.0 +£0.2
qq — WW 40 + 5
tt, Wt, and tb/tqb 0.4 +0.2 35 + 4
Z =TT 1.4 4+ 0.2
Z — ee, i 3.5 £3.0 -
Other backgrounds - 0.8 £+ 0.2 8.7 + 1.3
Total Expected (SM) 24.4 4+ 2.2 51 £ 6 90 £ 4
Observed 18 48 82
Observed Median expected
RE.| 05 1.0 20| 05 1.0 20
Z 7 — 40 analysis 6.1 7.3 10.0 9.1 10.6 14.8
Z 7 — 20 2v analysis 9.9 11.0 12.8 9.1 10.6 13.6
WW — ev pv analysis | 15.6 17.2 20.3 | 19.6 21.3 24.7

SM
H

95% CL limitonI',,/ T

- = N N W0 W b
oo o o o O o o o

- ATLAS

— H—ZZ+WW off-shell+on-shell [ =20

~ Kgv.on-shel=K g off-sgell

[ = 10

------ Expected limit (CLs)
— Observed limit (CLs)

f— [s=8TeV: [Ldt£20.3 fb" _f

:I | 1 1 1 | 1 | I: 1 1 1 | | | 1 1 1 | 1 1 1 | 1 | I:

06 08 1 12 14 16 18 2
RB _ K(gg—VV)

Good agreement with Standard Model prediction.

Stringent constraint on the off-shell signal strength & total Higgs width.

e [nluSM < 4.5-7.5 (obs), 6.5-11.2 (exp) @95% CL.

However, still allows for sizable contributions from BSM.

Hideki Okawa

Tsukuba CiRfSE Workshop, March 12-13, 2015

H ™ Klgg—=H"—=WV)

18



BSM Decays of Higgs




ZH- I+-+invisible &

BSM decay of Higgs boson to dark matter. Expected from Supersymmetry, etc.

Dark matter
q (e.g. SUSY LSP)?

[ ] Data

10° ATLAS ®  Daa
(s=8TeV, [Ldt= 20.3 fo! M o

s=8TeV, [Ldt=203 1" PN zz- cevv(inel

ZH - ¢¢ +in B vz - cvecincln
R 4 BG is

il

Ww, dilep. tf, Wt, Z— 1

Events

Other BG

ZH - ¢¢ +inv. B o quark

ww
P wz - ¢vee (incl.T)
I zz - ¢tvv, 47 (incl.T)
I sM Higgs (my = 125.5 GeV)
swee ZH - ¢ +inv,BR(H - inv.)=

Events / 30 GeV

1 IIIII|_|_|

...... W+ jets, multijet, semilep. top

---------- ZH — ¢¢ +inv., BR(H — inv.) = 1

11 1111
—
h : o
T TTTTPTTTorT T IIIIIIII| IIIIII|T| IIIIII|T| IIIIIIII|

3 2
[&]
g g 1.5
y m 1 S SR O e, eSS AU o et S
g E 5 05
al 50 100 150 200 250 300 350 400 450 500 O

100 150 200 250 300 350 400 450
EMSS [GeV] ET*° [GeV]

e ete-or ptu-w/ 76 <M <106 GeV; 3rd lepton veto (pr>7 GeV)

miss: Missi E
® d¢(|5|) <1.7 o Jetveto w PT>25G'ey EeTconstrllJS;:Stg]dq from ID

tracks

o Ermiss > 90 GeV o dd(Ermiss,prmiss) < 0.2
o |Eymiss - ptlll /prl< 0.2 e ddo(Z, Exmiss) > 2.6
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Y. ZH-M-+invisible &5

e Limiton BR(H—Iinvisible)<0.75 (observed) & 0.62 (expected) @ 95%
confidence level. assuming my = 125.5 GeV & 0zH = 0z1SM.

e The BR(H—inv) limit was interpreted within Higgs-portal dark matter
model. The ATLAS result shows outstanding sensitivity in the low DM
mass region, exceeding current DM detection experiments.
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Heavy Higgs Boson Searches




\}{ Heavy Higgs Bosons &

low tan 3 (=2.5) case

1 | | T ] 1 [
b | L
P :
s o
Standard Model 0" =
Prediction " 4 H S
a
[ e N ~
Higgs 7 — =
Boson A 8 o 0.1 7 0.1
%) = as
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_.2—: ' H — hh—
' ' ' H - bb—
8 ! | i H- WW
- = H-Tt
H I H— 77—
0.01 ! ' ' 0.01 ! .
140 200 300 400 500 210 300 400 500
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e Many BSM models predict the existence of multiple Higgs bosons.

e Their decay modes & branching ratios highly depend on mass & tan 3
(vacuum expectation values of the Higgs bosons).

Hideki Okawa Tsukuba CiRfSE Workshop, March 12-13, 2015 23



H-hh—bbyy (owtanp) &5
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Small BR (~0.003), but very clean signature.

Two y’s following the SM h—vyy analysis. 2 b-jets (w/ pt > 55/35 GeV),
95 <mpp < 135 GeV & 105 < myy < 160 GeV. Events from diphoton trigger.

1.5 events expected from the SM, 5 events observed (2.40 excess).

