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Y The Standard Model H boson

The Standard Model of particle
physics is an impressively successful
theory.
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= The Higgs mechanism was
postulated in the mid-1960s to
complete the Standard Model (SM)
of particle interactions.

The Higgs boson has been the

missing piece of SM puzzle for the
past half century!

A long way since then ..
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ATLAS  2011-12  15=7-8TeV 1

The observation of a new particle
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And Recentl a Nobel Prize

8t October 2013 5

= N  Francois Englert
‘ == Peter W. Higgs

2013 NOBEL PRIZE IN PHYSICS

“for the theoretical dlscovery 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

/7
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L HC performance and ATLAS detector

\
Muon chambers Solencid magnet | Transifion radiation fracker
Semiconducior frocker

A Toroidal LHC Apparatu$

Magnets 2T solenoid, 3 air-core toroids

Tracking silicon + transition radiation tracker

EM Calorimetry sampling LAr technology

Hadronic Calorimetry | plastic scintillator (barrel) LAr (endcaps)
Muon independent system with trigger capabilities
Trigger 3 levels of trigger (first level hardwer)
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L HC performance and ATLAS detector
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- ATLAS Online Luminosity
- 2010 pp\E =7 TeV
© w2011 pp\s=7TeV
T w2012 pp \s=8TeV

12/2012: §
23" 8
@8TeV B

2010
0.05 fb-"
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a @7 TeV

Pt W ot
Month in Year

A Toroidal LHC Apparatu$

Is a general purpose experiment

More then 95 % of data taking eff|C|ency/
quality o w

Ae— Sokerund magret | NIPMIN TR et
SN0 PR

Excellent LHC performance during
Run |

« 2011: 4.8 tb-1 at 7 TeV
« 2012:20.7 fb-1 at 8 TeV

- Challenging data taking condition

— Pile-up in 2012
— Maintain excellent performance by
improved algorithms
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Lepton performance vs pileUp

Z~> UM event from 2012 data with 25 reconstructed vertices
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Photon and Calorimeter performance

- Stable energy response vs number of primary vertex.

- Excellent stability of the EM calorimeter response
« Studied with Z,)/ ¥ —ee and W—e v events

» Energy scale at m, known to ~0.3% and stable wrt pileup
 Uniformity ~1% (2.5% for 1.37< | n|<1.8)

- Photon efficiency stable with time and pile-up.

(D 1 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T ]
% 0.9 - —e— Unconverted photons ATLAS Preliminary 3 1002
-.g 0.85----0---- Converted photons Data 2012, Vs =8 TeV g % ' - L ‘ B ‘ W - ‘E/‘ B .
e .OF~ —— Single track conversions : - 7] - i BMS: 0.019% ® W—ev E/p ]
8 = —— Double track conversions det =33M E > 1'0015: | RMS: 0.015% O Z—eeinv. mass
c 0.7 —_ — = C i i .
S - - GCJ 1.001| ]
[} o B e Wb 3 _02) 1.0005F ‘ ' .
S 0.5 ? OO+ O OO OO DO D DO+ O OO O O OO0 O E E - ° 4) + ¢ (%) % i [} ¢ E
§ o04f E S € t AR A
5 o3b E 0.9995F t ¢ 5 E
= SE TS s e E - 1 ]
0.2; V¥V —Vyy-Y- = 0.999 : : =
O E b e e b e = E ATL.AS Pl‘e |m|nary : m
5 10 15 20 25 30 35 0.998 11 1l ! 11l IS N T T T ST T N T M T S

8 10 12 14 16 18 20 22 24 26 28

Average interactions per bunch crossing Average interactions per bunch crossing
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: Jet - E; miss performance

« JES uncertainties at
the 1-2% level
(absolute
calibration)

- Missing ET well
modeled: Pileup

Fractional JES uncertainty
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i

) [ — —r —
0.09 E anti-k, B = 0.4, LCW+JES + in situ correcton ~ ATLAS Preliminary;
""YE Data 2012, Vs =8 TeV =
0.08cn=00 [ Total uncertainty =
E = Absolute in situ JES =
0.07 = =1+ Relative in situ JES E
0.06F ==x= Flav. composition, inclusive jets -
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0.04 *;
0.03 =
= J

0.01
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{ o 19.5pb(87%)ggF 107 ' AR
ty >------- <€ g - \s= 8 TeV ok
t — - —g
9 E 10§— _§§.
Gluon Fusion (GF) /|\ = .
g, d5 3 . ]
© = =
0 > =
Wikt 5 :
92 94 - 7 =
Vector-Boson-Fusion (VBF) : A
CEL . o
80 100 200 300 400 1000
M, [GeV]
LR R R A R AR B —
N L 0 (pb) @ m,=125 GeV for pp Vs =8 TeV 22.3 pb
so000ss99l
g t

t t-bar Associated production
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SM Higgs decay mode

10

o x BR [pb]

E | [ [ [ [ [ [ [ | [ [ [ [ E g
- o I \@ - 8TeV - g
- | e
B — | ¢
EVBF H/A 't WW = Fvag R
L WH FVL WW — ['yliy 7 =
Vi 27w
- 77 > MTw
B ZZ 1T
= I -““ ;
s ZIj — 'Tbb \\ - _
7 |I— e, u .
. V= VeVsVy e -
/ q|— udscb b T .
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The o0 BR for the different
decay mode is highly m,
dependent.

@mH= 125 GeV several
decay mode can be
studied
* Bosonic mode:

e ¥y, ZZ* WW*
* Leptonic mode

e bb, T T

15/1/14
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z; 1(); | | | | | | | | | | | | | | 3 §
g'_ ; T \'s = 8TeV ; ; ‘\/\/\/\/ N
< tery werel oy G
© L WH /> Evbb WW — vy >
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- Selection:
« E;(7 1)> 40 (20) GeV @8TeV (7TeV)
- E;(72)> 30 (20) GeV @8TeV (7TeV)
- Search narrow peak inm,, ., N’ : " ]
- Very good mass resolution ~1.7 GeV. '
- Background:
- Y Y [~75%], v -jet and jet-jet [~25%)]
- Analysis:

- Simultaneous fit Signal + background to
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CATLAS

JLEXPERIMENT

Selected diphoton sample

Data 2011+2012
Sig+Bkg Fit (mH=126.8 GeV)

Events / 2 GeV

d ata --------- Bkg (4th order polynomial)
6000 ATLAS Preliminary
.+ S/B~3%. R
- Classification 14 categories. oo 87TV fLat= 481"
(s=8 TeV,det =207 0"

 Enhance sensitivity (~40%).
« Improve signal resolution (1.4-2.5 GeV).
 Optimized for coupling measurements
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=N W b
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o 10*F—— Observedp, (catego)  AT|AS Preliminary

. o (o . . 8 102 ::: O)k()%?a(r:fed F;))% ((?:C?L?s?cé)) H—yy ::
- Most significant deviation @ mH 126.5 GeV: = = == Seecedp, inctsiv) =
. . (e s 20
- Local significance: 7.40 (4.1 0 expected) 1'——==—— A\ L ———— “i30
104 =40
« Mass measurement: - Data 2011, i8=7TeV g,
126.8 = 0.2 (stat) = 0.7 (syst) GeV 10°F flaiam teo

. . 1010 Data2012, \s=8TeV ]
- Systematics dominated by photon energy scale .- [ist-z07w" 70

» Production rate: 0TS 20 s 10 135 140 145 150

= 1.65 £ 0.24 (stat)*0-25 syst = my; [GeV]

/J ( ) -0.18 ( y ) K (O_ > BR)SM H

« 2.3 0 deviation SM

Couplings in agreement with SM expectation

1 N T T T T ‘ T T T T ‘ T T T T T T T T ‘ T T T T ‘ T T T T 1
[ — Al systematics . _ATLAS Preliminary - Wlthln 20:
o Without mass scale uncertainties Hsyy 7] LN T I L B B
e Without systematic . Co , " — Total
| ) — IJ, C r T T T m
— Best f — VH :
2.5: + Bestfit . ] st
- ] —Syst.
— — - H————H 3
2 - a HVBF é H_’YY ]
150 ] 3 [Ldt=4816"/s=7TeV
r ’ n - P H—H =
N 7 ggH+tH g JLdt=20.7 b7, /s =8 TeV ]
= T/ {s=7 TeV, f Ldt=4.8 5" — E P, ATLAS Preliminary ]
L — 68% CL ] F : 2011-2012 .
C o 7 u o : H=—H B
sl O | r_sTevadt_zowb ] : i , L, Mep1268GeV
124 125 126 127 128 129 130 0 1 2 3 4 5 6

Signal strength
my [GeV]
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H—o/Z7"— tteete

3‘ 1 O ; | [ [ [ [ [ [ [ [ | [ [ [ [ ; §
2 T \@ =8TeV 18
o i e
» |4
m — 1 ¢ H
" 1 g_\/BF H WW — Fvqq E § H
©  KwH : WW iy 43—
10" 22 ~1Tq@ v,
— ZZ— vy ]
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7 1 ATLAS-CONF-2013-013
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- Selection:
- p'?34>20,15, 10, 7/6(e/ 1) GeV
* m,;, =50-106 GeV; 115 > m,, > 12-50 GeV
- Main backgrounds:
« ZZ® (irreducible)

- Reducible: Zbb, Z+jets, tt with two leptons
from b/g-jets (m < 2m,)

- Golden channel:
- very good S/B = 1.6 for mH=125 GeV
« mass resolution ~1.9 GeV

3 60

- Signal acceptance x efficiency: 15-37 % 3 "
@my, 125 GeV )

120-130 GeV )

Other
| senal | z0 | e, |Observed) SB

6.3:08 | 2.8#01 | 0.55:0.15 21
3.0£04 | 1.4%0.1 1.5620.33 j:

I T N R N

o
T
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QATLAS

EXPERIMENT

— * Data _ ATLAS Preliminary
- [l Background zZ" Hos 7704l

— [l Background Z+jets, ff

- [ ] Signal (m =125 GeV)

- 7/ Syst.Unc.

