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Higos boson discovery

e Summer 2012: Historic observation of Higgs boson particle
with a mass of my=125.5 GeV from ATLAS and CMS

The Nobel Prize in

oA 20T
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The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert
and Peter W. 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"




What did we discover exactly?

e Observation via ZZ*, WW* and yy decay modes
Z/W
H H

- - - I -

Z|W

/

e Results strongly favour J’=0* quantum numbers, consistent with Standard Model theory

= See Magda’s and Jean-Baptiste’s talk in a while

o |s the discovered Higgs boson coupling to fermions?

— owuarks?
Most likely yes, because of the quark
loop in gg-fusion/photon decay.

Nevertheless a direct measurement to
quarks is necessary: H—bb

L —

| = leplons?
f This is the question that the
— - ? H— U and H—TT analyses are

addressing 3
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Outline

e ATLAS results covered in this talk

4+ Search for SM H—=bb with full 2011 & 2012 (7 & 8 TeV)
dataset

+* ATLAS-CONF-2013-079
4+ Search for SM H—=pp with full 2012 (8 TeV) dataset
+* ATLAS-CONF-2013-010
4+ Search for SM H— 1T with full 2012 (8 TeV) dataset
+* ATLAS-CONF-2013-108

e Not covered here
4+ ttH (See Magda’s talk in a while)
4+ BSM searches for H—ff




nggs phenomenology in LHC

o(pp — H+X) [pb]
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gg-Fusion, dominant production mode

VBF offers interesting topology for TT
with two forward jets

V(W,Z)H smaller production rate but m T VH(bb) MM
the most powerful channel to search oxBR[pb] ~1.4 ~0.08 = ~0.0002
for decays to b-quarks i ; f 5




Probing fermionic couplings

® Decays

+ SMVH-Dbb with full 2011 & 2012 (7 & 8 TeV) dataset
+ ATLAS-CONF-2013-079



H—bb: Exploit unique production mode VH

Events

Data/MC

& * Production in association with a leptonically
ey decaying W/Z

/Y . . .
s e o gnal
24—y v L8 5 Y P 5

4 + Trigger using leptonic W/Z decays or MET
>‘//'. + Boost of W/Z to control backgrounds

Re 4
/
/. 10%)—1v 44 L Cut-based analysis in 3 final states according to
T the number of leptons from W or Z decay
=7 ToV [l a7 w3 + ZH~ll+bb: 2 opposite-sign leptons, 2 b-tagged jets
10"’5—\’s'::zef'vefgit;jgsfb =§ E +  Backgrounds: Z+heavy flavour
F i + ZH—vv+bb: large MET, 2 b-tagged jets, 0 leptons
i S 3 + Backgrounds: top, Z/W-+heavy flavour

+ WH=Ilv+bb: 1 lepton, MET, 2 b-tagged jets
+ Backgrounds: top, W+heavy flavour

| vl @ To maximise sensitivity split into bins of Nies, prY
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~een  ® Search for peak in di-jet mpp invariant mass 7
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Background modelling

* Multijet: Data driven method

e Non multijet backgrounds: Shape from MC, normalisation from Data
control regions (CR) included in the fit

2 jets 3 jets 2 jets 3 jets Top CR
1 b-tag | 1b-tag | 2 b-tags | 2 b-tags | eu events

3 p;(V) bins | O-leptons CR CR SR SR
5 p+(V) bins | 1-lepton CR CR SR SR
5 p+(V) bins | 2-leptons CR CR SR SR CR
Example of Top CK in eu
§4oooz— ATLAS F}renmin;ry RS T
. . . . . - 3500:— fo=7TeV JLdt=4.7 " ‘l’Jvr:certainly _:
e Simultaneous fit in 26 signal regions (SR), | s-omvfia-zse Ry
= eu selection V7,
26 1b-tag CR’s and 5 top CR’s 3 oy _
e Common nuisance parameters (reflecting 2o @2 = .
the systematic uncertainties) across SR’s e o g E
. - | =
and CR’s and channels/categories L ;
500 g =
%1_2:_ — i E
L i
08— 70050 200 250



H—bb: Cross-check with VZ(bb)
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e VZ(bb) similar signature with 5 times ~ ATLAS Prelim. | =g Tota) uncertainty
. o(theo) — vz
larger cross section than VH(bb) VZeb), 7Tev 92 |

+0.!
W, = 0.7,

e Measure VZ(bb): a direct test of the e

analysis procedure L

VZ(bb), 8 TeV

e The obs. (exp.) significance of VZ is AT T 1T I B = =

T
© o
N
1
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4.8 (5.1) o- VZ, 2 leptons uvz=0.9fgjj +0.2 | 1