H—hh—bbbb also published. H—=hh—bbt*T- & bbW+W- under way.
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A2 Zh= IH1+1/lIbb s &5
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e 230 <ma<350 GeV are excluded for low tan 3 cases.
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e A-Zh—I+1t+T, I*I'bb, vwbb are considered.
e No excess observed.
e Width effects are ignored in the signals,
but its impact on the limits are checked.
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h/A/H— T+T (hightanp) & °

v
Events / 20 GeV

7001

600

300F
200}

100F

IIIIIIIIIIIIIIIIIIIIIIII |IIII_
ATLAS \E 8TerLdt 203fb1

- hWHA=T, T —e— Data 2012 E
L tag category m,=150, tanf=20 7
N Z—1t ]
B ﬁ Z—eelun
B B it & single top
500 i W-jets & diboson
- &; I Multijet .
400:_ \\\W\\' BKkg. uncertainty _:
OO 50 100 150 200 250 300 350

m¥MC [GeV]

80__1\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
- ATLAS \@=8Tev,det=19.5-20.3fb'1

- mod-+ : _ —s ]
-MSSM m, ™™ scenario, MSUSY =1 TeV, h/H/A m::

60—331‘ - —e— Obs 95% CL limit
T -----Exp95%CL limit
C 1o ‘
50—— ! 20 m =1262GeV C!
- | —— Obs95%CLlimit " 3
40—3: 3 =1 (‘)‘theory 3.

: o ‘

> | x| I 4

_3: SDJ: | E: ﬂu"’
= o - A : O
305 ¢ excluded | £
C g 3! : :
CE 3 s :

o0k

- ' ; | | .
- - - < o | m, =125 GeV _|
! o I - jm = —————————— === ———
10 \ i !
= i i i m, = 122 GeV

100 200 300 400 500 600 700 800 900 1000
m, [GeV]

e No b-tag & b-tagged signal regions to search for ggF & b-associated
production. Uses all combinations of tau decays (Tiep-Tiep, Tiep-Thad, Thad-Thad)

® My is calculated using the missing mass calculator (MMC). Does not
assume collinear approximation & estimate neutrino momentum using a set
of equations & likelihood computation.
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¥ Summary &5

e Presented selected highlights on the Higgs results from the LHC-
ATLAS Experiement.

e After the discovery of the Higgs boson, we are progressing with
promising programs to understand the Higgs sector from various
perspective.

e The efforts will continue for Run-2.

e Run-2 is about to start!

e 6.5 TeV training is ongoing & has already been successful in
many sectors.

e First beam expected in late March; test collisions expected in late
May; 13 TeV data taking will likely to occur in June (50 ns & then
to 25 ns).

Hideki Okawa Tsukuba CiRfSE Workshop, March 12-13, 2015 27



backups




VH(— bb)

ATLAS Vs=7TeV, [Ldt=4.7 fo™"; \s=8 TeV, [Ldt=20.3 fb

Q_O T T T | T T T | T T | T T T | T T T | T T T | T
§ 9= ATLAS s=7 TeV [Ldt=4.7 fo . — _
1 | |--- Expected
E [ Injected 125 GeV 7TeV |- e 1617100 (P12 1000) -
10 ™
0 § """""""" 8 TeV 1-o-1 0 65+ 0.43 +0.33 +028) —
- T, "Y-040 '-0.32 -0.24
102 = e
- gl Combination |~ 1o +0.40 (+0.31 +0.25 | —
- 0517057 (Zo30 Zo22)
B - - 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
10° == .7 -4 -2 0 2 4 6 8
PP best fit u=o/c__for m =125 GeV
- SM H
ot L | | TN RS EY H E S S B ATLAS  (s=7 TeV, [Ldt=4.7 fb™; Vs=8 TeV, [Ldt=20.3 fb™
110 115 120 125 130 135 140
mH[GeV] II|IIII|IIIIIIII|IIII|IIII|IIII|IIII|IIII|II
— — tot. —
stat. tot (stat syst)
2lepon |~ b—e—n  0.947575 (Zogg 0a1) -
+ 0.66 +0.50 +0.43
1 lepton 1 — b—o—a 17700 (Zos Zos7)
) +055 (+0.49 +0.26) _|
0 lepton —  F=—=o=1 0.35" 0.52 (Toaa Too7)
o +040 (+0.31+025) _|
Combination -4 0.51" 0.37 (* 0.30 . 022 )
II|IIII|IIIIIIII|IIII|IIII|IIII|IIII|IIII|II
o _ 1 0 1 2 3 4 5 6 7
Hideki Okawa Tsukuba CiRfSE Workshop,

best fit u=o/c__for m =125 GeV
SM



% s S R R I L O R B B [ S SR PR S - B B SR . ]
S C Signal Region —e— Data i
8 20 . | I\j‘lultuet 7
= B I B
2 CYR! : e G* (m=700 GeV) ]
2 5 —— G*(m=1000 GeV) x 10 7]
[N} = =
- ATLAS Preliminary n
L \s=8TeV: | Ldt=195f" =
51— —
0 | | =]
o 3 3 T T T T T =
2 os5E _l_ o s
o oF- + —— Bkgd Systematics E
‘(B’ ‘f;—- BB £F X Exws. crwww. —xEl- Sk ik B e e e —z
A s ;— -+ + -+- -T-‘T' _;
400 600 800 7000 1200 1400 1600 1800 200
mq[GeV]

Hideki Okawa

o(pp — G*) x BR(G* — HH — bbbb) [fb]

10?

10

T T T T | T T T | T T
Expected Limit (95% CL)
[ Expected + 1o

Expected = 20
= Observed Limit (95% CL)
m= RS Graviton, k/M

=1.0

Planck —

ATLAS Preliminary

\s=8 TeV:det _195fb"

| | | | | | | |
600 800 1000

Tsukuba CiRfSE Workshop, March 12-13, 2015

| | |
1200

| | |
1400
mg. [GeV]

30



¥,  h/A/H=T+T (high tan p) &5
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