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The Standard Model

ELEMENTARY
PARTICLES

Force Carrier
Strong Gluons (g)
Electro-
Electro- weak
Weak bosons
(y,W,2Z)

Gravitation ?

#* Quarks and Leptons interact via the

exchange of force carriers

Interactions are controlled by symmetry:

SU(3)0SU(2), DU(1)

Gauge symmetry < Particles massless

Gauge invariance is broken
to generate particle mass —

Higgs mechanism

But the
Higgs mass
IS not given

by SM
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The discovery of a Higgs-like particle
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Branching ratios

The Higgs-like particle was observed in vy,
ZZ - 41 and WW - 2I2v decays in the
summer 2012 by both ATLAS and CMS

However, we need to see Higgs
fermionic decay modes to prove

that it is a SM Higgs!

Branching ratios for a Higgs mass of 125 GeV:
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channel BR
bb 57.7%
WW 21.5%
T 6.3%
77 2.6%
VY 0.23%
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Higgs productions (SM and MSSM)

\s= 8 TeV
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In the MSSM, Higgs couplings to

down-type fermions can be
enhanced with large tanf3:
b-associated production and
larger BR for H— bb and H- 11

Main SM Higgs production modes:

gg-fusion (top loop)

q g
V
__2
v
7 :
(2)
VBF

Important Higgs productions in MSSM:
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gg-fusion (b-loop)

b-associated



H- 11
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T-hadron jet
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For a typical working point around
50% efficiency, about 2% fake rate is

expected, for both ATLAS and CMS | °




H-T1T

Categories used for the H - tautau analysis:

ATLAS CMS
2-jet VBF, 2-jet VH (TlepTIep only) 2-jet VBF
Boosted Higgs (pT,H>1OO) 1-jet high p_ (Tlep,Th)
1-jetinclusive (t_ T, , 7,1, only) 1-jetlowp (T, .T)
0-jet (Tlep'[h only) 0-jet (used as control sample only)

Higgs mass reconstruction:

» Take into account the tau decay kinematics and Missing E_

(MET) resolution
@ The number of parameters is larger than the number of
observables — maximum likelihood scan/fit

@ The m_ that maximizes the likelihood is the final mass
discriminant (ATLAS:MMC, CMS:SVFit)
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H-T1T

ATLAS-CONF-2012-160

100
MMC mass m,, [GeV]

Thadthag H+2-jets VBF

—e— Data

—— 5 x H(125)—>1t
B 71t

B Multi-jet

Il Others

7222, Bkg. uncert.

Il_dt=13.0ﬂc>'1
Vs = 8 TeV

150 200

ATLAS-CONF-2012-160

250

= C

[O) L

S 5001

© -

£ 4001

1 L
T

300

ATLAS :
VBF 200
Ul 100[
%

> -

q) -

&S 1200F

S |

% 1000[-

< B

Q B

T 800f

600

ATLAS -
Boosted |*°°F
eT/UT | 200F

50

100

WTpag + EThag BOOSted

—e— Data

—— 5 x H(125)—>7t
B Z—7t (OS-SS)
Il Others (OS-SS)
[ Same Sign Data
722 BKg. uncert.

|Ldt= 13010
Vs =8TeV
ATLAS Preliminary

150 200

MMC mass m, [GeV]

dN/dm_. [1/GeV]

dN/dm_. [1/GeV]

3-[] B L] L] L] L] I L] L] L] I L] L] L] L] I L] I-

FT T e GxHI(125 GeV)—1t 7

[ h~h BE —8— ohbserved ]

252 jet m— =

<) (VBF) | .

[ B cloctroweak ]

L — aco ]

20k FEEE bk, uncertainty -

15 F CMS J

1.0F _'

L TT i

[ h h ]

os | :

0.0 = '
0 100 200 300

m,. [GeV]

CMS Preliminary, s

=8TeV,L=194f" H=11

CMS Preliminary, Vs =7-8 TeV, L=243fb" " H—= 11

30

25

20

15

10

N T T T T | T
[ €T,

-1 jet, high p_

0 100

—_— éxH[125 Ge".-’]—}*!“r
—e— ohsearved
 I— el

| I =t
B clectrowaak

1t
/3 oco
EZEE bkg. uncertainty

CMS
1-jet high p_

300
m,. [GeV]

700-€T-DIH-SVYd-SINO

¥00-E€T-9IH-SVYd-SND



95% CL Limit on G/GSM
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For mass at 125 GeV,
expected limit is 1.2xSM,
observed is 1.9xSM

