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Large Hadron Collider:
25 years of preparation

&

1983 : W#/Z detected at SPS proton-antiproton collider
Tevatron becomes operational

1984 : First studies for a high-energy pp collider in the LEP

tunnel

1989 : Start of SLC and LEP et*e colliders

1993 : SS5C is cancelled

1994 : LHC approved by the CERN Council

1995 : Top-quark discovery at the Tevatron

1996 : Construction of LHC machine and experiments start

2000 : End of LEP2

2003 : Start of the accelerator and experiments installation

Summer 2008 : Expect first collisions at Vs = 10TeV (14 TeV)



Large Hadron Collider

- Circumference 27 km

- Up to 175 m underground

- Total number of magnets 9 553
- Number of dipoles 1 232

- Operation temperature 1.9 K
(Superfluid He)

Parameter 2010 2011 2012 Nominal
C.O.M Energy 7 TeV 7 TeVv 8 Tev 14 TeV
N, 1.1 10" 1.4 10" 1.6 10" 1.15 10"
Bunch spacing / k 150 ns / 368 50 ns / 1380 50 ns /1380 25 ns /2808
& (mm rad) 2.4-4 1.9-2.3 2.5 3.75
g* (m) 3.5 1.5-1 0.6 0.55
L (cm2sT) 2x10%2 3.3x10% ~7x10% 103




Collisions at Large Hadron Collider

Nominal parameters

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 10 em<g!

In the experiments:

Proton 109 pp interactions per second
~ 1500 particles (p,n, m) produced in the
detectors at each bunch-crossing
Parton

(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle




The first LHC run
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Birth of a particle ......
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Higgs-like particle: 4-July 2012

o We are living in a privileged moment in the history of
High Energy Physics: Our first fundamental scalar

o The discovery came at half of the design energy,
much more severe pile-up and one-third of integrated
luminosity than was originally judged as necessary.

= fB=7TTeV.L=51f" s=8TeV.L=53 "
— — T T i T

ATLAS 2011 -2012 . U Vanas'r

Vs=7TeV: [Ldt=4.6-48 1"
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H

Phys.Lett. B716 (2012) 1-29

Phys.Lett. B716 (2012) 30-61
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—like particle: 4 July 2012
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And since then .... rE———

: .| Ns~0(500) per experiment
w chgnnel basic facts : SATLAS

740 (4.30) Signal purity ~ 2% - 60% e Rarm

4| channel basic facts ; Ns ~ 0(15-20) per experiment

6.80 (6.70) Signal purity > 1.5

H — Ww®
+2v

v channel basic facts : | 8~ O300) per experiment oz

3.80 (3.80) Signal purity ~ 5% and 40% =




And since then ....

. Ns~ 0(500) per experiment
tt channel basic facts :

4.1c (3.20) Signal purity ~ 0.3% - ~0(50%)

- Ns~0(100) per experiment
VH(bb) channel basic facts :

Signal purity ~ 1%- 15%
0360 (1.640) LM

H— 1t

Reoptimised 7+8 TeV analysis
ATLAS-CONF-2012-160

VH production with H — bb

Combined and reoptimised 7+8 TeV analysis

TLAS

PERIMENT
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Which Higgs boson we discovered?

Higgs boson was discovered in ZZ*, yy and WW*
decays

Higgs boson mass is ~125.6 GeV

Measured in H->ZZ*->4] and H->yy
ATLAS: my =125.5£ 0.2 (stat) + 0.6 (syst) GeV
CMS: m, =125.7 £ 0.3(stat) + 0.3 (syst) GeV

ATLAS and CMS data strongly favour JP = 0* SM

quantum numbers; alternative models excluded at
95% CL.

Signal strength p = o/cg),, consistent with 1

All measured properties are compatible with SM
hypothesis.
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.. 1IN 2013

Higgs Bosons — H" and H*
A HEVIEW GOES HERE - Check our WWW List of Reviews

CONTENTS:
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— HO Mass
1 e
— HO Decay Wid:
Dezay Mo
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Combined Final States
— W W Final State
— £ % Fnal Sta
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Entrance of the H° in the PDG!

Inaugural entrance of
the Higgs boson in the
PDG particle listing !

(not anymore as an hypothetical
particle)
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2013 NOBEL PRIZE IN PHYSICS { T
Francois Englert |

Peter W. Higgs 5/ ./

THE BEH-MECHANISM, INTERACTIONS WITH SHORT RANGE FORCES
AND SCALAR PARTICLES
8 October 2013

The Royal Swedish Academy of Sciences
has decided to award the Nobel Prize in
Physics for 2013 to

Francois Englert and Peter Higgs

“for the theoretical discovery of a
mechanism that contributes to our
understanding of the origin of mass of
subatomic particles, and which recently was
confirmed through the discovery of the
predicted fundamental particle, by the

ATLAS and CMS experiments at CERN’s Large
Hadron Collider”




Standard Model particles

fermions bosons
(3 générations de la matiére) (forces)

. i 1
Model interaction | .
. masse —
between fermions .. ..
quarks spin -
leptons nom =

310} Uofe R alsipuBewo B3

Through boson L
exchange °
o
EM:y B
. + N =22V =017 MeV <155 MeV r_";‘t-"
weak : W, W, Z R VIR VIRIORY :
strong : gluons v, Ve | Vi ix VT s
neutrino neutrino || neutrino =

glectronique |muonique tauique

0.511 MeV | |105.7 MeV | |1.777 Gev
-1 -1 -1
Y2 e 72 |—I- Y2 T

électron muon tau

Higgs boson

3|qQIE} Lioie |

Leptons
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Higgs boson: mass

- Both experiments should produce final results on
a ,summer’ timescale.

7._
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125.5 £ 0.2 (stat) = 0.6 (syst)

125.7 + 0.3 (stat) = 0.3 (syst)

15



Standard Model after Higgs discovery

- Good agreement between measured mass and indirect prediction
o Very good agreement over large number of observables

GFitter 13
5‘ 8015 B T T T | T T T T | T T T T | T T . T | T T |"J’ | T T T T ]
] - l 68% and 95% CL fit contours mjin Tevatron’;\?erage Ao _
Q B w/o M, and m, measurements i 7
< 8045 [~ | 8% and 95% CL fit contours A Direct measurements:
- wio M,,, m and M, measurements |
80.4 L M,, world average * 1o \ﬁ— i\[W — 80385 j: 15 Me\/
E Lot ] my=173.24 £0.95 GeV
80.35 - ~ - =
- - Indirect prediction:
80.3 |- - My =80358 £7 MeV
- 1 m=177.0x£2.1GeV
80.25 :_ ’ i %’_:
1 1 1 1 ’1’ 1 1 1 P"l | 1 1 | 1 1 1 1 | 1 1 1 1
140 150 160 170 180 190 200
m, [GeV]

More precise estimate of m, than the direct measurement!
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Higgs boson couplings

gy = myfv

""" gayy = 2Mg v

For the time being only
test the bosonic and
fermionic sector

S Vﬂ
H"‘h
H .
..n"
- VV
l"’"H
H
&
...... .\
L
h‘\.H
‘\" J,H
b L
H "h.f
& b
LY
10
Fl \.H

Juayy = 2M3[v*

gy = SME v

gunpn = MG v*
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Measuring Higgs couplings

Rather than discussing couplings, introduce concept of
,,scalezfactors K; . cross-section or partial width scale
with .

-» 2m2,
£ — i M NG Z’ Zz ZMH (kW) 2miy WiW-+H

)L. =
ﬂ"g T )m,CZuGa“”H +H Hﬁ bW?’A“,,A H + H,Zq,TAWZWH

+RYV S (cos® Ow Zp, ZM + 2WEW ) H
,",;; ¥ Z 77lf f7 _H/_ f 772f p— H
— |G > L7+ > LK) > —Lr7| B
f=uct f=d,s.,b F=e,ur /

Define the normalized coupling constants (w.r.t. the SM couplings)

217 SM
k2 _ Fi zk rj
i FSM I-\SM
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Higgs boson couplings

Pseudo-observables, i.e. are not measured directly, certain
,unfolding” procedure required to extract information
Simplified framework (LO -like):

Signals originate from single resonance with mass ~125 GeV

The width of the assumed Higgs boson is neglected, i.e. zero-
width approximation is used

gt Fﬁ

(0 BR) (ii = H = ff) =~

Only modifications of coupling strenghts are considered, the
tensor structure is assumed as in the SM i.e. assume that it is
,Higgs-like” resonance.

19



Higgs boson production

87%  § ggH 1 > “°| 10°
fusion

At the LHC

\'s=8 TeV

LHC HIGGS X5 WG 2012

o(pp — H+X) [pb]
=

—

—h
<
no
IIII

L1 : 1 I
EERision t 80 100 200 300 400 1000

0/G, (M = 125 GeV)
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Higgs boson decays

g e w ‘E AM/M ~ 1-2%  High resolution

5 F :E

T 33 H— vy Rare, S/B < 1

e t H—=ZZ* —-4( \eryrare, S/B >> 1

+gt LT 4

o — - Y4 ]

@ w 1 AM/M ~ 10-20% Medium resolution

o i

= H—bb Abundant, /B << 1

1025— = H—w Abundant, S/B < 1

YY Zy 1 AM/M > 30% Low resolution

[ A T i||||| \ TNV —_— *_;..
10° TRET VT TR 200H WW*— 202v Very abundant, S/B < 1

M, [GeV]

4 production modes x 5 decay modes (yy,ZZ,WW,bb,t1)

~ 100 exclusive final states (production, decay, event categories)
are contributing to m, ~125 GeV!
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Relative couplings

(1) Tree Level Couplings scale factors w.r.t. SM

W, Z
u {; LKy
W, Z

Affecting decay and production
modes

22



Relative couplings

(1) Scale factors of loop induced couplings w.r.t. SM

K K

8 4
t --'..:\/\/\/\’ 7
t - = - H———a::j: ét,W
t H “11:‘\/\./\/\'

~

- Loop expression ambiguity :
- Can be expressed in terms of k: and k,, (Assuming the SM field content)
- Or treated effectively (Allowing for possible additional particles)

tt bb tb
K\? : aggH(mH) + Ic't2:; "OggH (mH) + KeKp - aggH(mH)

Kg('cbsxt:mﬂ) = t bb tb
agtigH (mu) + oy (mu) + oy (mu)

Ei,j KiK; - Fﬂﬁ*(mH)
Zi,j 'y (mu)

K (Kb, K, Koy KW, ) =

23



Model (1): Couplings to fermions and vector bosons

Single scale factor for all fermion couplings K F and vector boson KV couplings

(o}

ggH VBF jetc....

Br

yy.ete...
i

I

Boson and fermion scaling without invisible or undetectable widths

Free parameters: kv (= kw = kz), ki (= k: = kb = &).

H — vy H—-ZZ® |[H->WW®™ |H—bb | H—o 1ttt
ggH K (e e 5KV ) xF K Kf
ttH xip (%) ‘_‘u("i) "'111("1')
vali ‘%'ﬁ(xﬁxh"hr\’) ‘%’K% K%,'ﬁ
7H K?l (x:) E'“("i) 'Ell (xi)

Boson and fermion scaling without assumptions on the total width
Free parameters: kyvy (= kv - kv /xu), Arv (= ks /xv).

H— vy H—2ZZ2® [HoWW® |Hbb [Ho1th
H
S | v My G Aevs Mo Ay, 1) v My kv - Afv Ay
VBF
WH K%/v 'g(MVaKfV’MV5 1) K%V K%/V A'?V
ZH
«; = Tu/T3"
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What do we measure?

We measure event vyields

We want to derive couplings
and signal strengths

The first thing we want to
measure is the the “signal 20
strength” per channel 15

CMS ?TVL 511:; u s'rvu. 1am
‘["'I | | 1
' Dma

B z+x
[Jzy.zz

" |my =126 Gev

Events / 3 GeV
3

The analysis is using
discriminators (usually
reconstructed mass related)
to increase S/B

120 140

160 180

p €(ggl'.VBr VH MH) e (yy,ZZ WW ,bb,TT)

I, (@125.5 GeV) = 1.44 +040_ 6.60 (4.4 exp) ATLAS
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What do we measure?