- \s=7TeV:|Ldt=4.6M"
C \s=8TeV:|Ldt=20.7 fb" )

100 150 200
m, [GeG]
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H—// —4¢ results

+ Local significance: S0t gy Amasrameey 3 = i iy w o a ]
6.60'(44 O exp) 310° ig{ﬁ%gﬂb . %:7259\,_:}3;:4.6%@ N 12 \\ﬁ 7 TeV: {Ldt 460"
—— Qbs Combination 3 B 8 TeV: [Ldt=20.7 fb"
@mH:1 2 4 3 GeV 1:)(: ------- Exp Combination  s=g TeV:[Ldt =20.7fb;0 107 L =T S Gov
B o —  4e fMy=126.27 (stat) (sys) GeV .
. Mass' 10_3 E 20 8 — 2e2u ﬁH=125.0f01§(stat) _*s':(sys) GeV
. e : % o 2u2e T, =122.6 17 (stat) *75(sys) Ge\({},’
124.3%0:6  (stat)*0->  ;(syst) 10° )
GeV 1o P
: , _ 10°F 60
« Main systematic uncertainty: 4
e/u E/P Scale 01131(‘)‘ “‘IZ(‘)‘ ‘1‘30 140 150 160 m17[OGe\1/?0 %) 124 125 126 127 128
« Production rate with " m,, [GeV]
respect to SM:
= +0.5 e N A
u— 1.7 -04 % Lo ggﬂst Fit ::Lg("i zlu ’
X,y . 2IM<23  (s=7Tevfldt=46f"
S T =27 (s=8Tevfldt=207" |
The events are further categorized as: 2 S ;
VBEF-like (two jets in VBF topology) ! | ?
VH-like (events with additional leptons) 5 |
ggF-like (all remaining events) i
- Coupling measurement consistent with SM o e
expectation within 2 0 R R TR
MggF+tfH>< B/BSM
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HoWW —=lv vy

o) 10; T, I I A E §
2 T \@ =8TeV 18
% B 7 % Vu
X WW%F\/qﬁ'—;% {{_____
© WW — vy 17
— ———
7z —qq - Vy
77 > v
ZZ >
. 1 ATLAS-CONF-2013-030
| .;....r""r. | :
200 250
M, [GeV]
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Signature:
- 2 isolated opposite-sign leptons & large E
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Tmiss
Sensitive channel in wide mass range ~
125-180 GeV (0 ~ 200 fb)

- Challenging: two missing ¥ — no mass
reconstruction/peak

Observable: m;

signal region 100

mr = \/ Ell + Euuss) (Pflf + Puuss) E SOOiATLAS H“H“H“H‘;'l:‘»;t;z'ou;izvogz E
9 70(); {s=7TeV f Ldt=4.6 fb! ﬁ Total sig.+bkg. ;
. ] . P = (s=8TeV [Ldt=20.7fb" SM Higgs boson
- Main backgrounds: WW, top, Z+jets, W+jets S R
. . o 3 Wi ° E
- Excellent understanding of background in signal jzzi —
region => use signal-free control regions in data to g S
. 300 []Wﬂets —
constrain MC = use MC to extrapolate to the . : E
- Further categorization to improve sensitivity: o 100° s e e
. . (-u 60F |:| SM Higgs boson m_ =125 Ge\ﬁ

- Range dilepton mass: m; : i 4 E

- lepton flavors: (e, ey, u i, ee B R RN
R Jet mU|t|pI|C|t|eS O, 1, Z2 60 80 100 120 140 160 180 200 22/?7T2[4G.0e\2/]60
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H>WW —| v | v results

Q_°103"\‘“‘\‘“‘\"“\““\““\““\““\““
S L ATLAS Proliminary  1s=7Tovifist=45 - Broad excess around 120 GeV
8 H-WW =iy Vs =8 TeVfLdt = 20.7 b’ . .
T tof—ows M-t - significance: 3.80 @125 GeV (3.7 0 exp)
---- EXp. mH= e . .
e oo« Best fit of signal strength:
11;’ ......................................... Y ¢ =1.01 £0.31 @125 GeV
o IR . - Dominant contribution to the
10 experimental systematic uncertainty from
15 R+ 4o jet energy scale and resolution.

TR A Cqupling measurement consistency
M [GeV] with SM <1 0 level

120 130 140 150 160 1

E r I UL I T 1 T 1 I. T I. T 1 I T 1 1 71 I LI T T | T 1 1 1 | T 1 1771 I_
= 7:_ATLAS Preliminary Vs=7TeVyLdt=4.6fb' 3 s ————————
2 F Heww iy Vs = 8 TeVifLdt = 20.7 fis" ] o’ 5 ATLAS Preliminary + SM =
S BF — pestfit = o - Vs=7TeVfldt=461b" + Best fit .
Rz E -2 Im) <1 . X 4 - Vs=8TeVLdt= %qz_fbl . — -2 InA(ggf,vbf) < 2.3__
8 5 __ Exp. bestfit m, =125 GeV = > r s “ee._ T "2InA(gghivb) <6.07]
- - - L *~\ -
2 F 2imw< . & ~< .
2 4 \: —] 3‘> 3 o \\\ T
. - o ’
3N\ = - N .
: . 2r =
2 E - ]
= 1t -

IIIIIIII|IIII|IIIIIIIII|II
115 120 125 130 135 140

11 | 11 1 1 |
145 150 5
m,, [GeV] ' n X BBgy

15/1/14 Ludovica Aperio Bella



o UNIVERSITYOF
BIRMINGHAM

Npr-<»

H—bb (VH—bb )

WW — 'V

3‘ 10; | I I I I I I I I | I I I I §§

2 T \@=8TeV 18

oC B 4R f
28] = 8

x 15 WW — I*vqq EE: H

o) e

ZZ — I'1qg

ZZ — I'Tvv
ZZ — I'TT

| ||||||||
|

ATLAS-CONF-2013-079

~
“,
~
LS
L3S
~
-
.

15/1/14 Ludovica Aperio Bella



)

2 UNIVERSITYOF
BIRMINGHAM

ner-»

H—bb (VH—bb )

- Highest branching ratio (58% for 125 GeV) but large QCD bkg

- Associated production with W /Z to overcome dominant QCD background:
- 3 final states: ZH->v v +bb, WH->lv +bb , ZH->l|l+bb in the VH production mode

0 lepton 1 lepton 2 lepton

Categories: to improve S/B and mass
resolution (16%):

« 26 2-b tags signal regions,

* 31 bkg control regions
* Discriminant: my,
» All regions fitted simultaneously

* Main backgrounds normalization free
parameter in the fit.

« Fit validated on VZ production,

observation Z>bb @ 4.80 (5.1 0 exp.)

(iATLAS

EXPERIMENT
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: VH—bb results:

S | ATLAS Preliminary -g;(bb)(beslfit) ]
@ 100 Vs =7 Tev JLdt=4.7 10" égw whan —
« mH=125 GeV | (s=8TeV Ldt=2031" Embb ]
95% CL exclusion limit 1.4 (1.3) x SM aol /o0 2l 21ge 100p 20 ey E
B [ Z+bl T
- [ Z+cc —
- = Z+cl .
« # =0.2 0.5 (stat) = 0.4 (syst) 60| e s —
CMS : significance 2.1(2.1) 0 for mH=125 GeV : :
40— —
- Overall compatibility with background (0) and - e -
Higgs (1) hypothesis: p0 =36% p1 =11% 201 -
i —— o(stat) i Q 15- E
ATLAS Prellm. 0(sys) TOtaI uncertalnty % 1:7 77 7/,,,J.,,H,,,,,,%,,,,,,,/,Ju/u//// ]
my = 125 GeV o(theo) +loonu g e -
VH(bb), 7 TeV 4;1):; 2 B S B GBS T B T- VR N—
____________________ w=2libo2 | o o b o i My, [GeV]
VH,Olepton 1=-2777]s18 | m——— 1 1
---------------------- ;‘:-2-_-5-;2-'6-:"-" 3 . . . . 14 T T T T T T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T ] T T T T T
-5:—‘-;—-:?9{9[1 ----- - --;-b-é;fcg-ﬂ-?- — I! - L b‘% - 'ATLAS Prefiminary ! ! ! I "
2lopons W77 *2'; L T B 12F VH(b) Js=8TeV f Ldt =203 fb" =
VH(bb), 8 TeV_O g0 .04 S : g [ —— Observed (CLs) 4 ]
_____________________ e = AT Lo i 1 £ 10C ... Expected (CLs) 'S=7TeV f'—dt= 4.7t .
VH,Olepton  u=09"71-08 | N e e = [ @@=10 ]
"""""""""""" ST RN : i 8F N -
VA tlepron  1u=07iileos | e S | e :
VH, 2leptons 1 =-0.3"7 |12 o + T 2 6b ]
Comb. VH(bb) |02 o 3 f ]
________________________________________ R ; - ]
VH, O lepton 1 =05+EZ +0.8 1 L H—- i 1 2: ]
- = ;
N |