Best-fit y = 0.7 £ 0.7
at m, = 125 GeV

95% CL limit on o/c,,

CMS Preliminary, Vs=7-8 TeV, L= 24.3fb", H > 11
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For mass at 125 GeV,
expected limit is 0.77xSM,
observed is 1.80xSM
VH is included (cf. next slide)

Best-fitp=1.1+0.4

at m, = 125 GeV




VH - (1/1v)(1T1)
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H- bb

Z%sw w* W z? -
; ag w* z°
\‘\Ha—rbb “SHO —bb “SHO —bb
ZH — vvbb WH — (vbb ZH — (*(7bb
Signal region: Signal region: Signal region:
O-lepton 1-lepton 2-lepton, m window
large MET large MET low MET
2 b-tags 2 b-tags 2 b-tags

Control samples for background estimation (by simultaneous fit):

Z(W)H W(IV)H Z(INH

top (t/tt) 1 b-tag, m(bb), or jet multiplicity reverse m /MET

W/Z+light jets

0/1 b-tag, m(bb)

W/Z+Db-jets

1/2 b-tag, m(p b)

QCD reverse the MET, MET-jet angle, or lepton isolation cuts
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Events/20 GeV
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ATLAS: CMS:
Cut-based analysis MVA-based analysis
3-5 bins in p_(V) 2 bins in p_(V)
Separate V+c and V+udsg merge V+c and V+udsg
One set of norm factors Separate norms in bins -




ATLAS:
Expected: 1.9xSM
Observed: 1.8xSM

Best-fitpy=-04+1.1
at m, = 125 GeV

CMS:
Expected: 1.2xSM
Observed: 2.5xSM

Best-fit y = 13+07

at m, = 125 GeV
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95% Asymptotic CL Limit on o/og,
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ttH—- bb

ATLAS-CONF-2012-135

ATLAS: use m(bb) or Hy“as
discriminants, and use kinematic

reconstruction for 6+ j, 3/4+ b topology  °

Only 1-lepton mode. Simultaneous fit

CMS: use MVA output (NN) as
discriminants in each topology.
Both 1 and 2-lepton modes.
Simultaneous fit to NN

Topologies used (red ones are only used as control
regions, not as signal regions) :

ATLAS

1-lepton | 5§, 3/4+ Db

6+, 3/4+ b

4], 0/1/2+ b

5/6+j, 2 b

CMS

1-lepton | 4§, 3/4+Db

5, 3/4+ b

6, 2/3/4+ b

2-lepton 2j,2Db

3+j,3+Db

ATLAS Preliminary (Simulation), [ L dt = 4.7 fo! m, = 125 GeV
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m m m an) fan}
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0 0.3 0o0.3 ®o.3 0 0.3 0 0.3
0.2 0.2 0.2 0.2
0.1 0.1 0.1 0.1 0.1
0.0 0.0 0.0 [ e — 0.0 —
0.5 05 0.5 0.5 0.5
5 jets 5 jets 5 jets 5 jets 5 jets
m o2} @ [ai] |m
= T ob tags :0'4 1 btags = 04 op tags =z 04 3 tags =z 04 5 4p tags
0o0.3 »no3 "nos3 003 "o3
0.2 0.2 0.2 0.2 0.2
0.1 0.1 0.1 0.1 0.1-
0.5 0.5 0.5 0.5 0.5
26 jets 26 jets 26 jets 26 jets >6 jets
o a1] o Q o
= 04 gp tags :0'4 1btags = 04l op tags = 04 3 tags = 04F > 4p tags
0o0.3 wo.3 "no.3 0 0.3 wo0.3
0.2 0.2 0.2 0.2 0.2
0.1 0.1 0.1 0.1- 01
0.0 Q.0 0_0_ 0.0 0.0
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ATLAS:
Expected: 10.5xSM
Observed: 13.1xSM

atm = 125 GeV

1-lepton only

CMS:
Expected: 5.2xSM
Observed: 5.8xSM

at m, = 125 GeV

1-lepton + dilepton

95% CL Limit on c/cg,,

95% CL limit on o/cy,,
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Events / GeV

Data/SM
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ATLAS CONF 2013 010
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ATLAS Prellmlnary ,* para
Vs =8TeV, | Ldt=20.7 b
H—p

%42 SM (stat)
[ Single Top
[ W+jets

B ww
I«

B Wz/zz/Wy
B Z+jets

[ H 125 GeV] (x150)

PRI T T R N N N S|
140 150
m,, [GeV]

