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ne Higgs boson playground

appy birthday, Mr. Higgs!

: iggs boson production and decay
i ¢ Experimental results:

®|ucid Higgs boson

®Visible Higgs boson

@ Not-yet-visible Higgs boson

nvisible Higgs boson

nvincible Higgs boson

_esson from the Higgs boson discovery
4 4+ Conclusions
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High-Quality, Plentiful Data

+ Excellent machine and detector performance resulted in large

Total Integrated Luminosity [fo )

amount of data with very high quality: ~95% of delivered data are
recorded, and ~90% of those are certified and used in physics
publications!

® We publish based on ~85% of all the bunch collisions that took place
at the LHC!

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

ATLAS Online Luminosity
[ LHC Delivered ‘
[ ] ATLAS Recorded

Data included from 2012-04-04 22:38 to 2012-12-16 20:50 UTC

N
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I LHC Delivered: 23.30 i !
[] CMS Recorded: 21.79 fb !
CMS Validated: 19.62 b !
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Total Delivered: 23.3 fb™

4 CMS Preliminary
Total Recorded: 21.7 fb
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F ATLAS Online Luminosity
0 3 Vs=8TeV, ﬁ_dt =208 1", <u>=20.7
O Vs=7 TeV,ﬁ_dt =52fb", <u>= 9.1

L —s— MVAPFE, data
[ —&— MVA PF &, simulation
I —— No-PU PF E; data
—#— No-PU PF f; simulation
—— PF, data

—— PF §; simulation

[ 9

LHC already reached nominal
pileup rate; experiments
cope well!

122" at (s=8TeV|

c(u”) [GeV]
S B

Recorded Luminosity [pb™0.1]
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The Higgs Story







gﬁiﬁ% |
A New Boson Discovery

ATLAS 2011 -2012
s=7TeV: [Ldt=4.6-4.81b"
Vs=8TeV: JLdt=5.85.9 fo

) L Gerhvi=gan
1500 %, -aTvLesan!

.

110 115 120 125 130 135 140 145 150

m, [Ge

CMS E=7EML=51W‘E=8mmﬁLg3£V]
Nz N \—— NK~—L— |
— '_:v:—" '—'A! N

140 150
m. (GeV)

‘ Si(S+B) Weighted Events

ATLAS 201112 5= 7.8 ToV
M VY e

Local p-value

—— Combined obs.
==== Exp. for SM H

50
| — Hoyy - _ >, ™ — Omserved [} Expectedt Sl « 10

| |—Ho2zZ 200 300 400 500

RN il Phys. Lett. B 716 (2012) 30 E | By

—— H-bb
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Is the Higgs boson
She key that will unlock |
the secréts R UL universe:
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Happy Birthday, Mr. Higgs

BROWN

+ It’s been a great year for the Higgses (both Peter
and the Boson)!

+ Long journey in one year:

® Established the existence of new particle beyond any
doubts (LHC+Tevatron)

® Mass measured to 0.50% precision, i.e. better than
top (or any other) quark mass! (ATLAS+CMS)

® |tis a 0" boson responsible for EWSB, as evident
from its relative couplings to W/Z vs. y (ATLAS+CMS)

® Established couplings to the third-generation
fermions (CMS+Tevatron)

® Nearly excluded negative couplings to fermions
(CMS)

2 I —
® Big 5 — big 6: thanks to ttH (bb, yy, and ) CMS PAS HIG-13-005

. Significance (my = 125.7 GeV)
Q10 T T =
10°E fl:bs;e:::zmmary 5= 7TeV, Lt = 46-48 157 Combination Expected (pre-fit) | Expected (post-fit)

10132 - SM expected Vs =8TeV, fLdt = 13207 b 77 710 1o 670
13:2: 420 390 320
1‘0"12; > 3 560 530 390
10E N o : H—>bb 210 220 200
I HoTr 270 260 280
1W0%E L T
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Higgs Boson Mass

+ Higgs boson mass:
® ATLAS: My = 125.5 + 0.2 *%° 55 GeV (0.43% precision)
© CMS: My =125.7 + 0.3 £ 0.3 GeV (0.34% precision)

+ The Higgs boson mass has been already measured to a better
precision than the top (or any other quark!) mass (0.50%)

4 CMS Prellmmary Is 7Tev L<51 fb' \s=8TeV,L<19.6fb"
- ATLAS Preliminary —— Combined |

- Vs=7TeV:[Ldt=4.6-4.8 b — Hoyy H_>'Y'Y+H_>ZZ 4+ Combined

— Vs=8TeV:[Ldt=20.7 fb! —H 72" S + H-o7yy

X Best fit L + H->ZZ
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Higgs Boson Signal Strength

BROWN

+ Consistency with the SM Higgs boson:
© ATLAS: u=1.30 + 0.20 @ 125.5 GeV

© CMS: u=0.80+0.14 @ 125.7 GeV

i i | | | ; | \s=7TeV,L<5.1fb" \s=8TeV,L<19.6fb"
ATLAS Preliminary  my=125.5 GeV Combined CMS Preliminary m,, = 125.7 GeV

W.Z H — bb . W=080£014| p_ =0.65
\s=7TeV: [Ldt=4.71b" Has not been updated to the

' latest result of 1.00 + 0.50
\s=8TeV: [Ldt=131b" 5 H - bb
H—o 1t 5 u=1.15+0.62

\s=7TeV: [Ldt= 461"
\s=8TeV: det 131b'

H— ww! —>Iv|v Ho 1t

\s=7TeV: [Ldt= 461" ' u=1.10+0.41

\s=8TeV: |Ldt=20.7 b :

H— vy :

\s=7TeV: Ldt= 481" H— vy

\:' eTevZfZLdt 207;:' ; w=0.77+0.27
- — :

\s=7TeV: [Ldt= 4.6 "

\s =8 TeV: |Ldt = 20.7 fb” H— WW
5 uw=0.68+0.20
Combined u=130%0.20

\s=7TeV: [Ldt=46-481" :
\s=8TeV: |Ldt = 13-20.7 fb" : HoZZ
| | | | | | | n=0.92+0.28
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Higgs Boson Signal Strength

BROWN

+ Consistency with the SM Higgs boson:
© ATLAS: u=1.30 + 0.20 @ 125.5 GeV

© CMS: u=0.80+0.14 @ 125.7 GeV

i i | | | ; | \s=7TeV,L<5.1fb" \s=8TeV,L<19.6fb"
ATLAS Preliminary  my=125.5 GeV Combined CMS Preliminary m,, = 125.7 GeV

W.Z H — bb . W=080£014| p_ =0.65
\s=7TeV: [Ldt=4.71b" Has not been updated to the

' latest result of 1.00 + 0.50
\s=8TeV: [Ldt=131b" 5 H - bb
H—o 1t 5 u=1.15+0.62

\s=7TeV: [Ldt= 461"
\s=8TeV: det 131b'

H— ww! —>Iv|v Ho 1t

\s=7TeV: [Ldt= 461" ' u=1.10+0.41

\s=8TeV: |Ldt=20.7 b :

H— vy :

\s=7TeV: Ldt= 481" H— vy

\:' eTevZfZLdt 207;:' ; w=0.77+0.27
- — :

\s=7TeV: [Ldt= 4.6 "

\s =8 TeV: |Ldt = 20.7 fb” H— WW
5 uw=0.68+0.20
Combined u=130%0.20

\s=7TeV: [Ldt=46-481" :
\s=8TeV: |Ldt = 13-20.7 fb" : HoZZ
| | | | | | | n=0.92+0.28

40+ -

“11.51121125
WSROI ZPIIEREYY  Signal strength (i) Best fit o/cy,
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+ Both ATLAS and CMS strongly prefer J°° = 0™ over the alternatives
® Pseudoscalar 0™ and tensor 2" hypotheses have been excluded at ~30

level by each experiment CMS HIG-13-002

ATLAS Collaboration production comment expect (u=1) | obs. 0 | obs. J' | CL;

arXiv:1307.1432 gg — X pseudoscalar 2.60 (2.80) 0.50 330 | 0.16%

. 8¢ — X | higher dim operators | 1.7¢ (1.80) 0.00 1.70 8.1%
0" is excluded at 97.8% CL H(ZZ) gg — X minimal couplings | 1.8¢ (1.90) 0.80 270 | 15%

1* is excluded at 99.97% CL alone 2 g7 — X minimal couplings 170 21.90; 1.80 400 | <0.1%

- 0 1 qq —+ X exotic vector 2.80 (3.1c 140 >4.00 | <0.1%

;_'_ I_S eXC|IU ((jje?j attgggg é‘VCIE,L qq — X exotic pseudovector | 2.30 (2.60) 1.70 >4.00 | <0.1%
IS excluded at >99.9%

ATLAS ATLAS

H—yy e Data H— vy

Vs=8TeV (Ldt=20.7 b _ _ -1
Ju v CL, expected Vs=8TeV [Ldt=20.7 fb
H—ZzZ* — 4l ingJP=0"
Vs=7TeV [Ldt=4.6fb" :s+s:1r:|ng =0 H— 22" =4l
Vs=8TeV [Ldt=207 fb" B