We measure event vyields
We want to derive couplings

and signal strengths

The first thing we want to
measure is the the “signal

strength” per channel

The analysis is using

discriminators (usually
reconstructed mass
to increase

hted Events / 1.

S
S

S/(S+B) Weig

-

- CMS PlEIImII‘IaI}I’ —'*— Data

[ (5=7TeV,L=511"(Mva) = S+BFi

| {s=8TeV,L=19.61b" (Mva) --" BkoFit Component ]
I:I =lo

=20

T IR R SRR B SR R
110 120 130 140 150

Pe(ggFVBF VH ,1iH ) i€ (yy,ZZ WW ,bb,17)
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What do we measure?

We increase sensitivity Phys. Lett. B 726 (2013), pp. 88-119
by classifying the events A Bt WH -mﬁ
via categories and D B
measure the signal ﬁmi __:
strength per category o o, | —

and then combining them | Loose/tight high mass 2jet (VBF tag) ~:—_
taking all the sytematic ==
and statistical errors eF e

uncertainties into accou

o 10 20 30 40 50 60 7O B0 90 400
signal composition (%)

The categories also sensitive to different production modes,

all?wi e measurement of the coupling_s . _
(n “N=u'xY (of xBr'),, xl;”ﬂjjﬁ.x@;*“){ Lumi
pe(ggF.VBF VH H) e (yy, 22, WW bb,tt)

W (@125.5 GeV) = 1.57 *033_ .. 7.4c (4.3 exp) ATLAS
I (@125.7 GeV) = 0.77 *29_, .. 3.25 (3.9 exp) CMS .




Higgs boson decay channels

Significance
740 (4.30) MY »
6.60 (4.40) w,
3.80 (3.80) Waw
4.1c (3.20) Uﬂ
0.360 (1.640) Wy
Obs.  (Fxp.) Combined
3.20 (4.20) Mw
6.80 (6.70) Mzz
430 (5.80) MWW
330 (3.70) n_
2.10 (2.10) w,
Obs.  (Exp.) Combined
(private)

w=(0xB)(0xB)g Signal Strength
L u=157%5 ] ——
| u=144%05 L u=1357% —
| 1=1007% ATLAS —_—

— #=1-4$i}#=1_09£§g |
| 1=0277 ! . I

L 1=130% ——

L u=07877 —_—

- 1=09373 —— | _
L u=076", CMS —— E
| - 0-78%} o g —o—I &
| aeroogz [ W
| u=08242 ot '

-1 -0.5

0 0.5 1 1.5

2

Signal strength
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Probe the production mode

ll:’: B I | L | 1T 1T 1 I 1T 1 | L | I | T 171 | | | | ]

s 10 Standard Mo 7 ATLAS Preliminary i

=z ~  x Bestfit Y ,_ P

NI o —sewol i N Vs=7TeV |Ldt=46-48f" -

Yo 8 .eswct : " Vs=8TeV JLdt=20.3fb" .
o > i '

= - ; 8 -

. : ‘. —H-7yy a

6_ ' —H - 77" > 4l _

- ' — Ho>WW* S v

~ ' kY H— 11 .

4— I ISt WO =

[ 1‘1‘. “*‘ ‘s‘ ‘\ —

ol AN ‘X \3 .

SM — 8 . d :‘ -

é_ L ¥ 1 ' “ _

O .

: my, = 125.5 GeV :

1 | | L1 1 1 | L1 1 1 | L1 1 1 | | I I | I

2 3 4 S
vY,ZZ* \ WW* 1t
ggF+ttH

(op



Probe the production mode

We fitted

Hypriver = I:uVBFJrVH X Hpg :I
!’ngF+rrH = I:uggF+ttH X !’LBR:l

Taking one decay mode at a
time we can go one step
further and fit the ratio

-per channel
LB ]

l
ﬂVBF+VH — )LLVBF+VH

I
)Ll‘ggF+IIH

)LtggF+IIH

This ratio is INDEPENDENT
of the decay channel so we

can combine

ATLAS Preliminary
my = 125.5 GeV

Total uncertainty
+ 10 on juew

ggF+itH

H— vy

K, +0.8
VBF+VH — .
et =12 6

ggF+ttH

H— ZZ* — 4l
Pveeo — 0 g+24 :Z
I"LugFﬂtH 0 -6_39 i t i

H—> WW* > Iviv
Py = 4 gH9| -

gaF +tH 1.0 i N

H— 1t
m + oo :
_VBFHVH = . .
p’ngFﬂtH 1'?_1'2 ] i i L

Combined
Hosrovn — +0.7
Hogro 14505 | r

fs=7TeV |Ldt=46-48 "

fs=8TeV |Ldt=203 /"

N R

/
Mverevi ' Magrsit
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Indirect sensitivity to fermion couplings

Indirect Sensitivity to Fermion Couplings
I

g - k?- = 13 |
ST BT

H t | t F;S—;—M 9 \
------- 2 | gqgfusion: Ly > H°

' K2 =-S5 g mmmnm/'/'
—— gl.SM ‘ b

tt bb tb
O, KO+ KeKp - O
Pl i) = K ggH T %p " Tggu T KtKb " Ty
g\hb> Rt) = St BB
ggH ggH ggH

Note that if all fermion couplings are set to be
equal, k; = ki

W oSN
2 H NS
k> =128k, —0.28k| - %Ew
W;’b

AV

X
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Disentangling the couplings

kgz(kbﬂkt).k'}%(kbﬂkrﬂkf :-kw)
K (ky.ky k. k, k)
Note, couplings are dependent . . .. prepr 50 - ki'ki(k;’kfﬂkﬁ*’fv)
on the Higgs mass 0.75k, +0.25k,
ky -k (ke ke kp k)
0.75k; +0.25k;

(G- BR)(gg —> H —7yy)~

o(VBF)X BR(H — yy) ~

2 2
In the (kg k,) benchmark: o (2gF)x BR(H — WW ,ZZ) ~ k; ky :
0.75k +0.25k>
kl _k2
O (VBF)X BR(H — WW ,Z7) ~ — 5
0.75k> +0.25k
ky Ky

o(VBF,VH)X BR(H —> 17,bb) ~ ! 5
0.75k2+025k2
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A comment on interference

P X .
Hu . W, " Y H t
_____________ wW L LA
is : t
t Y !
v b
g

If k,.=-1 ggF slightly
. affected
WW unaffected
YY increases

Allowing negative k; is extremely important
Can be probed with tH

33



Model (1)

Precision today of 10-20% level:

xy, = 1.15 + 0.08
k- = 0.99 + 0.17 - 0.15

(T _llllllllllll]]]lllllllllll
v _
4 ATLAS Preliminary
- {s=7TeV]Ldt=46-481"
3 \s=8Tev/Lat=2031"
No Tension 1=
" H - viv
o
“H-> vy
-1
Te.ns.|0n ——
Drlftlng :l e b b | S A o e
g6 0.7 08 6989 1 11 12 13 14 15 16
apart .
\")
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Overall comparison of all coupling results

Custodial ?‘wz — hyz=0.9405 ATLAS = ¢/
Symmetry Myz [ [0.73-1.0] CMS
KE =000y A TLAst_-" _____________
Coupling to KF — [0.71-1.11] CMS
fermions (= M) Ky F x, = 1152 ATLAS e
and bosons ( « M,?) Ky - [0.81-0.97] CMS =
_ +0.14
Heavy quarks KEV - ey = O'Bfuf'{lz ATLAS qu
in the prod. loop 1 l(g [ Kg=1084 ATLAS
g [ [0.73-0.94] CMS -
W boson and 1 Ky =198 ATLAS . SR
top quark in the loop K, | [0.79-1.14] CMS
Flavour 7\-du — [0.78-1.15] ATLAS P
Symmetry Mgy 11.01.6] CMS
q [ [09915] ATLAS
7\|u — [0.89-1.62] CMS

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Coupling scale factor
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Higgs boson spin-parity

Standard Model hypothesis predicts JFP=0*
Test several alternative JP against the SM and observe
which is favored by data.
Alternative models: JP =0, 2%, 1%, 1-
Use: Hoyy, H->ZZ* —» 4, H 5> W* - Ivlv
Observation in the di-photon channel implies C=1 and J*1
Observation in WW channel favors J=0
Observation in ZZ and WW channels disfavors P=-1

Large number of options to probe spin directy:
From the associate poduction mode (VH, VBF, ggF)

From the decay angles and the spin correlations when
applicable

From the production angle cos6* distribution
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What we are trying to exclude? JPC

Spin 0
A(X - VIVE) ( (U)m2 E*E* +g(ﬂ)f-k(1)fn&(2),up + gt D)f*(l},puf;g) qzqz 4 (D}f*[])f*{E),p:v)
Spin 1

A(X = ViVa) = by [(e10)(€3¢ex) + (€30) (€1€x)] + baeappeser” ey ¢
Spin 2

! o & bﬁH & & | * *
A(X 5 V].VE} — A—l l2g£2)t“yft(l)paf#(2)ua_I_2 22} ,quﬁgﬁf (1) ;..:a::f (2)v3 ‘|‘95 )QA?; tﬂ (f (l)pvfmgf) ‘I‘f KE}pnyEll})

Ak
-}-gE }quz fm,f aﬁfag) + m?, (zggz}twﬁ“f;u ‘|‘29§2) qu (ETFEEQ EIQE;!}) +g$ )qu t“‘”ElE2)
(2), -a
q qv [ Daed pw(2 G:q *Ls o 91 taq L g * i *
-I-Q’m iz wf M ﬁfaf‘ﬂ}-l_ my (95(;2) ﬂAz €uvpstl €5 § + UAi €uvpoq " (€17(g€3) + € (qfl)))]
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What we are trying to exclude? JPC

scenario X production X — V'V decay

0> gg — X g§°’ =) SM Higgs scalar boson
07 gg — X géo) 210 scalar higher-dim. op.
0 gqg — X gff’) # 0 pseudo-scalar

]+ qq — X by # 0 exotic pseudo-vector
qq — X by # 0 exotic vector

2. g?) # 0 g§2) = gff) # 0 RS graviton min. coupl.
2" g2 #0 g2 #£0 tensor higher-dim. op.

2y gff) # () géz) # () “pseudo-tensor”
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Spin observables for H->yy

Separate 0* and 2* spin hypotheses using the angular
correlation of the two photons

Collins-Soper frame used to get
reference axis z’ for cos(6%)

= z-axis bisects angle between the
momenta of colliding hadrons

= Minimizes impact of ISR

PhHadron PHadronz = Better 0t / 2+ discrimination

= - —JP=0"(sm Background -
Slnh(A)) )’ o 02 — =2} (100% gg) — J° = 2}, (100% qq)
’cos@cs - 3 : :
3 @ 015 _
\/1+ pT /m,, S : ]

~ ‘._.1...._-
8 01 R =
Relative p, cuts on thf: pho.tons 005F Arraspreiminay | 3
remove most correlation withm [ Data2012,Vs =8 TeV. det 27— d

01020304 0508 07 08 00
lcose™|

qgg->2* very similar to SM gg—=>0*
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Fit method for H->yy

Side-bands

Events are divided into yy mass 3 “F g | W 3
sidebands and signal region i Jw;mmm(
Side-bands: 1D fitinm iy i \iy\m;
= Background: O(5) Bernstein polynomial m_;:{t:;_b .
= Constrains the background shape inthe g =~ : iy

signal region of mass g < "y oy ¢
Slgnal region: 2D m , -cos(6*) fit £ 33;? N ,y,l_ R g,w

Product of two 1D shapes 52805 élgnal reg|102121<m <13""6[Gc§2v
= Signal: Crystal ball + Gaussian - — 1 | "

mass peak, cos(6*) shape e n;'e.-:*:%«"-if;,‘,:;.l & Bt

from MC

= Background: cos(6%)
shape from m,, sidebands

Evente | 2 GeV

Method assumes minimal
correlation between mass
and cos(6*) in background

Events - Fitled bkg

,y Projection x cos(6 pro;ectlon ; l@ ¥
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Higgs boson spin-parity

Data are consistent with 0* on every test.