Signal [125 GeV] 37.7 £ 0.2
Ww 250 £ 4
WZZZ] Wy 30 £ 1
it 1374 £ 13
Single Top 151 £ 35
Z+jets 15810 = 130
W+ijets B8 £ 6
Total Bke. 17700 £ 130
Observed 17442
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ATLAS SM H - pu:
Expected: 8.2xSM
Observed: 9.8xSM

atm, =125 GeV

yy-style bump hunting:
small rate, good resolution
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SM couplings — boson vs fermion

4 ATLAS-CONF- 2013 034 ATLAS CMS Preliminary |'s 7TeV,L<b1fb! {s=8TeV, L= 19.6 "
"""""" T T o T ]
B ATLAS Prehmmary Ll::ﬁﬁ’ :H:ﬁv ; ¥ [ 4 SMHiggs o Fermlophoblc O Bkg. only
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3: s =8TeV, Ldt = 13-20.7 fb” + SM n x Best Fit
2 =
| y o]
0_ |
-1__ y -
] : AT et
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Ky

K. and K : coupling strength scale factors for fermions and bosons

Double minima are due to H—-yy: K>=[1.28 K, —0.28 K [
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H - pup (MSSM)

JHEP02(2013)095

JHEP02(2013)095
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[ I

1°= m ==
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I15!2! 200 250 300 10
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n°

MSSM m,“ scenario: the 3 contributions of h, H and A are
considered together
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dNidm., [1/GeV]
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H- 11 (MSSM)

Events are generally divided into
b-tagged and b-vetoed regions
for bbH and ggH productions
(the b-jets in bb H is softin p_)

Analysis techniques from SM 11 search

can be largely re-used: background
estimation and mass reconstruction

ATLAS
el exactly 1 b-tag no b-tag
et , Ut 20<pT(jl)<50 GeV, j1 is not b-
j1is b-tagged tagged
ThTh
CMS
eu, UM, 1+ b-tag, no b-tag
et , Ut 1-jet exclusive
h’ h

19




H- 11 (MSSM)

JHEP02(2013)095
@_60_|IIII|I\I\‘\\|\|\||||||||||||\\\\\Y]T_
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JLdt=4.7—4.8 fbo
400 Ns=7Tev

[ mye, u>0
30

—e— QObserved Cls
== Expected CLs

+ 1o
+ 20
g LEP

>
-
1 - -’

= Q. -

[

\Illllllll\\\‘I\I\‘IIII'TQI

=

100 150 200 250 300 350 400 450 500

m, [GeV]

CMS Preliminary, {s = 7+8 TeV, L = 17 fb"
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MSSM m;™ scenario
M =1TeV
SUSY

1, A
200 400

— — 1
600 800
m, [GeV]

With the discovery of a 125 GeV Higgs, MSSM is still compatible with
either of the 2 CP-even Higgs (h, H) being the 125 GeV patrticle.

Both ATLAS and CMS used the MSSM m;"" scenario: maximal
mass for the lighter h

(refer to backup slide 28 for model independent limit on oxBR)
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H" - 1tv (MSSM)

Light H* is most copiously produced in the t— H*b decay in the tt production. It
alter the rate of taus in the final states, and/or distributions such as MET and m_:

ATLAS JHEP1206(2012)039 - fs=7TeV L=23fb"' CMS _
> S DL B LB B | L BN L 7 quJ 45 _____ mH‘ =120 GEV “-."- :ﬂ:::at:_data —
8 80 :—ATLAS etS ® Data 201 1 _: ﬁ 40 5;: v Bit—+H'b)=0.05 E rnulhlet: [f:nm data) —f

C T+ ] # EWK+t T (from data) J
& s J L] True - o ] o 35 I EWK+ no-t (simul)
~ 70 - Jet—t misid = ‘g s stat. @ syst. uncert. -
® = . ] o 30 —
= B ¢ misid E > qo
o 60y ] W 25 - =X
3 _ Bl Multi-jets ] T +JetS 4=
50 23 SM + uncertainty 208 1 h Elv
— : ----------- _— o
40RN — m,.=130GeV - 15 CMS Efs
B(t—>bH") = 5% ] 10 9]
30 4 B L Jw
] o
20k j Ldt=4.6fo" - ° + .......... . 8,
- . = =
10 \s=7TeV E o 15 _;
] o 1 E
0 l ] % Q.5 —:
0 50 100 150 200 250 300 350 400 o) DO 50 100 150 500 250 300
my [GeV] m; (GeV)

tt—>bbWH—-bb(qq )(t,v) | tt>bbWH—-bb(qq)(T,V)

tt>bbWH—-bb(lv)(t,v) | tt—=bbWH-bb(IVv)(T,V)

tt—>bbWH—-bb(qq)(Te,V) | tt—>bbWH—bb(IV)(T,,V)