CMS preliminary Y¥s=7TeV,L=51fb" ys=8TeV,L=19.6 fb"
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— CMS data
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Vs=8TeV fLdt=20.7 fo" H — WW* — evuv/uvev
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The Road to the Holy Grail

+ Impressive host of SM measurement leading to the Higgs

boson discovery and measurement of its properties
Oct 2013 CMS Preliminary

- WHEPP 2013

¢ 7 TeV CMS measurement (L=< 5.0 fb™)
¢ 8 TeV CMS measurement (L=< 19.6 fb™)
=7 TeV Theory prediction
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-8 TeV Theory prediction
Z CMS 95%CL limit
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+ The following four mechanisms can be tested at the LHC and
the Tevatron: 1°25'

® (a) gluon fusion (19 pb @ 8 TeV)
(b) VBF (WW or ZZ fusion)
(
(

g
\F—BTeV g

ofop — H+X [pb]

c) Associated production (VH)
d) ttH production

®
®
®

b)

E 1 1 I 1 1 1 1 1 1 1
9 Q3 200 300 400 1000
M, [GeV]

Tevatron
Vs=1.96 TeV

Baglio, Djouadi
JHEP 10 (2010) 064

P M R L L L L L
125 150 175 200 275 300
m,, [GeV]




Higgs Boson Decays

+ The Nature has
chosen the
Higgs boson
mass (~125.5
GeV) maximally
rich, but quite
challenging
experimentally

+ The “big five”:
® H(bb) - 57% 10°
WW) - 22%

WW

- WHEPP 2013

LHC HIGGS XS WG 2013

N
N

Higgs BR + Total Uncert [%]
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.2
Run/Event: 195099 / 137440354

30 GMT

\

I




: H(ZZ-4l)

BROWN

=

+ Most sensitive, high-resolution channel for a 125 GeV Higgs!
® ATLAS: Cut-in-categories, FSR accounting, untagged + VBF+ VH
© CMS: MELA (angular analysis), FSR recovery, untagged + VBF

CMS PAS HIG-13-002
ATLAS Collaboration, arXiv:1307.1427 to be submitted today

e Data2011+2012 ATLAS (s=7TeV,L=511";Vs=8TeV,L=19.7 fb"
- [ SM Higgs Boson H—s77*—4]

L =124.3 GeV (fit
i oV (Mm Vs=7TeV [Ldt=4.6fb"

:_ [ ] Background Z, ZZ* .
[ Background Z+jets, tt Vs=8TeV det =20.7fb

= % Syst.Unc.
6.60 (4.40 exp.)
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My = 124.3%0-6 4 5%05 4 3 GeV

ATLAS —=olstal)  Total uncertainty ATLAS - otstay

o(sys)
m, = 125.5 GeV ;’:::’:c)’)

H— ZzZ* — 4l =0.33 1 N ‘o
r040 [£0.17 — E | % H—ZZ*— 4l ‘
w= 1 43 . . ‘ +2.0

0.35 |+
VBF4VH-iike u -04

] w=12"2+1 ' : . : VBF+VH _ +2.4 :
categories -0. . . e “ggF+ttH 0.6_0.9+0.3\\:L

Total uncertainty

+ loonu ~—~, =155 GeV o (theo) L o + 2

-0.2 N

-
Vs=7TeV [Ldt = 4.6-4.8 fo Vs=7TeV [Ldt=4.6-4.8fb

Vs =8 TeV [Ldt = 20.7 fb” Signal strength (u) Vs=8TeV [Ldt=207 b Meeav / MggF+ttH
cMs (5=7TeV,L=511"; {s=8TeV,L=19.7 fo" 100 pr @=7‘TeVL‘=51 ‘ﬂ‘)q‘;‘\(‘g‘:?r?\("l":‘1‘9(7‘f‘b4

‘ ‘ - 106 <m,, <141 GeV
90t

~ F © / W 4e:8TeV/7TeV
80: ® / W 4u:8TeV/7TeV
F ® / W 2e2u:8TeV /7 TeV
70F "
r m,, =126 GeV
60}

50}
40f
30}
20f

CcMS Vs=7TeV,L=5.1fb";Vs=8TeV,L=1

R R e e R LR
F121.5 < m,, < 130.5 GeV s |
® Data ' B

-

CHzz 5
-Z+X ,:
E] ggH+iH (m,, = 126 GeV)

B e v (m, = 126 Gev) -

9.7 fb!
T

oY

Events / 10 GeV

TII T T T T T I T LT T T T [ TT IR [T T T T [TTITT

0/1-jet

C>O

SR RN 0 el ]
25 40 50 60 70 86 20 160 1-‘10 120 20 40 60 80 100120 140 160 180 200
best fit u m, (GeV) P (GeV)

M = 0.93%0.26 554013 4 59 mu =125.6 £ 0.4 + 0.2 GeV
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Seeing Light Higgs w/ Light

+ One of the most challenging and sensitive channels:

© Small branching fraction (0.23%), compensated by large cross
section

® Large QCD background from direct diphotons, and direct photons
with | = v
<+ Thorough optimization; background estimated from sidebands
© Ambiguity with primary vertex selection
“* ATLAS - photon pointing
<+ CMS - dedicated MVA technique
® Analysis is done in categories:

+ ATLAS: untagged (9 sub-categories), lepton-tag (WH/ZH), MET tag
(Z(vv)H, 8 TeV only), VBF (1 or 2 categories)

+ CMS: untagged (4 sub-categories), lepton-tag, MEt tag, VBF (1 or 2
categories); also a cut-in-categories cross-check analysis

® Takes advantage of higher boost of the Higgs boson with respect
to background (gluons radiate more than quarks!)
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ATLAS H(yy) Results

ATLAS Collaboration, arXiv:1307.1427 my=126.8 0.2+ 0.7 GeV

AL L Category Np Np | Ng ggF VBF WH ZH
ATLAS —4— Data 2012 (sidebands) Untagged 14248 | 13582 [ 350 320 19 70 42
s=8TeV f Ldt =20.7 fb™ ‘\’/YB; g:j; ”GeV Loose high-mass two-jet 41 28 | 50 2.3 2.7
Hoyy B 9gF m, =125 GeV Tight high-mass two-jet 23 13| 7.7 1.8 59
Low-mass two-jet 19 21 | 31 1.5 <0.1
EXss significance 8 4112 <01 <0.1
Lepton 20 12all %8 <lals <Ol

All categories (inclusive) | 13931 | 13205 | 370 330 27

+ @

Events (normalised to unity)

10000f— ~ T T T T T T T
ATLAS
° Data 2011+2012
SM Higgs boson mH=126.8 GeV (fit)
Bkg (4th order polynomial)

[y

-08 -06 -04 02 0 02 04 06 08 1
BDT response

Events / 2 GeV

H—
ATLAS ==ostal)  Total uncertainty "

_ o(sys)
my = 125.5 GeV o(theo)

T i

Vs =7TeV f Ldt = 4.8 fo

mu = 126.5 GeV
_signal significance:
'7.40 observed
4.30 expected

Vs =8TeV f Ldt = 20.7 fb”
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Differential Measurements

+ “One event - discovery; two events - differential cross sections; three events - partial-wave
analysis”
+ Given a strong signal, ATLAS proceeded with determining differential distributions for H(yy)

© Similar selection, detector unfolding
® Observed somewhat harder p; spectrum than predicted at NLO (POWHEG, MINLO) or NNLO

+NNLL (HRes)

® No deviations seen in the leading jet spectrum, but a slight excess in the back-to-back dijets is

seen

+ N.B.: important to understand whether effect is real: we assume SM production in the

s
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Ratio to POWHEG

2

syst. unc.

- ATLAS Preliminary - data

==+ XH = VBF + VH + {tH

is ~~~j
e NS
|

badoboamebrgacfrpqgdopmiy

gg—H NLO+PS (PowHeG+PY8) + XH ]
H]ﬂ gg—H NNLO+NNLL (HRes1.0) + XH ]

H—syy, Vs =8 TeV :

Jrat=2031" E

i

40 60 80 100 120 140 160 180 200
Particle level pTw [GeV]

doy,/ dp_ [fb/GeV]

Ratio to POWHEG

ATLAS Preliminary - data syst. unc. ]
gg—=H NLO+PS (Pownec+Pve) + XH
9g—H+1j NLO+PS (MinLO HJ+PY8) + XH

==+ XH = VBF + VH + {TH 1

H—yy, \s=8TeV ]

G\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
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Particle level p.
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search and if the p; spectrum is harder, the results may be biaseg
ATLAS-CONF-2013-072
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- ATLAS Preliminary

L % data

F gg—H NLO+PS (PowHEG+Pv8) + X H
- gg—H-+1j NLO+PS (MinLo HJ+PY8) + XH

syst. unc.

