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the god(damn) particle vs the gold(en) particle

GO PARTICLE ¢ .
183 500 MeVk

The heaviest known elementary particle

Yukawa coupling to Higgs boson y, = O(1): bridge
to EWSB: Higgs and top strongly linked

Special role in many BSM: a window to new physics
that couples preferentially to top quarks



driving directions to precision in theory

Higher orders
in pQCD

Loops

NNLO

resummation
NNLO

approx

parton shower
effects

top decays in
narrow-width approx.

finite width
effects

beyond # stable tops

Last but not least (diagram by Schulze]
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the NLO revolution

e 10 years ago 2->3 processes were at the border line

e With the development of on-shell methods based on
analyticity/unitarity, which are a much more efficient than Feynman
diagrams, today 2-24 (and even 2->5) have become state-of-the art

e Many contributors, and many new results ready for LHC
phenomenology

e Automated theoretical tools @ NLO: BlackHat+Sherpa, aMC@NLO
(CutTools, MadLoop, HELAC-NLO), Rocket, SAMURAI, NGluon

e Give also new insight into structure and properties of scattering
amplitudes, not only in QCD
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the NLO revolution

e 10 years ago 2->3 processes were at the border line

e With the development of on-shell methods based on
analyticity/unitarity, which are a much more efficient than Feynman
diagrams, today 2-24 (and even 2->5) have become state-of-the art

e Many contributors, and many new results ready for LHC
phenomenology

e Automated theoretical tools @ NLO: BlackHat+Sherpa, aMC@NLO
(CutTools, MadLoop, HELAC-NLO), Rocket, SAMURAI, NGluon

e Give also new insight into structure and properties of scattering
amplitudes, not only in QCD

NLO revolution driven by LHC: higher order corrections in QCD at
hadron colliders is not only a question of improving systematically
the precision of theoretical predictions, but

NLO is the first reliable estimate of central value
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the upcoming NNLO revolution

e NNLO at hadron colliders (+ EW corrections at NLO) is the first
serious estimate of the theoretical error

e A very few NNLO results: e.g. eTe™ —3jets (determination of «ay),

pp — vy (main background to Higgs [Catani et al]), qq — tt
[Baernreuther, Czazon, Mitov]

e On-shell methods at two-loops and beyond [Catani et al., Mastrolia,
Ossola, Kosower, Gluza, ... ] still at infancy phase
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the upcoming NNLO revolution

e NNLO at hadron colliders (+ EW corrections at NLO) is the first
serious estimate of the theoretical error

e A very few NNLO results: e.g. eTe™ —3jets (determination of «ay),

pp — vy (main background to Higgs [Catani et al]), qq — tt
[Baernreuther, Czazon, Mitov]

e On-shell methods at two-loops and beyond [Catani et al., Mastrolia,
Ossola, Kosower, Gluza, ... ] still at infancy phase

Teenager when

LC will be running

lFl( '1‘61(:5](: G. Rodrigo, LCWS2012 Summary, XlI Jornadas Futuros Colisionadores, Valencia, 19 Dec 2012



the top quark entering the precision era

e (Close to use cross-section for determination of PDFs
and/or as [Huston]

2.3fb" of 2011 CMS datax approx. NNLO for Gp \s=7TeV.m =173.2+ 1.4 GeV
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CMS PAS TOP-12-022
as(m;) = 0.1178 + 0.0046 + 0.0040 consistent with world average,
although not competitive yet as a measurement
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boosted tops / boosted W/Z/H

%?,::rf,hne e Boosted tops / objects fake QCD jets

e Look into substructure of fat jets

e Boosted Higgs to kill background in

bb decay channel [Butterworth et al. 2008]

Top at the LHC
W e Several boost taggers focus on
e . - = pr > 500 GeV, but moderately

71D boosted tops pr > 200 GeV also
interesting [Takeuchi]

Image from Fermilab Today
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boosted tops / boosted W/Z/H

