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Standard Model and Higgs boson
LHC and ATLAS detector

Higgs boson decays to W bosons
Higgs boson decays to muons

Future experimental outlook



The Standard Model

Quarks

Standard Model is renormalizable quantum
field theory of 12 fermions with 3 forces
mediated by spin-1 gauge bosons

Electroweak Symmetry is spontaneously
broken by Brout-Englert-Higgs mechanism

Neutral scalar particle: Higgs boson

Very successful description of particle
interactions

Leptons

"The renormalization theory is simply a way to sweep the difficulties of the
divergences of electrodynamics under the rug. | am, of course, not sure of
that.” - Richard Feynman.



The Standard Model

"[The Higgs boson is] a particle needed for theories to work” - Gerard 't Hooft

Higgs boson discovery seminar 2013 Nobel Physics Prize
at CERN on July 4th, 2012 to Englert and Higgs
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The Higgs boson discovery completes the SM,
making the theory self-consistent up to very high energy scale.



Some of open questions
» Dark matter and dark energy

» Higgs boson mass is sensitive to scale of new physics (up to Apianck)

» Cosmological constant problem

Quantum corrections to the Higgs mass term

> Broad experimental program underway to look for new physics
» SM precisely predicts all Higgs boson properties for fixed mpy

> Any deviations represent clear signs of new physics



Road to the discovery




Overall view of the LHC experiments.

27 km tunnel LHC

1232 superconducting
dipoles at 1.9 K

Proton-proton, proton-ion
and ion-ion collisions

7-8 TeV pp collisions in
2011 and 2012

LHC will restart in 2015 at
~ 14 TeV




Overall view of the LHC experiments.

4 large detectors to study:

» Electroweak Symmetry
Breaking

Standard Model

Searches for new physics

Matter-antimatter
asymmetry

New states of matter




Colliding bunches: interaction region

_nntte  — D 7 —
L= A b

Area A=4r -3 -¢ N . £
area A

> np - number of bunches

v

N1 - number of protons per bunch (~ 1.15 x 10™)

v

frev - revolution frequency (11kHz)

v

B and e determined by interaction region focusing and injectors
Run 1 - 1380 bunches at 50 ns: L2 = 0.77 x 10*cm=2s7!
Design - 2808 bunches at 25 ns: Lgesign = 1.0 x 10*cm™2s7?
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ATLAS detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker



Particle reconstruction and identification

» Hermetic detector

Spectrometer

» Almost all particles are
reconstructed

» Miss neutrinos and
particles traveling very
near beam axis

Hadronic
Calorimeter

K 9 The dashed tracks
Displaced b-hadron vertex " [Recio are invisible fo

S the detector

Electromagnetic
Calorimeter

Solenoid magnet

Transition
N Radiation
Tracking 4 Tracker

Pixel /SCT detector




Missing transverse energy

100 GeV/c

proton proton

Visible Transverse Momentum = 100 GeV/c
100 GeV/c

Visible Transverse ‘Energy’ = 100 GeV
M. Strassler 2012

undetected Missing Transverse ‘Energy’ = 100 GeV
v
» Momentum is conserved only in transverse plane

» Missing transverse energy:

ET,"”'SS = Zjets Er — Zleptons pPT — thotons Er — Zc/usters Er



v

v

v

v

Higgs boson production at the LHC

Higgs boson properties are fixed once my is known

Gluon-gluon fusion (ggF)
> Fermion couplings in the loop

Vector boson fusion (VBF)

> Two forward separated jets
WH/ZH associated production:

> Tag W/Z to reduce backgrounds
ttH associated production:
> Direct ttH coupling

g (?;\:,}

9 oooooon

g ooouood

Cross-sections and theory uncertainties for my = 126 GeV at 8 TeV:

geF | VBF | WH/ZH | tZH
o (pb) 100 |16 | L1 0.13
QCD scale | £8% | £1% | +1% +4% — 9%
PDF+as +8% | £4% | £4% +8%




Higgs decays: update to 126 GeV

> 'y =4.1 MeV - observed signal

width is determined by detector Fermion couplings oc ™t
resolution v

. . 2m?

» WW and ZZ dominate when Gauge boson couplings oc =¥

v

kinematically allowed

» 7 channels accessible at the LHC
for my = 126 GeV:

LHC HIGGS XS WG 2011

H — bb
H— ww
H— 711
H— 7z
H — vy
H— Zv
H = pp

Higgs BR + Total Uncert
[S)

" .
_ 10 400 120 140 160 180 200
» H — vy and H — Zv decay via M, [GeV]

loops - sensitive to new physics



H— WW — Iviv
o X BR =~ 0.24 pb for my = 126 GeV
~ 4800 signal events before selection

&\ ATLAS Run 214688, Event 271333760

"7 EXPERIMENT

17 Nov 2012 07:42:05 CET



Events /10 GeV

Data / bkg.