F ==+ XH = VBF + VH + ttH
[ H—yy, {s=8TeV

L frat=2031"

25 3
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CMS H(yy) Results

+ Main analysis: MVA; cross-check: cut-in-categories (CiC) u-values:

© Significan ces. MVA analysis | cut-based analysis

%+ MVA: 3.20 (4.20 expected) (at my=125GeV) | (at mp=124.5GeV)
o 7 TeV 1.6975% 2.27j8;§2

® Mass: 125.4 = 0.8 GeV 7+8 TeV 0.780:5% 1. 11*8%%

> T rr T rr T L CMS\S 7TeV|_ 51fb \S 8TeVL_196fb1
5000 CMSPreIImInafy +Data —IlllIllll[lllllllllllllllIlllllll[llllg
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® Significances:
<+ MVA: 3.20 (4.20 expected)
<+ CiC: 3.90 (3.50 expected)

® Mass: 125.4 + 0.8 GeV

MET
Electron
Muon
Di-jet loose
Di-jet tight
Untagged 3
Untagged 2
Untagged 1
Untagged 0
Di-jet
Untagged 3
Untagged 2
Untagged 1
Untagged 0

-10 -5 0

CMS preliminary
\s=7TeV,L=5.1fb" (MVA)
\Vs=8TeV,L=19.6 fb' (MVA)

—l- Event Class
[ combined
m,, = 125.0 GeV
olcsm = 0.78+0.28-0.26

5

10
Best Fit O'/O'SM

+ Main analysis: MVA; cross-check: cut-in-categories (CiC)

M-values:

MVA analysis
(at my=125GeV)

cut-based analysis
(at my=124.5GeV)

7 TeV 1.6975%
8 TeV 0.557037

0.80
i
0. 93—0 32

7 +8 TeV 0.781028

032

CMS\s=7TeV,L=51fb"\s=8TeV,L=19.6fb

—t

1
'—lllllllllllllllllllllllllIlllll]llllll:

™"
B OF

TTTTTH

11 ||||||.|4:ﬁ
Q

N
o)

Local p-value
3
~IIL T

—
Q
\S]

T lllllll

L 11N

—

Q
W
l

’

T ¥TTTT]7

104

lllllll

L1 IIIIlI[

T

10

T Illll]

CMS preliminary (MVA)

— H—yYy obs.
=== Exp. for SM H

-==\s =8 TeV

llllIlllIIIIIlIlllllllllllllllllllllll

110 115 120 125 130 135 140 145 150

my, (GeV)



(\\\!\

Angulaeridth PLGEWAE

BROWN
= + Use CiC/MVA H(yy) analyses to:

3

like couplings; in gg fusion only; and VBF
only)

® ook for nearly mass-degenerate additional
Higgs bosons

® Set a limit on the Higgs boson width
® Study the Higgs boson spin-parity

+ [, <6.9 (5.9 exp.) GeV - first direct limit on the
width

1s=7TeV L=5.1fb"

® ook for additional Higgs bosons (with SM- g

CMS PAS HIG-13-016

(O‘ X Br)sm =0.044 pb @ 8 TeV

CMS Pry
\s=7Te
\s=8Te

IIII!IIIIIIIIIIIIII

eliminary ——— Observed
L=5.1 fb;

L=19.6 fb - Expected = 1o

Expected = 20

SM-lik
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CMS Preliminary \s=8TeV L=19.6fb" . LB B R L L

B CMS Preliminary L Observed
o 5 {s=7TeV L=5.1f0"

— 7+8 TeV (observed) . - i 9

- -7+8 TeV (expected) o Vs=8TeV L=19.6 1 - Expected
— FC 95% Upper Limit (observed) R
- = FC 95% Upper Limit (expected) o
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8 10
Higgs Decay Width (GeV)

910 115 120 125 130 135 140 145 150

m,, (GeV)

Vs=7TeV L=5.1fb"
CMS Preliminary Vs=8TeV L=19.6fb"
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+ High-yield, low-resolution

channel

® Most discriminating
variables: M, and My
(dilepton transverse

mass)

® Search done in 0-, 1-,
and 2-jet categories; in

the ee, eu, and nuu
channels

+ ATLAS: fit to the Mt

distribution

+ CMS: 2D analysis in M
vs. My for the eu channel

and cut-based analysis

for the same-flavor

channels (also as a cross-

check in en)

Events / 10 GeV

Data / bkg.

Events / 10 GeV

Data - Bkg.

—- Bkg. subtracted data
D SM Higgs boson m = 125 Ge

f

T — T cMS 49167 (7 TeV) + 19.4 f (8 TeV)
700 ATLAS HeWW—evpv+0jets= | g [ - "7 T T T T T
- . E 0] | ® data m,=125GeV |
oo Vs=8TeV [Ldt=207f" @ paaz0i2 3 — Heww [l DY+jets o
% Zz Total sig.+bkg. ~ 1000} ) wO-jet |
-/ SM Hiags b = - [ Wijets ww
; iggs boson * | . 1
'& =125 GeV E W wz:zz+vwv
Yy S E| BT S —1 |
ATLAS Ol ] RN
[ W+ets —] I e
I other vv 3 | |
[ Single Top ] 500
m zr ] r
O L L L ‘”"""";r
0 100 200 300
m,, [GeV]
L L P P
50 100 150 200 250
ATLAS Collaboration CMS Collaboration
arXiv:1307.1427 arXiv:1312.1129
- ATLAS #- Data2011+2012 3 cMS 49107 (7 TeV) + 19.4 16" (8 TeV)
E Vs=7TeV det=4.6fb'1 #2 Total sig.+bkg. 3 c L B L BB B B ) B
— (s=8Tev [Ldt=207 1" B svHiggsboson —| | 2 | -+ data B WZsZZW o _125Gev |
= R ) m,=125GeV 3 @a — H->ww top ew 0/1-jet
g H—-WW —>|V|é+ on ]etS - ww g q:) 1000 *. WY(.) . DY+jets _ ]
= 4 Ol = 3 [ W+ets WW '~ o
= I other v E Le) L //___.‘. — |
= ] single Top 3 % \ ~ |
— ] W+ets — =)
c ) 3 |
3 m e 112 o
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= — <
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ATLAS Collaboration

2::
Z,

Significant excess is observed:

ATLAS ==olstal)  Total uncertainty

o(sys)

H—- WW* - Wiv +0.21

+loonu

1 =099 =0.21

-0.28 |+

s=7TeV [Ldt=4.6-4.8 fb”

Vs =8TeV fLdt=20.7 b Si

gnal strength (u)

B B A I B

H->WW" iy
—— Obs.

Ei‘é signal signific
3.80 observed

3.80 expected

95% CL Limit on u

ATLAS-CONF-2013-030

ATLAS Preliminary Vs =7 TeVjLdt = 4.6 fo'
Vs = 8 TeVjLdt = 20.7 fb"

---- Exp. My = 125.5 GeV

ance:

IIIIIIIIIIIIIIIIIlII
07420 130 140 150 160

170 180 190 200
m,, [GeV]

1312.1129

CMS Collaboration
arXiv

CMs

H— WW (all channels)

olog,=0.72"5%

212v + 0/1-jet

olog, =0.74" 52

212y + 2-jets, VBF tag

olog, = 0.60" 557

212v + 2-jets, VH tag
1.97

olog,=0.39" 57

313v, WH tag

1.27
olog, = 0.56" (o0

p=0.72+020 4 45

SM

95% CL limit on o/o

H(WW-Iviv) Results

49107 (7 TeV) + 19.4 o (8 TeV)

mH‘ = ‘1 é5.‘6 ‘Ge‘V‘

: .
Best fit for o/chM

2 3

CMs

4.9 (7 TeV) + 19.4 fb” (8 TeV)

| — Observed

—
S

E [ Expected = 10
Expected + 20

—
o

F ---- Median expected

my = 125 GeV
signal significance:
4.00 observed
5.10 expected

H— WW (all channels)H
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ATLAS Collaboration

2::
Z,

H(WW-Iviv) Results

Significant excess is observed:

ATLAS

=+ o(stat)

o(sys)
o(theo)

Total uncertainty

H— WW* — v

=0.21
1 =099 =0.21

-0.28 |+

+loonu

s=7TeV [Ldt=4.6-4.8 fb”

s=8TeV [Ldt=20.7 fb"

Signal strength (u)

95% CL Limit on u

ATLAS Preliminary
H->WW" = Iviv
—— Obs.

