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The LHC
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The Tevatron DESY
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Proton-Antiproton collider Tevatron Run II: (2002-2011), Vs = 1.96 TeV
A decade of successful running delivered ~10 fb™! of luminosity for physics
to CDF and DO, shut down September 2011
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CMS & ATLAS detector
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Higgs Sector @ LHC
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Higgs Boson
@ LHC & Tevatron




Higgs Boson @ CMS
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Higgs Boson @ ATLAS

Observation of Higgs Boson in yy and ZZ*—4l decay channels at ATLAS

arXiv:1408.7084 [hep-eX] arXiv:1408.5191 [hep-eX]
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» H—Z7Z*—4L signal observed with a significance of 8.10 at my; = 125.36 GeV
» Measured signal strength p=1.44 *°4°_, .. in ZZ*—4{ and 1.17+0.27 in yy mode
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1A EXPERIMENT

Run Number: 204769, Event Number: 24947130

Date: 2012-06-10 08:17:12 UTC



. PtCut>1.0 GeV

H— 77" — 4n

Run Number: 204769
Event Number: 82599793 \
. Date: 2012-06-10, 13:12:52 CET

EtCut>0.4 GeV

Muon: blue
Cells: Tiles, EMC




Higgs Boson @ Tevatron

Phys. Rev. Lett. 109, 071804 (2012)
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Evidence of Higgs: Direct Indication of
Higgs coupling to Fermions

2.80 significance at my=125 GeV




Higgs - Lepton Coupling @ ATLAS
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Run: 214021
Event: 269834309

2012-11-05 09:48:46 UTC

CATLAS

EXPERIMENT




Higgs - Lepton Coupling @ CMS

CMS, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV
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CMS Experiment at the LHC, CERN

Data recerded: 20124Jun-05 05:58:43.400262 GMT(11:58:43 CEST)
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Higgs in Fermion Decays @ LHC

Nature Physics 10, 557 (2014)
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Combination

Higgs with Top Quarks

e ttH important to probe directly top-Higgs Yukawa coupling

e Interested in ttH, H to anything with large enough BR

H—bb is the most attractive here for SM my; = 125 GeV
e Categories events based on number of jets and b-tagged jets

arXiv:1408.1682 [hep-ex]
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ATLAS-CONF-2014-043
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Higgs Combination




Higgs Combination @ CMS

CMS-PAS-HIG-14-009
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Higgs Combination @ ATLAS
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Higgs Combination @ Tevatron

Phys. Rev. D 88, 052014 (2013) arXiv:1203.3774 [hep-ex]
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» Combined searches by CDF and DO for the SM Higgs boson in the mass
range 100-200 GeV for bb, 11, 7y, ZZ and WW modes

» A significant excess of events observed in the mass range between 115 and
140 GeV with local significance at my=125 GeV corresponding to 3.00
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Higgs Mass




High Resolution Mass Spectrum @ CMS
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Higgs Mass

19.7 fo' (8 TeV) + 5.1 fb' (7 TeV)
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Higgs Coupling




Higgs Coupling @ CMS

CMS-PAS-HIG-14-009
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19.7 ' (8 TeV) + 5.1 (7 TeV)
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Results within 16 of Standard Model prediction
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Mass & Coupling with H—t1

CMS H—tr, 4.9 fb" at 7 TeV, 19.7 fb™ at 8 TeV

o4 20 T ' Mo ™ ] 5 o CMS H-rr, 4.9 b at 7 TeV, 19.7 b at 8 TeV
— . . e - L L] 1 L] I 1 L) L 1 I 1 L) 1 L] I L L] 1 1
- - - - Parabolic fit 4 ©
< e - H (125 GeV) Expected | m,, = 125 GeV 95% CL
ql [ = 10 Expected y [ 68% CL
15 [ =20Expected & | o Best fit
1 15 ¢ sm

1.0 4

5 Z “‘\‘
20 0.5
1o
1 00 1 20 1 40 O.B L L L L I 1 L L L I L L L L I L L L L
mH [GeV] .0 0.5 1.0 1.5 2.0

K
v
Scan of —2AlnL, as function of my
Likelihood scan as a function of Ky, and K

background-only hypothesis includes All nuisance parm. profiled for each point

the pp— H(125 GeV)—>WW process
pp— H(125 GeV)—>WW process added as

M, =12217 GeV a signal for vector boson coupling sensitivity
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Higgs Coupling @ ATLAS