H— WW:

700? ATLAS H->WW*—evuy + 0 jets
600 Vs=8TeV [Ldt=20.71"  -# Daazo2
F 2 ZZ Total sig.+bkg.
500 V [ SMHiggs boson
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400 [ ww
E O
300 0 Weiets
1 B other v
200 [ single Top
Wz
1.44 -
i E
1.2k =
1B - 3 > ) I
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analysis strategy

H— WW — Iviv:
> 2 opposite sign leptons + Efss

> Only electrons and muons

» High rate, clean final state

» No mass peak because of v

Irreducible background:
» Non-resonant WW

» Normalized from data

Other backgrounds:
» Top quark
> Z+jets
> W+jets
» Di-bosons: WZ, ZZ, W~™

Normalized /validated from data

v



H — WW — [vlv: Spin-0 Higgs boson

> Irreducible non-resonant WW background: on/oww =~ 3%
» Spin-0: small opening angle for 2 charged leptons:

> |my| <50 GeV
> [Agy| < 1.8

400

o T T T T

© p

© PR 4 Dal # SM (sys @ stal)
5 ATLAS Preliminary g 0 & wzzomr

S 500F ys=8Tev,|Ldt=20.7f5" [Ja [ SngeTop
2 o Zijets [T Wijets.

% H-WW' —evpvipvev + 0 jets B H125Gev]
[

>

i

W+ o
WG o "
eQ

3
a9, [rad]

"... for the weak interactions parity conservation is so far only an extrapolated
hypothesis unsupported by experimental evidence.” - Lee and Yang, 1956.



Events

H— WW — Ivlv: jet multiplicity

Categories based on number of jets and lepton flavor:
> Veto events with b-jets to reduce top quark background
> Improve S/B because of different background composition
> Increase sensitivity to VBF production mode (+)

> Increase theory and experimental uncertainties (-)

_ epu: ee + [t
10* ©

FT T T T T T T T T T =
22F = k< 3
20:_ ATLAS ; ?:l:i‘:fhkg E 2 ATLAS ; ?:t':\zs‘?;fhkg E
185 Vs=8TeV [ Ldt=20.7 " I M Higgs boson 3 o Vs=8TeV [ Ldt=20.7 " I s Higgs boson ]
E m, =125GeV o m, =125GevV
16 H-WW S evpy O« " 3 H->WW* —evev/pvuv = ZN’-‘ =
E # = ww E| O =
14 . = E|
E W Zr Bl 0 ww 3
12 [T single Top = [ single Top 3
1054 [ Weiets 3 [ Other W 3
[ Other v 3 [ wets |
8 = 3
6 E 3
“’ ] E




H — WW — Ivlv: pT miss performance

> T T T
g -+ Data 2012
.. g ATLAS % T::\s»g‘mkg
Missing transverse momentum: - s=8TeV [Ldt=20.71b" [ SM Hiogs boson
m, =125 GeV
P — € H-WW-* —evev/pvpy + 0/1 jets S
PT,miss = Zchar d icle PT 5 K
» ged particle 2
] 0 ww
Use reconstructed charged particle =L
tracks matching primary vertex - does E oterw

[ Wajets.

not depend on pileup
Miss neutral particles

Suppress Z — Il by factor of ~ 5

PSS [GeV]

Torel




H — WW — [vlv: soft hadronic recoil veto

‘ATLAS

=

Entries normalised to 1

hadronic 10k
recoil E =, o

e

s =8 TeV simulation
H-WW —evev/pvuy + 0 jets

i —a— diboson, top and Wejets |
- —e— SM Higgs boson m_ = 125 GeV

10—2 Il L | | 1 | 1 1 1
0 01 02 03 04 05 06 07 08 08

> Require that di-lepton system is boosted: pr,; > 30 GeV
> Soft hadronic recoil fraction: frecoit = ET recoil / PT,i

» H— WW — lvlv - recoil carried away by neutrinos

v

Z — Il - boost requires hadronic recoil

» Z — |l estimated from regions with high f.ci and Z peak

v

Suppress Z — Il by factor of ~ 5

f,

recoil



H— WW — lvlv: results

N
» Probe transverse mass distribution
» Observed 3.8 o excess for my = 125 GeV

AT’:ASI -#- Data 2011+2012

> 3
8 E
= 80 ‘ j‘ 1 %% Total sig-+bkg. E
(expected 3.8 0’) e Vs=7Tev JLat=461 % 3
5 790E ys-gTev [Ldt-207" I SM Higgs boson
£ m, =125 Gev o
5] B00E- H—WW*—ivly + 0/1 jets = ww -
% =
2 50 v O E
Category Source Uncertainty, up (%)  Uncertainty, down (%) 40 [ other vv E
Statistical  Observed data +21 21 [ singe Top E
Theoretical  Signal yield (o - B) +12 = 30 [ Wiets =
Theoretical  WW normalisation +12 =12 mr E
Experimental ~ Objects and DY estimation +9 -8 20 =
Theoretical  Signal acceptance +9 -7 E
Experimental  MC statistics +7 -7 10 E
Experimental  W- jets fake factor +5 -5 . E
Theoretical ~ Backgrounds, excluding WW +5 -4 2 10 Bka. subtracted data =
Luminosity  Integrated luminosity +4 4 @ 8 ~#- Bhg. subiracted dal .
. 8 [] SM Higgs boson m, =125 Gev
Total +32 29 g 4 + 3
a 2 3
- * *ye- R
) 3

60 80 100 120 140 160 180 200 220 240 260

m, [GeV]