ATLAS

H— vy e Data

\1s=8TeV del =207 "’ i

vC ted

with | Hozzea  TChepeed All alternative
nt J°| f-srwpucsrer Wiis h th

. ypotheses
eses | H— WW" - evuviuvev

| e S disfavoured
| at >97.8% CL
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Higgs boson width

Direct m_easurements are limited
by experimental resolution

CMS:
Hoyy results I'y <6.9 GeV
H—ZZ results Ty < 3.4 GeV

CcMS ls=7TeV,L=51f";\s=8TeV.L=18.7 "
T T T T T T T T T T T T

: ||||| I 'I I I [
E 35_— * Data ] E
™ Bz . <
o S0 . = o
2 F L]z zz :
= 255_ _ | m=126 GV
20 ) —

80 100 120 140 160 180
my, (GeV)

Particle | Width[MeV] | Lifetime]s|

{ ~ 1,300 ~5x 1072
W ~ 2,000 ~3x 1075

Z ~ 2,500 ~ 2.6 % 107%
h 4214016 | ~1.65x 1022
b 44x 10710 | ~1.5x 10712

is=7TeV,L=5.1f"; Is=8TeV,L=19.7f"’

T A

1]

V/

SM Higgs total width ~4 MeV @125GeV
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Higgs interferometry

2 My

gluon fusion production

W
= [
| IE— )

=
-gg
=
~
N

yi
H(125) peak

g TeV

HTO powered by complox - pole - scheme

Recover CPS
(~BW) trend

4

U ' :
| Threshold effects
i at 2m, and 2m,
107 i i
100 2M, 2M 1000
z o Myy [GeV]
N. Kauer, G. Passarino, JHEP 08 (2012) 116

F. Caola, K. Melnikov (PRD 88 (2013) 054024)
J. Campbell et al.,

JHEP 1404 (2014) 060

g . % g FJ_J Vv
H
P 1
) Ly
q - e W
‘T r
g 9 - LYW AN L)

Consider off- (H*) and on-shell (H) prod.
2
Kk

NM

on—peak

o= (7 BR)sy a@a- BR)gy
Ot -peak jo O -peaksM 1 off—peak,SM
g—>H—>ZZ g—rH—rZZ gg—)H—)ZZ
dmzz dmzz dmyyz

Kz = Quzz/ gﬁ“ﬁz.
r=1Iy/ TSHM

u measured on
the resonance
access =r!
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Higgs interferometry

CMS Prelimimnary

12 fs=8TeV.L=10.7 i’
— —
Combined results = |
10—
Observed (expected) . H i
o - L S HZZ>
95% CI— Ilmlt: 8_ ::". .'..""_ Observed
r< 4.2 (8.5) E A7 e Expectedunm,,
= . B ‘_.-" --- Expected u=1
p-value = 0.02 6 =X P
I 95% CL
Best fit value: a __ ___________
r=803*""9445 E
- 2; 7 l‘
Equivalent to C et S i s e
r < 17.4 (85-3) MeV o_ o 1 l 1 N l | N I I ' l lllll
= 1.461 4 4, MeV ) 5 10 15 20 25 |, 30
4¢ 2802v Combined
Expected 95% CL limit, r 11.5 10.7 8.5
Observed 95% CL limit, r 6.6 6.4 4.2
Observed 95% CL limit, I'iy( MeV) 27.4 26.6 17.4
Observed best fit, r 0.5 f§:§ 0.2 féé 0.3 i’é:?
Observed best fit, T'y( MeV) 20752 | 08 52 14 ¥ 34

Very important result! ObseNed limit is half of the expected — data
deficits in both channel/ Theory systs (LO +Kf) under control?
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The Higgs boson so far.....

Higgs boson discovery is now firmly established at
my ~125 GeV
Couplings to fermions and weak bosons (verified to
~10-30% precision)
Custodial symmetry verified (~15% precision)

Existence of a boson with non-universal familly
couplings established (tt evidence and no uu signal)

The spin and parity is consistent with predicted in the
Standard Model
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A few words looking ahead to 2015

LHC timeline

2009 Start of LHC
Run 1, 7+8 TeV, ~“25
fb™t int. lumi
w
2013/14 Prepare LHC for

design E & lumi LS1

Collect ~30 fb™! per
year at 13/14 TeV

2018 Ph_ase—l upgr_ade LS2
ultimate lumi

Twice nominal lumi
at 14 TeV,
~100 fb™! per year

~2022 Phase-2 upgrade | S§3
to HL-LHC
~300 fb™! per year,
run up to > 3 ab™!
collected
v
~2030

100

luminosity ratio

10}

WJS2013

[ ratios of LHC parton luminosities: 13 TeV /8 Te

Strong interaction
dominated processes

-
———

——" -

Electroweak processes

MSTW2008NLD

l 100 ' 1I000
M, (GeV)

4TeV
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Cross section ratios

Hugely increased potential for discovery of heavy particles
at ~13-14 TeV.

But life can become harder for states lighter than ttbar

Cross section ratios: 14 (13) TeV/ 8 TeV
Minimum bias 1.2

¥ 2.1
WH 2.1
t (s-channel) 2.2
H (ggF) 2.6 And: pp — H%(500) + X: 14 TeV/8 TeV ~ 7
H (VBF) 2.6
t (t-channel) 2.8
tt 3.9
ttH 4.7
stop pair (0.7 TeV) 11 (for 13 TeV /8 TeV: 8.4)
stop pair (0.9 TeV) 16 (for13 Tev/8TaV: 12)
gluino pair (1.5 TeV) 72 (for13TeV /8 TeV: 46)
gluino pair (2.5 TeV) 5700 (13 / 8: 2700)
Z SSM (3 TeV) 13
Q" (4 Tev) 87
QBH (6 TeV) — : 12,00,0, |

rrre T T IIIIIII‘. T T IIIIIII'-J T Forrrrnr g’
1 10 100 1000 10000 100000
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Outlook

o The boson discovered at the LHC by ATLAS and
CMS experiments has properties so far consistent
with the ,Higgs” scalar boson expected from the

BEH mechanism (minimal sector of the Standard
Model)

- New horisons and measurements possible
involving Higgs boson.

o The capacity to establish additional New Physics
heavily depends on the progress in experimental
and theory modeling of the SM processes.
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Additional slides
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CP mixing

Measuring possible CP violating components of the amplitude

A=vlefes (algwm%{ + 824y + A3€4vap qi‘qg) = A1+ Ay + As

CMS Preliminary {s=7TeV,L=5.115"; \s =8 TeV, L=19.6 15’
- SMcase a, = 1 and a,=a;=0 = [T
- Measure f ;= a;/a, (assuming a, = 0) 8l __ ]
Check of a mixing with CP-odd component 6~ ]
45_. .'.'.é'.-...'. =

CMS:  f,=0.00+023 i
2t - -
f.;<0.56 @ 95% CL (exp 0.76) -

O 05 0d 06 08 1

fas
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Test of predicted Yukawa structure of the couplings

s=7TeV,L<51fb" (s=8TeV.L<19.6fb"

CMS Preliminary i 68% CL
== 95% CL
I('w +
Kt *.
Kb .*
K, .* pSM=D'52
|ll]l|l|lIll|]|ll|l|ll|]|ll|J
0 0.5 1 1.5 2 25

parameter value

A or (g/2v)"?

10"

102

CMS Preliminary (s =7TeV,L<5.1fb" {\s=8TeV,L<19.6fb"

=

) L] IIIIII|

1 ] T 1 1 |I|Irllll|ll1]llllll

1

| |==68% CL i
| |—95% CL t
| WA
? b ' §
- T "' -
i 1 1 1 IIIII| 1 1 1 |||||IIlIIIIIIIIIIlIIII:
2 345 10 20 100 200
mass (GeV)
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ATLAS detector

P 44 m

- Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
pseudorapidity: AN \

/ ‘.\
1 = -In(tan(6/2)) / \ 0

angular distance:
AR = JAni + W

n=infinite .

\‘.

7000 tons
88 Million channels

3000 km Of COb'CS Toroid Magnets Solenoid Magnet SCf Tracker Pixel Detector TRT Tracker
2T solenoid

Toroid (B~ 0.5T in barrel;~1T end-cap)
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The ATLAS and CMS Detectors In a Nutshell

Sub System ATLAS CMSs
E
Design
Solenoid (within EM Calo) 2T Solenoid 3.8T
Magnet(s)

3 Air-core Toroids

Calorimeters Inside

Inner Tracking

Pixels, Si-strips, TRT
PID w/ TRT and dE/dx

opp/pT ~ 5 X 1074 pr © 0.01

Pixels and Si-strips
PID w/ dE/dx

opp /P ~ 1.5 X 10~ pr & 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation

ocg/E ~ 10%/vE @ 0.007

Lead-Tungstate Crys. Homogeneous

w/o longitudinal segmentation

op/E ~ 3%/VE ©0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-larg (fwd) E’v 11Ap
oe/E ~ 50%/VE © 0.03

Brass-scint. > 7 A\p Tail Catcher
~o

op/E ~ 100%/VE & 0.05

Muon Spectrometer System
Acc. ATLAS 2.7 & CMS 2.4

Instrumented Air Core (std. alone)
opy /PT ~ 4% (at 50 GeV)
~11% (at1TeV)

Instrumented Iron return yoke
opr /T ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)
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Interesting Facts about the yy Channel

- Main production and decay processes occur through

loops . Excellent probe for new physics !
known at NNnLO, g ‘r
still rather large H S PR w
uncertainty O(10%)
7 " a AATAVAVAVERY
A priori potentially large 1.6x A;, -0.7x A:AW +0.1x Af

possible enhancement...
... Not so obviously enhanced (e.g. SM4)

Seldom larger vields : e.g. NMSSM (U. Ellwanger et al.) up to x6, large stau mixing (M.
Carena et al.), Fermiophobia...

- High mass resolution channel

- If observed implies that it does not originate from spin 1 : Landau-Yang theorem

- If observed implies that its Charge Conjugation is +1
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PHILOSOPHIE |

NATURALIS

PRINCIFIA
MATHEMATICA

Astoee 5 NEWTON, Trin. Gll. Comrab. S, Mutheioon
Proeilie Lacsfioms, & Socivtatis Regali Sodall.

SPFERFY 5 Ry S PRASES
o 1. sl

IMPRIMATUR:
R i

LONDING
Jull Saciearir Kepie 3¢ Typn Fn’xh i Jirenve, Proflar apod
plars w-,-:..”.ﬁ- DELXKXVE l

- Einstein :

Not the origin of Mass

- Gallilean and Newtonian concept of mass :

Inertial mass (F=ma) Gravitational mass (P=mg)

e I

——

Single concept: conserved intrinsic property of matter where
the total mass of a system is the sum of its constituents

Does the mass of a system depend of its energy content?
Mass = rest energy of a system or my=E/c?

- Atomic level : binding energy ~O(10eV) which is ~102 of the mass

- Nuclear level (nucleons) : binding energy ~2% of the mass

- Nucleon level (partons) : binding energy ~98% of the mass

Most of the (luminous) mass in the universe comes from QCD confinement energy

The insight(s) of the BEH mechanism :

Making the weak force weak (short range, or W and Z bosons massive)

and allowing fermion masses in the theory
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Not explaining the flavor Hierarchy

100 ;

Mass / Weak Scale
@ © o 2o
i Y (%] (] =

—
<
tn

106 L

O @

O charged leptons
A up quarks
V¥V down quarks

o=

}c
< a

<o

O~

A
t

_j -

Replacing mass terms by Yukawa couplings

~6 orders of
magnitude

Neutrinos are
not even on
the scale!

The BEH sector includes most of the free parameters of the Standard Model
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The Superconductor Analogy

The universe

SC (BCS) Theory BEH Mechanism
Cooper pair Higgs field
condensate

Electrically

charged (2¢) Weak charge

Mass of the Mass of the W
photon and Z bosons

- The Higgs field is inserted by hand...

