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Outline

@ The Higgs boson in the SM

© What do we know today?

© What else will the LHC tell us?

© What can we learn from an et e~ collider?

@ Summary
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The Higgs boson

The Higgs boson plays a special role

@ “1/3 of the Standard Model”: Higgs field breaks
electroweak symmetry and gives rise to particle

masses

@ The only fundamental spin-0 particle

S ) Nobel prize for F. Englert and P. Higgs after
g \ discovery of a new particle consistent with the
- Higgs boson by CMS and ATLAS

2013 NOBEL PRIZE IN PHYSICS
Francois Englert
Peter W. Higgs

Discovery of a Higgs boson brings questions and opportunities
@ Detailed measurement of properties: consistent with SM predictions?
@ Many extensions of the SM predict additional Higgs bosons
* Models often contain one SM-like Higgs boson — need precision

measurements of the properties of the new particle
* Finding an additional Higgs boson would be an unequivocal sign of new

physics
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July 2012: discovery of a new particle.

" [TatLas

2011-12 5=7-8TeV

With the data taken 2011, and

~ 5 fb~1 of data taken during 2012,
the CMS and ATLAS experiments
clearly discover the new particle with
> 5 o sigificance

@ Driven by decays to boson
pairs: vv, ZZ, WW

Focus since summer 2012:
@ Study of the properties of the
new particle
@ Search for decays into fermion
pairs
* First evidence from Tevatron
in 2012
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What do we know today? }
Measurements at hadron colliders

I will show examples for results from one (or two) experiment(s), in general
results from CMS, ATLAS and Tevatron are in good agreement.

Oct 28, 2014 5/29



The Higgs boson at the LHC.

Higgs boson production

2 forward jets, little
hadronic activity in
between

Main production
channel

Higgs boson decays
=

Al
LHCHIGGS XS WG 2011

Higgs BR + Total Uncert

q v 9 osooooy—>— 1
\%

W —

q \\\H —

g TO0000—<— ¢
Tag W and Z
leptonic and Tag 2 top quarks
hadronic decays

5 main decay channels at LHC

Decay branching fractions @ mpg =
125 GeV

H — bb 57.7%
H - WW* 21.5%
H — 711 6.3%
H— Z7Z* 2.6%
H — ~y 0.23%
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Mass measurement

@ Measured in high resolution channels H — v and H — 4¢
@ Careful calibration of electromagnetic calorimeters and muon momentum

scale
cMs Vs=7TeV,L=511b"; 5=8TeV,L=197fb
> - ——
O 3O~  Dat a -
cMs zz —_— o F Comei2sGev  &°F
B w3 | Oz O E
~ F EBz+X 210k
cMS vy —— w F g1
L 251 & E
o f
CMS comb e L|>.I 20:7 :j 3
[ F OF=S0 20 T30 40 150
ATLASZZ | — @ 155
ATLAS 77 —— 101 i =
B 50 -
ATLAS comp —— 1 b ‘
L L L 1 1 1 ol | ~ It . i oo 1
124 s Amoams e W %80 100 200 300 400 600 800
m,, [Ge
" m,, (GeV)

@ Precise mass measurement is an important input to couplings
measurements

* E.g. Ampy = 0.2 GeV shifts prediction for BR(H — ZZ) by 2.5%
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Decays to fermions.

@ More challenging to observe than decays to bosons, but important to
understand coupling of Higgs to SM particles

H — 711 H — bb
3 o ——— T T T 3 = -
15} [ ATLAS Preliminary o Data ] < 500 Tgxﬂa}_r‘onb%un Il,g__m‘; 10 fb — Measured
S 80 H- tt VBF+Boosted ~ — H(125) (u=1.4) | 3 —bb com In-atlo: et E f;sg
% F _ -1 N Zo a1 T b = Predicte +2s.d.
g flocTTevash | I Others ] T 500 -—= Gy x 1.5 (m,=125 GeV/c?)
:’: 60~ 1s=8TeV,203f0" o pum Fakes - = - poimaeind
s r 777 Uncert. q 400 O x 1.0 (my= eV/ct)
r b i
@ 40— E &
2 ] %300
T 20 . &

n
o
]