At the summit




Summary of Higgs boson measurements

ATLAS Prelim. —U(statlif!lcal) Total uncertainty
m, = 125.5 GeV — o(syst.incl.theo.) +ioonp
— of(theory)
0.23|Phy Lett. B 726 (2013) 88
H- vy ozl Ve @ L
+0.24 L
w=155"% 101
=1 +
-0.28| g1z i | -
+0.35Phys. Lett. B 726 (2013) 88
H-zz* - 4l 0% i
1= 143709008 —
= L. +0.17
-035) 010 i | T
+0.20Phys.Lett.B726(2013)88
H - WW* . Ivlv 021 !
0.31]- 019 L
H=0.99""1 05
-0.28 | 009 —H—
Combined fg.}i’;ﬁys Lett: B 726 (2013) 88 =0
H-vyy, ZZ*, Ww* o017
W= 13302, 013 =
= & +0.12
-0.18|. 010 i | i
W.ZH bE +0.5 ATLAS-CONF-2013-079
=027 0.4 :
H ".06<0.1 i | |
0.3 |ATLAS-CONF-2013-108
H - 1T (8TeV:20.3 b 103
+0.4 PO | S
u*lf”‘m
I +03
-04 | o2 i | hTﬁ
s=7TeV [Ldt=4.6-4.8 fb -05 0 05 1 15 2
\5=8TeV [Ldt = 20.7/20.3 b Signal strength (u)

oxBR

> Slgna| Strength Mm = Tom X BRoy

» Clear evidence for Higgs boson decays
to gauge bosons with properties
consistent with the SM predictions

» Strong evidence for H — 77 decays



What's next?




v

Higgs couplings to fermions

Yf ~ mf/v, Y\/ ~ m\//v, v = 246 GeV
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Explore flavor physics in Higgs boson decays to fermions
H — 77 and ttH test 3rd generation couplings
H — pp tests 2nd generation coupling

What is a reason for the fermion mass hierarchy?



Events / 2 GeV

Data/SM

H — e search

v

Goal: set limit on B(H[125] — pp) and search for new resonances

» H — pu probes directly SM Higgs coupling to 2nd generation fermions

v

v

10°F I ‘ I ‘-0— Dal‘a I % SIM (slat)l
1o° ATLAS Preliminary & e & 2 o

oE Vs=8TeV,[Ldi=207t6" mww O«
10 ot [ Wzzzwy [ Z+Hets
107 Kl [ H[125Ge

B(H[125] — pp) = 2.2 x 107* — 2.6 events/fb™" (= 55% efficiency)
Dominant irreducible background is Z+jet (also tt and di-bosons)

|my — muu| <5 GeV

T SN BTN BTN SR SV R ST I
80 100 120 140 160 180 200 220 240 260
mW[GeV]

Signal [125 GeV] 377 +£0.2
ww 250 +£ 4
Wz/zZzZ /W~ 30+1
tt 1374 + 13
Single Top 151 + 5
Z+jets 15806 + 125
W+jets 88+ 6
Total Bkg. 17697 + 126
Observed 17442



H — pp: two resolution categories
> T T > F T T T 7
& 1~ ATLAS Preliminary e & 2 ATLAS Preliminary j
2 [ Simulation 1 o [ Simulation ]
> | Central , P 1.5 Non-central b
€ [ e m=125GeV ] € [ em=125GeV ]
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w > w L ]
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i 1 i A E
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Results

e Y 4 O L B e e e
5 I ATLAS Preliminary H . E
S F —ut ]
E 60? —-—Slt()selrzved g =
3 F - Bkg. Expecte J. ~ 4 ;
d 50 E+lo Ldt=20.7 fb =
2 r C+20 (s =8TeV 1
o
0 40— -
) r ]
30F =
20F =
10F =
st S SO S T

110 115 120 125 130 135 140 145 150
my [GeV]

> No evidence of signficant enhancement in the H — pu production

> Observed (expected) limit at the 95% CL for the Higgs boson with a mass
of 125 GeV is 9.8 (8.2) times the Standard Model prediction
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Higgs boson measurements at 14 TeV

» Extensive ATLAS detector upgrades

» Expand sensitivity of searches for new physics

LHE HIGGS XSWG 2013

M, = 125 GeV

- MSTW2008
EE . . R
7 8 910 20 30 40 50 60 10°

Ns[TeV]

High Luminosity LHC will provide up to 3000 fb~!

Expect ~ 5 — 10% statistical precision on Higgs boson couplings

o(14TeV)/o(8TeV)

gg—H

2.6 (Mx=MH) (]

qq—qqH

2.6 (probes high Mx) @

qq—VH

2.1 (Mx=My+My) L]

gg—ttH

4.7 (phase space+Mx) ®




H — pp at HL-LHC

» Measurement of Higgs couplings to 2nd generation fermions

> Expect ~ 10% statistical uncertainty on H — ppu with HL-LHC

> T T T T e
8 10 ATLAS Simulation Preliminary

0 Vs =14 TeV

S | Ldt=3000 " W - e, m =125 GeV
w —Z-pm

S i

> =

m WW- pvpy

140 160 180 200

m,, [GeV]

> 5000
8 40003_ ATLAS Simulation Preliminary_f
Vs =14 TeV k|
2 3000, \ [ Lat-3000 0"
'g 2000 —
© 1000 ‘ E
> E
O Ofr iy
g | f
l:ln_1 000F 4
© F 1
8_2OOO§ « S+B toy Monte Carlo ;
\{3000;_ — S+B model E
-4000F — B-only model E
57000 I A I S . S