; i Comb. VZ(bb) |7} : o
— — e =0'90.2<. : .
® u VZ - omeaS (VZ)/O-SM (VZ) —0091002 ’ VZ, 0 lepton tt= 1.205 ig; l -—I—- ;
V2, Tiepton 1, <0802 | |
VZ,2leptons 1, =0804[+02 : ._|_ :
| 2

{s=7TeV [Ldt=471b"

Vs =8 TeV [Ldt =203 b Signal strength [, ] 9



H—bb: Measured signal strength

For My/=125 68\/ ATLAS Prelim. "'gg;ast)) Total uncertainty
e 7TeV e,y = 125 GeV o(theo) Ticonpu
+ 20 deficit wrt SM expectation 3 |VH(bb), 7 Tev o e | e
SL] SC3 AT T AN A |
°© 8lev VH. Olepton  K="270, (418 | m—fmmm | © | [
+ Consistent with both S+B and  [VH 1lepon  w=-257l16 | e | | | =
B-only hypotheses within 10" & |[VH,2leptons  1=067 l+31 | & @ » ; ; |
. i — 0.5 Y
e Combined result VH(bb), 8 TeV ~  Loa| = = = ==
VHsbb ] NN RIS ! A
O measured +0.7 VH, 0 lepton u=09 ' 1+0.8 L e e -
p = = 02706 1 o footeee s S IS E L]
TSM ' VH Tlepton ~ M=07,,%08 | ;| - | @ T, .
‘ VH, 2 leptons 1t =-0.3"" |41 2 ;o '_1_' 1 |
N — +0.5 : : : : : ) :
e Observed(expected) upper Comb. VH(bb) ' koa | i @ 1 1 |
. . I A e
limit at 95% CL: 1.4(1.3) X Osm i sioson 705 " os i ; i ; ,i__, i i
VH Tlepton k=0T, ls08 | o e 0
. .. VH, 2 leptons H=-0.4j'i +1.2 L p——
e Dominant uncertainties ' B, e, B o R B
+ th delli Vs =7TeV [Ldt=4.7 fb"
ttbar modelling \s =8 TeV [Ldt = 20.3 b Signal strength [u]

+ Db-tagging jet efficiency

+ Multijet normalisation in 1- o
lepton channel - Small theory wuncertainties for VY mode

10
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Probing fermionic couplings

® Decays

4+ SM H—=pp with full 2012 (8 TeV) dataset
+ ATLAS-CONF-2013-010
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H—p: Analysis overview

Events / 2 GeV

Data/ SM

ATLA.S Prellmllnary Egtgl . EASVMJ?;J' e O0xBR (H—buu) very small ~2x10° pb
‘=8 Tgy, [ Lot - 20I7fb‘ mw O

* Very good di-muon, my,, mass resolution
e Two categories based on muon resolution

H—>uu I |:|WZ/ZZ/WY -th
4+ a) Central: [n|<1.0  b) Non-central: rest

[ H[125Ge
|§earc/7 eorndoeo
= Two isolated, opposite-charge muons: pr(H1)>25
GeV, pr(M2)>15 GeV

Yo-1s0 GeV

i 3
80 100 120 140 160 180 200 220 240 260
m,, [GeV]
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H— p: Analysis overview

Events / 2 GeV

Data/ SM

1o EATLAS Prefinfinary 2 "= i3 e gxBR (H—pp) very small ~2x10"* pb

108 ‘= BTiV J-Ldt 20I7 o EngZ/WY Etzrﬂets

107 g Y Ori=eg ® Very good di-muon, my,,, mass resolution
e Igearc/*} corndoeo . .

10 Y * Two categories based on muon resolution
(o YWo-1s0 Ge

+ a) Central: |n|<1.0  b) Non-central: rest

= Two isolated, opposite-charge muons: pr(H1)>25
Ge\/, pT(H2)>1 5 GeV

‘o Fit my,,, with analytic Signal+Background shape

0.8 s |+ Background model: Breit-Wigner + exponential PDFs
80 100 120 140 160 180 200 220 240 260 . .
m.cevi  * Signal model: Crystal Ball(CB) + Gaussian PDFs
1500 L L L L I L L L B
E | ATLAS Preliminary Central 1> —T—T— T T—T— T I =
S [ s=8TeV e paazorz | & 1~ ATLAS Preliminary s
g 1000 ILdt =20.7 b — Fit model — = Simulation 5/3/762/‘ f?Z‘,
o —— Breit-Wigner | o - 7 .
L e Exponential 8 ; L Centl’a| CehZ(I:CZ/ /‘eﬁloh
‘ 500 x?ndof=1.12 | € | e m=125GeV ]
Fit 2o Data, : 1 L%’ 05 — CB+Gaussian fit _
centra/ region - . i |
e | m=124.6 GeV |
 1oo: é | 6.,=2.3GeV |
B i e | FWHM=4.9 GeV |
-100= ] 0 N
110 120 130 140 150 _ 160 00 110 120 130