0
§ 207—;4(125)1;‘:1.4;‘ o J 100
B fe H(110) (u=1.6) ‘ ‘ : J
g 10p rosowes E %0 100 110 120 130 140 150
g 9 m,, (GeV/c?)
§ 50 100 : 150 200 Important channel to constrain total width

miC [GeV] due to large BR
CMS

prr =0.81+0.3 320 (3.70exp)

uppy = 1.0 £ 0.5 210 (2.3 0 exp)
ATLAS p = gmeas Tevatron
I9SM
prr=144+04 450 (350 exp) Mo = 1.6 £0.7

upp = 0.5+0.4 140 (260 exp)
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Measurements of production and decays.

ATLAS Prelim. |—o(stat)  Total uncertainty
my=12536GeV | _,(Rsine) | tlsonp
Ho vy R
w=1.17:52710% T
| |
H—-ZZ* - 4l iy —_—
W= 1.4473491°0% —_—
| |
H— WW* > Iviv |32 —_—
p=1.08922['81 il
arXiv:1409.6212 L
W,Z H— bb G| =1
p=0593eE|  ——
ATLAS-CONF-2014-061 -
H- 1t 03 —_—
w=1.4734183 ——

\s=7TeV [Ldt= 4547 b

\s=8TeV [Ldt=20.3 10"

1 1
05 1 15 2

Signal strength (1)

Signal strength pt = o'meas/Tsm

@ Separate production modes by their

specific signatures

19.7 b (8 TeV) + 5.116" (7 TeV)
Rl -

6
g LT 4 H— rrtagged
IS-‘; I CMS H— WW t d
S I Preliminary * HoWiwtagge
= L 4+ H— 2ZZtagged
4+ H — bb tagged
t H — yy tagged
2 [ —]
o+ 4
PSR B R RS | TN S R Rt
-1 0 1 2 3
ggH,ttH

Consistent with SM predictions within
current uncertainties
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Couplings to (SM) particles.

ATLAS Preliminary Total uncertainty
Introduce coupling modifiers «; m, = 1255 GeV tio  *2¢
. MOdEl: &5, Ay Ay Ao Az Mgy K]
@ Assumes no other differences to SM Pat 02‘0'74, /
(single state, narrow, 01, only e Loy b bt
modification of couplings) Pgh-080° N I |
@ Without further assumptions, LHC can D e
measure ratios: A\;; = k;/K;, Pgl=03551 | ‘ L
Kij = I{iK,j/I{H )
* kg Width scale factor Pegl=0.907 CH N L P
Most generic fit from LHC ygl=0.7370% »
@ Free couplings to SM particles e
@ Allow for BSM contributions in loops R o A R
(99 - H, H — v7) Iegl=1180 1| [
@ Allow for invisible and undetected final 0 05 1 15 2
\s=7TeV [Ldt=4.6-4.8 10" Parameter value
states \s=8TeV [Ldt=20.3 1"

Combination not yet updated to newest
measurements

[ATLAS-CONF-2014-009]
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Probing Higgs boson quantum numbers.

SM: JP = ot

Angular distributions
sensitive to JP

Test of alternative J* hypotheses in WW and ZZ

197 &7 (8 T 4 B4 16T T
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@ All tested alternative models excluded at >99.9% CL

@ Higgs boson very SM-like
@ Does not exclude admixture of CP-odd state to SM-like 0+

-z

g oh g
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...and more.
tt H production

Combining measurements in several
decay channels

GMS 15=7TeV, 5.0-5.1 1% (5=8TeV, 19.3-19.7 f"
Yy =
bb
T — L
4 ——
3l .
Same-Sign 2| — ——
Combination — —a—
B T T R S S R R

Best fit o/og, at m, = 125.6 GeV

@ Direct access to top Yukawa
coupling

CMS
3.4 o (2.3 o exp.) significance
Meipr = 2.8 £1.0
(Compatibility with SM ~ 2%)