_____________________________ 10 [FT L] ]
i Ziopons =84 L [ o o VR -a PR P Ea T
Vs =7TeV [Ldt=4.7 fb 4 = 0 2 4 oy
/s =8 TeV [Ldt =203 b Signal strength [u] my, [GeV]
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o x BR [pb]

E I [ [ | [ [ [ [ | [ [ [ [ E cg\'
;\ e \@ = 8TeV E g
i ‘“% §
EVBF HA4 o —vad s S
< WH /4 FFvbb WW — ['viyv 77
77 > Iqq -
77 — I'Tvw -
ZZ 1T
—
250
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=

ATLAS-CONF-2013-108
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1= T T

- Sensitive to the T Yukawa coupling

> C T T 177 [ T T 7T [ T T 7T [ T T 7T [ T T 7T

825001+ v Boosted  aeaspeimnay| o Search includes the three different decay modes of
= Edet=20.3fb'1 {s=8TeV Signal Region the T - pa”-
2000 e ] * T T 1ep BR=12% — 2lepton N
5’1500 B =ir 1 * T ey T had BR~46% — 1 lepton T -
: W Fake « . * T ad T hag BR~42% — 0 lepton W SRS
722 Uncert. - “V,r v, ru
1000/- - Background: |
- Z— T t dominant irreducible, estimated from data
500 - “Fakes”: Multijet, W+jets, top (with fake taus) modeled by
i ] data
T T B - “Other”: Dibosons and H->WW#* modeled by MC

Mass reconstruction: mYMC[GeV]

MMC (missing mass calculator) r\ AT L AS R 204153

p¥AY,

..l EXPERIMENT

* Analysis performed using an MVA approach
(Boosted Decision Tree).
» BDT inputs based on resonance property, VBF
topology (for VBF category) and event activity
* Two categories:
* VBF: 2 jets with a large Pseudorapidity separation
* Boosted: events failing VBF category, large p;
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ATLAS Prelim. |—clstatistical) Total uncertainty

— o(syst. incl. theory)

NePpr-<>

H— T T results

m, =125 GeV __ oitheory) xloonu
- Using a multivariate analysis ATLAS observes the — w.« ciaufs -
. . . . cr R 02l I \
first evidence of SM Higgs decaying to T with a = [ses om0
e ape ver n=1628 |04 ——
significance of 4.10 (3.20 exp.) ) ] s B
_)Tlep’r\ep U—=2-0té_g g’; T
- The fitted signal strength parameter is: oo aoitl ] R
VBE  u. —ppwz|eio PR
©=1.43+031 o(stat)y* 04 5 (systh @m |, 125GeV e
H = T Thag 1 =1.4252| 253 T
Excess consistent with presence of Higgs@125 GeV o worznim TS T
Each event weighted by In(1+5/B) for corresponding bin in BDT- ver e o | s == 00
score M Gutag = 10928
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (OSTH I P |
E E' LI B B B A R 'E Boosted w=0.8%2158 l'_|_11 ‘ i
= ATLAS Prelimi ata e N OO w09 [+07
2 GO?ILdt 203" —po E & fL;tT 20.3 o et ] c 1 2 3 4
E - =l thers = 5 =ey —— 95% Contour { _ _ -1 ;
@ 505 (s=8TeV zm‘;‘: 1 % [ Vs=8Tev = - GZ% Contour ] (s=8TeV [Ldt=20.3fb Signal strength (u)
i 40? g . é E 4|~ ATLAS Preliminary ; Erci::i:;:’:my .
Q 3o 4 2 0 ]
@ = = 3 r =
£ 20 R z
~ 10 = oF 3 .
o ] : 1 Couplings results
§ [Tl T L 1 consistent with SM
m [ s H(110)— 7t (u=1) a u ] . e R
£ 108 sy 4 | oF 1 predictions within 68%
o + = 4 L i
o ey gy CONTOU.
60 80 100 120 140 160 180 200
mMMC [GeV] uggF x B/Bgy,

15/1/14 Ludovica Aperio Bella



Y

NPprr-<{>»

2" UNIVERSITYOF
BIRMINGHAM

Summary of the H searches in ATLAS:

. . . i — of(statistical) Total taint
Production  ATLAS signal CMS signal ATLAS Prelim. | o(systincl.theo.) ° a1 Hneertainty
mode significance significance my = 125.5 GeV —_ s(theory) =loonu
Ho7ry 740 (410) 320 (420) H— vy Some e BT A

* _ 1 55038 "ote : N
H—ZZ'—4] 6.60 (4.40) 6.80,(7.20) T A I T A =
H-WwW* 380 (3.70)  4.00 (5.20) Ho ZZ* — 4l R e o
VH—bb limit 1.4xSM 210 (2.10) P s 1.

-0.35 -0.10 L L }—I—i
Hot1 T 410 (320)  3.40 3.60) Ho WWe— by [L08]
w=0.99% 1032 \ AR
s -009 L ]
. : +0.13[Phys. Lett. B 726 (2013) 88
- Wide program of H analyses at ATLAS Horzzwwe [0 T
) " ) _ 1.33%021[-013 :
- A lot of progress since the “Observation R R0 57 I DU B
of a New Particle in the Search for the - — 5 i —
: W,Z H— bb oS
Standard Model Higgs Boson” ’ [ 7Y [
M=0'2-o.6<o.1“”i.”.Hﬂgww‘””
+0.3 |ATLAS-CONF-2013-108 :
. . . H— tt (8TeV: 20.3 fb™) |- 03 ‘ e
- With discovery well established T ETEREAT ) Lo, o
. ) w=1.4""1 0%
— Explore the newly discovered particle ooz i T
s=7TeV [Ldt=4.6-4.8 fb” -05 0 05 1 15 2

Vs =8TeV fLdt =20.7/20.3 fb"

Signal strength (u)
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Entering Precision Higgs Physics

- Is it the Standard Model Higgs boson? ATLAS Prolminary

- Never conclude that it is the SM Higgs boson,we can only i ,,
demonstrate that it is (in)consistent with that hypothesis )

« Our “null hypothesis” is the SM Higgs sector: many predictions g
that can be tested:

 Mass (the only parameter not fixed by SM) ' :

Signal strength ) - 1435021
Production mechanisms PR =
Couplings ; \ -

< 7

ATLAS Preliminary — Comi

0

Signal strength (u

* Spin
F ATLAS
ATLA E T H— yy ® Data
) ‘ n V5 =8 TeV [Ldt =207 o
\ 1\ SANEIA NN CL, expected
N \ / . 'Z' > 22" = 4| assuming JP =07
E \A/ K Vs=7TeV [Ldt=461b P
[ INAA N AT 410

Vs=8TeV fLdt=20.7 b"

H — WW* — evuv/uvev

I A (i NA Ll
?21 122 123 124 125 126 127 128 129

my [GeV] VE:BTerLdt:ZOJfb‘
. s T R B B IR R B —~ 1F
CS £ 100 ATLAS ] o3
R = o — S N N SO VI R 1
Ng b Vs=7TeV [Ldt=4.6-481" - — 10F
= 8- (s=8TeV fLdt=207f" &
C H ettt
~ r | H =y 10°g
6 H —Hozzr a4 ] —_— .
E Hos W =iy 1o T e e ) °
4— + Standard Model ] —_— <
C x Best fit ] 4 1l
L N —e8%CL 1 10 .
2+ N, =e- 95%CL e i NN o
L 10°
o o) - .
L Tt : ] 10°
[ my=1255Gev e ‘ ] JP=0" JP=1* JP=1 YP=2%
_21‘\\ Ll [P B | | | [

P L vl b b by
0 05 1 15 2 25 3 35 4
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: Mass combination

r-{>»

E 7: ATLAS Preliminary Combined (stat+sys) . M
N [ Vs=7TeV:ldt=4648f7 - Combined (stat only) ° nggs boson mass measurement using:
ol Vs=8TeV:[Ldt=2071b" —Hew
- T * H=7 v :126.8 £ 0.2(stat)+ 0.7 (syst) GeV
o « H—>ZZ—41:124.3+96  (stat)*0-> ) ;(syst) GeV
A:— 77777777777777777777777777777777777777777777777777777777777777777777777777 26 .
- Combined m:
125.5 £ 0.2 (stat)*9> , . (syst) GeV
B\ [ \i | et o Results compatible at ~1.5% level
e LY A A— T (~240)
: 9 - Can depend critically on energy resolution
21 122 123 124 125 126 127 1r121§[Ge\1/]29 mOdehng
S 1 ATLAS Py + By moving +1 0 the main systematics
Fua e (calibration, upstream material, pre-samples
e energy scale) consistency increases up to 8%
@ CMS: m,, = 125.7 = 0.3 (stat) = 0.3 (syst) GeV

i I IS AR P EE A W
122 123 124 125 126 127 128 129
m,, [GeV]
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%! Signal Strength
= oI2NAa trengt Phys. Lett. B 726 (2013), pp. 88-119
. _ ATLAS ==olsta)  Total uncertainty
- Higgs boson signal strength m=1255Gev | ™9 L 50np
measurement Ho e 025 |
4033 |£0.21 : 1T
- Evaluated at m;; =125.5 GeV — R E— |
. owp, u=106,,1«0.3 =
- using H—=7vr v, H—ZZ—4l and bae, W irles |
H->WW=lvlv et M=tOhie0s | e |
. _ +0.21 VH categories 1 =1.3"7|.0.9 |
M =1.33 -0.18 H—2zz* — 4l =039 B
» [including preliminary/partial H—=bb/ | oweeiglon] U
H— 7 T results gives 1.23+0.18] amegores =1 2asl008 | S
c;teerories w=1.45 g:gz +0.35 —
- Consistency with SM within 7% Ho W o o2 ’
0s1 |£0.21 ——
° . n=099 % .0.12
Theory Uncertalnty (QCD Scale and o 05295 o I
PDF+ a's) comparable to siver A s :
experimental and statistical Comb. B, 22, W 0 1.
uncertainties. S B R R
ls=7TeV [Ldt=4.6-4.8 1"
Vs =8TeV [Ldt=207 fb" Signal strength (u)