Wil o Boosted tops / objects fake QCD jets

e Look into substructure of fat jets

e Boosted Higgs to kill background in

bb decay channel [Butterworth et al. 2008]

Top at the LHC
e Several boost taggers focus on

. = pr > 500 GeV, but moderately
boosted tops p; > 200 GeV also
/ A 4 'l interesting [Takeuchi]

e Not enough boosted tops (pr > 150
GeV) at a low energy LC

e But substructure methods for W/Z/H
would be still possible [Takeuchi]
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Top quark
mass

CMS Preliminary

ATLAS m,, summary - July 2012, L_=35 pb'- 4.7 fb" (*Preliminary)
; -
CMS 2010 dilepton 17565+46+ 46 ;
= i1 ATLAS 2010, I+jets* R "

JHEP 07 (2011) (L=36 pb') (val = stat + syst) ) 2

CONF-2011-033, L =35pb" 169.3£4.0£4.9

.  ——
CMS 2010 lepton+jets 1731£2.1£2.7
PAS-TOP-10-009 (L=36 pr) (val. = stat. £ syst.) ATLAS 2011' I+jetS 1 74 5 i O 6 & 2 3
o—: Eur. Phys. J. C72 (2012) 2046, L =104 10" hia UEte e ot

CMS 2011 dilepton 1725+04+14
CMS PAPER TOP-11-016 (L=5.0/b) (val = stat. + syst)

ATLAS 2011, all jets* [ —

+21+
CMS 2011 lepton+jets 173:5+0.312 CONF-2012:0%0, L, =205 174.9£2.1£38
CMS PAPER TOP-11-015 (L=5.0/b) (val.* stat. + syst)
CMS 2011 all-jets . B 1735407+ 1.3 ATl 2011, diogton ———— 1752+ 1.6 + 3.0
PAS-TOP-11-017 (L=3.54/fb) (val.+ stat. + syst.) CONF-2012-082, L, =471 R
+ (stat) £ (syst.
. e
CMS combined result 1734+04+0.9 Tevatron Average July 2011 HOH
up to L= 5.0/b (val. = stat. = syst.) 1732+ 0.6+ 08
CMS combined result ATLAS PreIImInary
| I I I | [ | | I | l
160 165 170 175 180 185 150 160 170 180 190
mtop [GeV] mtop [GeV]
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stability of the EW vacuum

e Could one extrapolate the SM to higher scales while keeping the
minimum of the scalar potential ? quartic Higgs coupling 1;,(Mp) = 0

182 ‘g
ORI R Ve al Critically depends on:

e The Higgs boson mass
e The strong coupling

e The mass of the top quark:
value,
MonteCarlo/pole/running
mass, higher order QCD
corrections

180
178
176 §
174

(GeV]|

172

pole

my

170 :
168 [
166

164
120 122 124 126 128 130 132

I\*’IH [GOV]

e Current values cover all possibilities within 20

e A precise assessment can only be made at the LC if Am,P° ~ 200MeV
(by threshold scan), and order of magnitude better than LHC - Tevatron
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top quark mass and a from energy scan and
iInvariant mass

[Simon]
T o g[amesnoa-rsmass avcey 1 & [ ' e [ ' '
‘= [ —TOPPIKNNLO+ILC350BS +ISR 1 - ILC ; ! L CLIC B
o [ I simulated data: 10 fo™Ypoint 0.120 - o 4 0120 e
"g 0.6 ~ —top mass + 200 MeV - ] ]
o I ;0. V;0.1179]
B 0.4Ff 0.118F ev:011801) ) 148[ e I
o Tt
o 3 ] i
0.2 1 0.116F 1 0116} )
R N P B B T T
345 350 355 173.95 174.00 174.05 173.95 174.00 174.05
/s [GeV] top mass [GeV] top mass [GeV]

e CLIC above threshold (500 GeV) by reconstructing the invariant mass:
80 MeV statistical precision with 100 fb-

e Threshold scan around 350 GeV at CLIC by fitting the 1S mass and as:
34 MeV statistical precision of the mass, 0.0009 statistical precision of as with
100 fb-' split across 10 equally spaced scan points

e 15% better at ILC due to different luminosity spectrum (threshold scan, invariant
mass) and higher background (invariant mass)