Differential cross sections

T
ATLAS

= T T T
% ~4- data ~ syst.unc.
o 7
g —5H (MNLO HU=Pv8) + XH |
= (Ko = 1.54)
-
Q - XH = VBF s VH+ ItH,
o
2
10" E
Hoyy, s=8TeV
JLm:zo,alb‘
Ngo20 77777 7remees
L
c T
k=]
k3]
5 2
aQ
g 0
& L L L L
° 0 20 40 60 80 100 120 140

Pl [GeV]

@ Model-independent
measurement of production and
decay kinematics

@ Can be compared to precision
predictions

v
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Searches for non-SM Higgs bosons

Search for narrow high mass states

@ SM-like couplings of the Higgs at 125
GeV imply suppressed couplings of
potential heavy Higgs boson to W and Z
(in many models)

@ Limits for decays of a heavy state into
WW, ZZ and v~

95% CL Limit on ¢ x BR [pb]
e,

o
o

10°

E ATLASPreliminary
[ HoWWoevuy, NWA
\s=8TeV [Ldt =207 fb"

—— Obs. ggF+VBF
---- Exp. ggF+VBF

| | | | I | I |
300 400 500 600 700 800 900 1000

m, [GeV]
o

h,H A — 1
@ Important search channel for MSSM

@ Need to ensure tested models are
compatible with signal at 125 GeV
* Interpreted as light Higgs h in this
scenario
@ Large regions of parameter space
excluded

60 CMS hHA-w 19.7 f" (8 TeV) + 4.9 fb™ (7 TeV)
S L S B o e w7
CL(MSSM,SM)<0.05] ]

5O | Observed ]
----- Expected ]

+16 Expected ]

40 B
+ 20 Expected 1

30 1
20 E

— mie #125:3GeV| ]

200 400

MSSM m* scenario

600 800 1000

m, [GeV]
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What else will the LHC tell us?

Projections for 300 fo—! and High-Luminosity

LHC

CMS
Scale signal and background yields of current analyses

@ Unchanged systematic and theoretical uncertainties
@ Systematic and theoretical uncertainties scaled with 1/+/L and 1/2

ATLAS
Efficiency and resolution parametrizations derived from simulation

Oct 28, 2014

14/29



Coupling measurements. ATLAS Simulation Preliminary

1s =14 TeV: [Ldt=300 b ; [Ldt=3000 b

CMS Projection
: : ; ‘ LI
Expected uncertainties on 1 3000 " at {5 = 14 Tev Scenario 1 Koz
1 3000 5" at 5 = 14 TeV No Theory Unc.

Higgs boson couplings
Mz

Ky
Ky ——+H——

Kz, (—+—

Ky f——rt—o

K, p—t—
K
K ——m——

Assumption:
Kw,z <1

L T ST SR N T T T S N SR
0.00 0.05 0.10 0.15
expected uncertainty

@ Coupling ratios can be measured at several '
%-level with 3000 fo—1 Y e

@ HL-LHC will improve experimental precision 0 0.05 0.1 0.15 0.2 0.25
by a factor 2-3 MXY=A(§—>Y<)
Projections done as coupling (ratios) in Run1, but will more likely be done in a

more general framework going beyond a simple rescaling of couplings:

effective field theory approaches, form factor parametrizations, ...
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CP and ttH.

CP-odd admixture i, - -
~ o0 9
A(H = 22) = o™ (ameje; + mfyl f @M wag il prom) 2
X E E
° Constra‘in‘zCP-odd cross-section contribution  © b el E
= 18708 57 =
S = ooy TasPs from kinematics in H —s 4¢ £ E
@ Even large admixture of CP-odd state would
not lead to large cross-section contribution i3
(loop suppressed)(snowmass target: 107°) O s ok d a5 G Gl e 6 4
@ 95% CL at 3000 fo—! f,3 < 0.04 faa
tt_H in H — Yy é 3001 ATLAS Simulation Preliminary i
L. . g E t Ldl:auaa'b‘,\s:MTeVE
@ 8.2 o at 3000 fo—! combining leptonic and £ wofhy, 4t 4t S ]
. .= & ++*+'"¢+~i 1
semileptonic tt g e ]
100~ s "4»'*4"* )
o Ap/p ~ 20% from H — ~~v g ]
* Ap/p ~ 16% when combined with H — 4¢ l L G st o]
and H — pp (Ap/p ~ 10% without At
theoretical uncertainties) o E e
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Rare decay modes.