L B L B B L L L B

s=7TeVfLdt=4.6fb"
Vs = 8 TeVjLdt = 20.7 fb"

---- Exp. My = 125.5 GeV

+1o

[ J=20

signal significance:

3.80 observed
3.80 expected

ATLAS-CONF-2013-030

O||||||||||||||||||||

120 150 160

130 140

170 180 190 200

m,, [GeV]

1312.1129

CMS Collaboration
arXiv

CMs

49107 (7 TeV) + 19.4 o (8 TeV)

H— WW (all channels)

olog,=0.72"5%

212v + 0/1-jet

olog, =0.74" 52

212y + 2-jets, VBF tag

olog, = 0.60" 557

212v + 2-jets, VH tag
1.97

mH‘ = ‘1 é5.‘6 ‘Ge‘V‘

olog,=0.39" 57

313v, WH tag

1.27
olog, = 0.56" (o0

p=0.72+020 4 45

1‘ B ‘2‘ B ‘3
Best fit for o/chM

CMS

4.91b" (7 TeV) + 19.4 fb' (8 TeV)

SM

| =— Observed

—
(@)
)

---- Median expected
F I Expected = 16
Expected + 20

iy
o

my = 125 GeV
signal significance:
4.00 observed
5.10 expected

H— WW (all channels)
SM H (125.6 GeV) as background

—

95% CL limit on o/o
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H(WW-Iviv) Results

Significant excess is observed: — [T

ology, =0.72" 0%

+

ATLAS ==olstal)  Total uncertainty |
my = 125.5 GeV olsys) + 1 212v + 0/1-jet
H= e = loonu

olog, =0.74" 52

o(theo)

H— WW*— v 02
W=0 99031 =0.21

-0.28 |+

212y + 2-jets, VBF tag

olog, = 0.60" 557

1312.1129

212v + 2-jets, VH tag
1.97

olog,=0.39" 57

219,41

CMS Collaboration

4 3I3v, WH tag
\s=7TeV [Ldt=4.6-4.8 b olog, = 056127

-0.95

Vs =8 TeV fLdt=20.7 b Signal strength (u) 0= 0724020 e T

CcMS 4.91b" (7 TeV) + 19.4 fb' (8 TeV)

ATLAS Collaboration

Best fit for o/chM
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ATLAS Preliminary — CEJbs. gg||:=+\\llg||==
H->WW—evuv, SMwidth g oq a0

= = 3 20
s =8TeV [Ldt 20.7f£>r 29

[pb]

SM

| — Observed
H— WW (all channels)

*+ Median expected SM H (125.6 GeV) as background
F I Expected = 16

i Expected + 20 mHy = 125 Gev
signal significance:
4.00 observed

5.10 expected
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95% CL limit on o/o
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ATLAS-CONF-2013-067
Search for high-mass Higgs L
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H(WW-Iviv) Results

Significant excess is observed: — [T

ology, =0.72" 0%

+

ATLAS ==olstal)  Total uncertainty |
my = 125.5 GeV olsys) + 1 212v + 0/1-jet
H= e = loonu

olog, =0.74" 52

o(theo)

H— WW*— v 02
W=0 99031 =0.21

-0.28 |+

212y + 2-jets, VBF tag

olog, = 0.60" 557

1312.1129

212v + 2-jets, VH tag
1.97

olog,=0.39" 57

219,41

CMS Collaboration

4 3I3v, WH tag
\s=7TeV [Ldt=4.6-4.8 b olog, = 056127

-0.95

Vs =8 TeV fLdt=20.7 b Signal strength (u) 0= 0724020 e T

CcMS 4.91b" (7 TeV) + 19.4 fb' (8 TeV)

ATLAS Collaboration

Best fit for o/chM
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H->WW—evuv, SMwidth g oq a0

= = 3 20
s =8TeV [Ldt 20.7f£>r 29

[pb]

SM

| — Observed
H— WW (all channels)

*+ Median expected SM H (125.6 GeV) as background
F I Expected = 16

i Expected + 20 mHy = 125 Gev
signal significance:
4.00 observed

5.10 expected
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+ A bit extra help from the VH(WW) in 3- .
lepton (ATLAS+CMS), 4-lepton (ATLAS), | fﬁﬁiifvia °

and lljj (CMS) final states . N
+ ATLAS: combination with the H(WW) L 'é‘V(j')H(WW)
analysis:

® 4.00 (3.80 exp.) significance at B R
— 130 135 140
my = 125 GeV Higgs mass (GeV)
ATLAS-CONF-2013-075

ATLAS Preliminary VH—-VWW-— 3 or 4 leptons

— Obs. )
--- Exp. Vs =7 TeV:Ldt = 4.7 fb”'

1o Vs = 8 TeVfLdt = 20.7 fb"

= W(Iv)H(WW) +
Z(I)H(WW)

*:l!llllIIII|IIII|IIIIIIIIIIII

TTTT I TTTT I TTTT I TTTT TTTT I TTTT I TTTT I TTTT I TTTT
— observed CMS preliminary_
--- median expected VH — 3I3v (shape-based) ]

Il expected= 16 L=4.91b" (7 TeV) + 19.5 6" (8 TeV)
expected + 20

CMS PAS HIG-13-009 il

W(Iv)H(WW)

2
SM

o
N
T

95% CL Limit on ology,

95% CL limit on o/c
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ber: 209109, Event Number: 86250372

ate: 2012-08-24 07:59:04 UTC gi
1 EXPERIM
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imi -e-Dat

. ATLAS Preliminary -Vﬁ(?)b) (best it

— (s=7TeV [Ldt=4.71b" mvz

B Uncertainty

- {s=8TeV [Ldt=2031b" [ VH(bb) (1=1.0)

I~ 0+1+2 lep., 2+3 jets, 2 tags

<Ol Weighted by Higgs S/B

o VZ(bb):+
- 4.80

+ Search done in 0-, 1-, and 2-
lepton categories, further split in

bins of pt(V)

® M — 0-2+0.7-O_6

® Limit: wu< 1.4 (1.3 exp.) at
my =125 GeV

. ATLAS Preliminary
L VH(bb) (s=8TeV I Ldt =20.3 o™

—— Observed (CLs) .
Expected (CLs) 'S=7TeV | Ldt=471fb

M+16 v 4 4
1+ 20 ATLAS-CONF-2013-080

Weighted events after subtraction
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+ Combines the W(lv) (including 1), Z(ee,uu,vv)

7o)
o
o
<
[}
g

=
b=

[=
i

channels; BDT is used in most
+ M, resolution ~10%, after regression

+ Observed a 2.10 excess (2.10 expected)
® Qver 70 significance for the VZ(bb) signal
+ Corresponding signal strength:
®u=1.0+0.5at My =125 GeV

T T T
CMS
{s= 7TeV,L =5.0 fb"
Vs= 8TeV,L=18.9fb"
pp — VH; H— bb

T T
® Data

B v+

[_] Background

—— VH(bb) 125 GeV
£ Background uncert.

%% dof = 0.98

¥%/dof =0.64

CMS Collaboration L

Z(vv)H(bb)
uw=1.0=+0.8

Z(IT")H(bb)
w=08=10

W(lv;ev)H(bb)
u= 1.1+0.9

S/(S+B) weighted entries

; CMS e Data

- pp— VH; H— bb

s=7TeV,L=501" v
s= 8TeV,L=18.9 fb" Cw

—— Sub. MC uncert.
£22 VH + VV MC uncert.

>To

Ao

-o—

L

Al

-

0

arXiv:1310.3687

(s=7TeV,L=50fb" (s=8TeV,L=18.9fb"

CMS
pp — VH; H— bb
Combined u = 1.0 = 0.5

m, =125 GeV

Local p-value
—
o

2 4
Best fit u

—
TT

10310~ Te 920 12 130 135
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m(jj) [GeV]
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Vs=7TeV,L=5.0fb"

Vs=8TeV,L=18.9 fb"

pp — VH; H— bb
—=e— Observed

Expected from SM Higgs boson
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CMS: VBF H(bb)

+ Interesting channel, directly comparable with VH(bb)
+ New analysis from CMS @ 8 TeV

+ Based on an ANN, with input variables describing properties w,
of the two b-jets in the event and two VBF tagged jets

® See a clear Z(bb) peak after preselection W,
+ Combination done with the VH(bb) results

T | ] LI B B B | T T T ] T —
CMS Preliminary  —s— CL Observed
(s =8 TeV — - CLg Expected
L=19.0 fb™" CLg H125 Injected

VBF H— bb I CL Expected= 10
CLg Expected= 20

-
N

CMS Preliminary
Vs=8TeV
L=19.0 b’
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CMS: VBF H(bb)

+ Interesting channel, directly comparable with VH(bb)
+ New analysis from CMS @ 8 TeV

+ Based on an ANN, with input variables describing properties w,
of the two b-jets in the event and two VBF tagged jets

® See a clear Z(bb) peak after preselection W,
+ Combination done with the VH(bb) results

T | ] LI B B B | T T T ] T —
CMS Preliminary  —s— CL Observed
(s =8 TeV — - CLg Expected
L=19.0 fb™" CLg H125 Injected

VBF H— bb I CL Expected= 10
CLg Expected= 20

CMS Preliminary {s =8 TeV
— e S

-
N

T
Presel. & Trigger
® Data (19.0 fb')
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CMS: VBF H(bb)

+ Interesting channel, directly comparable with VH(bb)
+ New analysis from CMS @ 8 TeV

+ Based on an ANN, with input variables describing properties w,
of the two b-jets in the event and two VBF tagged jets
® See a clear Z(bb) peak after preselection

+ Combination done with the VH(bb) results
' 1

M
»

jl CMS Pnleliminary] | o Oblemd
- {s=7TeV,L=5.0fb" e CL. H125 Infocted
ls=8TeV,L=19.0fb" - CLg Expected

CL Expected (VH only) _|
VH(bb) + VBFH(bb) combined gy cL_expected=16
CL Expected+ 20

CMS Preliminary

9}

Local p-value

SN
IIIIIIIIIIIIIIII
Illlllll

ls=7TeV,L=5.0fb" 1
\s=8TeV,L=19.0fb"  _
VH(bb) + VBFH(bb) combined -

—@— Observed

95% Asymptotic CL Limit on o/og
W

Expected from SM Higgs =

Expected from SM Higgs (VH Only)