- The vacuum has a weak charge

Further reading : L. Dixon, “From superconductors to supercolliders”
(http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf)
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Three Years of LHC operations at the
Energy frontier

:=:~""/

Injection :
L@ation shaft )

I Future constructions
=0 Existing underground buildings

The LHC

- Circumference 27 km

- Up to 175 m underground

- Total number of magnets 9 553
- Number of dipoles 1 232

- Operation temperature 1.9 K
(Superfluid He)

- Ngkbfrev7

L= F

A7 B*e,,

Parameter 2010 2011 2012 Nominal
C.O.M Energy 7 TeV 7 TeV 8 TeV 14 TeV
N, 1.1 10" 1.4 10" 1.6 10" 1.15 10"
Bunch spacing / k 150 ns / 368 50 ns / 1380 50 ns /1380 25 ns /2808
¢ (mm rad) 2.4-4 1.9-2.3 2.5 3.75
B* (m) 3.5 1.5-1 0.6 0.55
L (cm2s™) 2x10% 3.3x10% ~7x10% 10
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The Higgs boson so far.....

Higgs boson is not a gauge boson, mass not
protected by symmetries of the theory

“‘%M B C'Zgﬂllgﬁ (Aa’ wl) T C'?;{iggs (Symm. Break.)(¢’ Aa’ Wl)
/ N\

Natural Ad hoc
verified with high precision; stable with but necessary (other mass terms forbidden by

respect to quantum cgrfrlections; highly EWK gauge symmetries); unstable with respect
symmetric (gauge and flavour symmetries) to quantum corrections; at the origin of flavour

structure and all other problems of the SM
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After the Higgs: the EW fit of the Standard Model

] 5I T T T T T T T T T T T T T T Tl

Unique situation: 3. E mem fierl.d:
For the first time SM is fully over- Y — EP%
] F =@= ATLAS measuremen t [arXiv:1207.7214] .
ConStralned 35 E_ == CMS measuremen t [arXiv:1207.7235] _E
For the first time elekroweak ’F y:
observables can be unambiguously = £
predicted at loop level. i3 E
1.5 — -
Powerfull predictions of kety N N B EN
observables now possible, much 05 E
betterthanW/OmH TR N S N N SRR
60 70 80 90 100 110 120 130 140
M, [GeV]

Paradigm shift for EW fit.

Self-consistency of the SM my, consistent at 1.3c with

Possible contributions from BSM indirect predictions from SM
model fit. Prediction.

Improved accuracies set benchmarks 5

for the new measurements! my; = 94 **% ,, GeV
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After the Higgs: the EW fit of the Standard Model

From the
Gfitter
Group,
EPJC 72,
2205
(2012)

Left: full fit
incl. M

Middle: not
incl. My

Right: fit
incl My,

not the row

Parameter Input value free Fit Result Fit without Fi.t with.out. XD
in fit M measurements input in line
My [GeV]° 125.7704 yes 125.7704 94.7133 94.7123
My [GeV] 80.385 = 0.015 - 80.367 10008 80.367 10008 80.360 + 0.011
T [GeV] 2.085 % 0.042 - 2.001 + 0.001 2.001 + 0.001 2.001 = 0.001
My [GeV] 91.1875+0.0021  yes | 91.1878 +0.0021 | | 91.1878 £0.0021 || 91.1978 + 0.0114
[z [GeV] 2.4952 £ 0.0023 - 2.4954 4 0.0014 2.4954 + 0.0014 2.4950 £ 0.0017
oy 4 [nb] 41.540 = 0.037 - 41.479 +0.014 41.479+ 0.014 41.471 + 0.015
RY 20.767 = 0.025 - 20.740 + 0.017 20.740 4+ 0.017 20.715 + 0.026
AL 0.0171 + 0.0010 - 0.01626 ") 0o0s 0.01626 "3 0003 0.01624 + 0.0002
Ag @ 0.1499 = 0.0018 - 0.1472 + 0.0007 0.1472 + 0.0007 -
sin®’; (Qrn) 0.2324 £ 0.0012 - 0.23149 F{)-publd 0.23149 F0-00010 + §0.23150 & 0.00009
A, 0.670 = 0.027 - 0.6679 10 0003 0.6679 100034 0.6680 = 0.00031
Ay 0.923 + 0.020 - 0.93464 1000002 0.93464 00002 | | 0.93463 + 0.00006
At 0.0707 = 0.0035 - 0.0738 + 0.0004 0.0738 + 0.0004 0.0737 = 0.0004
Aph 0.0992 + 0.0016 - 0.1032 + 0.0005 0.1032 £ 0.0005 0.1034 + 0.0003
R? 0.1721 % 0.0030 — 1 0.17223 £ 0.00006 | §0.17223 £ 0.00006{ | 0.17223 £ 0.00006
RY 0.21629 + 0.00066  — | 0.21548 + 0.00005 | | 0.21548 + 0.00005) | 0.21547 + 0.00005
e [GeV] 1.27 097 ves 1.27+5:07 1.27 507 -
7y, [GeV] 4.20 )17 yes 4.20 017 4.20 507 -
m; [GeV] 173.20 &+ 0.87 yes 173.53 &+ 0.82 173.53 + 0.82 176.11 7338
Aal® (MZ) (12 2757 + 10 yes 2755 + 11 2755 + 11 2718749
a(M2) - yes 0.1190 +)-0532 0.1190 7+ 0032 0.1190 + 0.0027
SinMw [MeV] [—4, 4]theo yes 4 -
Sin sin®’ g (1) [—4.7, 4.7]theo yes —0.6 —0.5 -
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SUSY limits: ATLAS

Squarks/gluinos are > O(1 TeV), Stop/sbottom > O(300-600 GeV)

ATLAS Ppreliminary

ATLAS SUSY Searches™* -

95% CL Lower Limits

Mass scale [TeV]

Siatus: SUSY 2013 fL dt = (4.6 -22.9) fb ! Vs =7,8TeV
Model e u. T,y Jets EI™ [Ldym) Mass limit Reference
— T v T T — —r T T 4 ——TT
MSUGRA/CMSSM o 2-6 jets Yes 20.3 ad S g Tevy mdi=mi) ATLAS-CONF-2013-047
MSUGRA/ICMSSM e 3-B jets Yes 203 {8 1.2 TeV any (G} ATLAS.CONF-2013.062
MSUGRNCMSSM o 7-10 jets  Yes 20.3 & 1.1 Tev any m(g) 1308.1841
G5, G—aqvs o 2-6jels  Yes 20.3 a 740 GeV MY -0 Gov ATLAS-CONF-2013-047
22 ﬁ—-qat. o 2-6 jels Yes 20.3 g3 ol 1.3TeV m(T] =0 Gav ATLAS-GONF-2013 047
BB, E—qat; —qqWi] 1epn A-Gjets  Yes 20.3 & = 118 TeV MV} )<200 GaV, M )0 ST )+miz)) ATLAS-CONF-2013-062
B&. E+qq(lt]fvivw)k] 2eon 0-3 jets » 203 g ———— 112 TeV miE])=0GeV ATLAS-CONF-2013-08%
GMSB (7 NLSP) 2eu 2-djels  Yes 4.7 tand<15 1208.4688
GMSEB (f NLSP) 12r 0-2 jets Yos 20.7 i3  1.4TevV tanyi ~18 ATLAS-CONF-2013-026
GGM (bino NLSP) 2y t Yes 4.8 miT})=50 Gev 1209.0753
GGM (wino NLSP) Tepry 5 Yes 4.8 MYy )=50 GV ATLAS-CONF-2012-144
GGM (higgsinoc-bino NLSP) 7 1b Yes 4.8 m(¥])=220 GeV 12110 1167
GGM (higgaine NLSP) 2ep(Z) O-3jets Yes 58 MIH) =200 GeV ATLAS GONF-2012: 152
Gravilina LSP o mono-jet Yes 10.5 mig)=10 v ATLAS-CONF-2012-147
F—bbiT o 30 Yes 201 I3 1.2 TeV m(t])<B00 GoV ATLAS GONF-2013-061
FetTh o 7-10jets  Yes 203 X 0 - 1.1 TeV m(¥}) <as0Gaev 13081841
BTl Ve 3b Yes 20.1 - 1.34 TeV mxy)=400 GeV ATLAS-GONF-2013-061
E—bTVy Otlep 3k Yos 201 k3 1.3TeV MV} )< 200 Ge v ATLAS-CONF-2013-061
b:b.. By— 8] 0 2b Yes 201 |6 T GeV miF})=90 Gav 13082631
. By —»ﬁff 2 e, (SS) 03 b Yes 20.7 By 275-430 GeV MV p=2 sy ATLAS-CONF-2013-007
‘h?;(nghn i. b3 1-2e.pu 1286 Yes 4.7 t: 11 MV )=55 Gav 1208.4305, 1209.2102
T (light), T — WhBVT g e g 0é2 jets  Yes 20.3 s 130220 GeV M) =mi{E)-m{W)-50 GeV, mifil<<m(¥i] | ATLAS.CONF-2013.048
fiti(meadium), Ex—m' eu els Yes 20.3 T mv} )=0 Gev ATLAS-CONF-2013-065
T f{medium), T — bV o 25 Yes 20.1 t mit])<200 GeV, miFi }-miY)-5Gev 1908.2631
Hi(heavy), H -l 1epn 1b Yes 20.7 131 mit] =0 GeV ATLAS-GONF-2013-037
i {heavy), q —reky o 2b Yes 20.5 i. m(V})-0 GaV ATLAS-CONF-2012-024
#f, H—cl 0 mono-jetctag Yes 20.3 3 - 90-200 GeV mif J-mikT =85 GeV ATLAS-CONF-2013-058
£ (natural GMSB) 2eu(2) 1hb Yes 20.7 koo i 500 GeV MV} )= 150 GaV ATLAS.CONF-2013-025
B, b + Z Sepul2) 15 Yes 20.7 ) m-caw-v mif )=m(i])+180 GeV ATLAS-CONF-2013-025
r.;kr._ NG .n. 2ep 0 Yes 203 o 5 GeV. mM =0 GeV ATLAS.CONF-2015-049
Xivi Ay —a{v((v)) z;.y o :e gg.g ;1 1:&3»’«»1 mivy ¥1)-0Gov, m(f. 7)-0. SIMET )+miiin Armggzi»:gug-g;:
Xy Ky, Ay —Ev T . s X -m &) m(¥3)=0 GV, miF, P}=0.5(m(¥i FemiF7) ATLAS 2013,
\'%t — Lv?&l((ﬁ’l') V(YY) Seu 0 Yes 20.7 . - 600 GeV M j=m (75), miE])=0, mi7, 1)=0 S(m(¥} jsm(¥7)) ATLAS-GONF-2013-035
—~w: ) e p s} Yes 20.7 lll-Bo\l mivy Jami ¥}, miF))=0, sleplons decoupled | ATLAS-CONF-2012.035
th —WIih r, 1@ e 2b Yes 20.3 M} pamtFS), m(i7)=0, sleplons decoupied | ATLAS-GONF-2013-093
Direct ¥; i7 prod long-lived Vi Disam trk 1 jet Yes 20.3 m(V} )-miFf) - 160 MaV, #(¥} )02 nz ATLAS-CONF-2013-068
Stable, stopped & R-hadron 1-5 jets Yos 229 mF))=100 GeV, 10 ps<r(£)<1000% ATLAS-CONF-2013-057
GMSB, stable 7, [ T .1(3.”) 1- 2;: - o 159 10<1ani=50 ATLAS-CONF-2013-058
GMSB, X1 —¥G, lang-lived 2y 7 Yes 4.7 DA=1(F])<2 ns 1304.6310
G, 1) —qase (RPV) 1 p, displ. vix = - 20.3 1.5 <cr<156 mm. BR{)=1. m(F7)=108 GeV | ATLAS.CONF-2013.092
LFV pp—¥; + X, Pr—e t u 2e,.p - - 4.6 Ay =010, A1 4=0.05 12121272
4 LFV pp—i, = X, ¢.—e(u) + 1 Tepu+r = - 4.6 Ay =010, Aj2)35~0.05 12121272
o Bilinear RPV CMSSM 1epe 7 jels Yes 4.7 m(a»-mm. T emest mm ATLAS-CONF-2012-140
& 3 X 1.4 , s WS, lﬂ—&ui',, api, e = Yos 20.7 -300 GaV, 2,2, =0 ATLAS.CONF-2013.0368
Pt Ry K1 . X7 —.w,x,, K —ttv,, 019, Iep+T = Yes 20.7 \’b)/BDGnV Ayn=0 ATLAS-CONF-2013-036
E2—aqq o 6-7 jels 4 20.3 snm,amm:sﬁm.w. ATLAS-CONF-2013-081
BT, 1) —bs 2 e, (SS) 03b Yos 20.7 ATLAS-CONF-2013-007
Scalar gluon pair, sgiuon—qg o 4 jels = 4.8 sgluon . 100-287 GeV inet. limit from 1110 2693 1210.4826
Scalar gluon pair, sgluon—t# 2e, ,- (SS) 1b6 Vhs 14.3 ATLAS-CONF-2013-051
WIMP interaction (DS, Dirac y) mono-jet 105 miy)<B0 BeV, limit of<687 GaV for D8 ATLAS-GONF-2012-147
L A 1 s A i ==
N . 1

“Only a selection of the available mass limits on new states or phenomena is shown. All limits

quoted are observed minus 1o theorelical signal cross section uncertainty.
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H->yy analysis

e Rare Higgs boson decay, but very clear signature!
@ Dominant background: continuum ~~ and ~+jet
e Higgs mass reconstruction from diphoton invariant mass m~~ — Very good mass resolution!