[see Ruiz-Femenia’s talk]
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(s determination: compendium

Only consider analysis with 3-loop input

[Mateu]

Q as(mz) determination from event shape fits
\)
I.-[Dfsseftoﬂ etd] v MC power Analytic power .
0.125 corrections corrections -
L FO o <
L i /). } 2, ]} -
I ? p .
. [Chien & Schwartz] [Davison & Webber] .
0.120fF [»~YsB NLL -
— world average T ]
[Dissertori et al] T [AFHMS] T P, Y‘?” B
NLL N3LL [AFHMS] <
0.115F ’ ' =
resummation [Becher & Schwartz] T o
3 -
N°LL ) _ ) [Gehrmann'ét al] -
resummation T tail fits  moments fits -
0.110

Negligible power corrections at ILC-CLIC energies
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Top quark
Couplings
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ttZ and tty anomalous couplings

[Vos, Rouéné, see N. Garcia’s talk]
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e Three observables (x 2 polarizations)
to disentangle ttZ from tty couplings: [Fiolhais]

cross-section, Agg and helicity angle O

V& = 500 GeV
| VE = 500 GV &\E = 1 TeV

pol. beam

) 1 AZ [TeV?)
o
N

3
uw'

e Effective operator framework allows to
relate anomalous couplings in charge

Re(C®
o

currents at LHC with t£Z and tty O'OZ
couplings at LC: from polazired 005

_IIIIIIIIIIIIIIIIIII[IIIIIIIIIIIIII

observables




Higgs
Couplings

e Coupling with weak bosons: HZZ,HWW
consistency of EWSB

e Yukawa couplings: Htt,Hbb, HtT, Hce, Hufi
sensitive to mixing with extra Higgses

e Loop induced couplings: Hyy,Hgg, (HHH)
sensitive to loop effects of top quark and new particles
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Combination of Higgs Results N

V\s=7TeV,L= 51f' \s=8TeV,L=12.2fb"

1
g 10" CMS Preliminary m, = 125.8 GeV
©
T !
Q. 46
< 10°}. \ 4 / = H — bb
Q SRR =56
o - pC -
I SN W
109k " 160 H-o 1t
10‘13 | === Combined obs. %, —
w=e Exp. for SMH | %
| = H— bb LS 86 H_ WW
—|=——H— 1t .'. —
10-17 - —H Y . -
Zhoz T H—ZZ
110 115 120 125 130 135 140 145 0 ; '1f5' - 2' Y
my, (GeV) Best fit 6/,

Overall significance and signal strength

— observed: 6.9; expected: 7.8 [ signhal strength: 0.88 £ 0.21 ]
[Paus @ HCP12 Kyoto]




Combination of Higgs Results N

CMSPrellmlnary |s 7TeV L 51fb |s 8TeVL 122|bT CMSPrellmlnary |s 7TeV,L<511fb" ys=8TeV, L$1221b
x T LI 1

L1 10 e T
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N =t BN
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Mass measurement and production strength
— m,=125.8 + 0.4(stat) + 0.4 (syst) GeV

Signal strengths consistent with each other and with SM |




Combination of Higgs Results

CMS Preiminary Vs =7TeV,L<5.1fb" {s-8TeV, L< 122" CMS Preiminary ys=7TeV, L<5.1 " \s=8
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K, (scaling of vector boson couplings)

Couplings look consistent within 2 standard deviations
— Fermions versus vector bosons
— effective gluon versus photon couplings (loops)

3
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SM Higgs Couplings

* Simplest analysis is to compute the combined signal strength 1, based on
all available inputs.