N T N B T R R T B |
120 125 130 135 10 115 120 125 130 135
my [GeV] m, [GeV]
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H(tt) in ATLAS

+ Analysis has just been updated to full 8 TeV statistics
® 7 TeV has not been reanalyzed yet since ATLAS-CONF-2012-102

+ Uses multivariate technique with m_, as one of the most discriminating variables

+u= 1.4+°'5_0_4; significance 4.10 (3.20 exp.) - strong evidence for H(tt) coupling

Total uncertainty
— o(syst. incl. theory)

ATLAS Prelim.
my = 125 GeV

6 TTT | TTTT | T TTT | TTTT | T TTT | TTTT | T TTT | T TTT | T TT
- H—ett
X Best fit

B _ -1
__ f L dt=20.31b —— 95% Contour
s=8TeV 68% Contour

.. 4+ SM prediction
ATLAS Preliminary £ Background only

— of(theory) xloon u

x B/Bg,,

w=147%7 "

MVBF+VH

0 1 2 3 4 5 6 7
x B/Bg,
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\s=8TeV [Ldt=20.3fb"  Signal strength (u) u ggF




and 2-jet (VBF) categories

+ Updated to full statistics; based on ey, Embedding (replace p with

UY, €th, UTh, and tyt, channels simulated 71 in Z(uu) sample);

o . normalization from Z(up)
+ Analysis is done separately in 0-, 1-, (5% syst.)

® 0- and 1-jet categories are
each split in two, depending
on the pt of the T-decay products

eu, erh’ M‘Ch’ "hth

[1/GeV]

= 5

T

0

T

N
o
o
o

® 1,1, doesn’t use O-jet category and the

CMS Preliminary, 4.9 fb'at 7 TeV, 19.7 fb" at 8 TeV
- L L T T I 1 T L T L] T
40

20

-20F

) SM H(125 GeV)—>tt
=—4}— Data - Background 7
.} B2 Bkg. Uncertainty

1- and 2-jet categories are not split
4+ Also include VH(tt) channels
4+ Optimized Tt mass reconstruction
(SVFIT) with ~20% resolution

+ Benefits significantly from particle-flow
reconstruction
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1 1 1
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[ electroweak

CMS Twiki HIG-13-004 shape from simulation;

Slide 36 Greg Landsberg

Dec 2013 update normalization from control QCD: from SS sample
regions (10-20% syst.) (10% syst.)
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4+ Observed 3.40 (3.60 exp.) for my =125
GeV

+ Strong evidence for the Hff coupling to
the 3™-generation down-type fermion

+ First mass measurement in this channel:
® my =115, GeV

-
Q

[0)
=
©
5
o
© 102
S10
le]
—

CMS Twiki HIG-13-004
Dec 2013 update

CMS Preliminary, H—tr, 4.9 fo™'at 7 TeV, 19.7 fb™ at 8 TeV

CMS Preliminary, H—tr, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV
T T T
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— tIJbserved

—— median expected
[ = 10 expected

[ ] =20 expected

95% CL Limit on o/oSM
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CMS Preliminary, 4.9 fb™ at 7 TeV, 19.7 fb" at 8 TeV

0-jet
0.40+1.13

m,, = 125 GeV

1-jet
1.06+0.47

2-jet (VBF tag)
0.93+0.41

H—tt
0.87+0.29

4
Best Fit for o/og,,

CMS Preliminary, H—tt, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV
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H(Z') Results

+ Similar branching fraction to H(yy) (0.16%), but an additional price to pay
for the leptonic branching fraction of the Z
4+ Decay can be enhanced/suppressed independently of H(yy)
® Sensitive to new physics via loops
+ Not sensitive to the SM Higgs boson (yet), set the following limits:
© ATLAS: p< 18.2 @ 95% CL (13.5 exp.) CMS Collaboration
© CMS: u<10 @ 95% CL (10 exp.) arXiv:-1307.5515

45— ls=7TeV,L=5.0fb" \EsTeVL196fb1
— Observed

40 f Ldt= 4.6 o™, {5 =7 TeV Expected

1 \’
35 det=20.7fb fe=sTev 1o
+ 20

—— Observed

== Expected = 10
---- Expected+2 ¢

30
25
20

ATLAS Preliminary
ATLAS-CONF-2013-009

95% CL limit on o/og,,
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CMS Preliminary Combination

& 4+ Observing H(uy) decay may be the only way to prove non-
flavor-universal couplings of the Higgs boson

® N.B. Coupling to charm is very hard to probe
+ Requires very large statistics for observation: a strong case
for HL-LHC
+ First searches have been done already:
© ATLAS: g < 9.8 (8.2 expected) @ 95% CL

© CMS: u<7.4(51 ex%ected) @ 95% CL;
Br(H—-ee) <1.7x10 " @ 95% CL
70

- I T T T T I T T T T T I -
FVs=7TeVL=50fb" ]
CVs=8TeVL=19.7fb "

- H(uw) 7+8 TeV

95% CL Limit on /g, (H—uu)

w

150 I
m,, [GeV/c?]

CMS Preliminary Combination
T I T

60

—— Observed
---- Bkg. Expected

-1
s det =207
Cl+20 Is=8TeV

7
ATLEAS)

O 111 I‘ﬂ'I"I"I"I"I'I"I'f'l'r'l'f'l"l'I"I'fﬂ'I"I'T'I'T'I"I'f'l'r'I"I"I"I'F‘I'I'ﬂ'I"I'{ 11

110 115 120 125 130 135 140 145 150
SM: Br(H — pu) = 2x10+4 m,, [GeV]

T I T T T T I T T T T I
Fy{s=8TeVL=19.6fb "

H(ee) 8 TeV

50

95% CL Limit on

40

(H— ee) [pb]

CMS PAS HIG-13-007
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+ CMS: 50 discovery w/ ~1.2 ab™ @ 14 TeV e B

§\'I§='14'Telv !
® Measure muon coupling with 8% precision with 3
~3 ab' @14 TeV

® Reach SM branching fraction sensitivity already in
Run 2, with ~150 fb™

+ ATLAS: ~60 discovery with ~3 ab™

95% CL Limit on o/cg,, (H—uu)
N w »
N [6)] w (6] BN [9)]

-
(8]
TTTTT

N
TTTT[TTT

1 1 |
200

300

1oPE =14TeV

—_7 —
[ Ldt=3000 b Ht

10;'I"'I"'I"'I"'"'|III
107 e ATLAS Preliminary (Simulation) %

Integrated Luminosity [fb™]

8 . tt = uvX uvX
10 - WW— uvuv

1 07 - 99 = H— py, m =125 GeV

CMS Preliminary Standard Model H —»pp
T I T T T

IIIII|T|] IIII|T|]] TTIT

T T T T ]
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CMS Twiki HIG-13-007
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ttH - the New Player

VOLUME 86, NUMBER 9 PHYSICAL REVIEW LETTERS 26 FEBRUARY 2001

2::7
Z,

pp — ttH: A Discovery Mode for the Higgs Boson at the Fermilab Tevatron
J. Goldstein,! C.S. Hill,? J. Incandela,' Stephen Parke,> D. Rainwater,’ and D. Stuart!
LParticle Physics Division, Fermi National Accelerator Laboratory, Batavia, Illinois 60510

2Department of Physics, University of California, Davis, California 95616

3Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510
(Received 28 June 2000)

The production of a standard model Higgs boson in association with a top quark pair at the upcoming
high luminosity run (15 fb™! integrated luminosity) of the Fermilab Tevatron (y/s = 2.0 TeV) is revis-
ited. For Higgs masses below 140 GeV we demonstrate that the production cross section times branching
ratio for H — bb decays yields a significant number of events and that this mode is competitive with
and complementary to the searches using pp — WH, ZH associated production. For higher mass Higgs
bosons the H — W* W~ decays are more difficult but have the potential to provide a few spectacular
events.