« CMS combination (bosonic + fermionic):
¢ =0.88 + 0.14  oxBR
H= (U X BR)SM
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Phys. Lett. B 726 (2013), pp. 120-144

NePpr-<>

H production modes

- Study SM compatibility of production

modes in each decay channel: T @ Total uncertainty
. . . 3 o(sys)
- Production process ratios (assuming SM My = 1255 GeV ohesy 10 220
ratio of production cross-section ) H oy o4 \
+0.7 20
- Isolate VBF production process: o 4408 )
"I_O 4 —|—O 6 * -0.2 i i 10|
pvBF/ gt = 1ATg3(stat) oy (sys) |~ lelT
- 330 eVIdence for VBF productlon g e 39| - I
< T T A I I I RN oo R \g //T/T/,\ i
Ea ATLAS E — L]
o - (s=7TeV [Ldt=4.6-4.81" ] H—WW*— v |- \
1o Vs=8TeV [Ldt=20.7fb" - " 22f323 SN e :
E E M\;ESX: =2. 0J_r1 0[+0.5 | // —
101~ my, = 125.5 GeV . i \ EESTRN R
- ) . Combined el \ ./
8 ] H—yy, ZZ*, WW* 106 \ /
C — Combined H—yy, ZZ*, WW* 3 . S04 N2 V2R o
6 --- SM expected . ”VB?:: =1 4’:8; Lo “ /
E A " Bl B d \ \ .
4 Vs =7TeV [Ldt = 4.6-4.8 fb 0 123 45
) Vs =8 TeV fLdt = 20.7 fo” MVBF+VH/ MygFattn
O 1

15/1/14

Ludovica Aperio Bella



- UNIVERSITYOoF
BIRMINGHAM

nNepr-p»

H boson coupling measurement

Phys. Lett. B 726 (2013), pp. 88-119

- The measurement of the H boson couplings are implemented
following the assumption:

- Single resonance @125.5 GeV,
« SM tensor structure (spin 0, CP-even)
- narrow width approximation

-:4_:_'_;&;5”"”*"""”'1'l—'_'l'H"_;;i'l"{:gH_,',\',,'v”" Minimal fit: o
C 15 =7TeV [Ldt=4.6-48 0" WH- vy [DCombined | * Assume no BSM contributions to I,
3 1s=8TeVLdt=207 " + SM x BestFit | ¢ Assume only two coupling scale
= factors: K ¢ for all fermion couplings
2F and K  for all vector boson
1E couplings
- 2D contours of Vector vs Fermion
oF couplings compatibility with SM is 12%
1‘_ 68% CL intervals:
2F kr € [0.76,1.18]
o2 kv € [1.05,1.22]
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S_DI n/ parlty measurement Phys. Lett. B 726 (2013), pp. 120-144
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- Find observables in bosonic channels sensitive to gozsi ATLAS R  Data : ]
spin and parity: 2l Hozzr -4l e
. . . p g - Vs=7TeV [Ldt=4.61b" J=0 E
- Test several alternative spin-parity hypotheses ) L N
(0-,1+,1-2*) compared to SM hypothesis: 0* and %0 o - ;
observe which is favored by data SR o i o
. e , 0.1 N -
The test statistic to distinguish between the 2 hyp: is ' SN
the ratio of profiled likelihoods (LLR) between the two 0.05F | ]
hypotheses, (nuisance parameters profiled separately for - %LL A
. JoeaT SRR Z R
each hypothesis): % 0 5 o0 5 10 15
L = 0%, fig-, bo+) ?
q = log ——
» 2 A
L(Jalt’#‘];[’e‘];t) (JP)
_ _ _ C JP - Po alt
Exclusion of alternative model in favor of Standard Ls( alt) - 1 P 0%)
— /0

Model 0+ hypothesis based on:

Where p, values are determined by integrating the distribution of the test-statistic q above the
observed value. Typically, a value of 0.5 (corresponding to the median) is expected if the model
agrees
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\fe Spin measurement combination

Phys. Lett. B 726 (2013), pp. 120-144

H—-2ZZ% 540 | H-WW® vty | H— ~y
0~ v - -
1t v v -
1- v v -
2+ v v v

 On-shell X(J=1) = 7 v not allowed by Landau-Yang theorem

— still worth testing with other decay modes

- ] =2: KK graviton as a consistent effective description of a spin-2 particle
At LO in minimal model, produced via gluon fusion, but 4% contribution
of qq annihilation Higher-order QCD corrections could largely change this
ratio

— consider models with different production modes admixture ( scan fqq between 0
and 100%)
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& H — Y Y SPIN analySIS Phys. Lett. B 726 (2013), pp. 120-144

i sz 1A \

A
- Discriminating variable: polar angle of the e
photons with respect to the Z-axis of the . Colins-Soper Frame
Collins-Soper frame |

cS

2500_""|'"'|""|'"'|""I""I""I""I""I""_

. . . . g N o Data s
- Analysis optimized for the Spin measurement 3 | =s-v = -
. . . . § 2000__ [ Background zli . ]
« H—=17 7 is alow S/B final state (inclusive ~3%) o f ]
. . . et ]
— Simultaneous fitto my ¥ and |cos 8 *| in 19908 ]
signal region & the bkg m ¥ 7 in side-bands. 1000} 1
- ATLAS
P00 5 g Tev det 20.7 fb" - ]
Fit assuming 0+ Fit assuming 2* 00102703 0405 08 07 08 08 1
250 e S — 250 e e e l00s 1

- ATLAS H—>yy —Jb_o Expected— S - ATLAS H- vy —Jk’_z Expected-
o00f- \s = 8 TeV JLdt 207f6" ® S=0"Data £ opof-Vs=8TeV det=20.7fb'1 * f=2'"Data |

; Bkg. syst. uncertainty E g C Bkg. syst. uncertainty E Background Subtracted
150~ - B 150 (1,=0%) J distributions:

S - : 1 Data differ slightly, owing
T E 1P _‘:'_n::'_r"_ 7 to the background being
50 | E = — T 1 determined separately for

n —— 1 ] - B0 G — 1 each spin hypothesis

: = 9 —

00T 003 0d s 08 07 08 08 1 00T 03 04 0B 08 07 08 08 1

|

|cos 67| |cos 6*
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H —> Y Y. SPIN analySIS Phys. Lett. B 726 (2013), pp. 120-144
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- Discriminating variable: polar angle of the
photons with respect to the Z-axis of the . Colins-Soper Frame
Collins-Soper frame |

'_.2500""|'"'|'"'|'"'|""|""|""|""|""|""
. . . . = C o Data - ]
- Analysis optimized for the Spin measurement 3 : gr=e = How
. . . . § 2000__ ackgroun __
« H— 7 7 is alow S/B final state (inclusive ~3%) @ f zli == ]
. . . et ]
— Simultaneous fitto my ¥ and |cos 8 *| in et :
signal region & the bkg m ¥ 7 in side-bands. 1000~ :
- ATLAS ]
500~ -
> OIBWT L ‘ T T T 7T ‘ L T T T 7T ‘ T T T 7T ‘ T T T T [ S 8Tev Ldt 207fb :
S | amas —pata | _ . ‘{é“azwas‘“ae‘“ay‘“a;_‘o‘?ﬂ
o - + - = F T UL I L B -]
o 0'25: H— vy —J=0 1S 100 ---e--- Expected, J° = 0" (SM) 3 Icos 61
8 | Vls=8Tev flat=207®" --J7=2" | = F ~-e--- Expected, J = 2* E
© 0.2 (f,=0% 4 I 8¢ —e— Observed E
g : 1 £ 6;— | 10 —;
Z0.15F N ] af- x20 = N .
-2 0* ] i3 E The 2+ hypothesis
0.1 . Nl E is disfavor with to
g ] B, E respect the O*
0.05[- - _4[ ATLAS Preliminary e
r 1 - 2012 ]
QI: \—'f‘-\-l‘\ 1 R ] -G_JLdt 207fb r=8TeV _:
- - PR IR T R KN TR SR S BT S | T
5 10 1015 S T —T 60 80 100
q fq (%)
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Kﬁ H_)ZZ*_)LI-Z SPIN analySIS Phys. Lett. B 726 (2013), pp. 120-144