00 110 120 130 140 150 160
m,, [GeV]



ttH cross-section and branching ratios

» ttH allows to measure directly the top quark Yukawa coupling

> Probe for new physics contributions in gg — H and H — ~~ loops

=+
1

q g TTTTT

Examples of LO Feynman diagrams for the partonic processes q{, gg — ttH.
ttH,H — bb
» Dominant decay mode
» Large irreducible tt + bb QCD background
» Boosted techniques at 14 TeV



Events/GeV / 3 ab-1

ttH at HL-LHC

> ~ 20% statistical precision on ttH in H — uu, H — ZZ — 4/ and
H — ~~ decay modes

» ttH,H — WW can potentially improve precision of ttH coupling

measurement
ttH — 1 lepton + jets + vy ttH — tt + pp
C. > T T T T B
300 imi i i D ttH ] E
E ATLAZETJITEITW (Simulation) %@HH g_ ATLAS simulation Preliminary ]
250 Ldt = 3000 fb* > Vs =14 TeV E
5 [ Ldt = 3000 fo" —tH
w 3
iz |
1oof— E
50F- é
i 1 1 I 1 1 - | e
900 110 120 130 140 150 %0 80 100 120 140 160 T80

diphoton mass [GeV] m,, [GeV]



Summary and outlook

The Higgs boson discovery completes the SM
Yet the SM does not explain full range of the observed phenomena

Extensive searches at the LHC and other facilities so far have found
no evidence for new physics

Upcoming LHC runs will expand reach of new physics searches and
allow precision measurements of Higgs boson properties

Studies for future high energy colliders are underway
SM precisely predicts all Higgs boson properties for fixed my
Any deviations represent clear signs of new physics

Is the Higgs boson natural?
Only future experiments can tell.
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Single lepton triggers

5 1.05 ‘ —
g E ATLAS Preliminary k|
5 1= . e =
& b e
: - . 0955 . 3
Single electron trigger with pr > 24 GeV Eos e E
. . . 09 " 3
Shower shapes for electron id and isolation : P( E|
851 3
. ot 3
Match Inner Detector track to calorimeter 08k , 3
cluster E ‘ . E
. o 075¢ JLdt=4.1fb‘,\%=8Tev E
Acceptance |n| < 2.5 and efficiency 90% o7 L 3
T 2012 p-p Collision Data ——EF E
0.65EC L L | L |

30 40 5060 10° 2x10?
E; [GeV]
. . ) z T T T T T T l
Single muon trigger with pr > 24 GeV S 1 ATLAS Proliminary -
£ B o0 . ey X5, i
Match Muon Spectrometer track to Inner & b o o R g0
Detector track
. 0sf J
Trigger acceptance |n| < 2.5 . pata 2012658 TeY) ]
Trigger efficiency: 90% in endcap and 70% 041 ILdn:s.ssm" .
in barrel (geometric coverage of muon 02l fn,>1.05 .
trigger chambers) Eos o EF_mu24i_iight

0 L 1 1 1 L Il

1 |
0 30 40 50 60 70 80 90 100

Di-muon efficiency > 95%
o [GeV]