CMS/ATLAS put limits (~7 and ~11xSM)on H — pp and H — Z~

H — Z~
Sensitive to new particles in decay
|00p E‘OODDE——"“E—!‘___%:
EW’OE— 15 =14TeV — Background E
swoof- Jun-a000' ::ﬁ:‘ygﬁ"'a' 3
g JlrJrJr |IJIr|I|I||IlII|-
F abusnuuil
fa M
;‘°°L++ ++||.|.||J_|-|-L—t
Iyl =TT
w 1. 1227 124 126 128 130 132 134 136 n\‘:?GeV]n
CMS 300fb—1 3000 fo—1
Ap/p 62% 20-24%
ATLAS 300fb—1 3000 fo—1
Significance 390

H — pp

Sensitive to couplings to 2nd

generation

CMS Projection, {s=14 TeV
L L e

2AInL
?

-=== L=3000f6 ",

—— L=3000fb"!

r —— L=3007 ', Scenario 1

==== L=300fb ", Scenaria 2

Scenario 2

\Scenario 1 .

05 1 1.5'k
CMS 300 fo—1 3000 fb_u1
Ap/p 40-42% 20-24%
ATLAS 300fb—1 3000 fb—?
Significance 230 70
Ap/u 46% ol Bia
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Higgs pair production (3000 fb—1)

Events/2.5 GeV

—————— Small event yield due to
JPtag small cross section:
"71;,,:\\ Expect 320 events for SM
" ool ————L - - H(— bb)H(— ~7)

ATLAS Simulation Preliminary | £ 120 A TV, P10
& \s=14 TeV, 3000 fb' ? Signiﬁcance for % E gﬂi:::se Il Simulation 1
= H(bb)H(y7) ttHiyy) 1 . 51008 ]

20F ™ bbH(yy) =ix -  HH production L I
Z(bb)H(yy) -%%7 ] 2 sof E

ers H
15 CMS ~2 o 5 60 4
o ATLAS ~1.3 o 2 a0n T
from cut-based é 200 Nominal Luminosilyé
5 e - ]
analyses L - S S
g | | | ~/ Integrated Luminosity [10° fo™]
0 100 150 200 250 )
m,, [GeV] 2d fit of m~~ and my3

@ Differences between CMS and ATLAS being discussed

@ Measurement of self-coupling from H H production needs measurement
of dependence on kinematic variables and will require combination of
several channels
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Search for non-SM decays.

q

q

ATLAS

300 fo—* 3000 fb—*

ZH — Le+invisible | 23-32% 8-16%

Coupling fits

22% 13%

Two approaches (with comparable

sensitivity)

@ Direct search in ZH — £¢+invisible

@ Indirect constraints from coupling

measurements

* Assumptions: no undetectable
decays, tree-level couplings

K',,,;Zl

@ Interpretation in terms of dark

matter particles coupling to Higgs
boson (assume no other H —inv)

* Excellent sensitivity for low-mass

dark matter particles

Oon [cm?]

10%°
10
104
104
1047
10
10°'
103
10%°

10%

T T T

T T T TTTT

T T T T T T T T

=

-\ ATLAS Simulation
“"-.\\ Preliminary

i

\s=14TeV, [Ldt = 3000 fo"
h—yy, h=ZZ*—4l, h->WW*slvlv,
12y, hostr, hsbb, hopp
[ DAMA/LIBRA (99.7% CL) ATLAS (95% CL) in

[ CRESST (95% CL) Higgs portal model:

e gg gca\ar wiMP
[ CoGeNT (90% CL) b |
—— XENON10 (90% CL) #+= Majorana WIMP
—— XENON100 (90% CL) == Vector WIMP —