- Ideal channel for spin/CP studies
- Complete reconstruction of the event topology
- Clean (5/B ~1 to 2 depending on final state)
- Several observable depending on spin/CP available

- Use 5 production and decay angles as well as two
invariant masses to build the Multivariate
discriminant

- Two approaches:
- Train BDT separately for each hypothesis
- Use Matrix Element approach corrected for
acceptance and pairing effects

820’:”“;“6‘%‘““““‘{“"N““N““N“““““‘t 825k TT.NTDT TtNTTTNTTT‘TTTNTTT‘TTTNTTTNTTT‘TT ] %25'—!»TT.T‘TDTT'TtNTTTT‘TTTT{TTTT‘TTTT{TTTTNTTTT{TTTT‘T‘!—'
= I ala o ATLASPreliminary] £ [ ala « ATLAS Preliminary 1 £ [ ata « ATLASPreliminary]
‘€ 18~ [l Background ZZ “ - € | [l Background ZZ (,) 1 € [ I Background ZZ " ]
w 16 M Background Zets, H—zZ =4l 3 W, BlBackground z+jets i H—>ZZ'—4l | W oo Il Background Zsjets, t H—ZZ'—4l
[ Signal (mH =125 GeV) ] 5 Signal (mH =125 GeV) E + Signal (mH =125 GeV) R
145—J;=0* (s=7TeV [Ldt=4.6fb" i —{=0* Is=7 TeV:[Ldt=4.6 fo" | L S=0 s=7TeV [Ldt=461" |
[ =1 -] - F=0 = : = 1 P J =2 ]

120 Y (s=8TeVfLdt=20.7 b  15- fs=8TeVv:flat=207f6" 1 450 /s =8 TeV [Ldt = 20.7 fb

10} i -
R 10 - 10~ 1 .
----- o s ]
ge=stT NESNE b R S =& »
0 0.1020.304 0506070809 -1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 0 0.1020.304 0506070809
JP-MELA Discriminant BDT Discriminant JP-MELA Discriminant
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! H—7Z'—4¢: SPIN analysis

- Ideal channel for spin/CP studies
- Complete reconstruction of the event topology
- Clean (5/B ~1 to 2 depending on final state)
- Several observable depending on spin/CP available

- Use 5 production and decay angles as well as two
invariant masses to build the Multivariate
discriminant

- Two approaches:

- Train BDT separately for each hypothesis
- Use ME corrected for acceptance and pairing

UNIVERSITYOF
BIRMINGHAM

i ?‘ P |

Phys. Lett. B 726 (2013), pp. 120-144

NPprr-<{>»

effects
-§0.3:““\““\““\““““\““ 6 i \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7 -50;\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
= - ATLAS ('I)Dreliminary —Data 20.25- ATLAS Preliminary —Data 41 £ '5: ATLAS Preliminary —Data |
w 0'25? H—ZZ —4l Signal hypothesis | w I H— ZZ( ) — 4] Signal hypothesis 1 w r H— ZZ( ) — 4] Signal hypothesis -
Is=7TeV: [Ldt=4.6 fb™! (m =125 GeV) : 0 2i Vs=7TeV: fLdt=4.6 fb”! (m =125 GeV) j 0.4~ Vs=7TeV: [Ldt=46 fb! (m =125 GeV)
0.2:* \E; 8 TeV: [Ldt = 20.7 fo" _JEO -0 f: "r Vs=8TeV: fLdt =207 fi” _JEO =0t E [ Vs=8TeV: [Ldt=20.7 fb" —JEO =0" |
r J -MELA o . BDT analysis - b ] 0.3 BDT analysis . b .
0.15F . Sdy =T 0 0450 ik =0 - - g =
SN ] . I I 1 r F1R
+ ] L + + ] :
0.1~ 1 i } ; o* . 0.1~ 0 ; } N I 0 3 0.2¢ o+ i I . B
Fo ] i SN | ] ; : 0
0.05- P 2 0.05F | | b 0.1" b
B A | | i ;
07J s '\—-"l\ L1 N l i ] \-1-1-A\ L"CI"'L»l_LJ Ll LJ i 7\ Ll ‘ Lo J-: Ll ‘ I \7
-15  -10 10 15 QI5 -10 5 0 5 10 15 -015 10 -5 0 5 10 15
log(L(H J/L(H)) log(L(H,)/L(H) log(L(H )/L(H))
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s H—=WW ’I 1% I V. SPIN anaIVSIS Phys. Lett. B 726 (2013), pp. 120-144

Large sample statistics but no clear peak /,///ww N

Restricted to “different flavor” (e i) events and no jets =" Y Y

Use spin-sensitive variables (A ¢, m;, p{', m;) to train BDTs e

oV

and fit output of two BDTs (trained for each hypothesis).

E o AmasProimnay —woe 1 £ 04 ATiAsPromnay e
' Heao W oo ovpvepvev s 0jet 1O —hma = 035 H- WA ovpvepvev s Ojet 0T ==haha)
§00::;:53 2 02
g §025 . [
§ o2 £ o2 « Two BDT classifiers are used:
0.15 0.15 . . .
01 01 « BDTO*: SM Higgs signal against
0.05} : 0.05 ]
055060402 0 020408 o.ésmi 07 08060402 0 0204 0608 1 the sum Of a” baCkgroundS
« BDTJ": J¥ signal against the sum
; 7ME[:TI;‘:1§_ILU:-:07|5' 3’;‘“ 4; “m::ﬂ?‘tdl-m.ﬂb' i:{-“»a 3 Of a” baCkgroundS
> 600 MWW sevpvipvey + O jots E"‘,‘ : E 12000 Hoaww «;h'u\"u\'c\'mwﬂ — m.n 1 1
- =L N . =iz Perform 2D-fit in (BDTO*,BDTJ")
. = g =t e pospectrum uncertainties found
600 1

to have small effect

g

»n
3
TITY,

~ 0 . 0
g. }; Py . 3 % 14F Y

. LR ) j ) 1. . 2 H
3 od dbpdopunphdetitds :g z;,!‘n.!én’o'.u 3
S o . R
e T el > . . 71 = .6f 1 I I I 1 3
i 1 08 06 04 02 0 02 04 06 08 1 2 T TR TR B TR TR T R

BDT(0+) &

BDT(2+,f =25%)
>
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H>WW —|v v : SPIN analysis

- Large sample statistics but no clear peak
- Restricted to “different flavor” (e ) events and no jets

- Use spin-sensitive variables (A ¢, m,, p{", m;) to train BDTs
and fit output of two BDTs (trained for each hypothesis).

ATLAS
100

L 1s=8TeV ILa-20.71b’
F H - WW* < evpvipvey + 0 jets

—4— Data - background |

D F=0

1001~

. 1s=8TeV ILdt- 207"
- H—o WW* < evpvipvey + 0 jels

-
—4— Data - background |
] f=2.!ﬂ=100%:

ATLAS

5

20 30

A A L A
30
BDT output

BDT output

Visualization of the results in the post-fit
background-subtracted plots
—Data more consistent with spin-0 with respect

to spin-2
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Phys. Lett. B 726 (2013), pp. 120-144

— Ty

—/-— o - ~ -
P 7z 5~
y’ \//W+ o
p— 7

;,;\‘J -1 |

The 2D distribution (BDTO,BDTJP)
is remapped into a 1D distribution,
with the bins ordered in increasing
number of expected signal events.
Empty bins (expected content
<0.1) are removed.

I~ [ ATLAS Preliminary eData Spin0]
— 20.'_ H—WW" 5 evuviuvey  Signal ypathesis [l 1o ]
_ b 1 =0 —]20
T [ \s=8TeV, [Ldt=20.7 1 o f, Cae ]
] r . .
—~— F o { = 2

_8’ 15;




AA - & = UNIVERSITYoF
I . . . . .- 5 BIRMINGHAM
A [ ]
5 SDI n/Parltv combination: Phys. Lett. B 726 (2013), pp. 120-144
ATLAS ATLAS
0+/0- (ZZ): 97.80/0 CI. H— vy o Data H— yy e Data
0+ / 1+ (ZZ +WW): 99 97 0/0 CI_ Vs=8TeV [Ldt=20.7 fb" v CL, expected Vs=8TeV [Ldt=207 fo" v CL, expected
0+/1- (ZZ+WW): 99.7% CL E;i%/p_d: fL_Sfb_, :s+8111ming JP=0" E;szl*ﬂ; jL.G o assuming JP=0"
0+/2* (v ¥ +ZZ+WW)>99.9% CL | S-erevpa-ore’ 75 f-orepa-mret 0710
H — WW* — evuv/uvev H — WW* — evuv/uvev
i Vs=8TeV [Ldt=20.7 fb" | Vs=8TeV [Ldt=20.7 fb"

All spin hypotheses
disfavored compared to
0* at > 95%

JP=0" JP=1* JP=1 JP=2% 0 o5 50 75 100

f (%)
. . . . . . qq
- A note on systematic uncertainties in the combination:
- Common systematic correlated across the channels.

- effect of mass measurement uncertainty negligible
- overall impact (by comparing results w/ and w/o profiling) estimated to be <0.3 0

- Higgs boson pT spectrum small effect <0.1 o
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% Rare decays

- Properties of discovered Higgs boson consistent with Standard Model
hypothesis.