Supersymmetry

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: SUSY 2013 detf (46-229) b1 5=7,8TeV
Model e Ty Jets ET* [Lam) Mass limit Reference
T
MSUGRA/CMSSM 0 2-6jets  Yes 203 Qg 17TeV  m(@=m() ATLAS-CONF-2013-047
Tenu  3bjels Yes 208 [ 127eV anym(@) ATLAS CONF-2015.062
0 7-10jets  Yes 203 & 1.1TeV any m(@) 1308.1841
g 0 2:6 jet s 203 @ 740 GeV miT})=0GeV. ATLAS-CONF-2013-047
0 26jets  Yes 203 & 13TeV m(T})=0GeV. ATLAS-CONF-2013-047
3 len  36jets  Yes 203 |& 118TeV. % By ATLAS-
2 2en 0-3 jets. - 203 L3 1.12TeV. eV ATLAS-CONF-2013-089.
2 2o 245 Yes 47 1200.4688
§ 127 0-2jets  Yes 207 & 1.4TeV ATLAS-CONF-2013-026.
3 2y - Yes 48 miE)>50Gev 12090753
£ Tep+ry - Yes 48 m(¥1)>50 GeV' ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) ¥ b Yes 48 m(E})>220Gev 12111167
GGM (higgsino NLSP) 2eu(Z) 03jets  Yes 58 m(H)>200GeV ATLAS-CONF-2012-152
Gravitino LSP 0 no-jet  Yes 105 m(Z)>10"* eV ATLAS-CONF-2012-147
E-g 0 3b Yes 201 13 mu”keooeev ATLAS-CONF-2013-061
Sg 0 7-10jets  Yes 203 13 1308.1841
® Otes  3b  Yes 201 |& ATLAS CONF 2015061
EX 0-1eu 3b  Yes 201 |& ATLAS-CONF-2013-061
o b Yes 201 b1 100-620 GeV 1308.2631
I3 2eu(SS) 03b Yes 20.7 b1 275-430 GeV ATLAS-CONF-2013-007
28 en 126 s 47 |0 " Voo 4005, 2002102
2eu  O2iets  Yes 203 |© 130-220 GeV. m; ATLAS-CONF-2013.048
s 2eqs  2ts  Yes 203 | @ 225525 GeV. mi})-0 G ATLAS CONF-2013.065
= 0 2b Yes 201 | 1 GeV. i’ y<zw6ev )5 Gev. 1308.24
S5 Ehilheaw), iy Tew b Yes 207 | 200610 GeV' mii) ATLAS-CONF-2013-037
B E Ay eavy) nﬂm ) 2b  Yes 205 |i 320-660 GeV. mi Hm v ATLAS-CONF-2013-024
®»B b 0 mono-jetc-tag Yes 203 o 90-200 GeV' m(q) m(i})<85 GeV ATLAS-CONF-2013-068
i (na\uwl GMSB) 2eu(2) 1b Yes 20.7 o 500 GeV' mmpisﬁ&v ATLAS-CONF-2013-025.
Bl boh + 3eul2) 1b  Yes 207 |B 271-520 GeV. m(E)=mi(i?)+180 GeV ATLAS CONF-2013-025.
[ 2ep 0 Yes 203 |7 85315 GeV mE)-0GeV ATLASCONF-2013.049
)‘(lx K- () 2eq 0 s 03 [ 1 v ATLAS.CONF-2013.049
= S () 27 Yes 207 | 180-330 GeV. ATLAS-CONF-2013-028
Ws & *[”'b"w) 5 3en [ Yes 207 [ 600 GeV' ATLAS CONF-2013-035
Hrowitz 3eu 0 Yes 207 |mid 315 Gev mw-mm )/}, sloptons docoupld | ATLAS-CONF-2013.035
HHowiht Tes  2b  Yes 203 [Fnib 285 GeV . {7410, septons decoupled_| ATLAS CONF-2012093
§ g Direct i 71 prod. Jong \|ve¢Xl Disapp.tk  1jet  Yes 203 |Ff 270 GeV. T m(E)=160 MeV, r(F})=0.2 ns ATLAS-CONF-2013.089
=) Stable, stopped & 0 15jets  Yes 229 & 832 GeV i) 2 AT
o GMSB stable 7, 1 “’ar( 3 )or(e, ) 1 2u - 159 10<tanp<50 ATLAS-CONF-2013-058
§ i 2 2y Yes a7 Oace(i)2ns 13046310
- 208 |a 1.0Tev. 1.5 <cr<156 mm, BRG)=1, m(F) ATLAS-CONF-2013-092
LEV pp—ie + X7, e T 2222
LFV pps¥, + X, Teurr - - 4 12121272
> Enhmav RP\I CMSSM e, Tjets Yes 4.7 ATLAS-CONF-2012-140
= F{ W Hoeer, s, 4 e S e 207 [E 760 GeV. ATLAS-CONF-2013.036
W e s 207 |8 350 Gev 3 ATLAS CONF-2013.036
&-9qq 0 67 jets. N 203 & 916 GeV' BR(t)=BR(b)=t BR(:) ax ATLAS-CONF-2013-091
-t fobs 2eu(SS) 03b Yes 207 3 880 GeV ATLAS-CONF-2013-007
Scalar gluon pair, sgluon—qg 0 4jets B 46 | sguon 100287 GeV . imi from 1110.2693 1210.4826
8 | scalargluonpar, sguon—tt  2e4(SS)  1b  Yes 143 ATLAS-CONF-2013.051
g WIMP interaction (DS, Dirac x) 0 mono-jet  Yes 105 mix)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
L
Vi=8TeV =
- full data 10 1 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.



Large ED (ADD) - monojet +E.
Large ED (ADD) : monophoton + Ey .o
Large ED (ADD) : diphoton & dilepton, m,,
D : diphoton + E, .
'z, ED : dilepton, m,
Rs1: dilepton, m,
RS1: WW resonance, my ,,,
Bulk RS : ZZ resonance, my,
RS g, - tf (BR=0.925): {f . I+jets,m_
ADD BH'M,, /M
ADD BH (M, /M ptons + ]ets
Quanlum black hole dijet, F, (m
fm!

T miss

Extra dimensions

Z' (SSM) :m,,
N Z' (leptophobic topcolor) tf  I+jets, m,
W (S Meoy
W (- 1q, 9
7 L We(o b, LREM) :m |
Scalar LG pair ( [ vars, in eejj, evu
Scalar LQ pair (8=1) : kin. vars. in M,
Scalar LQ palr (B 1) : kin. vars. in Ttjj, Tvjj
eneration : tt - WbWb
4th generation : bb' - R dilepton + jets +E
Vector-like quark : TT—. Ht+X
Vector-like quark : CC,m, ,
‘Excited quarks :y-jet resonance, m
Excited quarks : dijet resonance, Fﬁ
Excited b quark : W-t resonance,m,,
Excited leptons : |-y resonance
Techn hadrons (LST) - diepion, mmw
ul (LSTC) 1 Wz i), m

New LQ
quarks

Excit.
ferm.

wz

Major. neutr. (LRSM no mixing) : 2-lep + jets
°’ Heavy Ieplan (typelll seesaw) Z- resonance, m,,
O