¥ 245 atLAS Preimi
ATLAS-CONF-2014-009 T A a5 o
oF 15=8TeV, [Ldt=20.3 0" — 68% CL
] 85_Combined H— 1Y,ZZ* WW* t1,bb -~ 95% CL
ATLAS Preliminary Total uncertainty A -
my = 125.5 GeV + 16 oN Luecan T IS K, Vs K,
ggF+ttH L 14; ,/ -"-__-. Fg O
H— vy L S TN N
Mygeavy — 1 2+0.8 : _ S = T~ T :3
ggF+itH "=-0.6 I l 0.85— o=
* 0.6:\ Ll ‘ L1 1l ‘ L1 1 | 1 Il ‘ | - | Ll I | | | L1 1 1 | - | I 11 11
H— ZZ* — 4] 08 09 1 11 12 13 14 15 16 1.7 18
':VBHVH — 06’:33 : Ky
ggF+ttH ' e i L ==L L L O L L L L
¢ nl . -'";Hebb;, - 1T ]
U F \s=7TeV]Ldt-4648f0" s H — vy mCombined -
“verwvh _ { gt19) . 3 \s=8TeV|Ldt=2031b" + SM x BestFit
ggF+ttH -1.0 | 1 C 1 3 \ ]
2k —
H—o 1t L 3
Myervy 17" 1= 3
ugantH . i i E :
: O
Combined : i
18 : L
VBF+VH _ 1 _4+0.7 : _ ‘ | C
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Higgs Coupling @ Tevatron

Phys. Rev. D 88, 052014 (2013)

. Tevatron Run I, le <10 fb™ ~ 5 i Tevatron Run |, le <10 fb™
3 | e Local maxima A SM . e Local maxima A SM
L [ es%C.L. . los% C.L. - W es%ClL. . 95%C.L.
[ | 4+
2r floatin i
L Ky 9 I AWZ=1
[ The points that maximize the 5[ .
1 Ao local posterior probability [ \
[ densities are marked with dots of
oF :
L _2 |
-1 B . i *
: e
_2 i I | | I | | 11 11 | [ 1 1 1 | I | i | | | | | | | | | | | | | | | | | | |
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2
2D constraints in (Ky,K;) plane for 2D constraints in the (iy,k;) plane
my=125 GeV allowing K; to float assuming Custodial symmetry (Ay,= 1)
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Events / 0.033

Higgs Spin & Parity @ LHC

Matrix Element Likelihood Analysis

MELA = |1 + Prig (M1, ma, 61, 02, ®, 0%, <D1|?'n,4,z)]

'Psl,u‘(?-nl? ma, 911 921 (I)? 9* (I)l |Tn._”f-)

Masses of dilepton pairs and five angles fully defining a
four-lepton configuration in their centre-of-mass frame

CMS Preliminary ¥s=7TeV,L=51fb" \s=8TeV,L=196f"
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- | | \ \ \ | | Dalla | ] SIGNAL
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Higgs Spin & Parity @ CMS

Discriminant for production and decay of different Higgs JP state

CMS preliminary  Ns=7TeV,L=5.1ib"Vs=8TeV, L= 19.6 fb” CMS preliminary W5=7TeV,L=51fb'ys=8TeV,L=1961"
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c E ] 7
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SM & Pon(z,, Mz, Q) Hypotheses of a pseudoscalar and

all tested spin-1 boson hypotheses
) ] excluded at 99% CL or higher
/ (’Psig + ’Pbkg) Consistency with SM scalar boson

Statistically equivalent to the 2D analysis of m, and Kj,

Dbkg — 73
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Higgs Spin & Parity @ CMS

Using full angular information defining 4 lepton system
® For each hypothesis create kinematic discriminant for
SM vs alternative hypothesis

® Perform 2D fit of hypothesis discriminant versus
background discriminant and perform hypothesis test

CMS (preliminary)