<.+~ SuperCDMS (90% CL)
...... LUX (95% CL)

|
1 10 10? 10°
m, [GeV]
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What can we learn from an eTe~ collider?
Higgs physics at a Linear Collider
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Higgs at ILC

P(e’, &")=(-0.8, 0.3), M, =125 GeV
400

B
—SMall ffn

— —Z2h

L300f —WW fusion

c ZZ fusion

i)

3]

200 1

]

@

S

=100

O

800 250 300 350 400 450 500

\s (GeV)
Q150, T T T T
. . . § - f ZH=wwX
@ Total Higgs production cross section o canbe @ [ | R
measured from recoil mass 100F [}~ et sonabbecgrons
* 2.5% uncertainty at /=250 GeV, 250 fb—* I I Fitied background

* Inclusive measurement, independent of Higgs

decay

@ Higgs mass can be measured to ~30 MeV

(statistical)

Higgs production

0 . A i
115 120 125 130 135 140
oct BB, gagit /GeV) 20



Coupling measurements

@ Increased cross section for
ete” — Huvvat/s =

350 GeV allows for improved
measurement of total width
'y

Knowledge of o and 'y
allows for model-independent
coupling measurements

Direct measurement of
H — ccand H — gg

Measurement of top coupling
improved by ~ X2 by running
at 550 GeV (instead of
baseline 500 GeV)

%-level measurements of
Higgs couplings

14%

12%

10%

8%

6%

4%

2%

0%

Projected Higgs Coupling Precision, Model 1t Fit

L N 1L.C 250 GeV, 250 fb'® 500 GeV, 500 fb'* 4
250 GeV, 1150 fb” @ 500 GeV, 1600
N 1L 250 GeV, o' GeV, [
ILC 250 GeV, 1150 fb' ® 500 GeV, 1600 o' @ 1 TeV, 2500 o'+ —

I 1L.C ® HL-LHC 3000 fb™' combination **
- * Ref. arXiv:1310.0763, ** Ref. arXiv:1312.4974 1
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How well do we need to measure the couplings?

Want to disentangle various possible extensions (SUSY, composite
Higgs, ...) of the SM, and their parameters
Requires %-level accuracy in measurements of couplings of SM-like
Higgs

Higgs Coupling Deviation from SM

15%

10%

5%

0%

-5%

-10%

-15%

Supersymmetry
(MSSM)

MSSM (tang = 5, M, = 700 GeV)

b t W Z

ILC Projection [Rel. arXiv-1310.0763]
250 GeV, 1150 fb”' ® 550 GeV, 1600 fb”

15%

10%

5%

0%

Higgs Coupling Deviation from SM

-10%

-15%

Composite Higgs
(MCHM5)

MCHMS (f = 1.5 TeV)

c T b t w Z

ILC Projection [Ref. arXiv:1310.0763]
250 GeV, 1150 Ib" @ 550 GeV, 1600 fb”

ILC 250+550 LumiUP
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Spin and CP studies

@ Model-independent measurement of spin
from Z H threshold behavior

@ 3 points in 4/s of 20 fo—1!

cross section (fb)

1E
1 : ¢ AVH 1 0210 220 230 240 250
107 ¢ ¢ £'VBF E
5 e H —»>VV B ¥ (GeV)
102 E
5 735 " A 1 @ CP-odd coupling suppressed by
«—10 % . . % |00p
10k A 1 @ Target precision for fcp
o (snowmass report): 10—2
1050 etes 2 * Corresponds to 10% admixture
of CP-odd state
10°

ee

P 3. P ce2 ce s, 509 €7
'”SV, 304 Tev, 3050GEV 50 ey, OUGEV Tey, 100
016, 3000 437" 250 141 350 42" 500 1,100 15 Oct28,2014  24/29



Higgs self-coupling

—
——— e*+e = ZHH
0.25— —— e*+e - vWHH (WW fusion) 1
. e*+e — vTHH (Combined)
2 o2 M(H) = 120 GeV A
c C
]
3 015 -
12}
2
2
j<§
S o b
005 —
P IS U N RS BRI B
400 600 800 1000 1200 1400