H* (DY prod., BR(H™-1)=1) : SS ee (), m
Color octet scalar

Multi-charged particles (DY prod.) : highly ionizing tracks
highly ionizing tracks

Magnetic monopoles (DY prod.
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Graphical illustration

Variables and Position
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H — ~~: photon conversion

» Photons convert into electron and positron pairs in the tracker material

> Reconstruct as displaced Inner Detector track(s) matched to
electromangetic cluster

» Measure amount of Inner Detector material with conversion vertex density
> 52% of signal events contain at least one converted photon

» Uncertainty on event migration between converted/unconverted is 4%

ATLAS Preliminary
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100 60
0 50
-100 40
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H — ~~: photon identification
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H — ~~: selection categories

» Categories to increase sensitivity to
different production modes

> O resolution categories to increase ggF
signal signficance

Inclusive

|_ATLAS Preliminary (simulation)

ggF mVBF WH ®mzH

Unconw. central low p |
Unconv. central high p

Unconv. rest low p

Unconv. rest high p._

Conv. central low p
Conv. central high p

Conv. restlow p

Conv. rest highp

Conv. transition

Loose high-mass two-jet

Tight high-mass two-jet

Low-mass two-jet

E" significance

One-lepton

o

1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100
signal composition (%)

ATLAS
H-yy

VH enriched

VBF enriched

ggF enriched

Preliminary

di-photon selection

One-lepton
W(— W)H, Z(— IhH

l

ET" significance

W(— V)H, Z(— vv)H

l

Low-mass two-jet

W(= j)H, Z(— j)H

F l

High-mass two-jet

VBF

<

r |

9 p, M-conversion

9gF




1N dN/dm,, /0.5 GeV
8

H — ~~: analysis strategy

» Two isolated photons with pr > 40,30 GeV
» Search for a narrow mass peak in di-photon mass spectrum
» Requires excellent photon energy resolution

> Multiple categories to optimize signal signficance and to increase
sensitivity for different production modes

> Irreducible SM backgrounds are fitted from sidebands

> Observed 7.40 excess (expected 4.30)

» . ; . ; : . . - > e
E ) . q 3 ATLAS e y+DYD: 1
r ATLAS Simulation ® Unconverted central ] 9 1200 Data 2012 - ;iv;a‘a ata 3
g high p., ] £ 1 \s=8TeV.[Ldi= 50"  —— jjData ]
F Hoyy FWHM = 3.2 GeV . 2 1000(~ {++ —— Stat. uncertainty ]
L O Converted rest ] w r # ++ # Total uncertainty |
F my= 125GeV @] lowpy ] soo- T H, e
F \s=8TeV FIVHM = 4.4 GeV ] F +++++H"+ .
E E 600 ity E
[ b ] F + +++++ b ]
[ — 400~ H, -
F i ] B Tttty s
F ] P gt LK
e . 200 T HeH =
F Rl T 4
‘ ‘ ! e csla o] o emoatis o ool e e bt

110 115 120 125 130 135 140 145 ‘POO 110 120 130 140 150 160

==
S

m,, [GeV] my, [GeV]



H — WW — Ivlv: Drell-Yan background - (epu, ne)®(0-jet, 1-jet)

v

Z/~v* — 7T — e + neutrinos

v

Relative ET, miss

> Apply m;; veto

v

Boosted events pr ; > 30 GeV

\4

Normalize from data using events with back to back leptons

> T T T T T T T ™

8 ATLAS Preliminary % Z oeiros |

©° \s=8TeV,[ Ldt=207fb" [J# [0 ShgeTop ] |

a “ Wl Z+jets [] Wejets 1 1

5 H->WW' '—evuv/uvev + 0 jets W H(125Gey] _

groop 1 EM=MET

) = rel Transverse

1 If closest object plane to
= beam line
1 P ’
E within 90°, MET 7.}
] miss. .
1 E=METsin¢ ¢

. .
60 80 100 120 140 160
P} [GeV]



H— WW — lvlv: WHjet, WZ, ZZ, W~ backgrounds

W-jet background - data driven: Same sign vaidation region
> Jets reconstructed as leptons ' ' e
tructed as lept _ ATLAS AT
> Suppress with tight isolation and tight ts=8Tev [Lot-207 0" B M Higs bosen
m_‘=125(‘12\l

Events / 10 GeV

|epton Id H-WW*—evpv + 0 jets 1 Waiets
. . . gwr
» Estimated from control regions with m

loosened lepton selection: mr

> = 50% uncertainty for Wjets

WZ /27 /W~ backgrounds are taken
from MC simulation and validated with
sign di-lepton events

my [GeV]



H — WW — Ivlv: top backgrounds

> T T T T ]
3 e ATLAS ]
2 500[ g swHiggs boson Vs=8TeV [Lat=207 "
2 o e HOWW* Ssevpy + 1 jet ]
8 400F & Sngieres 3
i] 0 ww ]
0-jet top background: 300 B> E
. . . . [0 wijets ]
» Estimate from inclusive di-lepton 200 3
sample using MC extrapolation factor 100 .
with data driven corrections