H" - 1tv (MSSM)

ATLA

—~ e SHEP1206(2012)030 . s0RilER1206(2012030 — lS -
L © amLas 1§ [ ATLAS ;
0 17 50 ME \s=7 TeV 4

o —— Observed CLs Data 2011 ©  Data 2011 ILdt —46f" 17
ATLAS: S e serTev
. F - B [ — — = Median expected exclusion J A
Assumlng B(H - TV):]'! - %2 ILdt =4.6 fb_1 | B |:| Observed exclusion 95% CL 4 ]
I. . + ] i AT LAS i 30:— ------ Observed +1c theory —:
imit on B(t—H"b) can be 107 S ]
set at 1-5% in the mass i 1 20 ]
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_J||J|||‘|||l|||\lJl||||l|\|||l|||\|||l||_ N
0 [
90 100 110 120 130 140 150 160 90 100 110 120 130 140 150 160
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'1|_ ?Te"uf L 23fb GMS
Eﬂ J Illll-.'ﬂl

9€.G°S0CT -AIX e

—_— o o
:ﬂ L t—H'b, H —1v ] r t—)H b, H TV
L ﬂ'14: tTh“‘;:‘tI; :'rh. w7, and ey final states ] E B :ﬂ;‘;‘; er,, ut,, and ey final states
::_I_,{J.12_— B(H ) =1 —=— Observed _ 50— B{H'_;,:??=1
CMS: m - i Expected median +1a ] O u=200 GeV
. '6 0. 1__ === Expected median+2 o o 40__ -
Assuming B(H - tv)=1, = CMS 1= = | CMS ]
i Eo.08- =< B .
limit on B(t—H'b) can be | =" 12 30 :
- 1 o o - 1
set at 2-4% in the mass | 209" EAn: E
range of [80-160] GeV 0.0 1 . ]
ey} -- Observed 1o (th.) -
0'02— : 10: e Z:::::: median 1 rs_:
C | I ] I 11 11 I 111 1 I 11 1] I 11| | | I ] I 11 11 I | I ] L 11 1 | I 11 1 1 I 11 1 | I 11 1 .l‘.‘l-lul Elxlpi.alteld |rn|ET‘iﬁ i|z|(s| :
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ATLAS: using a ratio method, better B(t— H"b) limits are achieved (backup slide 29)
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Higgs fermionic decay summary

ATLAS CMS
SM H-TT 17.6 fb* <1.9xSM 24.3 fb <1.8xSM
u=0.7+0.7 u=1.1+0.4
SM VH - (Il/lv)(TT) N 24.5 fb™ <3.9xSM
SMH- bb | 17.6fb* <1.8xSM 17.1 fb*! <2.5xSM
u=-0.4+1.1 u=1.3" ¢
SM ttH-bb 4.7 fb* <13.1xSM 10.1 b <5.8xSM
SMH-uy | 20.7 fb? <9.8xSM 0
MSSMH-up = 4.7 fb* tanB-m_ plane 5.0 fb™ tanB-m_ plane
MSSMH-1t | 4.7 fp* | OXBRupperlimit |17 g1 0XBR upper limit
MSSMH' -tv | 4.6fb* | B(t-H'b)<1-5% @ 2.3fb* | B(t—H"b)<2-4%

tanp3-m,- plane

tanp-m,- plane

Caveat: some search results are not covered in this talk: MSSM H- bb (CMS),

H"-cs (ATLAS), and the more exotic signatures such as H™"

-1, a - pp
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Summary and outlook

* Following the discovery of a Higgs-like particle in the bosonic
decay channels, it is very important to look for its fermionic decays
to prove it is a SM Higgs, or something else such as MSSM Higgs

* No Higgs signal has been confirmed in any fermionic decay
channels yet. This is partially because these modes are in
general more complex in topology, involve MET, or have larger
backgrounds. Consistent limits on these decays have been set
by ATLAS and CMS (although data luminosities used are not)

* Prospects for the fermionic modes:

@ Not all channels have the full 2011+2012 data used. Several results
will be updated with complete data analysis throughout 2013

@ More precise measurements will be carried out in the 14 TeV collisions and
the LHC high luminosity phase. They will be combined with the bosonic
decays for the mapping of the coupling strengths across all decay modes

stay tuned for more exciting news from LHC !
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Arbitrary Units

Z.— 1T background for H - 11

* Z - 1t (dominant background) is estimated from data using embedding:

ATLAS CONF 2012 160

0.16 erhad + WTp g Preslelectlon—
0.14F —$— Z—1t Embedded —
B ) i
0.1 2:_ P —+— Z—1t Alpgen MC _:
B o 72~ Emb. syst. .
0.1F ' [Lat-130m" -
0.08F ¢ \s =8 TeV -
B ATLAS Preliminary ]
0.06 . -
0.04f ATLAS E
B ® _
0.02 ]
®

B ® ® _
Olcecege® . . . | . . . ®0e0ensssccscosecoceces

50 100 150 200 250

MMC mass m,_, [GeV]
o, .