+ Very challenging mode, requires tour-de-force analysis

+ Important backgrounds from tt+X, typically poorly known theoretically and
experimentally

+ The only channel that offers direct probe of the Htt coupling at tree level

+ Long history: from the first paper suggesting this as a promising channel at the
Tevatron (2001), to “oscillations” on whether it is feasible at the LHC, to first
successful analysis a decade later

® First search: CDF, PRL 109 (2012) 181802 (August 2012)
® First LHC search: CMS, JHEP 05 (2013) 145 (March 2013)

+ Today, we are close to an answer to the feasibility question!
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[ JCMS Search in ttH(bb+)

+ New analysis; supersedes recent publication arXiv:1303.0763 based on 5+5 fbo

®© Updated to the full 2012 statistics (7 TeV not reanalyzed) and added the tt decay
channel (8 TeV only)

® tt decays are reconstructed in the lepton+jets and dilepton channel; 2 or more b-tagged
jets required for the ttH(bb) search

® H(tt) decays are looked for in t,;t, channel, with tt decaying in lepton+jets, with 1 or 2
b-tagged jets

® Signal extraction via BDTs; separate BDTs for each jet and
b-tagged jet multiplicity CMS PAS HIG-13-019

Lepton + 26 jets + >4 b-tags ~ CMS Preliminary {s=8TeV,L=19.4 o' Dilepton + =3 jets + =3 b-tags CMS Preliminary s =8 TeV, L = 19.45 f&" 7,7, +2 6 jets + 2 b-tags, CMS Preliminary, Vs = 8 TeV, L = 19.5 fty|
F - 71) B T+ cT(51.8) NI+ (33.3) F . EwK 40 f4V(1e) I singlet(17.3) 30F m Tww, Wz, zz W +jets

[ W + bD (78.2 I single t 7-3; tT+WZ(5.8 — i+ bb (79.9) B ti+b (148.6) W ff 4+ cT (146.9) C
I EWK ( §| ) ) ( 43_0) - i (288.7) —+— Data (774.0)  £Z] Sum MC (733.7) S T Wiz
— tiH125 ( 8.3x30) T tH125(11.2x65.7)

26 jets, 4 b-tags| | ... 23 jets, ttH(bb)— [ S AR
ttH(gb) | ™ =3 b-tags 7/ 26 jets, 2 b-tags _

—+— Data (260) 72 Sum NIC (2

7

80

60

40

20

2

25

1 1.5
1
05

208 06 04 02 0 02 04 06 708 06 04 02 0 02 04 06 08 4708 06 04 02 0 02 04 06 08 1
MVA output BDT output BDT response
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+ ttH(bb+r) results:

© CMS: u<5.2(4.1 exp.) @ 95% CL

4+ Also recent results in ttH(yy) channel

® All-hadronic and semileptonic tt decays with
loose selection and at least one b-tagged jet

o))
-
<
oL
S
L
(2
o
(72)
=
o

® Analysis of the diphoton mass spectrum
similar to that in the H(yy) analysis

© CMS: u<5.4 (5.3 exp.) @ 95% CL,
® ATLAS: p < 5.3 (6.4 exp.) @ 95% CL

CMS preliminary Lepton+Jets, Dilepton, Tt Vs=8TeV,L=19.5fb"
-~ Opsenves ttH(bb+tr)
ttH(125) injected

- 888 Expected + 1o
Expected + 20

-
H

=y
N

-
o

o

&
S
S
c
6
=
E
1
(&]
2
N
=]

—
L W~

I I135I = I140
my, (GeV)

ATLAS-CONF-2013-080

95% CL limit on 0“'"/0‘8“,;'/I

Combination

Lepton + Jets

Dilepton

Hadronic tt

CMS PAS HIG-13-015

CMS Preliminary (s=8TeV,L=19.5fb"

=5 Expected + 10
Expected +2 o

— QObserved

ca v by |
10 15 20 25 30 35

95% CL limit on o/og,, at m,, = 125 GeV

T 1 T T T T T T
— Observed CL, limit  H — yy
—— Expected CL, limit  ttH channels comb.

10 ATLAS preliminary

*20 Data 2012 Vs = 8 TeV

f Ldt =20.3 fb
ttH(yv)




ttH in Multileptons

+ New analysis exploring various top and Higgs decays
resulting in like-sign dilepton, trilepton, and quadlepton
final states

+ An excess (~2.50) seen in likesign dimuons has been
extensively scrutinized and demonstrated to have all the
features of a statistical fluctuation

® Qverall consistency with the SM: 3%

{s=8TeV, L=19.6fb" (s=8TeV, L=19.6fb"
CMS Preliminary |-=-Observed CMS Preliminary my =125.7 GeV

_ &8 Exp. (68%) ~
my=1257 GeV | o - 5 ﬁ combined p = 3.7""¢

four-lepton B
u < 6.8 (8.8 exp) four-lepton | .

trilepton trilepton |
u<6.7 (3.8 exp) u= 2.7j12_~§
dielectron
dilepton
u<9.1(3.4 exp)

CMS PAS HIG-13-020

combined M electron- muo.n
u<6.6 (2.4 exp) "= 1_9+§.§

L e e I T N N

3456 10 2030 -6-4-202 46 81012

95% CL upper limitonu = 0/0S Best fit u = o/oSM
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CMS ttH Combination

+ CMS combined results: gmg ,'322 2:312812

CMS PAS HIG-3-020
® B < 4.3 (1.7 expected) and arXiv:1303.0763

e p =251, 2.50 evidence for ttH production

+ Closing on the SM Higgs boson sensitivity!

® Soon to become the 6th of the “big” channels and can be
moved into “visible” category of my talk!

. {s=7TeV,L= 5.0fb" CMS Prelimi =7TeV,L=5.0fb";{s=8TeV,L=19.5fb"
CMS Preliminary  bb,tt,yy,WW,ZZ {e-8TeV L =195 fo" reiminary ls=7Te ls=8Te
E=8 Expected = 10

—*— Observed --- Expected = 20
ttH(125) injected — --- Expected (sig. inj.)
: : —& Observed
B Expected = 1o

Expected + 20 Hadronic tt
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Invisible Higgs Decays

+ Given the accuracy of present measurement of
Higgs branching fractions, there is a lot of room
for non-SM decays, e.g. decays into invisible
particles

+ Many theoretical models predict such decays, e.g.:

® Higgs coupled to light dark matter
® Hidden valley models
® Right-handed neutrino models

+ Search is done in associated production with the

Z boson decaying leptonically

®Discriminating variables: ME; (ATLAS),
M, (CMS)

+ATLAS (4.7+13.0 fb ): e
©Br(H—y) < 65% (84% exp.) @ 95% CL, o W

my = 125 GeV
+CMS (5+20 fb ):

®Br(H—yx) < 75% (91% exp.) @ 95% CL,
my = 125 GeV

ES

I L=130"

nz Wz
| Top uWwW
u 7z ]
-+ Signal (SM ZH, mH=125 GeV) —

Events / 30 GeV

ATLAS-CONF-2013-011

50 100 150 200 250 300 350 400 450
ET [GeV]

~N 0
o
TTTTTTT

(ee+up)

Events / 100 GeV
D
o

A O
TTTTTTT TTTT

CMS PAS HIG-13-018

800 1000
M,(Z,H) [GeV]
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+ CMS also studied a VBF production of invisibly
decaying Higgs boson:

® Br(H—inv.) < 69% (55% exp.) @ 95% CL
4+ Also in HZ(bb):
® Br(H—inv.) < 182% (199% exp.) @ 95% CL
+ Two most sensitive direct searches have been
combined
4+ Further improvement could come from

combination with the similar indirect limit B <
0.52 @ 95% CL

~ CMS Preliminary 55 Expected = 10

. Combination of VBF and Expected + 20
~— ZH channels — Observed

” VBF+ZH:Vs=8TeVL=19.6fb", ZH: ys=7 TeVL=5.1 fo"

CMS PAS HIG-13-013 %
CMS PAS HIG-13-018 |

Inv

—
~

_
N

95% CL limit on BF.

o
o

©
~

o
®
I|I II|II I|III T TT
“‘|‘|\

CMS PAS HIG-13-005

o
[

More on Invisible Higgs

)

95% CL limits CMS Preliminary

—— Observed limit {s=8TeV L=19.6fb"
Expected limit

- Expected limit (10)
Expected limit (2 o)

CMS PAS HIG-13-013

oxBFH—inv)/o _(
K o VBF
- & N o w

©
&)

PR AT ST O AT SO SRS AN SN Y N AN N SR
200 250 300 350m4

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

CMS Preliminary ¥ 68% CL
== 95% CL

+
—*—
p =0.37
-.-——.

Pg,, = 041

Pe _041
M

11 I 111
1.5 2 2 5
parameter value
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More on Invisible Higgs

BROWN

+ CMS also studied a VBF production of invisibly S Prlinn foc T L
decaying Higgs boson: [ 2> b} H(=inv) e
® Br(H—inv.) < 69% (55% exp.) @ 95% CL i ]
+ Also in HZ(bb): ! CMS PAS HIG-13-028 §
® Br(H—inv.) < 182% (199% exp.) @ 95% CL - i
+ Two most sensitive direct searches have been
combined

4+ Further improvement could come from
combination with the similar indirect limit B < : 1
0.52 @ 95% CL ~T6 120 130 140150

m, [GeV]

95% CL limit on o, X BR;,,/0; g

L CMS Prellmmary - EXpeCtedi 10 (s=7TeV,L<51fb"' \s=8TeV,L<19.6fb"

_  Combination of VBF and Expected + 20 2 CMS Preliminary 4 68% CL
~  ZH channels —— Observed = 95% CL

—_
ESN

_
N

” VBF+ZH:Vs=8TeVL=19.6fb", ZH: ys=7 TeVL=5.1 fo"

CMS PAS HIG-13-013 %
CMS PAS HIG-13-018 |

--
—*—
P, = 0.37
*

Pg,, = 041

95% CL limit on BF.