@ Inclusive selection: two energetic, isolated, high-quality photons.

@ Analysis categorization to separate:

e production mechanisms: ggF, VBF, VH and ttH measurements.
o channels with high /low significance (S/B)
@ channels with good/bad mass resolution

Mg T T T T T T

. Data 2011+2012
SM Higgs boson m =1 26.8 GeV (fit)

--------- Bkg (4th order polynomial)

8000

Fit strategy

6000

Events/ 2 GeV

H—syy

@ Simultaneous Signal + background fit

f5=7 TeV Jldt - 481"

e Signal: Chrystal ball(core) + Gaussian(tails)
o Bkg: E.g. forth-order Bernstein polynomial
o Range: 100 GeV < m.~ < 160 GeV

2000

(5=8TeV ILdt -207m"

L)
20 @ Excess significant at 7.40 level
200

o e signal strength 1 = ﬁ and Higgs boson
-100 .
200 mass my are parameters of the fit.

Events - Fitted bkg
o828
i | TTT | TT71 | TT1 |
—a—
——
—
—a—
——
&
——
—to—
. —- =4
S
—a—
——
—a—
. s
o
——
-
-
-
.
_LL|J.|.|.|.|.|.|.I]I'H|||||||||||||||||||||| L1 | L1 | 111 | L1 | 111 |

100 o 150 130 740 50 760
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H->yy analysis

@ Rare Higgs boson decay, but very clear signature!
@ Dominant background: continuum ~~ and ~+jet
@ Higgs mass reconstruction from diphoton invariant mass m~~ — Very good mass resolution!

@ Inclusive selection: two energetic, isolated, high-quality photons.

@ Analysis categorization to separate:

e production mechanisms: ggF, VBF, VH and ttH measurements.
e channels with high/low significance (S/B)
e channels with good/bad mass resolution

:‘\ 1 [ T T T T I T T T T I T T T T T T T T I T T T T I T T T T ]
2 g —— All systematics ATLAS Preliminary -
\_‘f'_, C -—--- Without mass scale uncertainties Hosy ]
w0 © R Without systematic o ]
So 25 + Bestiit J—— -
+ | E o _'"\ E
4 i \ 7]
w r i .:="' I‘-. I! T
< il ' ok / .
N 1-5p | .
< - S ]
— 1= B T Ve=7 j Ldt=4.8fb" —
- - — 68%CL N
© 05;—95?»:,@ | I|'s BTeVJLdt =207 b
‘ﬂ' 124 125 126 57 128 159 T30
- my [GeV]

my = 126.8 + 0.2(stat.) + 0.7(syst)) GeV
Dominant mass scale uncertainty: photon energy scale
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Differential cross-section measurements in H->yy

@ The clear signature in the H — ~~ decay can be used to measure differential cross section
@ Combined signal-plus-background fit for individual bins of variables of interest, such as:

e Higgs kinematics, e.g.: transverse momentum {p?""}, sensitive to higher order corrections.
o or the jet multiplicity sensitive to different production mechanisms
— jet veto fraction .:r,,jetz,-fcr,,jetz,- sensitive to quark/gluon radiation and as.

transverse momentum of diphoton system p%’"-"

5’ 2:| T | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TT |:
& 1.8L ATLAS Preliminary - data syst. unc. 3
e 1.65— gg—:o.H NLC+PS (Powres+Pa) + XH _E
- E “]]]]gg—)H NNLO+NNLL (HRes1.0) + XH
5 14F 3 _
S o == XH = VBF + VH + tfH ] @ Measurement compared to different ggF
5 F Ho7y, §=8Tev 3 predictions:
i3 frat=o03m 3
D_E% i —— _:
[}4":HE = E °
0.2E L L E @ small non-ggF contribution
E. .IJ--rn-l-l-r-rﬂ-::r::M . . . . H
o O T T T T T e e e e @ Uncertainties from missing higher order
: + 1 terms, UE, PDF, as
L= r . 1
Qi S e B
D_I 1 | 111 | 111 | 111 | 111 | 111 | 1 11 | 1 11 | 1 11 | 11 I_

0O 20 40 60 80 100 120 140 160 180 200
Particle level pTW [GeV]
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Analysis method

2. Bin-by-bin factors

T T T T T
18— a71 A8 Simulation Preliminary

——

1. Signal extracted through
signal+background fits in
each bins of variable.

_ . i t ‘GGFAMS Pvelr;n;-,- + dat - un:___. ) ‘___q

Wspel L E@ B9 NLOSPS (Pomaaupyy) o xar j
x;u'..-l----_ns.riir"-_ e RH . VBF . i 1

Events / GeV

Data-Bkg

7 correct for effects of
7 '1 imperfect detector.
1 X — Convert to cross

B 2 sections.

3. Differential
cross sections at
the particle level.

g% 3
= [ ATLAS Preliminary + data st une. |
'I:- 20 5 so—eH NLOWPS (Pomscoefit) = XH

ZSL G et NLOWPS s 1Lii]) « :mi

== XH = VEF + VH < ITH

Horr fs=0TeV ‘E

Rt e Poasinag




Differential cross-section measurements in H->yy

@ T[he clear signature in the H — ~~ decay can be used to measure differential cross section

@ Combined signal-plus-background fit for individual bins of variables of interest, such as:

Ratio to POWHES

25

205
=

o Higgs kinematics, e.g.: transverse momentum (p7 "), sensitive to higher order corrections.
e or the jet multiplicity sensitive to different production mechanisms
— jet veto fraction “ﬂjetzf'r/“"jetr_’f sensitive to quark/gluon radiation and «s.

jet multiplicity

ATLAS Preliminary - data syst. unc.

i
e
,Aff;_

gg—H MNLO+PS (Powssc+PvE) + XH
gg—H+1j NLO+PS (MinLo HJ+PvE) + XH ]

——- XH = VBF + VH + §TH
H—yy, (s=8TeV
Jrat=2038" 3

2 =3
Particle level N

jets

@ Measurement compared to different ggk
predictions:

e non-ggF contribution for nje; > 2

@

@

@ Uncertainties from missing higher order

terms, UE, PDF, as
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Differential cross-section measurements in H->yy

@ [he clear signature in the H — ~~ decay can be used to measure differential cross section

@ Combined signal-plus-background fit for individual bins of variables of interest, such as:

o Higgs kinematics, e.g.: transverse momentum (p?”’f), sensitive to higher order corrections.
e or the jet multiplicity sensitive to different production mechanisms
— jet veto fraction cr,,jet:i/o'njet;}i sensitive to quark/gluon radiation and as.

Oy (]

Ratio to PoWHES

35

30

25

10

jet multiplicity

ATLAS Preliminary - data syst. unc.

gg—H MNLO+PS (Powszs+PiE) + XH
gg—+H+1j NLO+PS (MinLo H+PvE) + XH
=== XH = VBF + VH + fTH

Hoyy, s=8TeV

ILCH =203 "

2 =3
Particle level Nie,15

Jet veto fraction, o,/ o,

jet veto fraction

-

ATLAS Preliminary - data syst. unc.

H—yy, §=8TeV

_[:_ dt=20.3 i

E| gg—+H MNLO+PS (PowHes+PE) + XH
|:| gg—sH+1j NLO+PS (MnLo HWPE) + XH

bl v b Lo b

Og/ O.g

0,/ 0.4 03/ O3
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H->ZZ*->4| analysis

Limited statistics due to low branching fraction BUT also very small background.

Higgs boson mass reconstructable from lepton four-momenta (my;) — Good mass resolution.

Baseline Selection: four high-energy, prompt, isolated leptons.

e © @

Categorization for ggF, VBF and VH measurements.

§ o e ATLAS
E 35:_ my=124.3 GeV (fit) E?-}Z 'Il'zn\mdrlli_d.:‘-‘.fb"
. L o - [ Background Z, ZZ * R
@ Different uncertainties on e/mu A ot I Sackground Z+jets, T (Z/y*WZ/y*) ®
.. . — %% Syst.Unc.
— categorization in 4pu, 2u2e, and 4e - A s
25
o Dominant Bkg.: (Z/4*)N(Z/v*)+Z — 4¢ - |
20
e estimated from MC n
e Bkg from fake leptons: _ 15
e Normalization estimated from control region 10F
@ Excess significant at 6.60 level for st . ng
my = 124.3 GeV! il |
AT 150 / 200 o 5150
! m a
(Z/y )WL /y)
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H->ZZ*->4| analysis

@ Estimate of mass distribution: smooth, non-parametric, unbinned.

@ Parametrization of signal shape and signal strength as a function of my.

@ Improved mass resolution using Z-mass constraint on leading dilepton-pair.
°

Dominant systematic uncertainty on mass measurement from lepton energy scale.

Profile likelihood as a function of my:

Measurements compatible within at 2o

20 T T T T T T T T T 1 T T T T T T 1T 1 T | L

- - [ [ [ | [ ]
- 0.8 +0.2 = - ATLAS Preliminary H —>ZZ”—> 4l /

my (4 — 123.87° (stat sys) GeV 18F -

(410) —0.8(stat) Zo3(sys) o ok ! /s = ?Tmf{uﬂ_4em' .

T Vs=8TeV: |Ldt=20.71fb" E

iy (de) = 126.2+12 (stat) T%8 (sys) GeV I E

E — all systematics ]

iy (2e2p) = 125.01L0 (stat) T2 (sys) GeV 125 wihoutlISS(e) and S E

10 my = 1243::?: {stat]l {sys) GeV _E

o] AN ' ]

my (cumbined) =
124.37%5 (stat) 1% (sys) GeV

123 124 125 126 127
my, [GeV]

o N o
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H->ZZ*->4| analysis

Estimate of mass distribution: smooth, non-parametric, unbinned.
Parametrization of signal shape and signal strength as a function of my.

" ]
°
@ Improved mass resolution using Z-mass constraint on leading dilepton-pair.

@ Dominant systematic uncertainty on mass measurement from lepton energy scale.