- But no definitive statement on its nature possible, yet.
- All possible decay channels need to be explored.
- Rare decay modes help to gain insight into its nature.

2" UNIVERSITYOF
BIRMINGHAM
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Even if channels are not expected to

" § O Tk
be sensitive, yet. N W
. . . > i Ja

— Observation of such signatures in E
. . O nil 99 77z _|3

current data would indicates BSM PR 1=
. c C = ]

Higgs sector | @ [ 1a

+,,— I ¢ 13

> H—pp i 19

1~

I

e

1%

> H— invisiblesx@{i ’J"ﬂ'v

~271 £
(D
10'4 1 1 1 ‘ 1 1 1 ‘ \\\\\\ ‘ 1 1 1 1 1 1
80 100 120| 140 160 180 200
125 GeV My [GeV]
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Rare decays: H—>Zy—lly ATLAS-CONF-2013-008

nNepr-p»

Loop-induced decay

L. . > N I I I I
= sensitive to BSM particle G %0 ATLAS Preliminary
3 300F —e— Data 2012 =
‘\/\/\/\/ Y L‘:;-’ 2505 ...... H—Zy (m, =125 GeV, agyx20)]
200L- E
---_ i gW - :
TR 150 :
% 7 100F- 3
505_ Vs =8 TeV, [Ldt = 20.7 fb™!, Z—uu
° LOW Yield (Sex ~1 5) and S/B ozu _....-..--t':":":":";":"l-p...J i1 |.8:.3?:.)’ F.V?I.‘lt.sl L L ]
o P 257 30 35 40 45 50 55 60
(~025 /O) Am [GeV]
- Good mass resolution e e
N B — Observe
( o m/m _ ‘l .40/0) :IT: det=4.6fb ,-1l'§|:7TeV - Expected
‘-’E Ldt=20.7fb ,1s=8TeV + 1o
- Total bkg fitted to data = =20
(Am — m”Y . m”) TITD, ATLAS Preliminary
- no excess: U <18.2(13.5) @95% 2
CL for mH=125 GeV 3
%0 125 130 135 140 145 150
m,, [GeV]
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Rare decays: H— u u ATLAS-GONF-2013.010 [21

nNepr->»

Direct measurement Yukawa coupling to 2"d gen fermions.

* Low yield (S,,~38) and S/B (~0.2%) f
- Good mass resolution (0 m/m~2%) H
-+ S+B fittom, , 7
* no excess: U <9.8 (8.2) @95% CL for mH=125 GeV
> 10" 'AT'L'AélPr'éllir'n'inary'I*'&;"' I'--'SIM'(;u't)" = 701 [T T T T T T YT T
S ook Y @ segeTop 3 Wi = - ATLAS Preliminary .
L is=8TeV,[Ldta20716" Www  Ov o - Hop'i p
% 107E- M o vz E;ﬁ]'f;s. '§' 60:_ *gi?seéved " E
2 = - ----Bkg. Expec -1 .
w (:): 50 EB+1o ILdt =20.7fb .
2 - +20 \s=8TeV :
8 o E
30}~ =
201~ =
= n .
w . -
E 10 -
= - .
0—1 IO R I IO I et DU DS D DL E S L 72 LT LT 01 e
110 115 120 125 130 135 140 145 150
80 100 120 140 160 180 200 220 240 260
m,, [GeV] my [GeV]
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ATLAS-CONF-2013-011 [18 fb-"]
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H to invisible

- While the invisible branching fraction for a

3 ety S8 TV s o en oo
SM Higgs boson is too small to be accessible 8 107w e w2
— Observation would be direct indication of =~ 5 1
New Physics! 5 10t — L
- Higgs couplings to non SM stable or long lived T o Bl s
particles is excellent way to search for new 102

phrsics, in particular Dark Matter through so
called Higgs portal models.

Data / MC

o

300

ET® [GeV]

’ é e — 6t;sér\)ea | -

- Search for invisible decays of the Higgs N, Expected |
boson produced in association with a Z , ,
boson. ol B

» The search performed by looking for excess : - :
in events with 2 leptons and high E; miss A e :

- no excess = 0 *BRinv (<35 fb) for | Vs=TTeV.f Ldt=a7tt" ]
mH=1 15-300 GeV 10 : s=8TeV, [ Ldt=13.0fb :
and BRinv <65 % obs (84% exp) @ 125 GeV 002 o os s
—Inv
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Conclusion
- Wide program of H analyses at ATLAS

ATLAS Simulation Preliminary
Vs =14 TeV: [Ldt=300 fb™" ; [Ldt=3000 b’
» A SM-like Higgs boson with mass ~125 GeV was f=;oomb) =]

discovered using LHC Run1 data (incl. | -

(ttH-like) w

» Measured spin/parity (0+) and couplings to SM g —werie) e
&artlcles are consistent with SM expectations H>ZZ (comb) &%
o evidence of non-standard properties ((\ti:::'iiz; i
- No invisible decays (VBF-like) |
- No hint of enhancements in suppressed channels (ggF-like) W%
(L, Z7v) H—>WW (comb.) g -
/ . . (VBF-like) [
- No hint of additional 2HDM bosons with larger masses e —
(+0j) s
: . HoZy (o) —
- This particle opens up a fabulous new area of Hoyy (comb) @@=
physics (VH-like) |
(ttH-like) | —
- Look forward LHC Run 1I/lll and HL-LHC (VBF like) | —
- Factor ~5—-6 more luminosity compared to Run 1 E:;:; m
« Factor ~2.1- 4.7 increase in cross section from 8TeV to o.!!!%gi 21 : Lo p
14TeV . | - o
- Up to a factor of ~4-5 improvement in statistical
sensitivity
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LHC and ATLAS performance
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- — T T T T T T T T T ™
e 351" ATLAS Online Luminosity 1
2 30: e 2010 pp \5 = 7 TV 3
3 [ w2011 pp\5=7TeV .
= [ w2012 pp \s=8TeV 12/2012: B
E 25 23t @
= @8TeV
B 20—
5 F
= L
@ 15;
D -
10
SE 2010
of— ~— , %}05fb-1
7 TeV
¥ ¢ A ot

Month in Year

Excellent LHC performance during Run |
+ 2011: 4.8 tb-1 at 7 TeV
- 2012:20.7 fb-1 at 8 TeV

- Challenging data taking condition
— Pile-up in 2012

— Maintain excellent performance by improved
algorithms

L L B B LN BN LRI BN L
ATLAS Online Luminosity

180

Z~> up event from 2012 data with 25 reconstructed vertices

160

D V(s=8TeV,[Ldt=21.7 ", <u>=20.

140

 Vs=7 TeV,det =527 <u>= 9.1

120
100
80
60
40
20

Recorded Luminosity [pb™/0.1]

III|III|III|III|III|III|III|III|III|I1
III|III|III|III|III|III|III|IIITIII|IT

OO

5 10 15 20 25 30 35 40 45

Mean Number of Interactions per Crossing
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Y The Standard Model H boson

The Standard Model of particle physics is an
impressively successful theory.

In the SM the electromagnetic and weak
interactions are unified through the
symmetry SU(2),@U(1),, where the carriers
are massless.

— This symmetry is spontaneously broken
through the non-vanishing vacuum
expectation value of the Higgs field

— Three of the four degrees of freedom of

<ol <ol . the Higgs field are becoming the
. - I longitudinal polarizations of the vector

bosons, the fourth is the Higgs boson.
Leptons 55

& UNIVERSITYOF
y BIRMINGHAM

nepr-»

= The Higgs boson is a particle postulated
in the mid-1960s to complete the Standard
Model (SM) of particle interactions.

A long way since then ..
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VBF topology

Distinctive signature:
* two forward jets (tagging jets)
* little (jet) activity in

central region (central jet veto)

‘@ Higgs decay
Tagging jets < i O- = products
\ §

%
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: : : : ; & CUATLAS
- Simple final state: 2 high-p; isolated : RLEXPERIMENT

photons
- E; (Y1, v2)>40, 30 GeV (20/20 for 7 TeV)

» Search for narrow peak inm,, .,

- Very good mass resolution ~1.7 GeV.
- Stable with time and pile-up.

- Main background: yy continuum
Y v [~75%I, 7 -jet and jet-jet [~25%]
- Background extrapolated from side-bands in data:
« S/B~3% in mass window ~125 GeV with
90% signal
- To enhance the sensitivity (~40%):
classification into 14 categories with
different S/B (1-60%) and different
resolutions (1.4-2.5 GeV) --> optimized for
coupling measurements

- background model for each category chosen on
MC to minimize signal bias.

- Simultaneous fit Signal + background

- Signal strength and H mass are free parameter
on the fit

Selected diphoton sample

L] Data 2011+2012
Sig+Bkg Fit (mH=126.8 GeV)

--------- Bkg (4th order polynomial)
ATLAS Preliminary
H—=>yy

Events / 2 GeV

e
.