120 19707 (BTeV)+ 5.1 167" (7 TeV)
‘_:é . -e-CMSdata ---Median expected ]
= 100f mo:tc MSito T Sl o N
o r + ' ' ' ' ' ' ' : ' : ' ' 1
- F 0"+20 M+ 26 R
280 Seie omrie 0 0 L
£ 60F P ! ! I .
o L
v 400

208 rl l

Several J¥ hypotheses
have been tested

rfl r
-zﬁl'ﬁu |"ﬁ|| ny

40 F Consistency with the
600 o . SM scalar boson
A N o N N o 2w & W N o W N o 2
1 T T o T T T QY
38 8 3 8585 83 L %88 EE k&g
{#)]
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Higgs Spin & Parity @ ATLAS

L L L L
ATLAS

| = Data

N .
© 25¢ B Bckground 27 7 Hypotheses of a pseudoscalar state as
g I J HoZZ's4l - i
£ | MlBackground Zujets, ] well as spin-1 and spin-2 hypotheses
207 I + ] .
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150 .
e ] ATLAS PLB 726 (2013),120-144
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Higgs Width @ CMS

Off-shell Higgs production sizeable at high ZZ mass ,Lj/o’b/oos
» ~7.6% of the total cross-section for m;; > 2M, 1 /rq?o/aeo' b,
» Destructive interference between gg—H—ZZ v Cy e(/e,.' A A,
and gg—77 07;06‘; //G- paz//?/;ibp
ey g R o
aabif: Jﬂ/é‘peféo
Ratio of on-shell and off-shell production cross-section : 7377 0% 73 0
gives a direct handle to constrain the total width (taking °3'5<995?07€}$7qu
into account interference) 776'

— On-shell and off-shell cross-section expressed as a
On shell and oft shell production in ZZ: function of signal strength by scaling the couplings
2 2
c'.r:)n—s.hell _, BeetiEhzz ® On-shell
gg—+H—2Z m;(: f; cross section constrained by H — ZZ — 4l search
g2 gl u=0/0gy = 0.93026 .. (Expectation of 1.0"%27,,,)
off-shell ggHEHZZ
Ugg—)H—}ZZ ~ (2!71—2)2 o Off-shell
cross section is constrained by H — ZZ — 41 and

H — Z7Z — 212v final states
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Higgs Width @ CMS

41 final state

Using the baseline H — ZZ selection strategy

» Exploiting full reconstructed final state to
separate gg—7Z7Z from qq—ZZ at high mass

»  Using angular discriminant as in the 41
baseline search

» Signal extracted by 2D fit in the mass and
kinematic discriminant

212v final state
Requiring a di-lepton and high missing E
=  Mass shape fit in different jet categories

» Observed limit of 5.4 x SM corresponding to
~22 MeV @ 95% CL

» Sensitivity exceeds all expectations enhancing
the LHC role of a Higgs factory in next years

-2A InL

Somnath Choudhury ( DESY )

Physics Letters B 736, 64 (2014)
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Higgs Width @ ATLAS

ATLAS-CONF-2014-042
4

» Analysis in the 41 channel uses a likelihood fit to -
the distribution of a matrix element discriminant <

1 2:_ ATLAS Preliminary

[ 212v+4i+4]

on-she COMbined

» Analysis in the 212v channel counts events in a
H*—ZZ enriched signal region with high E; and
high transverse mass 8

10 Vs=8TeV: JLdt=20.3 "

=== expected with syst.

[ I I AT O IR

----- expected no syst.

.