Signal strength ;. vs. Higgs boson mass my:

‘E [T | L | LI | LI | LI | LI | L | T 1]
= o ATLAS Preliminary -
S [ fs=7TeV: [Ldt=46f" H-2zZ"-a ]
S 4L (5=8TeV: [Ldt=20.7b" 7
{_(.g . + Best fit i 0.6
= i —68%CL j o Mass: | 124. 3+ 0.5 (stat)Jr % (sys) GeV
2 gL --95% CL ]
w - .. without MSS(e) and -
: MSS{u) in lighter colours : o Slgnal strength: ﬁ. _ 1‘?-4_—0[!.54
of B :
[ ]
D_I | L 111 | 1111 | 1111 | 1111 | 1111 | L 111 | | I_
122 123 124 125 126 127 128

m,, [GeV]



Combined mass measurement

—2InA(my)
E 7 - ATLAS Combined (stat+sys)
SOLC 5=7TeV [Ldt=46-48fT - Combined (stat only)
gl 15=8TeV [Ldt=207b" —H=my
- . . —— H 77 =4 |
- | | |
- | | |
@ Individual mass measurements: 5 II'. I'. 5‘
e H— ~v: my = 126.8 :I: 0.2(stat) :|: 0.7(stat) C | |'|| j '
o H— 40: my = 124.375%% (stat) (% (stat) Ao oo { ; ,n'l ------------ from e 2
@ Measurements correlated through systematic NS \ j
uncertainties (mainly e/~ energy scale) - H".
— Combined fit to treat correlations correctly, 2 H'gl 'i:f'"'-., ;: /“
— 0.3 GeV shift of measurement in H — ~~. F f‘ v .
@ Cross sections for production modes are fixed to - \
SM values (no bias on result!) R TR T R B Lo
. my, [GeV]
combined mass:
mpy = 125.5 & 0.2(stat) 32 (sys) GeV meomb mH(77)
(4£) — 126.8 GeV
b -,
= 124.3 GeV ,rnCHC'm ()
= 126.5 GeV

my(comb) = 125.5 GeV
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Compatibility of the mass measurement

~ 250

-2InA

—2In A(m~~ — mag)

ATLAS Preliminary
1s=7TeV:|Ldt = 4.6-4.8 fo

Vs=8TeV:|Ldt = 20.7 fb*

i
k.

)

Amy =20

@ Combined fit with parameter of

2InA(0) interest: Amy = m);’ — mﬁf
= Amy = 2.3709(stat) £ 0.6(syst)
= Difference significant at 25¢

e Significance < 26 when rectangular
(not Gaussian) pdfs are used to
constrain systematics.

-|te

Ampy = 2.3705(stat) & 0.6(syst) GeV
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Combined signal strength for m, = 125 GeV

ATLAS ""’Ez;‘; Total uncertainty
a
my = 125.5 GeV 5(theo) + 1c on u
H—s vy +0.23 '
| 1550 +0.15 —t—
________________________ Temloas| b c L | w05
Lowp_ n=16"%loa —— = 11~ (ggF-like low-p1s) = 1.67
Highp,, n=17771:05 '——;—' «— 11y~ (ggF-like, high-pT:) = 1. ?+
[Zjethigh™ o o8|
messver  M='SGipos | e— &' t~~ (VBF-like) = 1.07%
VH categories +l=1-3_:_f +0.9 L T “— fiy~ (VH-like) = 1. 3—!—
H— 2Z* - 4l £0.33 :
o= 1.43°0% [F0-17 ]
_VE_F“VI:!_I_'R _______________ -_C_.?i_ __(;J'j_%__'_ ' I I ' : Coa— ] . _|_1 6
categories * =125 |"as. ————— & rac(VBF+VH-like) = 1.27 45
et ries 1= 14505 1035 —— < 11a0(ggF-like) = 1.457%%3
H WW* Wi +0.21 . - . .
— _igggcm o o 5 fopen (VH-like) = 3.?_2_0 (not in comb.!)
__________________ ] =] A B
ortiet  w-082c.jsoze| e 4= peve(ggF-like) = 0.8275 3
2 jet VBF =1.477 Lo, ' - )
Z — ! — 1tee0 (VBF-like) = 1.4757
Comb. Hvyy, ZZ*, WW*[*0- ; —=— :
w-13307 015 T : “ Heomb = 1.33 4= 0.14(stat) 4= 0.15(sys)
-0.18 |40, i
fs=7TeV [Ldt=46-48f" 0 1 2 3
Vs=8TeV Ldt—207 fb" Signal strength ()
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Measurement of differential production rate

@ Separate production mechanisms in vector-boson (pvgr+yvH) and fermion coupled (piggFittH)

proc:esses:
E _I | L T T T T T T TT T T 17T | L | T T T T T T TT T T TT T I_
o 100 ATLAS -
m B ! ) Fa — -1 ]
<  gf s=7TeV [Ldt=4.648f" -
T - Vs=8TeV |Ldt=207f" ]
£ I ; :
1} 6 __ . _H ZZ' — 4] __
- —H S WW Sl A
H — ~~ 4 — + Standard Model ]
- x Best fit i
L — 68% CL _
H — {uviy 2_ > === 95% CL —
(0] —
H — 4t - m, 125569\!’:‘ -
{positive pdf — CUtOFF] _2_| | |H|_| ! |-| Nl NN NN TR NS SN R N
0 0.5 1 1.5 2 2.5 3 3.5 4
x B/
H ggF+ttH B/Bgy

@ Model independent combination only possible for measurement of ratio juyy /figgFrteH
= Evidence for VBF production at 3.3 o level found!
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Spin-parity

Following the discovery of a new boson, important
to establish spin and parity (JF) quantum numbers

= Standard Model hypothesis predicts J7=0*

Test several alternative JP against the
SM and observe which is favored by data

= Find observables in bosonic channels sensitive to spin
and parity, also preserve background discrimination

Several alternative models:

= Landau-Yang theorem strongly disfavors spin 1
since the boson appears in the di-photon channel.
Can test in WW™ and ZZ™ anyway

vy: J7=0* tested against J/= 2+ (no sensitivity to parity)
WW®™); JP=0+ tested against J/= 1+, 1-, 2+

ZZ™: JF=0* tested against J°= 0, 1+, 1-, 2+

JP=2+

= Graviton-like tensor, minimal couplings to SM particles

= Test production via combinations of gg fusion and gg annihilation, which are
beyond the minimal coupling model, which would give 96% gg, 4% qq at LO

J=1 models have signal produced via qq annihilation (gg—>(J=1) forbidden)
JP=0" models from gg production (negligible gq production expected)
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Spin observables for H->yy

Separate 0+ and 2* spin hypotheses using the angular
correlation of the two photons

Y+ Collins-Soper frame used to get
reference axis z’ for cos(6%)

"PHad1+Had2 9+ < bisect © bet "
. = z-axis bisects angle between the
?__(919_)____ _3 _________ momenta of colliding hadrons
= Minimizes impact of ISR
PHadron1 PHadron2 = Better 0"/ 2* discrimination

Yz S

. Y 02 — =2}, (100% gg) — J7 =27 (100% aq) —

. ‘smh(.&.?) )‘ 2 pitpr? ]
‘COSQCS‘ = 3 r REf. [4]_:

2 ;
\/1+(p¥’;’mw My

Entries (normalised to unity)
]
=] —
—_ %)

Relative p; cuts on the photons 0.05F 471 AS Prefiminary 3
remove most correlation with m [ Data2012,vs=8TeV, [Ldt=207f" L— 1
/ [ f T T panr]

qq92+ Very Slmllarto SM 99901_ OO 01 02 03 {}4 05 UG D? 08 09 1
lcoseTl
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Fit method for H->yy

Side-bands

Events are divided into yy mass 2 E YA E
sidebands and signal region 5 ™FE i oo m, 1288 v 60
Side-bands: 1D fitinm , el o \"\..:
= Background: O(5) Bernstein polynomial m;—::;N;,L;E;_ - =
= Constrains the background shape in the g =F Ref. I3 :
signal region of mass - . + -[ ]:
L e Tt =
g 100 | .

Slgnal region: 2D m -cos(@”) fit g §+ é o - |
m,., [Ge

Product of two 1D shapes 5 20 lgnal reglglél{m 1 3D[G2V

[ Yy

= Signal: Crystal ball + Gaussian _ Sl TR
mass peak, cos(0*) shape : £ e l‘:J“‘a:.‘;,%
from MC

shape from m,, sidebands, *

e —wemw ] =)
EEoBE2RERE 3 2
AT T T T T

Method assumes minimal | _ 1 'S=a7y i :
correlation between mass | : o ! :
and cos(8*) in background | © o G'QM“Jm“ﬁ;

E ,?‘ g o o0y 0f1ﬁ+ﬁ

m, projection x cos(6”) prolectron

. w00 :_-7 " ;E‘:I"li . "3 "1;!" - &ﬁ%
= Background: cos(68%) - ;
= 207 -

- IEQS )
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Bgd subtracted cos6* distribution

Events /0.1

200

150

100

50

25‘0_1'[1'lI"Illl1ll|’1lll]llr1|l'l'll|'1lll III"I+|II'IIII'1II_ 1—1 250_[1II'|'1Illlll'l'lll1ll|'1lll]lll1|ll"ll l1ll']'lll1'|ll"l'l_
- ATLAS H-—yy ——J =0"Expected - e - ATLAS H—yy ——J =2 Expected -
-_JézaTevadt:zo_?fb" © S=0'Data 4 £ QUOLfEZSTEVdet:EU_?fb'1 © F=2"Data ]
- Bkg. syst. uncertainty - E - Bkg. syst. uncertainty .
- + sk (f_=0%) -
C ] N +
- ] 1001~ 2 -]
: Favored byt s B o :
C ] - —1 ]
- — 1 the data™ ¢ e .
C . i 1 4
g | ] ’F | i
I T T P T TS PP R N B NP T I I PP I T P I N
0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Icos 61 lcos 671

Fit (points) and 0* expectation (line) Fit (points) and gg—>2* expectation (line)

Evidence for the spin-0 nature of the Higgs boson using ATLAS data
http://arxiv.org/abs/1307.1432

Measurement of the Higgs boson production and couplings in diboson final states with the ATLAS
detector at the LHC
http://arxiv.org/abs/1307.1427

Study of the spin of the Higgs-like boson in the two photon decay channel using 20.7 fb! of pp
collisions collected at ,/s=8 TeV with the ATLAS detector
https://cds.cern.ch/record/1527124
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Spin-parity observables for H->ZZ*->4l|

e Kinematic variables: m,,, my,
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e Angular variables: ¢, ¢,, cosO,, cos 0,, cosb*
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with 115 GeV < m4l < 130
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Spin-parity

Use H-yy, H—=>4¢, H-WW-Evev
Variables sensitive to decay
angles

Make pairwise hypothesis
tests J"vs 0

2500

2000

Events /0.1

1500

1000

[IIII]IIII]

500

arXiv:1307.1432
accepted by PLB

HILE

ATLAS

T
1]
=]

\s = 8 TeV IL dt=207f"

+

I

OrTTT

Data are consistent with 0* on every test

ATLAS Compare with a range of
Ho * Data production hypotheses
H:sz;”’ " CL expecied for a spin-2 graviton-like
\5=TTeV [Ldt- 461" :s::":mg =0 boson

Vs=8TeV |Ldt = 20.7 b”

H = WW* = evuvipve f = fraction of qq

15=8TeV [Ldt =207 "

production (rather than gg)
=

Compare with
different J°
hypotheses

1

)

4]
alt

CL, (J

107

10°

All alternative

10
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disfavoured o

0 05 50 75 100 at >97.8% CL 10°
T (%)
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|cos &%)

ATLAS

H= 7y

15=8TeV [Ldt =207 b

H— ZZ" — 4l

Vs=7TeV [Ldt = 460"

\s=8TeV [Ldi = 20.7 b

e Data

v GL, expected
assuming JF =0~
ERE

H— WW* — evpv/uvey
15=8TeV [Ldt =207 tb"
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Higgs boson: what is next?

Evidence of coupling to fermions so far
— Tevatron VH(—bb) combination: 2.8c excess @ M,;=125 GeV
— CMS VH(—bb): 2.1c excess @ M ;=125 GeV

— CMS H—tt: 2.850 excess @ M,;=125 GeV
* CMS H—ttand H—=bb combination: 3.40 excess @ M =125 GeV

Search for H—=fermions decays is one of the most important
goals for the Higgs program
— In particular, does Higgs couple to leptons?
* We already indirectly know that it couples to quarks
— Are[,,_ 4 consistent with SM predictions?
— Is it the same Higgs decaying to H—=VV & H—ff?
* |Is mass the same? CP properties?