m,, [GeV] my, [G eV] 13



H—>uu Results

740 o s
g’ é ATLAS Prellmmary H_)wu_ - e D . . .
£ 60 —Obsened E ominant systematic uncertainties
= - ---- Bkg. Expecte -1 . .
g 50 EH+1o def=20-7fb 4 4 Cross section: 15%
0 Y \'s =8 TeV ] .o
b 40f 4 % BR(H—=pp): 6%
30 4+ Acceptance uncertainty
20F E +  Theory: ~3%
10 3 + Experimental: ~4%
0:. R S SOt T Y
110 115 120 125 130 135 140 145 150
my [GeV]

ATIAS reswlts coith 20.2 £57 ot s7eV
e No significant deviations observed
e Current sensitivity not sufficient for conclusive statement

® 95% CL limit @ 125 GeV: observed(expected) 9.8(8.2)x0sy,
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Probing fermionic couplings

® Decays

4 SM H—=T1T with full 2012 (8 TeV) dataset b ey
+ ATLAS-CONF-2013-108 .
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H—TT search: Analysis concept

e Question that this analysis attempts to address

+ Does the Higgs boson with my=125.5 GeV decay to a pair of T-leptons?

e Analysis strategy

+ Achieve maximum sensitivity by performing a multivariate analysis: Boosted
Decision Trees (BDT)

® Perform analysis in 3 channels according to the T lepton decay v
T
!H\ f,/ad%ad !H\ _/_ep%/aa/ :/H\ | Leplep . _? /—_
e T T T T T T P B
W/l N0 @7l N@ o7 L@ w1 d
T & 5 I < o
™ ) ) \\V 'V u
e "u
ThadThad TlepThad TlepTlep
hadronic-hadronic leptonic-hadronic leptonic-leptonic
42% 46% 12%

e And in 2 categories per channel
+ VBF: 2 jets with leading(sub-leading) pt>50(30) GeV, An(jj)>3
+ Boosted: pr(H)>100 GeV , pr(H): MET + p(Ty) + pr(T2)

e Different BDT per channel and per category: 6 BDT's

+ Keep simple selection and let the BDT separate signal and background
+ Final discriminant: BDT score 16



Input variables to BDT

> T I T T T T | T T T T | T T T T I C T T T T T T
(0531 OOO—Thadthad Boostec_i1 ATLAS Prellmlnary_ §1 600 C TadThad Preslelecnon | ATLAS Pr:allmlnary
2 - JLdt=20.3 fo 1s=8TeV Signal Region - 1] ILdt 203" (s=8TeV ]
- i % —e— Data ] GC)1400_— —6— Data -
0 B 7 | > C
= 800_ —— H(125)>1t i Lu1200;/ — 50 x H(125)>1t 1
L%) - B Zom 1  zomn
6001 B Others N 1000 Bl Others -
i I Multijet I Multijet
i ~~ 7 Uncert. ~~ Uncert. B
400_— N -
200 Moy |nj1'nj2|_5
0O 50 100 150 200 250
miC [GeV] Ang )
e Probe resonance properties
+ My, AR(TT) * myr the most important discriminating

+ mq;: Missing Mass Calculator (MMC) variable
Precise di-tau mass estimator based || e Careful validation of BDT input variables

on a kinematics likelihood, Om_~16% and BDT output score distribution in
e Explore event topology dedicated background enriched control
regions

+ MET, mrt, object centralities

e VBF specific, for the 2 VBF jets 17




Estimating the backgrounds

*Dominant Z—=TT
+ Embedded samples:-Except > U A N A U

for tau decavs. all event 8 2500_—m:had + et,,, Boosted ATLAS Preliminary—

properties azleltaken from 9 | j Ldt=20.3fb" 1s=8TeV Signal Region ]

~ B —e— Data N

data Z—up events @ 2000 L H(25) )

g) i Wz 1 |

+ Di-boson, Z—ee/py, top - 2 Eitee; :

+ H=>WW for LepLep channel 1000F .

+ Shape from simulation, ! |

normalisation from data . |

5001 -

eFake T :
+ Multijet, W+jets % 50 100 150 200 250

+ Data-driven methods mMMC [GeV]

18



Signal extraction

VBF Category Boosted Category Rest Category ™
SR CR SR CR CR
HoTiepTiep | ¥/ | ¥/ Z-11 (1 bin) &Top (1 bin) | ¢ | & Z—1I (1 bin) &Top (I bin) X
HoTiepThad | V' | V/ Z=11 (1 bin) &Top (1 bin) | ' | & Z—1I (I bin) &Top (I bin) X
HThadThad | ¢/ X v/ X V' AN(T1,T2) (shape)

e We fit the Background +

_ﬁ}<Signal model to the data using the BDT score distributions
P

e 6 Signal Regions (SR) & 9 Control Regions (CR) used in the fit
1-8/?[.-‘.%/?.’. , Z,"‘ >/|/ C"}Q

10*

Events / 0.1

1035—

10?