Center of Mass Energy / GeV

@ Difficult measurement due to very small rate and sizable backgrounds
@ Sensitivity much improved at 1 TeV with ete~ — HHvp

* Contributions from background diagrams not sensitive to self-coupling
smaller than for ete™ — ZH H at 500 GeV

v/s(GeV) | 500 500 500+1000 500+1000
L (fo—1) 500 1600 500+1000 1600+2500
AN/ 83% 46% 21% 13%
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Going to higher energies

@ CLIC offers possibility to go to higher

energies
v/s | 350-375GeV 1.4 TeV 3 TeV
L 500 fb—* 15ab™t 2ab~?!

@ %-level uncertainties for coupling

measurements
et Ve
H )
Wy @ Improved sensitivity
~H for rare decays
e Ve
Statistical precision
Measurement Observable 1.4 TeV 3.0 TeV
15ab ! 20ab!
G(HHVeV.) SHHWW 7% (prel.) 3% (prel.)
o (HHVeVe) A 32% 16%
with 80% e~ polarisation A 24% 12%

coupling relative to SM

T A ' '
2 L .
- Mes T
‘T 10F E
0 F tiH HZ
(]

T 1F 3
107F E
10-2 _I (. P T T I S SR T WA AN SR T S S | ]

0 1000 2000 3000
Vs [GeV]
T T
CLIC preliminary 350 GeV
1.4 Model independent O+14Tev _|
® +3TeV
_.”L.l ................................. <
1 H """ s "'I:L'r £ O e B g ,L',LI"ILLJ.
IH ..... Iln T BRSR0 i
I U O RTR <
¢c 1t b t W Z g vy
09 I -
u
L |
E. Sicking @ ICHEP 14 Oct 28,2014  26/29



What can we learn from an et e~ collider?
Higgs physics at an eTe™ circular collider
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Coupling measurements at FCC-ee

@ Starting design studies for two projects: FCC-ee (1/s = 350 GeV) and
CEPC (v/s = 240 GeV))

@ Aiming for very high luminosity — couplings measured with high

statistical precision

@ No direct access to ttH and Higgs self-coupling

Projected statistical precision for a model-independent fit (some systematic uncertainty
estimates included for ILC)

[snowmass report]

Facility ILC ILC(LumiUp) TLEP (4 1IP) CLIC

Vs (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000
[ Ldt (fb~1) 250 +500 +1000 1150+1600+2500f 10000  +2600 500 +1500 +2000
P(e,e™) (—0.8,+0.3) (—0.8,+0.3) (—0.8,+0.2) (same) (0,0) (0,0) (0,0) (-0.8,0) (-0.8,0)
Ty 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%
Koy 18% 8.4% 4.0% 2.4% 1.7% 1.5% - 5.9% <5.9%
Ky 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%
Ky 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%
Kz 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%
K 91% 91% 16% 10% 6.4% 6.2% - 11% 5.6%
Ky 5.8% 2.4% 1.8% 1.0% 0.94%  054%  4.0% 2.5% <2.5%
Ke 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%
Kb 5.3% 1.7% 1.3% 0.8% 0.88%  0.42%  2.8% 2.2% 2.1%
Kt - 14% 3.2% 2.0% - 13% - 4.5% <4.5%
BRi,w 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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Summary.

@ We have come quite far during the last 3 years: from a textbook discovery
to first detailed property measurements

@ LHC will continue to improve the precision of Higgs measurements
* Access to rare decays H — ppand H — Z~
@ ILC offers the possibility for more precise measurements

* Model-independent coupling measurements
* Measurement of Higgs self-coupling

@ Higgs discovery was a major step for particle physics

@ Understanding in detail the nature of the Higgs boson and its role in
electroweak symmetry breaking and mass generation is one of the
primary tasks for the next decades
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Backup




Sachio Komamiya at ICFA seminar at CERN 2011

Prospects of Higgs discovery/studies at LHC
It is very hard to tell the future prospects

without seeing Higgs.