NCMH 2 23 4mf
Lo g = Q12 mpy ﬁf=’\1_ M2
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SM Higgs boson production (my = 125 GeV)

@ Gluon Fusion g 7 associated production

,i: (f" (‘r’

Largest production Unique signature Unique signature
mode: ~“88% of two jets with with leptons &
Utilized by H—tt large M;; & | An;| neutrinos
& H—pupu analyses Utilized by H—tt Utilized by VH(—bb)
gg—H VBF VH
LHC: 8 TeV 19.5 pb 1.57 pb 1.08 pb
H—bb H—Tt H—pp

Br 57.8% 6.32% 0.0219%
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H -> uu search

Analysis strategy

— Inclusive search
— Fit M(pp) with analytic Signal

+Bckg shape
Two analysis categories based on
muon resolution:

* Central: |n(n1,2)]|<1.0

* Non-central: rest

Event selection for signal region

Single muon trigger

Two isolated opposite-sign muons
P;(n1)>25 GeV, P{(u2)>15 GeV
Pr(pup)>15 GeV

Events / 2 GeV

Data/SM

L L B L B B L B B B B B B
: -# Data == SM (stat)
ATLA Prellnjna [ Single Top [ Wels
JLdt=20l7 6" mmww O #
B WZzzwy [l Z+jets
[] H[125Ge

b b B e b B b B s b b b e by
80 100 120 140 160 180 200 220 240 260
m,, [GeV]

Search window: 110-150 GeV
MC background predictions are not used
in the search (for optimization only)
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95% CL Limitonp

L

——Observed

---- Bkg. Expected
H+1o

]+20

[

IIIAﬁlAgﬁrglilrrl]ilr{al.rly‘llllllllI TTTTTTTTTTTTTTTT

f Ldt=20.7 b
(s=8TeV

11

o T s ks e R e e e e e ke i e R el e e e ke Lk ek AT
0 115 120 125 130 135 140 145 150
m,, [GeV]

-> uu search: results

* Systematic uncertainties

on signal normalization
@125 GeV

— Cross-section: 15%

— Br(H—pp): ~6%

— Acceptance uncertainty

* Theory: ~2.6%
* Experimental: ~4.2%

0

measured

Signal strength u =

USM

ATLAS results with 20.7 fb1 of data at 8 TeV

— No significant deviations outside uncertainty bands are observed
— 95% CL limit on p @ 125 GeV: expected (u=0) 8.2xSM, observed 9.8xSM
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H->bb search: exploit unique topology

* Cut-based analysis in 3 final states
 ZH—ll+bb

— Signature: two opposite sign leptons and 2 b-
tagged jets

— Major backgrounds: 7+ heavy flavor jets

- * ZH—vv+bb
— Signature: large MET and 2 b-tagged jets

— Major backgrounds: top, Z/W+ heavy flavor jets

q

e WH—|+v+bb
— Signature: one lepton, MET and 2 b-tagged jets

q

WH — Ivbb — Major backgrounds: top, W+ heavy flavor jets

b
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H->bb search: the fits

E fEe7Tev aearn’
E fE=8TeV Ldlw203 1"
:_onp.zmaq..p:;mm

B 5 & 8

F T T
185 ATLAS Prelimingly
161 =7 TeV flite a7 b
E {8 TeV fLdt w2041
¥ >200 Gelf

Evwens

14 2iep, 2 fots, 2

0| EOEONOm+
G

E T T T
E ATLAS Prefiminary
a7 TeV L= 470"
F EaTevid-cosm’
= 1iap.. 2 ois, 2 tagrs, p"»200 Gel¥

- 1

AI'LIIS Preliminany
15 = 7TV fLdl w47 167
[E=8TeV fLdl =203
1lep., 3 jets, 2 tags, p =400 GeVf

@ «10% : : ;
E 14— ATLAS Preliminary P
w F Ea7?TevfLa=drm’ = .
12|~ GEeaTev L. 200’ Eg:u—- 4
E 1lep., £ jois, 1 tag Wb .
lﬂ_ Bwrea
- e
afF E:.‘*":L...
oF
—
4t
2f

EZﬁm_— CERRACT EERA]
[ fE=8Tev Ld 20307
[ 2iep, 2jats, 1ing

my [GeV]

* Signal and control regions have different background compositions & shape

* Simultaneous fit allows to reduce effect of systematic uncertainties and
constrain flavor composition of backgrounds
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H->bb search: cross-check with VZ(->bb)

L ATLA'S Preliminary
1 f5=7Tev Lat=471"
L 1'5=BTeVJ'l_dt=2[}.31h"
T 0+142 lep., 243 jets, 2 tags

0-8__ Weighted by Higgs 5/B
Signal strength < 0.6-
VZ :
. Gmeasured 0.4
JuVZ - VZ i

Weighted events after subtraction

o

7

—

Iy
prrigdpiac

i

50

| | 1
100 130 200 250

m_ [GeV]

Measured VZ(—bb) production cross-section is consistent with SM

— 4 .80 significance; W,,;,=0.9+0.2

— Same signature as VH(—bb) allows for direct test of analysis procedure
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H->bb search: cross-check with VZ(->bb)

ATLAS Prelim. |—=—o(sta) Totg| uncertainty
o(sys) "+ i on
o(theo) _ VZ

VZ(bb), 7 TeV o3 5 :

o5 [ .

o Me =% 0s]c00 i [

VZ Olepton k., =1.157]+0.5 : [

VZ, 1 lepton n,,=0 ?'3:3 +0.8 | !

VZ, 2 leptons W = 0.30% [+0.5 -

. l L
Signal strength [vzeb),sTev |01 -.

K, =100z (0 1 ; "

VZ gL e T . : -

O VZ, 0 lepton H,=1245|%02 ; —t— -[

measured [T T PRt § R ; -

!/"VZ = VZ ‘_H"Z_,_1|a_ptl:fn_ _H‘-_'Z_T_{_:}_'? o3 [¥0.2 ! I

OSM VZ, 2leptons 1, =0.977 |+0.2 : :
= +0.1 :

Comb. VZ(bb) o lro2 : I

o Me=%%02)c0a i 5 :

VZ, 0 lepton u,, =1 2790% +0.2 | : |

VZ, 1 lepton n,,=0 9'3'2 +0.2 ] Bt E

________________________ (s I . .

VZ, 2leptons 1 =08,;|+0.2 K 1

0] | 2

\s=7TeV [Ldt=4.7 fb” .
's = 8 TeV [Ldt =20.3 fb" Signal strength [u, ]

* Measured VZ(—bb) production cross-section is consistent with SM
— 4 .80 significance; W,,;,=0.9+0.2

— Same signature as VH(—bb) allows for direct test of analysis procedure
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H->bb search: results

ATLAS Prelim. "'C‘g;ﬂst)) Total uncertainty
g
m,, = 125 GeV o(theo) + loonpu
VH(bb), 7 TeV o | e
w=-2.114 5 : B
e 141202 | | I |
VH,Olepton  #=2770|e18 | e——pem— 1 =
VH, 1lepton #=2570016 | eefmma | 1 0 0
"""""""""""" TR T T e o
VH, 2 leptons  u=0.6", 1+31 i T —
o +0.5 : : o P : :
VH(bb),BTe‘:'_OBm_? YRR SR SO
A L R RN IR O 1 A I
-------------------- Y : N B
Ve Olepon  w=09clos | G e
VH, Tlepton ~ w=0777.08 | B sl
--------------------- E ) I S s :
VH, 2 leptons 1 =-0.3"7 |+1.2 ; ; '—||—‘ ; ;
= +0.5 ; e :
Comb.VH®B)  IG% |
W="C0sl<01 | 7 0 0 ol i
""""""""""""""" 05,08 ; Lo ,_I_ : ;
VH,Olepton v L_O5Ufg 08 | o AT |
VH,1lepton  ©#=0.T1.08 i e j j
""""""""""" AT e e—
VH, 2leptons w=-0.4"" |+12 .|£|.,|2 Ll) éL
(§=7TeV [Ldt=4.7 b ) )
(5=8TeV [Ldt=203 1" Signal strength [u]

Fitted signal strength
— 748 TeV: u=0.2*%7,
95% ClLs @125 GeV
— Expected: 1.3xSM
— Observed: 1.4xSM

Results consistent with SM
H—bb and background-only
hypotheses

Dominant uncertainties:
— Modeling of ttbar: M,,,
P.(V), 2-jet/3-jet ratio
— c-jet tagging efficiency
— Multijet normalization
in 1-lepton channel

— Signal acceptance

o

measured

Signal strength u =

SM
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H->tt analysis (1)

« SM H— 77 analysis with full 2012 dataset, following
recent results on Higgs coupling to bosons and H — bb

* Features:

« ATLAS exploits the t

lep Iep

Tlep thad’

Thad had

* Events are separated in 2-jets (VBF) and
P, boosted categories.

MVA Analysis: signal is extracted from a binned fit of

the BDT score.

Source of Uncertainty

\ Uncertainty on u |

Signal region statistics (data) 0.30
Z — £ normalization (71epTpag boosted) 0.13
ggF do/dp?! 0.12
JES 1 calibration 0.12
Top normalization (7epTheg VBF) 0.12
Top normalization (7|epThaq boosted) 0.12
Z — € normalization (7TiepTnaa VBF) 0.12
QCD scale 0.07
di-Thag trigger efficiency 0.07
Fake backgrounds (7icpTiep) 0.07
Thad 1dentification efficiency 0.06
Z — "1~ normalization (TiepThad) 0.06
Thad €nergy scale 0.06

final states

Control Region Checks:
Agreement between data and MC
is checked in Control Regions.
Examples of BDT distributions in
data CR’s for major backgrounds.

ATLAS-CONF-2013-108

T T L e e
ee+9u' i VBF HT'LASFhalmmaqr
|Ld| 3T (E=8Tew mp—quum{‘R
” —~— Data
—— D% H{ 125} =t ]
Bz
T
B iT+sings-top
WHOWZZZ
I Fake Leplon
#HE Uncerl.

Events /0.1

BODT scora

Events/ 0.17

L,_,+s,_VE|F
1ot Lat=203 8"
fs=8TeV Z—»rCR

HTLAS F’lalrrmary
—+ Data
— 5 x H{125}+ 7
Mz
I Cihers
N Faket

#% Uncen.

a5 1
BOT score

T
A IITLAS F'rc{ l|'I'|
= ﬂ

£ 3000 |La=202 " F=8TeV  tep-quak CR 7
—4— Data

— 50 x H(125} =
[ .
Bl P 4single-top
-Gﬂ|=r= E
B Faka 5

555 UneerL E

Everts /0.2

RT}.AS F'reimllrtary
10| Lat=2021" [E=8Tev  Sudeband CR 3
—4— Data
—— 50% H{125}+77




H->tt analysis (2)

- T T T L o e e e e B B B e T i s L e L O I L B
= &8 + eu + uu VBF SR ATLAS Praliminary - : 105 L M Ty * €T, VBF SR ATLAS Preliminary_| ; 10* TadThag Y BF SR ATLAS Preliminary J
- E 3 — ]
P [Lat=203m" —— Data it - [Lat=2031" —¢— Data E n | Ldt=20.3 1" - Efat?zs 1
‘e — H(125) =t - P r — H{125} =t ] = — H(125)}— =< .
4 fs=eTev H(125) 7 (u=1) ] T gt fs=8Tev - H(125} T @=1) 2 o fs=8TeV - H(125) tx =1)_|
5} Bz b > E Wl Z— E L Iz E
H Others ] L E E Others 3 B Others ]
I Fake Lepton i I Fake © i N Multi-jet 1
7% Uncert, = 1035_ 7% Uncart. 3 N w2 Uncert. |
E = 10 =
10 E ] N
41

1 1 1 05 0 05 1 97 05 o 05 1
BDT score BDT score BDT score
105 B e . e — L A B A B
S F ee + ey + uy Boosted SR ATLAS Preliminary 3 o ut,,, + er,,, Boosted SR ATLAS Preliminary - = 4Ot L e Boosted SR ATLAS Preliminary |
:,; B I Ldt=203fb" —+— Data ] - 10° j Ldt=20.3" —— Data = o0 I Ldt=203m" —4— Data E
T qo'k — H[125) =< g _ —_— H(125)s =t E [ —_ — H(125) == i
o E Vs=8TeV — H(125) 7t @=1)] ] fs=8Tev . H{125)— =t (u=1) o is=8TeV - H{128) 7 =1}
w i Bz 3 O 10 [ - 4 O [ - i
L B Others - Il Others 3 B Others 3
103 = P Fake Lepton 3 I Fake < E - Multi-jet ]
B Zi Uncert. 3 10° 227 Uncert. i #722 Uncert. -
| ; 107 - E
10° 3 7 :
E 107 E ]
10 = 7

1 1 w05 o0 05 1

-1 : 0.5 1 0.5 1 - M -

BDT score BDT score BDT score

* Data is divided in 6 signal regions and 9 control region to simultaneously fit signal and backgs.
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H->tt analysis (3)

* ATLAS observes significant excess of data events in high S/B region:

* Excess is observed in all three channels

* First strong evidence of H — tr decay: 4.1 ¢ observed @125 GeV (3.2 ¢

expected).