o
o

°
~

o
®
I|III|III|IIIIII
I

CMS PAS HIG-13-005

o
[

Pe _041
M

11 I 111
1.5 2 2 5
parameter value
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More on Invisible Higgs

BROWN

+ CMS also studied a VBF production of invisibly S Prlinn foc T L
decaying Higgs boson: [ 2> b} H(=inv) e
® Br(H—inv.) < 69% (55% exp.) @ 95% CL i ]
+ Also in HZ(bb): ! CMS PAS HIG-13-028 §
® Br(H—inv.) < 182% (199% exp.) @ 95% CL - i
+ Two most sensitive direct searches have been
combined

4+ Further improvement could come from
combination with the similar indirect limit B < : 1
0.52 @ 95% CL ~T6 120 130 140150

m, [GeV]

95% CL limit on o, X BR;,,/0; g

L CMS Prellmmary - EXpeCtedi 10 (s=7TeV,L<51fb"' \s=8TeV,L<19.6fb"

_  Combination of VBF and Expected + 20 2 CMS Preliminary 4 68% CL
~  ZH channels —— Observed = 95% CL

—_
ESN

_
N

” VBF+ZH:Vs=8TeVL=19.6fb", ZH: ys=7 TeVL=5.1 fo"

CMS PAS HIG-13-013 %
CMS PAS HIG-13-018 |

--
—*—
P, = 0.37
*

Pg,, = 041

95% CL limit on BF.
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Invincible Higgs




+ Many extensions of the
SM predict more than one
Higgs doublet

+ A classic realization of
2HDM (two-Higgs-doublet
model) is SUSY, or its
constrained version,
MSSM
© Additional heavy CP-even
neutral Higgs boson H,
CP-odd neutral A, and H*
+ Thus, it’s very important to
continue searches for additional Higgs bosons at high and low
masses, in both SM and exotic decay channels

+ This has been by now realized even by the journal editors!

- WHEPP 2013
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2HDM Search for H(WW)

+ Look for heavy CP-conserving Higgs boson HWW) decays
+ Consider separately VBF and gluon fusion production
+ Probe two type of 2HDM:

® Type | - all quarks couple only to one doublet
® Type Il - all up-type right-handed quarks couple to one doublet, and down-type to the other

+ Ratio of VBF and gluon fusion production is modified

+ Important parameters: tan - the ratio of two vevs, and cosa, which determines
coupling of H to fermions (~ smoc/smB in Type | or to up quarks in Type Il)

' | ' ' 1 T 1 T T T 1 11

ATLAS Preliminary | ATLAS Preliminary |

[Ldt=1310" Vs=8 TeV ] 4 ~.  JLdt=13f0" (s=8Tev
" 2HDM Type-l tanp=20-] o[ L Y, 2HDM Type-Il tanp=20"]
\ H->WW-evuy | - ¥ AN H-WW-—evuyv ]

- Exp. 95% CL 7]
) ; — Exp. 99% CL ]
— Exp. 99% CL | [ N e = Obz 95% CL |
[ Obs. 95% CL [ T [ Obs. 99% CL
- Obs 99% cL ] 1 ]

THO 560250 300 150 200 250 300
m, [GeV] M [GeV]

- Exp. 95% CL 7]
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MSSM Higgs Searches

+ Most recent results on the H/A(zt), including the new LHCDb search
exploiting t’s in the forward region

- WHEPP 2013

4+ Also, limits on charged Higgs from top decays in tv (ATLAS+CMS)
and cs (ATLAS) channels and search for NMSSM h — a°a° — 4p
(CMS, DO), 4y (ATLAS) and a; — 21 (ATLAS & CMS), as well as

Y(1S,2S) — a’ — Ty, uuy (BaBar, Belle); and ggy, and ssy (BaBar)

ATLAS-CONF-2012-094 CMS PAS HIG-13-021

CMS Preliminary, H—tt, 4.9 fb'at 7 TeV, 19.7 fb™ at 8 TeV

[ . N I T T T
- ATLAS Preliminary f [ MSSM m;™ scenario Mgysy =1 TeV
_ MSSM combination
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MSSM Higgs Searches

+ Most recent results on the H/A(zt), including the new LHCDb search
exploiting t’s in the forward region

- WHEPP 2013

4+ Also, limits on charged Higgs from top decays in tv (ATLAS+CMS)
and cs (ATLAS) channels and search for NMSSM h — a°a° — 4p
(CMS, DO), 4y (ATLAS) and a; — 21 (ATLAS & CMS), as well as

Y(1S,2S) — a’ — Ty, uuy (BaBar, Belle); and ggy, and ssy (BaBar)

ATLAS-CONF-2012-094 CMS PAS HIG-13-021

CMS Preliminary, H—>tt, 4.9 fb'at 7 TeV, 19.7 b at 8 TeV
T I T T T I T T T

-
o

- ATLAS Preliminary q
[ MSSM combination
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N Additional Higgs Searches

BROWN

+ vy/WW channels (shown earlier in the talk)
+ Invisible channel: + Heavy Higgs decaying into ZZ(llvv) or ZZ(lljj)

CMS preliminary, /s=7 TeV [ L= 5.0fb™, Vs=8 TeV fL= 19.6fb™"

T T
ATLAS Preliminary Sznsw*BR(ZH- Il inv)
ZH->li(inv)
Vs=7TeV, [ Ldt=4.7fp" — Observed
Vs=8TeV, | Ldt=13.0fb" Expected

- +1c

g CMS PAS HIG-13- 014

expected = 20
—e— observed

‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\I\\\—L

95% CL limit: 6, xBR(ZH-l inv) [fb]

\
120 140 160 180 200 220 240 260 280 300

my [GeV]

ATLAS-CONF-2013-011

eliminary 2012 5.3,19.6 fb™ (s = 7,8 TeV

P [ N
600 800 1000 Expected

CMS Prellmmary . Expected + 68% CL
T [ ] Higgs boson mass [GeV] ! P e
ZH-II+MET ,% OZH smX RZHQHH,“,? []"Expected = 95% CL

Vs=7 TeV, [ L=5.1 b . Observecjl

Expected
[ Expected + 10
[ ] Expected = 20

s=8 TeV, f L=19.6 fo™

Limit 95% CL

S T T T 300 400 500 600
105 110 115 120 125 130 135 140 145 5
M, [GeV] m, [GeV/c?]

'im

95% CL limit on o, xBR,, ., [fb]

CMS PAS HIG-13-018

(o)
o
o
(Q\]
o
(Al
LL
=
1
©)
I
-
()
e
)
-
©
(%]
()
=
O
S
(4]
(D)
0p)
(2}
c
o
(2}
o
a8)]
()
(®))
=
I
1
(@)
.
(V)
O
(]
§®)
C
(]
—
(@)
()
S
Q)
<
T¢)
()}
2
n




EIEVA
=1l

os]
=
(@)
2 =
Z,

High-Mass Higgs Boson

A combined high-mass ZZ search to full statistics
® Probes SM-like heavy Higgs up to ~900 GeV

® Also explore modified couplings and reduced (by C’?)
width of an additional Higgs boson

Y/ CMS preliminary, ys=7 TeV [ L= 5.0fb”, ys=8 TeV [ L= 19.6fb™
*C2+C2%=1 ARE =

+

0)

new

o
®

CMS prel|m|nary fL =5.0fb™ at \F_7 TeV fL=19. 6fb at \/§_8 TeV

2(11)2(w)+2(||)Z(u)+2(||)z(||)

CMS PAS HIG-13-002,
HIG-12-024, HIG-13-014
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Higgs: Boosted Topology

+ New search in the W(Ilv)W(“j”) channel in a
boosted regime
® Sensitive to Higgs masses above ~600 GeV

+ Also tt resonance searches can be
reinterpreted as limits on a heavy Higgs boson

CMS Preliminary, 193fb at /s =8 TeV, e+u

W(lv)+“jet”

L 95% C.L Observed Limit . MR L : M M .2.5....

T 7T 1T T
Vs=8TeV ———— Obs. 95% CL upper limit
Exp. 95% CL upper limit

[ Exp. 1 o uncertainty
Exp. 2 © uncertainty

Leptophobic Z’ (LO x 1.3) -5
ATLAS Preliminary

| Ldr=14310"

6, x BR(Z'— tt) [pb]

—_
o

©

95% C.L.Expected Limit Z mass [TeV]

[ +10 Expected Limit CMS, L =19.6 fb", /s =8 TeV 10% Width Assumption
E +2 o Expected Limit
—— SM Expected

CMS PAS HIG-13-008

95% CL limit on ology,

—— Expected (95% Bayesian)

—— Observed (95% Bayesian)

' Z' 10.0% width, Harris et al (x1.3)
|| =1s.d. Expected
[ |+2sd Expected ..

CMS PAS B2G-12-006

1 1 1 1 1 1 1 [ 1 1
| | | | | | | | 1111 | 1111 | 1111 | 1111 | 1111
(6)300 650 700 750 800 850 900 950 1000 800 1 000 1 200 1400

Higgs boson mass (GeV/c?) tt Invariant Mass [GeV/c’]

T T IIHIII

—

T T lllllll

Upper Limit o, x B [pb]
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IIHI
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4+ Light Higgs boson discovery implies that the SM can not
be a complete theory up to the Planck scale

+ It’s light enough to be a MSSM Higgs, but yet too heavy
to obviously prefer MSSM vs. SM!

® Had it been just 10% heavier we would probably stop
talking about low-scale SUSY!