» 1.07 +0.03 (stat) & 0.14 (sys) 056 o0 150 200 250 300
m; [GeV]
1-jet and 2-jet top backgrounds: > 35T . ; ‘ ; -
@ # Data2012 % Total sig.+bkg. -
» Estimated from data control regions g 30 ::Z:‘f: [utosory Bl Do 3
with b-tagged events .‘\g 25F HoWW Sy + 22 =ngl;er:1_‘V!|25DGeM\/IHEE E
. O verm,= ]
> 1-jet: 1.04 £ 0.02 (stat) =+ 0.30 (sys) - B
> 2-jet: 0.59 £ 0.07 (stat) & 0.23 (sys) 15
10 =
5 :
P ——— =
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Events / 20 GeV

Events /10 GeV
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Events /5 GeV

Events / 40 GeV
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Mass measurements

7 -
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Mass measurements
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ATLAS Preliminary (Simulation) ATLAS Preliminary (Simulation)
Vs = 14 TeV: [Ldt=300 fb™* ; [Ldt=3000 fb™* Is = 14 TeV: [Ldt=300 fb™ ; [Ldt=3000 fb*
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Background model: MC signal regions

500 % ?/ndof = 1.09 % ?Indof = 0.98

< 1500—— ; ; ; ; < 5000 ; ; ; ; .
8 [ ATLAS Preliminary Central 8 - ATLAS Preliminary Non-central i
2 F \s=8TeV e Simulation 24000 \s=8TeV e Simulaton
g 1000 |Ldt=20.7 fo” — Fit model g t|Ldt=2071" — Fit model ]
LT>: — Breit-Wigner lj>j 3000 — Breit-Wigner

------- Exponential - Exponential ]

110 120 130 140 150 160 110 120 130 140 150 160
m,, [GeV] m,, [GeV]

» The background model fits to the di-muon mass distribution m,,, for the
central (left) and non-central (right) signal categories

» Shown are MC signal regions



H — pp: systematic uncertainties: acceptance and experimental

Uncertainty Upward [%] | Downward [%]
Ren./Fac. Scale 0.1 -0.3
ISR 1.3 -2.5
FSR -0.4 0.1
PDF 0.2 0.2
Total inclusive +1.3 -2.6

Table: Summary of the signal acceptance uncertainties due to the theory sources.

Source of Uncertainty Treatment in the analysis
Luminosity 3.6%

Muon Selection Efficiency 0.3-1% as a function of n and pr
Muon Momentum Scale and Resolution | < 1%

Muon Trigger < 1%

Muon Track Isolation < 1%

Pile-up reweighting < 1%

Table: Summary of the signal normalization uncertainties due to the experimental
sources.



H — pp: systematic uncertainties: theory

gluon fusion vector boson fusion BR
H 0, H 0, H 0,
my[GeV] olpb] uzc:rtalnt);lvfl olpb] uzlc)ertalnt;i/om] BR(H — ) uE;ertalnthLﬁ]
110 25.04 +15.3 -14.9 1.809 +2.7 -3.0 2.76 x 10~ % +7.0 -6.8
115 22.96 +15.0 -14.9 1.729 +2.7 -3.0 2.63 x 1074 +6.7 -6.6
120 21.13 +14.8 -14.8 1.649 +2.8 -3.0 2.44 x 1074 +6.4 -6.3
125 19.52 +14.7 -14.7 1.578 +2.8 -3.0 2.20 x 10~4 +6.0 -5.9
130 18.07 +14.6 -14.6 1.511 +2.8 -2.9 1.90 x 10~ +5.5 -5.4
135 16.79 +14.4 -14.7 1.448 +2.8 -2.9 1.55 x 10~*4 +5.0 -4.9
140 15.63 +14.3 -14.5 1.389 +2.7 -2.9 1.22 x 1074 +3.7 -3.8
145 14.59 +14.1 -14.4 1.333 +2.8 -2.8 9.06 x 1075 +3.4 -3.4
150 13.65 +14.1 -14.4 1.280 +2.8 -2.9 6.19 x 1075 +3.1 -3.2
Table: SM Higgs production cross sections at 8 TeV and SM Higgs branching ratios

BR(H — pp)



H — ZZ — 4I: backgrounds

\4

Normalize ZZ™*) from simulation

> Normalize reducible backgrounds from control regions

v

Z+jets background - relax/reverse lepton selections
> tt - from ey channel

> Lepton momentum scale and efficiency from Z, J/v¢
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Background model

v

All backgrounds have continuous m,,, distribution in the search window

v

Model background as a sum of Breit-Wigner (BW) and exponential pdfs:
Fsc = fagw - BW (X7 Mz, rz) + (1 — fgw) . P(GB‘X)

» Mz and Iz are fixed to the LEP/SLD average values
» Validated by fitting di-muon invariant mass distributions for different
background MC samples and the data control regions
Measure background PDF directly from data signal regions
> 1500 . . - . = 50007 ‘ ‘ ‘ ‘ .
g [ ATLAS Preliminary Central ] 8 r  ATLAS Preliminary Non-central 1
S [ is=8Tev o Data2012 24000~ 1s=8TeV e Data2012
% 1000 J.Ldl=20.7 o' — Fit model . % ¢ |Lat=207"  — Fitmodel ]
o — Breit-Wigner | 4 30007 — Breit-Wigner 7:
. T — Exponential 1 - - Exponential |
500 x¥ndof=112 ] 2000? X #/ndof = 1.01 E
B 1000 -
‘£ 100 ) E
g 0 3 (LR X F p WS NE
+ . E| t %
-100 E! -100E " TH} E
740 120 130 140 150 _ 160 110 120 130 140 150 _ 160