=7 TeV, f Ldt=48fb"

Vs
Vs=8 TeV,det =20.7 fo"

Events - Fitted bkg
=N W b
88838

qu"IFIﬂDTTFT"T"Tl]T"TFTWIIIlIIIlIIIlIIIlIIl
——

——
——
—o—
——
—Jo—
- —o -+
—o
. L
o
-
-»-
-
L . L
o
-
o
.
-4
o
o
e
é‘ kaf |III|III|III|III|III|
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H —Y Y. reSUItS - Most significant deviation from

. background only hypothesis at mH
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10°

1 ——=1 « Local significance: 7.4 0o (with
102=——_ AN\ = “H30
) R WY “w 4.1 0 expected) @ mH=126.5 GeV
6 Data2011, (s=7TeV . . .
il [T - Inclusive analysis: 6.1 0 (with 2.90
100F DataZ(}Z, Vs =8Tev 260 eXpeCted)
- Ldt=2071%". 370
- 3i_ AII.‘systematics‘ _ _ATiAS Prelgminaryj T RV VT ‘1‘20 * Mass measurement:
o Vo mass sclouncernies Ly, neev  126.8 £ 0.2 (stat) = 0.7 (syst) GeV
o T E - Systematics completely dominated
o E by the photon energy scale
g 1 uncertainty (mainly from the
15— — F;
: : extrapolation of the photon energy
e (o7 Tov [’ scale from Z->ee , presampler
0SE L, ST Laer energy scale and material
124 125 126 127 128 129 130 l-
 [GeV] modeling)
. L —wa | * Rate with respect to Standard Model:
" —sa. 1 M =1.65 = 0.24 (stat)**-*>_ ;5 (syst)
. e —Syst 3 . 2.Bg Ideviation from the Standard
H 5 Mode
dt=48f" 5=7TeV | .
b [ W o] = 2.0 0 excess for the VBF production
""""" é"""""'""""'"""""'A?'fl.'ié'ﬁr'éii}ﬁi}iér';}"é m H :1 2 6 5 GeV
' " miwsey |« Couplings in agreement with SM

oTTTETTE T 5% expectation within 2 0

Signal strength
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A Bit of History

Q_O
R o o
= 107 1 s = EE ATLAS k- a 5 =7TeV (2011), JLdt =48 10"
10-2 9 10-1 RN 8 1 E- (_(g 1L 5 =8TeV (2012), [Ldt=591b"
E | T R -
10° 102 118_2 3 - 3 o
107F L s BN - L
10 10 E ---- Expected 4 |F— Observed -~ 10 E 07/11 EPS Prel. =07/11 EPS Prel. <\
10® 108 £ 12111 CERN Prel. 107 Expected ™ 104 | Qbserved - — Observed
E E Observed 1 0-5 ;12/11 CERN Prel. E Expected ° ---- Expected
107F 10°E Expected oF gbserveéj 15 - 12/11 CERN Prel. 12/11 CERN Prel.
E B oL ------ xpecte E Observed ——— Observe
1 0'8 E 1 0_7 E 1 0_7 I§Spr|n92012PRD """""""""""" 1 0-6 E Expected 107 Especlet?
L 108 10 o Opserved 107 ;éi"ﬁﬁé%ﬁ;i i:ﬁ;j """""""" T 107 Eswing 2otz pap 3
E E Il kbt xpecte E Serve K serve: 3
10"k 109 R 108 -+ Expected SRS | - Expected -]
110 115 120 12 1o9'°% 1 010 E ST B Q9 p Lz eE el PLBOTH2 3o
107 E peene T e === Observed g
110 115 120 12¢ e e P R RR T A STk Lol 1070k Expected e Expoied 3
110 115 120 125 130 13¢ 110 115 120 125 130 135 140 145 150
a my [GeV
@ © h [GeV]
° _ (a) (@)
o L ATLAS o £
3 12 ................... % ;EATLAS a” EEATLAS ' E_”;V o e
2 o) 8 B v - = FkATLAS -7V @0 AR PRNIRIAE
E L . E PN [ E §=8TeV (20 5-8Te JLat=5.91" 3
() L T A = i S S ) f5=8TeV (2012), fLat- 50 3
o ol 3 o e
E Y S S S - |/ AP o | P e et < 1/ YRV A S |V SR S 255
104 0F °°
10°F 10 s E . E 2 |/ o7t EpSprei. 40 O
10'6; 10-6? 1@ 10'5; 12/11 CERN Prel. 1055,, ...Tgf:i;":f é4(_
oo oL E Observed - B~ = I T 3 >
o'r - EPS 1 8—7 S 100 e 1 8’6 3 = oo e,
10°F 8F 10°F B e Eeeeed Erpected S
10-9:5 ,,,,,,,,,,,,,,,,,,,,,,,, 108? CERN 108F PRD SI 107? d“z gp 04/12 CERN Prel. PLB 07/12 é5c
10710 E 10° o T 108 E I - R - ‘E)xb;eém A
| S HEP. wi| PLB July 20121..
200 30 107k ‘ ‘ ‘ E
200 300 200 300 400 500
®) ® my [GeV]

(b)

Venice, March 7, 2013 Marko Mikuz: The Higgs Hunt with ATLAS



Higgs Boson Property Measurements

K. Cranme

1. Higgs boson mass (Mn) & decay width (I'n)

2. Higgs couplings to gauge bosons (gv) and fermions (gr)
3. Higgs boson quantum numbers JP¢ and tensor structure
4

. Higgs potential - Higgs self-coupling (1) NG
The Standard Model Lagromgwm Htggs sector

Loy =D, HD,H + 2HTH — 3 (H H)” — (yij Hibitp; + h.c.)

Couplings to Higgs Couplings to
EW gauge bosons self-couplings fermions
(M2 Wit W 4+ 3mZ20070] - (14 1) —u?h? = ok — Lapt =D _meff (1 + ﬁ)
w iz 27 H v H 2 8 7 v
/ \\ 7
/ N
. m2 / . m2 \ . m2 .my
T & 2V gh” ----q ——r /( —3i— 4 - & Tl
\ RN
*\ s N

my = V2 = Vv (v = vacuum expectation value)

The ultimate goal of particle physics of today is to fix the Standard Model
(SM) Lagrangian and find the physics beyond the Standard Model (BSM). 2
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H— ¥ 7v: Event Categories

ATLAS  Preliminary To enhance the sensitivity (~40%):
H— vy classification into 14 categories with

crphofor selecton different S/B (1-60%) and different
resolutions (1.4-2.5 GeV) --> optimized

v

One-lepton .
Wi WH, Z(> IH for coupling measurements
! background model for each category
VHemrichod | | T significance chosen on MC to minimize signal bias

W(— Iv)H, Z(— vv)H

v

Low-mass two-jet

W(= i)H, Z(— jhH — wggF mVBF wWWH ®ZH wttH
| _ATLAS Preliminary (simulation) H an
= Inclusive

VBF enriched —

A 2 tight Unconv. central low p
High-mass two-jet Unconv. central highp_
Unconv. rest low p
VBF Unconv. rest high p .
m Conv. central low p n
— Conw. central highp_
v Conv. rest low p n
9 p,,M-conversion Conv. resthighp_
ggF enriched Conv. transition
gg F Loose high-mass two-jet
Tight high-mass two-jet
— Low-mass two-jet
E}™ significance
One-lepton

........................................

0 10 20 30 40 50 60 70 80 90 100
signal composition (%)
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H— T 7: Embedding

e

¢ Embedding: all properties of £ from data T from Z5w MC
a Z— T T event except the
taus are modeled by Z—
U U data

¢ Remove y from data iy

Simulate T including spin
Add T in place of the u

¢ Major advantages of
embedding: Z-boson
kinematics, jets, MET
resolution, pile-up, and
VBF/EWK production are

directly modeled by data Z->Tt with event
properties from data
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H— T T : Inputs to the BDT

g taraVEE  amaspeimeay] 8 FLTUCT el ataseemney] e 3
2 é 600?det=2O.3|b" fE=8Tev Signal Region 1 Resonance propemes
o —4— Data s a ]
& 250 —'S:x H{125)-tt LE 500: / Ego':ﬁuzs)—- L —_ m(rt)’ AR(H)’ etc
-Z—on P Z T 1
B others 400 B Omers -]
it ok =re: 1 o \/BF topology
Uncart. [ r
"o 1 * Event activity
1 1.5 2 25 c 3 4 3 a2 2 ; s a2 g EI, P et 6 b
AR(tT) P ANii) s, — Scalar & vector P;-sum
3 450E e ver 3 e wmasrennn] © EVENt topology
© 400 _[ch=2o.3m" fs=8Tev Signal Region 210 J'Laz=2o.3m" f2=8TeV Signal Fagicn . o
2 o - Date Z o — m,, object centralities,
, —— 20 x H{125)-x ‘g = 20X F125)-> =
l-% 300 =g;\::s Lﬁ 80 PT(tl)/PT(tZ)' etC
Multjat 60 .
Uncer * Number of variables
40
) — VBF: 7-9
T e — Boosted: 6-9
Y20 40 80 80 100 % 20 40 60
Vector sum P, P (Gev] M, " [GeV]
12
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Leading Systematic Uncertainties:

Source of Uncertainty

| Uncertainty on u |

Signal region statistics (data) 0.30
Z — { normalization (7TiepTnad boosted) 0.13
ggF da/dp;] 0.12
JES 7 calibration 0.12
Top normalization (7jepThad VBF) 0.12
Top normalization (TiepThad boosted) 0.12
Z — ¢¢ normalization (TiepThag VBF) 0.12
QCD scale 0.07
di-Tpag trigger efficiency 0.07
Fake backgrounds (7iepTiep) 0.07
Thad 1dentification efficiency 0.06
Z — "1~ normalization (TiepThad) 0.06
Thad €nergy scale 0.06