+ If we found the SM Higgs boson, we now need to explain
the EWSB mechanism, i.e. what makes the Higgs
potential what it is (explain the origin of the A term in the
Lagrangian)

® |t looks more and more like the SM Higgs boson, but there
is still room for surprises!

4+ Vacuum stability arguments require new physics to come
at ascale ~10 GeV or less

® Curiously points to a similar scale as suggested by the
neutrino mass hierarchy via see-saw mechanism

+ Nevertheless, a metastable vacuum could survive w/o
new physics

4+ In a sense, a 125 GeV Higgs boson is maximally
challenging and rich experimentally, but also inflicts
“maximum pain” theoretically, as it is not so easy to
accommodate

Instability scale in GeV

I experimental errors 68% CL:

LEP2/Tevatron: today

M, =123 .. 127 GeV,

Heinemeyer

I arXiv:1301.7197

SM|M,, = 127 GeV MSSM, M, = 123..127 GeV.

SM, MSSM [:
Heinemeyer, Hollik, Stockinger, Weiglein, Z

168 170 172 174 176 178

1o bands in

M) =0.1184 £ 00007 |

Degrassi et al.
arXiv:1205.6497

172 173 174 175

Top mass M, in GeV

176




+ The simultaneous measurement of the Higgs boson and top quark masses allowed
for the first time to infer properties of the very vacuum we leave in!

®© We are in a highly fine-tuned situation: the vacuum is at the verge of being either stable
or metastable!

® ~1 GeV in either the top-quark or the Higgs boson mass is all it takes to tip the scales!

Perhaps Nature is trying to tell us something here?

® Very important to improve on the precision of top quark mass measurements, including
various complementary methods and reduction of theoretical uncertainties

® Tevatron is still leading with the new combined M; result, but LHC is catching up quickly!
180 2

10 A
- ~ .10 1 LHC m,,, combination - September 2013, L_=3.51fb"- 4.9 o™
-~ Meta=stability. - -~ ATLAS + CMS Preliminary, (s = 7 TeV
. ST T e — 172.31x0.23 = 0.72+ 1.35
ATLAS 2011, di-lepton
Ly =47 0"
CMS 2011, I+jets
Ly =4.910"
CMS 2011, di-lepton
Ly =4.910"
. ] CMS 2011, all jets
Stability 1 Ly =351

LHC September 2013 — e — 173.29 + 0.23 = 0.26 = 0.88

—_— 173.09 = 0.64 +1.50

— e — 173.49 = 0.27 + 0.33 = 0.98

— 172.50 + 0.43 += 1.46

_ = 173.49 + 0.69 = 1.23
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| 125 0 Tevatron March 2013 =i 173.20 + 0.51+ 0.36 + 0.61
(stat.) (JES)  (syst)

| | | | : | | | |
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e
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Degrassi et al, arXiv:1205.6497
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Future of Higgs Studies

1+ Number of dedicated studies from ATLAS and CMS

© ESPG submissions, Nov 2012
<+ ATLAS-PUB-2013-004
<+ CMS Note 2012/006

® Snowmass contributions, July 2013
<+ ATLAS: arXiv:1307.7292
<+ CMS: arXiv:1307.7135

@ ECFA submission, October 2013
+ CMS: two scenarios

® Scenario 1: all systematics are unchanged

® Scenario 2: experimental systematics scale as 1/,/[Ldt;
theory uncertainties are halved
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Higgs: Signal Strength

BROWN

ATLAS Simulation WW | ZZ bb T Zy i

] . . [6,11] | [7,11] | [11,14] | [8, 14] | [62, 62] | [40,42]
\E =14 TeV: _[Ldt=300 fb ; _[Ldt=3000 fb ! [4,7] [4,7] (5, 7] [5,8] | [20,24] | [20,24]

[Ldt=300 fo" extrapolated from 7+8 TeV CMS Projection
T 1T | 1T | T T T T T T T T T T T T T T T T T T T T T
$ : Expected uncertainties on — 300fb™at Vs =14 TeV Scenario 1
Higgs boson signal strength 1 3001b™at Vs = 14 TeV Scenario 2

H—pp
ttH,H—uu

H—>YY T

VBFHow B e :
H— ZZ . Ho 22
VBF,H-> WW

H— WW
VH,H—yy

H— bb ]

H—=11 ]

L ‘ L L I L
0.10 0.15
expected uncertainty

CMS Projection

T T I T T T T ‘ T T ‘ T T T T I T T
Expected uncertainties on F—1 3000 b at Vs =14 TeV Scenario 1

Higgs boson signal strength — 3000 b at Vs =14 TeV Scenario 2

ttH,H—yy
VBF,H—yy

CMS Collaboration
arXiv:1307.7135

H—=yy

Hovy ) g v
H-yy i H— 2z

(o)
o
o
(Q\]
o
(Al
LL
=
1
)
I
—
()
e
+—
-+
©
(%]
()
e
O
S
(4]
(D)
0p)
(2}
c
o
(2}
o
a8)]
()
(®))
o2
I
1
(@)
.
(V)
O
(]
§®)
C
(]
—
(@)
()
S
Q)

H— bb

H—1tt

ATLAS Collaboration ‘ L 1
arXiv:1307.7292 0.00 ' 0.1e(;(pected u%c!grtainty

Slide 61




' Coupling Determination

L (fb~ 1) Kw Ky Kp Ky Kt K7y Kup BRgym

ATLAS Simulation 300 [4,6] | [4 6] [10,13] | [14, 15] | [6, 8] | [41, 41] | [23,23] | [14, 18]
3000 [2,5] | [2 4] [4,7] | [7,10] | [2,5] | [10,12] | [8,8] | [7, 11]

(s =14 TeV: [Lat=300 fb"; [Ldt=3000 b | = ous procte oS Proeton

_ -1 Expected uncertamtles on 1 300fb"at fs=14TeV Scenario 1 Expected uncertamhes on 1 3000 o™ at {5 =14 TeV Scenario 1
J.Ldt—300 fb eXtrapOIated from 7+8 TeV Higgs boson couplings 1 300" at fs =14 TeV Scenario 2 Higgs boson couplings = 30000 at {5 =14 TeV Scenario 2
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expected uncertainty expected uncertainty

CMS Collaboration, arXiv:1307.7135

L(fb") [ ke -z/ kn | ky/xz | kw/xz | kp/K7 | ke/xz | K2/K0 | Ki/%g | Ku/%z | K74/ %7
300 [4,6] [5,8] [4,7] [8,11] [6,9] [6,9] | [13,14] | [22,23] | [40,42]
3000 [2,5] 25] | [23] | [35] | [24] | [35] | [68] 78] | [12,12]

CMS PrOJectlon CMS Prolecnon

T — T T — T T
Expected uncertalnnes on 1 300fb™at fs = 14 TeV Scenario 1 Expected uncertalntles on —1 3000 at fs=14TeV Scenario 1
Higgs boson couplings ratios 1 3001 at is = 14 TeV Scenario 2 Higgs boson couplings ratios 1 3000 at fs=14TeV Scenario 2
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BN Spin and VV Scattering

+ Pseudoscalar admixture:

CMS Projection
FroT TTT T 1T

—

= DD W0 & OO O N 0O © O
TTTTTTTTTT T T TT T T T T TT T TTTT T TTT

= ATLAS )
- Simulation
- Preliminary

— 3000 fb

Significance [oc]

- —300 fb

e {5=14 TeV, L= 300 fo” (Scenario 1)

--- {s=14 TeV, L= 3000 fb' (Scenario 1)

arXiv:1307.7135

CMS Collaboration
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f fr/A* (VBS W*ZFVIT) [TeV™]

+ VV scattering and aQGC

Significance 3o S 300 fb_l 3000 fb_l

SM EWK Scattering Discovery 75 fp~1 185 fp—1 f T1 / A4 1.3 TGV_4 0.6 TCV_4

Fr1/A*at300 fp—1 0.8 TeV™* 1.0 Tev—
Fr1/A* at 3000 fp—! 0.45 TeV—* 0.55 Tev—*
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CMS Preliminary {s=7TeV,L<5.1fb" Vs=8TeV,
[ T T T T T 1T II T T T T T T 71T

L<19.6fb"
[T

+Higgs physics remains the apex of the LHC
program

+ Amazing progress since the discovery of a
Higgs boson just a year ago:

®Seen beyond any doubts in three bosonic
channels

®|_ooks more and more like the SM Higgs boson
®No evidence for non-SM decays yet

®No evidence for additional Higgs bosons at
i 1 IIII 1 1 1 11 I m
higher or lower mass so far %0 st

+ Coupling to the top quarks has been established mass (GeV)

indirectly via gluon fusion production mechanism CMS PAS HIG-13-005

+ Couplings to the down-type third-generation fermions are established directly at
~40 level

+The spin and the mass of a new state have been determined

+Many new directions of studies, with an exciting LHC program that will last some
two decades
© Cf. nearly 20 years of beautiful top physics since its discovery in 1995

+The goal is to shrink the error bars to dots on the “Regge plot” above and fill it in

| [=68% CL
| |—95% CL
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Thank You!