10

- ee + eu + up VBF
- det=zo.3 fo
" \s=8TeV Z-IICR

ATLAS Preliminary 7

—e— Data
— 50 x H(125)— 1t =
Mz :
[ Z— eeuu
B t7+single-top E

WW/Wz/zz §
[ Fake Lepton

77 Uncert.

0.5 1
BDT score

Omeasured

IL[/:

OSM

*F est caiegory :

Events £ a/‘/ /ng \/gf &
Boosted selection
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Signal extraction

VBF Category

Boosted Category

Rest Category ™

SR CR SR CR CR
HoTiepTiep | ¥/ | ¥/ Z-11 (1 bin) &Top (1 bin) | ¢ | & Z—1I (1 bin) &Top (I bin) X
HoTiepThad | V' | V/ Z=11 (1 bin) &Top (1 bin) | ' | & Z—1I (I bin) &Top (I bin) X
H=ThadThad | ¢ ) 4 v/ X v/ An(T),T2) (shape)

e We fit the Background +
e 6 Signal Regions (SR) & 9 Control Regions (CR) used in the fit

_ﬁ}<5ignal model to the data using the BDT score distributions
P

/-‘9/3/.-‘.%2.’. , Z,"‘ >/|/ C'{

Events / 0.1
Q

- det=2o.3 fo
" \s=8TeV Z-IICR

- ee + ey + up VBF

E N~ L 7
ATLAS Preliminary 3§ ~—  {(%-HThag + €Thag VBF SR ATLAS Preliminary_|
. O E =
—e— Data — - j L dt =20.3 fb —¢— Data
— 50 x H(125)— 11 ..g (5.8 TeV — qu?—) 4 1
Mz w EI T (O i — (128)= o (u=1)4
7 > - B Z-
B Z— een L Il Others
B t7+single-top E 3l I Fake 1
WW/WZ/zZ 10°F 77 Uncert. E
[ Fake Lepton
777 Uncert. 5
) 10
-/
10
1
0.5 1 - 0.5 1
BDT score BDT score

/’L:

Omeasured

OSM

*( est cafegol‘y .

Events Fa'l /‘nﬂ ng &
Boosted selection
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Signal Strength p

ATLAS Prelim. |—ctstatistical Total uncertainty

— o(syst. incl. theory)

my = 125 GeV —_ sitheory) ticonpu .
a2 ® Measured signal strength
Ho ot w=143%7703 B |
___________________________________ Sl i i i | * =147,
Boosted =1.2798(:95 : —_—t :
o Pt L TR 1. 4 Boosted category: g =1.2 ¥08
VBF n=1.679z" : ' ;

+ VBF category: g = 1.6 *%645

cooooofoo
NE OINNO| B
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___________________________________ i LT |
_ 1.1]+06 : : : : . . o o
Boosted  M=12wsles| | oI i .. .i....| eLeadinguncertainty due to limited
_ 0.8 [+0.6 . e . . .
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Ho totu uot10%2] 08| @ —— drive the best fit value
+0.2 . H— . .
---------------------------------- b i} eTheory uncertainty ranked high
Boosted u=0.8"2 o8 I‘ l i l l €0 y unce ta ty g
VBF w=1.08|:07 | '_1_' 1 1 ° Leadmg experlmental uncertainties
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H-TT S|gn|flcant excess observed
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e ATLAS observes significant excess of data events in high S/B region

H—1t

_— ATLAS Preliminary
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—e— Data

D Background (u=1.4) .
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4+ Expected significance @ my=125 GeV : 3.20 (Probability: 6.6x10)
4+ Observed significance @ my=125 GeV : 4.10 (Probability: 2x107)

4 Excess observed in all three channels
4 Observed signal compatible with my=125 GeV

* Direct evidence of 4.10 that the Higgs boson couples to leptons 5,



Conclusions

e Fermionic sector: an exciting and active constituent of
the Higgs boson physics programme in ATLAS

e Presented the ATLAS results

+ VH(bb): p=0.2+0.7 compatible both with signal+background
and background-only hypothesis

+ HUH: 95% CL limit: <10x0sm
+ TT: Strong evidence of 4.10, signal strength g = 1.4 *9°94

e Stay tuned, preliminary results will be updated by papers
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VBF H2TT event
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