Very short term (in the end of this year)

- 12 T T
2 T L ATLAS Prellmlnary (Slmulatlon) S
=R Vol -@4 50\s=7 TeV —5— 50\s=8TeV . -
%10 : B gerysar Te! T g sza ey
E C X: Y --hi 05% CL\F—'r TV~ _a— 95% CLNs5=8 ]év E
E o0 m |} - . ]
3 8F a |3 Y. [ ]
o 4 b B -
L r il . B
o6 HEECAT s r,,a~—’*”&
o ﬁt- s \L ! D///
] Vol f :
=S YA LR i
B T o 5
= R Y ;
2r TN

200 300 400 500

Integrated
Luminosity in
the end of
2011

~10 fb!
(CMS+ATLAS)

120 GeV SM
Higgs can be
seen with 30

114-600 GeV
with 3¢
SPs 12.9.2011

F. Gianotti
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Status end of 2011.

Close to ~ 5 fb—1 per experiment, combining several search channels

2011 Data ]

. F " ATLAS Preliminary

Local P-Value
3
T

3
%
T
Local p-value

E — Observed
104k -~ Expected

elsewhere effect correction

r ' — Asymptotic Obs.
104k CMS Preliminary, \'s = 7 TeV ® Ensemble Obs. |
[ Combined, L, =4.6-4.7 fb" --o- Asymplotic Exp. | 945

10°F I Ldt=1.0-4.91"
10°E  (s=7Tev

I 1 [0 I I | 1
110 115 120 125 130 135 140 145 150 155 160

1077’ L 1 1 L | 1 I L 1]
110 115 120 125 130 135 140 14,\52 1[50
Higgs boson mass (GeV/c?)

4 [Ge'

@ Local significance 3.6 o @ Local significance 2.6 o
@ Taking into account @ Taking into account
“look-elsewhere effect” 2.3 o “look-elsewhere effect” 0.9 o

Interesting hints, but larger data set needed to be sure
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Mass measurement at LHC.

CMS
mge = 125.6 & 0.4 (stat) + 0.2 (syst) GeV
My = 124.70 & 0.31 (stat) & 0.15 (syst) GeV

Compatible within 1.6 o

mpy = 125.03 £ 0.26 (stat) 4= 0.14 (syst) GeV

-2InA

ATLAS

mye = 124.51 + 0.52 (stat) + 0.06 (syst) GeV °
M., = 125.98 £ 0.42 (stat) & 0.28 (syst) GeV "
3

Compatible within 1.98 o 2

19.7 o (8 TeV) + 5.116" (7 TeV)

2 10 ' T = Combined
i 9F grylliginary —— H - yy tagged
— H— ZZtagged
N 8fHoyy+H—-2ZZ 22 tagge
"7E (et
(VBFVH)
6 £
5
4F
3
of
923 124 126 127
m (GeV)
7ET T T T T T T
L ATLAS —— Combined yy+4!
g 15=7TeV [Ldt=4.5" —Hoyy =
E 1s=8TeV |Ldt=203 1"  HoZZ o4

------ without systematics

20

mpy = 125.36 1= 0.37 (stat) £ 0.18 (syst) GeV G

| | | | NS | I
123 123.5 124 124.5 125 1255 126 126.5 127 127.5

m, [GeV]
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Higgs self-coupling.

Brout, Englert, Guralnik, Higgs, Hagen, Kibble
Introduce a scalar field with vaccum expectation value v # 0

+
d(x) = <(§>0((::))> — (o) = 7 <2> (choose gauge)
with potential V' (¢) = —p?|¢Tp| + 2 (|¢T¢|)2

@ Measurement of triple Higgs couplings h o 3( 'n
gives access to A parameter of Higgs o - Y
potential R Nk h 7 N h

@ Direct evidence for vacuum condensate o K ”

@ Crucial (though difficult) test of Higgs mechanism
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Higgh self-coupling: going to higher precision.