My, [GeV] My, [GeV]



Combined VBF results

T T T
ATLAS
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Higgs to invisible decays

E1 038 k- Higgs-portal Model for ATLAS ATLAS Simulation Preliminary
S.10% . ZH > I|+|nv|s|b|e‘
Vs=14TeV, [Ldt=3000 fb

1 10 10° 10°
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Event pre-selection

Up ee eu 3¢ 40
ttH, H - WW 2003 09+£01 27+04 32+0.6 0.28 =0.05
ttH,H — 2Z 01+£00 00+00 01+0.0 02+0.0 0.09 +0.02
ttH,H —» 17 06+£01 03+£00 09£0.1 1.0+£0.2 0.15+0.02
tW 82+15 34+06 13.0+22 92+19 -
tt Z/v* 25+05 16+£03 42409 79+17 1.25+0.88
ttWW 02+£00 014+£00 03=£0.1 04+£0.1 0.04 £0.02
tty - 134+£03 19+05 29+0.8 -
WZzZ 08+09 05+05 12+1.3 42+09 -
zZ 01£01 0000 01=£01 04 +£0.1 0.45 +£0.09
rare SM bkg. 11+00 04+£00 15+£00 0.8+0.0 0.01 +0.00
non-prompt 108+48 89+45 21.2+81 33.2+123 0.53 £0.32
charge flip - 194+06 24+08 - -
all signals 27+£04 12+02 37406 44408 0.52 +0.09
all backgrounds 23.7+52 18.0+4.7 459+86 589 +12.7 2.28 +0.94
data 41 19 51 68 1

Table 1: Expected and observed yields after the selection in all five final states. The rare SM
backgrounds include triboson production, tbZ, WEW=qq, and WW produced in double-parton
interactions. A ’-" indicates a negligible yield. Non-prompt and charge-flip backgrounds are
described in Sec. 8.



ttH — leptons - jet multiplicity and background composition

CMS HIG-13-020

¥s=8TeV, L=19.6"

CMS Preliminary, e*y channel
C T T

W/ Z N
» =~ 10 — 20% theory uncertainty B
> Measure with control regions
tt + jets
» Dominant background i
> Jets mis-identified as leptons g
» Supressed with lepton id and isolation (% 3 E
» CMS: tt + jets uncertainty > 2X signal g 15t |
St i
) ° 6N(jet)
o 8 TeV [fb] | o 14 TeV [fb] | Ratio
ttH 130 611 47
ttW 232 769 33
tt 2.5 x 10° 9.8 x 10° 3.9



https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13020TWiki
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Results

¥s=8TeV, L=19.6 fb" Vs=8TeV, L=19.6fb"
CMS Preliminary |-s=Observed CMS Preliminary |-s=Observed
_ & Exp. (68%) _ 1 Exp. (68%)
my, = 1257 Gev 12 G5 =1257GeV | b (95%)
four-lepton four-lepton
u<6.8(8.8exp) n<6.8(88exp) |
trilepton

trilepton
n<6.7(3.8exp)

n<6.7(38exp) |
electron-muon
L<6.7(5.1exp) |

dilepton dielectron
<91 (3.4 exp) p<11.8(9.7exp) |
dimuon
combined n<14.2(44exp) |
combined

n<6.6 (2.4 exp)

1L <6.6 (2.4 exp)

456 20 30 456 20 30
95% CL upper I|m|t on u c/c 95% CL upper I|m|t on u G/G



luminosity ratio

Higgs physics reach
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Higgs physics at a High Luminosity LHC with ATLAS

ATLAS Simulation Preliminary
Vs = 14 TeV: [Ldt=300 o' ; [Ldt=3000 fi”
> ~ 5% statistical uncertainty on

H—pp  (comb.) r
H—~yy, H—> ZZ — 4/ and

H—stt (VBF-like)

H— ww Ho ZZ

(comb.)
» Improvement in theory uncertainties
will be necessary

» With 300 b~ spin/CP quantum H— WW (comb.)
numbers of non-mixed states can be
measured at 50 level

H— Zy  (incl)

H—yy (comb) E

0.2 04
Au/u
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Theory uncertainty on BR

Table 1-4. Uncertainties on My = 126 GeV Standard Model branching ratios arising from the parametric
uncertainties on o, my, and m. and from theory uncertainties [16,17].

Decay Theory Uncertainty ~Parametric Uncertainty Total Uncertainty Central Value
on Branching Ratios
(%) (%) (%)
H—yy +2.7 +2.2 +4.9 2.3 %1073
H —bb +1.5 +1.9 +3.4 5.6 x 107!
H—ct £3.5 +8.7 +12.2 2.8 x 1072
H— g9 +4.3 +5.8 +10.1 8.5x 1072
H— 7t +35 +2.1 +5.6 6.2x 1072
H—->WW* +2.0 +2.1 +4.1 2.3 x 107!
H—7Z* +2.1 +2.1 +4.2 2.9 x 1072
H— Zy +6.8 +2.2 +9.0 1.6 x 1073
H— ptp~ +3.7 +2.2 +5.9 21.x107*