— observed " ]
. 6 —
» Separate gg—7ZZ from qq—ZZ at high mass i
4'_---"""" memsssss mEEE—— " """" '__'
(\! L L I I O L I L B O Y I — L IS S e e s 2; .‘.','.;’ﬂtta ;
e I ATLAS Simulation Preliminary 1s=8TeV e 0'15__ ATLAS Simulation Preliminary \s=8TevV | c/ _,:-‘_"_._:_“ ________________ b
8 [ H—= 7Z - 2¢2n ] 8 L H—7Z -4l i ",'-’_‘;" .
T 0.2+ —ggaH'aZZ(S) 4 ® Leas - 0 fodae®™ Lo Lo b v Ly I
o - - 22 | = il 0 2 4 6 8 10 12 14
5 {.J‘_i .- 33:23:; g W =10) 5 | — ggo H' = ZZ(S) P
_,9 E ! ! off-shell 4 9 01_=§ oo 0 22 [:-‘ ]_,H/raM
3 - R 18 i —- g~ (H'=) 22 ]
L_O {"?-"-: l ) g F .IE ""t ag- (M) 22 (”uﬂ—shell=10) E."l’ E
g 0.1 Pl 4 g 4 1 SM . .
E - I ™ | So05. "t =t 1 | T/Tg™ observed limit 5.7 x SM
c cv T
s | Lo LA T L | @95% CL
e = i GJ L1 B
2 , a0 1| (ge—ZZ background K-factor from
- s WU [ ] . . .
R 05— 951 | higher-order QCD corrections is
ME discriminant coso* | equal to the known signal K-factor)
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Higgs Inclusive Cross-section @ LHC

arXiv:1407.4222 [hep-eX]

Measured cross sections and cross-section limits for pp—H—7yy
in seven fiducial regions
Data compared to state-of-the-art theoretical predictions, regions

H—yy include SM prediction arising from VBF, VH and ttH labelled as XH
T T T LU T T T T TTT l .gf VBF .WH ZH .”H
Diphoton baseline -+
| Hoyy, s=8TeV * i _
N > I Ldt=203fb" o
Jets —e— data syst. unc. * | N
Niyo 22 -
Nige 23 v —e—
i B XH = VBF + VH + ttH |
M LHC-XS + XH B
VBF-enhanced " @ HRes 2.2 + XH
B % STWZ + XH il —
Nleplons 21 I I 8 JetVHeto + XH -
i # BLPTW + XH |
miss | & MINLO HJ+PY8 + X H ]
ET >80 GeV [ ! M MiNLO HJJ+PY8 + XH -
C 1 1 1 L1 1 11 I 1 1 | 1 L1l I 1 1 1 1 L1l l ] 1 L ' 1 L 1 1 L 1
10" 2x10” 1 2345 10 2030  10® ¥ 02 04 06 08 L

Gy [fo] Fraction of total particle-level yield
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Higgs Differential Cross-section @ LHC

arXiv:1407.4222 [hep-ex] | Sensitive to new physics in the context of production loop and properties

Jet multiplicity: sensitive to relative rates of Ag;;: for ggH and VBF, sensitive
production modes (ggH, VBF/VH/ZH, ttH) to the Higgs boson spin and CP
3 - | ‘ ‘ — — 1 4 B T T T T I T T T T T T T T I T T T T | T T T T | ]
= 35: ATLAS —4- data ~ syst. unc. 1 8 [ ATLAS 1
b-E‘ 30k 0g—H (MINLO HJ+PY8) + XH ] S 1 2:— H—yy, s=8TeV _:
s (K = 1.54) ] — [ L= 203 1b" ]
255—/ - XH = VBF + VH + ttH - H—>’Y'Y 3 10F N 22 p>30Gev -
H—yy, s=8TeV ] © - 4
e ///6 7 ) . ~ L data syst. unc. A
20 %%% 77 I Ldt=203fb" - z 8 . ]
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| 524222 > 30 Ge E 6[ (K e = 1.10) .
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Summary & Outlook

O Higgs boson observed @ 125 GeV at the LHC

and observation at Tevatron show consistency

d Di-Tau Higgs decay at LHC- First Indication of
Higgs coupling to Leptons

0 Coupling and Spin/Parity properties measured
show consistency with SM expectations

[ Continue the robust Higgs Physics programme
at LHC Run 2 starting 2015

CMS Projection

U U | U T T T ] T U U U | T T T T ] U U
Expected uncertainties on — 300f"at (s =14 TeV Scenario 1
Higgs boson signal strength F— 300" at Vs = 14 TeV Scenario 2

No change in systematics Exp. syst. ~ 1/\lumi.
Hosyy , | Theo. syst. / 2
H—-> WwW } !

@ 300 fb-"
H-2Z : |
H— bb } |
Ho11t ; |
L L Il ] 1 | L L L L | 1 ] L L | L L
0.00 0.05 0.10 0.15

expected uncertainty
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