HL-LHC  ILC500 ILC500-up  ILCI000  ILC1000-up  CLICI400  CLIC3000 HE-LHC  VLHC
Vs (GeV) 14000 500 500 500/1000 500/1000 1400 3000 33,000 100,000
J cdt vy | 3000/expt 500 1600¢ 50041000 1600425001 1500 +2000 3000 3000
) 50% 83% 16% 21% 13% 21% 10% 20% 8%
LHC HL-LHC
+ILC | +ILC-up +(TLEP) +ILC-up +CLIC
+CLIC +HE-LHC +VLHC | +HE-LHC +VLHC | +HE-LHC +VLHC
21% 12.6% 15.2/9.8% 18.6% 7.9% 10.9% 6.8% 12.5/8.9%  7.2/6.2%
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Higgs at Tevatron.

4
= % Tevatron Run I, L <10 ' SM Higgs combination
Tevatron Run I, L, <10 fb 635F — Observed
m,=125 GeV/c® ak B +1s.d. == 6, x15(m,=125 GGWCE)
[] +2sd. == 6, % 1.0 (m, =125 GeV/c")

[ combined (68% C.L.)
—i— Single channel

Hovyy + . = i
H— W'W
H—- 't
180 200
VH— Vbb | m,, (GeVic?)

| | | |

0o 1 2 3 4 5 6 7 8 9 10 . . .

Best Fit (6 x Br)ySM Final combination of all channels: 3 o
evidence at 125 GeV
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Coupling measurements from LHC and Tevatron

L
® [ Tevatron T1 | ATLAS A1 CMS Prel. C1
6~ 95% C.L. 95% C.L. 95% C.L. ] . .
i ol W kel ac. 1 Common couplings scaling factor for
WL ¥ b doem T ] @ll vector bosons (ky) and all fermions
(k¢)
2| " < Fair agreement with SM predictions
SN C > D . I ,
ol 1 H — ~v has sensitivity to relative
i : sign of ky and k¢ through
s 1 interference of W and t in the loop
I 1 Measurements from ATLAS and CMS
4 - have been superseeded by updated
I B v b b b measurements
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Ky
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Coupling measurements comparison.

@ 7-parameter constrained fit to compare hadron and lepton colliders on
equal footing

* Assumes no non-SM production or decay modes
* Assumes generation universality

Facility LHC HL-LHC ~ ILC500  ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
V5 (GeV) 14,000 14,000 250/500  250/500  250/500/1000  250/500/1000 350,/1400/3000 240/350
[Ldt (fb~')  300fexpt  3000/expt 2504500 115041600 250450041000  11504+160042500 5004150042000  10,000-+2600
Ky 5—T% 2 - 5% 8.3% 4.4% 3.8% 2.3% /5.5/ <5.5% 1.45%

kg 6—8% 3 - 5% 2.0% 11% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
Kw 4 6% 2 - 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%
Kz 4—6% 2 — 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

ke 6 —8% 2 - 5% 1.9% 0.98% 1.3% 0.72% 3.5/14/<1.3% 0.51%

Kd = K, 10-13% 4-7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

Ku = Ky 14-15% 7-10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%

[snowmass report]
Oct 28, 2014
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Rare decay modes.

LHC has put limits (7-11xSM) on H — pp and H — Z~

H — Zv

Sensitive to new contributions in
decay loop

.
fam

°C" ATLAS Simulation
Preliminary

HosZy, Zopples
Highp, category

3

{Events - Fit) / GeV (Bkg - Fit) / GeV'
%
=
_}
—

1

For 3000 fb—1
@ Expected significance 3.9 o

@ Expected limit in absence of
signal 0.52x SM

H — pp

Sensitive to couplings to 2nd

generation

T T T T T
ATLAS Simulation Preliminary

\w=14TeV
J Ldt=3000 "

Wi

WH - uu, m =125 GeV
=Zom

= WWos pvpy

L L
80 100 120

L 1
140 160 180 200

m,, [GeV]
300 fb~* 3000 fb—*
Significance 230 7o
Ap/p 46% 21%
T ————