For each BDT score calculate S/B, fill into this plot.

u} 4 _| T | T T T T | T T T T | T ]
= 10 - —s— Data =
I.%) E |:’ Background E
e ey I L L Background (u=0)
10° = Bl (125} 1c (u=14) -
- H(125)-1t (u=1) o
10%L -
—Ho1t A
10 ATLAS Preliminary E
- J.Ldt=2[).3fb'1 i
- Y{s=8TeV .
1 : | | { | | | 1 | 1 1 | 1 | ] | L | l_:

-3 -2 -1 1

log(S / B)

VBF

Boosted

-

ATLAS-CONF-2013-108

Numbers of events in highest
BDT-score bin

Lep-lep ' Lep-had | Had-had
Signal 5.7¥1.7 | 8.7+2.5 | 8.8%+2.2
Bckg 135124 | 8.7+2.4 11.8+2.6
Data 19 18 19
Signal 2.6£0.8  8.0+2.5  3.6%+1.1
Bckg 20.2+1.8 32#4  11.2+1.9
Data 20 34 15
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H->tt analysis (4)

* ATLAS observes significant excess of data events in high S/B region:
* Excess is observed in all three channels
* First strong evidence of H — tr decay: 4.1 ¢ observed @125 GeV (3.2 ¢
expected).
» Excess of data events is compatible with presence of Higgs at 125 GeV (events are
weighted by In[1+S/B] value of the corresponding BDT-score bin)

ATLAS-CONF-2013-108

E 104 __I T T T T T T T T T T T | T T T | T T T T | T I__ :EII’J = . . E
S S —— Data 3 g 705 ATLAS Preliminary ® Dala 3
B n — : H VBF B S H{125)—? T {].I,='|.4} E
Li - [ ] Background . T 60E — 1T + o:::sted . =
e Ve Background (u=0) - R [Ldt=2031m . B Others -
3 = ] — I Fakes =
103L B ~(125) e (u=14) & F \s=8TeV o e E
- H(125) >t (u=1) - = 40 E
- 3 o = =
E i Eij 305 -
10°E - - 20— -
= - k= - -
- ] 10 E
- H—)TT | O: -
101 ATLAS Preliminary E g.? j';'Hh;m;r;{u:' 14 ‘;' T ]
C =z -1 — C W H(110 =1.8 N
g I_L dt=203fb ] fu 10 HE150}:2$ 59J]| — i
- {s=8TeV . a [ e ]
1 : | | | | | | L | | [ | | ol | 1 | Ll L L | L |_: g D S " T“I .“II i - | ./ P I-"l L :'..'.. P -
-3 ) -1 0 1 60 80 100 120 140 160 180 200

log(S / B) Reweighted mass M« [GeV]
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H->1t results

Hygeovm < BBy

» Good sensitivity to VBF production mode

» Together with ATLAS H — uu results, it proves that the Higgs couplings is not the

same for all lepton flavours, in agreement with SM.
- Best fito/o,,, = 1.4*°°

o

—TT

q——-):E_

—

!
A
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TLAS Preliminary

Ldt=203fb"

—— 95% Contour
————— 68%, Contour

+ SM prediction

o Background only
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More Higgs highlights

» Recent update on charged H* — t*vsearches:
« Final states with hadronically decaying taus
« Exploit m_ distribution to extract the signal

« Results for both below and above top-quark &
threshold: (t — Hband pp — tH)

ATLAS-CONF-2013-090

=
— — . Median expected exclusion =
[ Observed exclusion 95% CL T
Observed +1c theory
Observed -1o theary
— — - Expected exclusion 2011
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o0 THets
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»
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- Observed exclusion 95% CL
------ Observed +1o theory
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Prospects for Higgs measurement precision

Within a short year, we have gone from the discovery of a Higgs-like
boson to a SM-like Higgs boson.

Is the particle the SM Higgs boson?

= will need more data as well as ATLAS Simulation

improved theory calculations... Vs = 14 TeV: [L.di=500 b ; [Ldt=3000 fb”
[Ldt=300 fb* extrapolated from 7+8 TeV

H—pp 1]
. . ttH,H—-pupn
Extrapolating from 25 fb" to 300 fb" or 3000fb™ istoug ~ veE e T
Experimental systematic errors: will improve TS -
. . vBF,H—> WW ; i

» tighter/better selections W e

* constrain uncertainties increasingly using data VH oy
Theoretical uncertainties: vt;::_}W __
» Now 3-15% for production, 3-10% on decays Hﬁ,w_:; i

* Dominant errors: QCD scale (HOs) and PDFs Hosyy -

O 0.2 04 0.6 0.8
Plots show estimated signal strength Ap
uncertainty extrapolations [
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Central tracking out to |n|=2.5, calorimetry to |n|=4.9

AT LAS DeteCtor 2T solenoid and toroids with [Bdl=1-7.5 Tm

25m high, 45m long, 100M channels, 7000t, 10y construction

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

99



Summary on properties in bosonic channels

@

Signal strength {i1)
3]
o

iy

L2

2.5

1.5

ATLAS
Vs=7 TeV [Ldt = 4.6-4.8 "
Vs =8 TeV [Ldt = 20.7 b

r—

os—

[=]

Combined mass: my =

5
|
L
L, 8

— 1+ ZZ +WW combined
—— H—=yy

— H=Z7 -4

— H—-=WW" — viv

< Bestit
—— 68%CL
=== 85% CL

4

rd

122 123 124 125

126 127 128 129
my [GeV]

125.5 + 0.6 GeV

Combined signal strength:

pw=1334+0.21

= | atLas 1+ZZ"+WW combined
£ 35 (5=7TeV [Ldt-46-48M" —  H-oyr
= C (s=8TaV [Ldt=20.7 " —  H 77 a4
= o — Ho WW" S ke
T oo
= | < Bestfit
w C 58% CL
250 e 5% CL
|
2
1.5+
il
= ~ .
0_5: # ———— e
C — - ™
O_I 1 I L1111 I L1 11 | L1111 I 111 I.--I-I -I“I- 1 “.I"I. I‘I‘“I“I -I 1
125 130 135 140 145 150

155
my [GeV]

Individual claim for Higgs boson discovery possible in H — ~~ and H — 47 final states.
Mass difference between H — ~~ and H — 4f measurements significant at 2.5 o.

=- No significant deviation from prediction of single resonance.
Evidence for VBF production (mainly from H — ~~ and H — fuvfr channels)
Differential cross sections measurement in H — ~~ show no sign of deviations from SM.
First ttH analysis performed in H — ~~ final state — other final states underway!

Current Measurements No significant deviations from SM predictions!
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ATLAS upgrades for HL-LHC

New Inner Tracker
* Radiation hardness LAr and Tile Calorimeters
e Better granularity and faster links  new FE and BE electronics
* Improved precision
* Less material
* Extend n coverage

* level-0 at 0.5 MHz

e tracking at level-1

e HLT input 200 kHz,
output 5 kHz?

Forward Calorimeters

Muons » Replace FCal?
» new FE electronics » Replace endcap hadronic
* improve resolution calorimeter cold electronics?
Intent
Dec 2012
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Events / 2 GeV

Events - Fitted bkg

Excellent mass resolution
(y pointing in calorimeter),
poor S/B

Signal significance 7.40, expected 4.30 (SM)
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H->yy: photon reco/identification

Signal: photon

Background

|dentification efficiency (unconverted photons) vs pile-up

[}
W

B

ATLAS Preliminary \s=7TeV J-

Ldt=4.9 i

0.9

0.8

Unconverted photons
0.6<n <1.37

0.7

0.6
@® Data (matrix method)

05 O Nominal MC

/A Corrected MC
04...l...l...l...l...l...l...l...l... Py
‘0 2 4 6 8 10 12 14 16 18 20

Fraction of photon candidates

n-strips

Fraction of converted photons vs pile-up
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35

Average interactions per bunch crossing
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10"k

1o'g

10§

background rejection

10’

10"

m’:

10k |

Data-driven background decomposition

w'

10T
W ~ 500 ub
RL-': i Y
gm q
vy
~ 200 nb
R eI
! ~ 30 pb
H-=> vy
~50fb

> [T T | T T T T I T T T T I T T T T I T T T T | T T T T ]
& 5 ATLAS Preliminary —e— yy+DY Data ]
o 2500 L Data 2012 —=— vyj Data -
2 te Vs=8TeV,[Ldt=13.0f6" _a_jjData ]
o L o —— Stat. uncertainty -
w 2000 g +++ x Total uncertainty
E - ’+¢* E
R~1041200F- . E
- ™ Yy~ 14% -
- “ =
o . Mts 3
1000 i~ 22% ety y e -
p [0 e m'“.mc;
QO - “..“...I'.- E
: ll'l...l-..".m -. :
. SO reorern

‘POO 1 130 140 150 160
m,, [GeV]

= Reducible background and largely below

irreducible background y-y

» Remark 1: this decomposition is not directly used in the Higgs
search: the background is extrapolated from data sidebands

» Remark 2: Drell-Yan ~negligible for m,,>100 GeV (~1%)
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H->ZZ ->4l

“Golden” channel, high S/B,
excellent mass resolution,
but low statistics

Again, categorisation of events to enhance VBF
and VH sensitivity

= L
§ w0 m ez ATLAS
8 f m =1gi.3 GeV (fit) H—ZZ*—4l - .
5 350 — Ba’;kgmundz . Is=7TeV [Ldt=461b" Signal significance 6.60, expected 4.40 (SM)
> L . & _ -1
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30— 27 syst.Unc. = 10°F — gbs 22’8'?22 ATLAS
: [— Xp v
- 8 10%F — Obs 2011 H—22" -4l
n e S Exp 2011 1s=7 TeV [Ldt =4.6 b
= —— QObs gomb_lnanon
ook 10 ------- Exp Combination  |s—g TeV [Ldt =20.7 fb
- B 1E = N\t D16
C 10 = 2c
15 :_ 1 0-3 30
10f 10° \x/ 7 4o
- -7 ) 50
5 10 :
10° | 60
0
100 150 200 250 g
m,, [GeV] 6.60 A z 7C
10'13]Il]| Illl‘d-ll IIllllllilllllllJl
110 120 130 140 150 160 170 180
r ,, . N . J : my [GeV
‘ Tee T e || arkivi307.1427, n[GeVl
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H - eeee candidate

@ATLAS

EXPERIMENT
http://atlas.ch
Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST

&

m(4e)=124.6 GeV




H->WW ->lvlv

Events / 10 GeV

Data - Bkg.

8005— ATLAS & Data2011+2012
E \s=7TeV JLdt-461" % Total sig-bkg.
700E \s_gTev [ Ldt=2071b" Bl SM Higgs boson
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Transverse mass distribution
foreand py, O or 1 jet
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Moderate statistics but
poor mass resolution -
poor S/B
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2 or more jets F
— strong VBF 4f
sensitivity
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Signal significance of 3.80 at
m =125.5 GeV, expect 3.80 (SM)
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