The Higgs signal is sitting on the right

shoulder of the Z - 11 peak. It is very

important to use embedding to model
this background well

i 2 “Z-TMC )
[ Z _:j gg g;zcta HepEwvt | Ul TT Tauola (EVNT)
; E.injulatlnn
‘remnve muons d'g't'zat.'c'”
reconstruction
'qup data z T MC
= (ESD) « _) ESD}

mheﬂdmg
Gy werla
PERE

FE reconstruction

|Z—*Tr hybndJ
(ESD)

1) Replace muons from Z - pyp data by taus
and decay the taus

2) Embed the simulated tau decay
products into the original event
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The local p-values for H— 1T

ATLAS-CONF-2012-160
T T

CMS Preliminary, ys=7-8 TeV, L = 24.3 fb Ho 11

700-€T-OIH-SVd-SIND

o S I L L B L B B 1 T T T T
e - ATLAS Preliminary [Ldt=4.6f" \s=7TeV E E ' ' ' a
S - fLdt=13.0M"1s=8TeV] 8 4¢- To
9 — Observed H — 1t a -
10 E --- Expected for SM Higgs Boson E E )
n i - <
_— ExpeCted for SM nggs Boson at mH=125 Gev — —I 10'3 ............................................................................................................ 30
3 =
: /"__0 ) 10-4 ............................................................................................................
: /_/______.-{1 . : . : 4
10— __—" . ................. il 107 - p —s— p-value observed
T T e e = CMS
- Tl N 1076 b e, TRRRRR p-value expected
B 126 : :
B N : 56
102 | ATLAS i 107 E _____________________________________________________________________________________ T — %
: | | | 1 I 1 | | | I | 1 | | | 1 1 | | | | 1 1 1 : 10-8 [l [l [ 1 I 1 [l [l '] I [ '] ['] ['] I 1 1
100 110 120 130 140 150 110 120 130 140
m,, [GeV] m, [GeV]

Some hints of H - 11 Iin both ATLAS and CMS in the local p-value
or significance, but more data is needed for a better interpretation
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H- 11 (MSSM)

JHEP02(2013)095
3 | L | I I L I L | L | | L I L I LI I_
L2 102 —e— Observed bbo CLs |
= ATLAS - Expected bbg E
\ﬁ__. —«— Observed gg— ¢ CLs T
o - Expected gg— o -
T 10F —>TT B+ 1o bbo -
= 10 - ¢ + 26 bb E
oC - ]
m N _
X
= 1 = —

o - -
- B -
o B

= _
E10°¢ ATLAS \s=7Tev =
1 - J- § ]
O Ldt=4.7-48f" T
2. A

510%: E
m _l | | | 1 1 1 1 I 11 1 1 I | | | | | | | I | I | | I L1 1 1]

100 150 200 250 300 350 400 450 500

m, [GeV]

Model independent upper limit on oxBR(H - 1T,u) in MSSM
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H" - 1tv (MSSM)

p— \]!—|IETPIO3I(|2TOI13I)YOI7|6 1 11 L L T 1 T 1 JHEP03(2013)076 ATLAS
+ E | W N I | I | E Q 60_| LI I LI I L I T 17T | T T T7T LI T T 17T
E 009 :— ATLAS Data 201 1 —: % [ | — — Median expected exclusion
T 0085_ —— Observed 95% CL \S = 7 TeV _E 50:_ I:l Observed exclusion 95% CL
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0.06f- L—1+2 = - ATLAS i
- . - - _ ]
0.05F ATLAS E sor T \s=7 TeV E
- : - ¥ i
- . = C |Ldt=4.61b ]
0'04; Re,, + THetS ] 20k J E
0.03 5 3 - ]
F - — B
S —— ERC :
0.015— -------- S 4'—5 - i I"_____.__.I__._,H,Hl;:;_ I .
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ATLAS: using a ratio method (et /ey, pt /pe), the systematics Is

substantially reduced. If combined with T +jets, better B(t - H'b)
limits of 0.8-3.4% are achieved
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