; o
Signal strength y = —measured
GSM

Leading theory uncertainty is due to effect of top, bottom, charm quark masses in gluon-gluon
loop, affecting P(H) spectrum in gluon fusion produced H (~30%)

Working with the LHC Higgs Cross Section group to come up with the best way to treat these

theory systematics

Leading experimental uncertainties are due to background normalizations (up to ~20%)

Ludovica Aperio Bella 58
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H— T T : Results BDT score

- The log(Signal/Bkgd) for each
event’s BDT-score bin
Numbers of events in highest
BDT-score bin
Lep-lep Lep-had | Had-had
. |Signal | 57417 | 8.742.5 | 8.8+2.2
2 Bkgd | 13.542.4 | 8.7+2.4 | 11.842.6
Data 19 18 19
8 | Signal | 2.6+0.8 | 8.0+2.5 | 3.6+1.1
g Bked | 20.2+1.8 | 3244 |11.2+19
Data 20 34 15

Events / bin
o
N

—
o
w

—_i
o
[\V]

10

UNIVERSITYOF
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i

e e bat 3
E - [ ] Background (u=1.4) E
- e Background (u=0) -
- - H(125)>tr (u=1.4)  —
- H(125)—=7t (u=1) .
G i
= ATLAS Preliminary 3
- [Ldt=20310"
- (s=8TeV .
e ] s G Vs W e i B i v e WA R N AR
-3 -2 -1 0 1

log(S / B)
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A
3 SDIn/DarltV measurement Phys. Lett. B 726 (2013), pp. 120-144
) ) ’ > R R R RARRERARAE
- Find observables in bosonic channels sensitive to gozsp At . ~Data
: : 5 | —F=0
Q F Vs=7TeV [Ldt=461b"
Spln and parlty }—E 0'2; \/§=8TeV£dt=20.7fb" - FP=0
- Test several alternative spin-parity hypotheses J° So1s. i ]
(0-,1+,1-2*) compared to SM hypothesis: 0* and oL i ]
observe which is favored by data | o
: 0.05- ! 3
- Production modes E
« spin-2 : test production mechanism via combination of ggF & T 9015
qqgbar annihilation q
- spin-1 :signal produce via qgbar annihilation (ggF forbidden)
« spin-0 : ggF (qgbar annihilation negligible ATLAS
p gg (qq g g ) ATLAS H— yy e Data
H— vy * Data Fo=aTey flat=207 007 v CL, expected
Vs=8TeV [Ldt=20.7 b + CL, expected E;szl*ﬂ—d’t j!tsfb" :ssuming JP=0*
H—2Zz" -4 assuming J" =0" S=8ToV [Lat=207 16" =te
0+/0- (only ZZ): 97.8% CL ot paset GO 20 poee
s=8TeV fLdt=207 b H—WW —>ev;w_/‘uvev
0+/1+ (ZZ +WW): 99.97% CL o onpien |
0+/1- (ZZ+WW): 99.7% CL : 7 '
0+/2+ (Y v +ZZ+WW)>99.9% CL

All spin hypotheses disfavored
compared to 0" at > 95%

0 25 50 75 100
g (%)

JP=0" JP=1" JP=1 JP=2}
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The H mass

2

MH - the only parameter not fixed in the Standard Model. Fixes A = Agf :
& Most precisely determined with H—yy and 4 lepton channels.
@ SMu precision at 0.3% level (PDG2013: $Mw 187ppm, SMz 23ppm, SMiop 0.5%).

.

CERN-PH-EP-2013-103 CMS PAS HIG-13-005
CMS Preliminary {s=7TeV,L<5.1fb" {s=8TeV,L=<19.6fb"

7 _I 1 mrrrrrryyrrrrrrJr T T T T o T T 1]
g - ATLAS —— Combined (stat+sys) c ‘H— vy + H — ZZ |— Combined "
N [ Vs=7 TerLdt =46-48f" = - Combined (stat only) —_ C H— vy i
- \s=8TeV [Ldt=207 b’ — H—wy < My, u, (ggHtH), i

6 — H-ZZ -4 —H->77

C (q\] uw(VBF,VH)
1

S a N W~ 00O N 0o o o

0o ‘1&2‘ - ‘12‘3‘ 124 125 126 127 128 120 124 126 128
™ G m, (GeV)

ATLAS: Mu=125.5 £ 0.2 (stat.) = 0.6 (syst.) GeV
CMS: Mu=125.7 £ 0.3 (stat.) = 0.3 (syst.) GeV

T — —
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Signal Strength ATLAS-CMS

Consistent with the SM prediction for both ATLAS and CMS with precision about 15%
level.

— of(stat H r
ATLAS — Gfsys)) Total uncertainty ls=7TeV,L<5.1 5" \s=8TeV,L<19.6 b’
my = 125.5 GeV __oitheo) T loonp -~
+0230 arXivi1307.1427 CMS Prellmlnary mH = 1257 Gev
- : : —t—
H- vy Zo022 : p. = 0.65
=1.55"% o = sMo
H=199 g o8 [0 i | ! :
+0.35 arXivi1307.1427 H
* - 032 : L H— bb '
H— 22" 4l +020 : - w=1.15+0.62 -
_ 1.43°040|-013 :
H=199 o as|0n 1 | T
H N WW* N |V|V igég arX|v3:1307.1427 —t H g §
t ..
W= 099031 | o8 : N u=1.10+0.41 T
—0.28 (' 008 i | H :
Combined tg:}i arXiv§:1307.1427 —— H :
Hovyy, ZZ5 WW* |0y, : e — Y :
+0.21 |-0.18 +
u= 1'33—0.18 tg:}g ] | |__|| uw= 0.77+0.27 H
W Z H N bB +0.5 ATLAS-CONF-2013-079 .
v : H— WW :
Preliminar - :
relimi auy= R I e 1 = 0,68+ 0.20 - :
0.6 |<0.1 i | \ :
H 1T (8TeV: 13 fb-1) ATLAS-CONF-2012-160 :
Preliminary : H—oZZ .2
W= o.7jg-; : 1=0.92+0.28 :
: i | ! :
1 1 1 1 [ 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
\s=7Tev Lat-4648p” 0.5 0 05 1 156 2 0 0.5 1 1.5 2 2.5
\s =8 TeV [Ldt - 13-20.7 1" Signal strength () Best fit /o,

w =123 +/-0.18 u =0.88+/-0.14
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HL-LHC

ECFA HL-LHC with L=300 fb-! (3 ab-!) physics study. 4TV 18 Tol an 33 TeV 15 T
Higgs mass precision AMu ~100 (50) MeV.

Access to top-Yukawa coupling via ttH, and rare decay H—pp.
Coupling precision of 10 to 5% reachable (even few% in ky/xz).
Detector performances (trigger, lepton-id, fake, t/b-1d) are crucial.= *t .-
Theory uncertainty dominates - challenge for theorists! -

100 ¢ 99

luminosity ratio

COOOOO

MSTW2008NLO

ATLAS-PHYS-PUB-2013-007 CMS NOTE-13-002 110 160 1600 10000

ATLAS Simulation CMS Projecton __ __ M, (GeV)
Expected uncertainties on 1 300fb"at s =14 TeV Scenario 1
— - — 1. — -1 i n in 300 fb™ at s = 14 TeV Scenario 2
Vs =14 TeV: [Ldt=300 b ; [Ldt=3000 fb Higgs boson couplings i 5(14TeV)/(8TeV)
det:SOO fb™! extrapolated from 7+8 TeV K 1
I, /T, w K L =300fb gg—H 2.6
= Kz qg—qqH 2.6 (sees high Mx)
: K } !
KZ . . gqg—VH 2.1
K i gg—ttH 4.7 (phase space)
Ko t |
500 005 010 015
expected uncertainty
CMS Projection
‘E)‘(pet‘:tet‘i ur;cer‘iair‘wtie‘s or‘1 - |—| ‘sooo‘lb“m V§‘=14‘TeV‘Scen‘ario‘1
Higgs boson couplings | 3000 fb"at Vs =14 TeV Scenario 2
N . Scenario 1
w——— L =3ab current systematic uncert.
= * Scenario 2
F9°Fz/ 1ﬁH E Kg ——+—
bt L A A theory uncert. N 1/2
.2 4 . . \ " y :
0 02 04 06 08 - other systematics  1/4/L
A(FX/FY) A(KX/KY) Kt
LTy Ky/Ky —500 005 0f0 015 26

expected uncertainty
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CMS summary

\s=7TeV,L<5.1fb' \s=8TeV,L<19.6 fb"

* CMS latest CMS Preliminary m,, = 125.7 GeV
nglllgc rESUS Pgy = 065 u=0.80+0.14
d endas :

Y H— bb E.
u=1.15+062(  ___._... ‘ .....
NEW! p=1.0 + 0.5 :
H— 1t
=110+ 0.41 ;.
NEW! y=0.8729 |  =====" ®-----
H— vy
u=0.77+0.27 - :
H—s WW .
1= 0.68+0.20 :
H-ZZ i
1=0.92+0.28 ok
lllllllllillllllllllllll
0 0.5 1 2 2.5

1.5
Best fit (S/GSM
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