* ATLAS has updated this combination using the three new results shown in

this talk:
* Previous result in July paper, using
— T T T 1 1 2011 analyses of 1t and bb, July
ATLAS Preliminary ; m, = 126 GeV | f | d
WZH b analyses for vy, 4-lepton, anda WW,
A v i gave u=14+0.3
H- 1t H
w=7Tv |ix=4sn’ -] —
\szarovlmi;am' )
H— WW" - vy « Newresultispu=1.3+0.3
Vo =BTV Lt =138 e
H—)*nl( !
s=7TeV: [Le=480" D —— .
Servclifedie * Assuming a common L for all
- T = : = wew .
V-7 fua- 42w e measurements, compatibility is 36%.
Combied — y=13203 * Compatibility with SM pu=1 with
e ;+ 1 observed measurement is 23%.
40+
Signal strength (i) ATLAS-CONF-2012-162

[Einsweitler @ HCP12 Kyoto]
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SM Higgs Couplings

ATLAS has performed a coupling analysis, using the recommended framework
from the Higgs XSWG, based on effective field theory approach.  arXiv 1209.0040

This analysis was based on the data in the “Higgs Observation” paper, and has not
yet been updated for HCP (only the signal strength plot was updated).

.
B
] [T ey [ty
- ATLAS Preliminary 2011 42012 Data -
10 (o7 Tev: Lt -a8 1" Ho 7y -
" s=8TeV [Lat=59 1" 1
8 ; + Standard Model
e Best it
Gh — 65%CL
o N 95% CL
4 | \\
" \ ’ \
2 " ) =
: NN ]
0 - - -
-2: 1 1 1 1 ‘:
0 1 2 3 4 S B
uggF.er B"Bsu
4 - - v
. ATLAS Preliminary +« SM
3 x Best fit ) _
L Vs =7ToV, JLat - 481" — 20 Alx xg) <2.37]
1 e =2 IN A ) <B.0
of Vs =8TeV, Lt = 5859 (x, X! -
: /"’ 3\
1] o -
3 E .. eeaawee . 1:
4 06 08 1 12 14 16 1.8

& [ ATLAS Prosminary || 2011+ 2013 Oata
. ) ‘g BC =77V La-azn'  Haww amy
Signal strength fits for B S la=seson P—
s L < Best it
the yy final state (left) . .
and the WW final state of F o %
(right). o P\
2 i ('\ ' ) -
T T2 3 2 5
qugrlt'H.x B”%"‘
ATLAS-CONF-2012-127

* Fit for k,, versus k, assuming there is a single
coupling for all fermions t, b, T (k) and a
single coupling for vector bosons (k).

* Sign comes from interference between t and

W loops in yy process.
31




[Kanemura @ LCWS12]

visualize the improvement of ILC over LHC

LHC (3000 fb!) and LHC (3000 fb1) and

LC(500GeV/500fb1) LC(HLC/ILC/ILCTeV)
,,,,.: 68% CL: 3000 ', 14 TeV LHC and 500 fb ', 500 GeV LC g(hAA)/g(hAA)]w-I LHC/HLC/ILC/ILCTeV

HC (30/300/1000/3000 fb1)

68% CL: 14 TeV

S
- 14+A SM ,
0c=0x (144, 0.2 }*® 300017, 14 TeV LHC Oy =0, (144)
50010, 500 GeV LC
LHC « LC

02

e e K

W Z|b g v v ¢ 't inv

EhEH

[D. Zerwas] [D. Zerwas] [M. Peskin]

At LHC, coupling determination LC can measur+e _mde;:}endently
starts limited by systematics X-sections o(e'e" > Zh)  (250GeV)

for 300 fb1 o(ete - vwwh) (350-500GeV)
Ly o(e'te > vwh) (700GeV-TeV)
Branching ratios

Invisible and unexpected h decays

hcc, htt, hhh, htt, hyy

No drastic improvement at 3000fb? ?

ILC can measure the Higgs couplings acculately! = Use to test new physics




Summary

e The Tevatron, where the top quark was discovered,
provided many precision measurements of the top quark
(some anomalies persist, FB/charge asymmetries,
single top)

e The LHC where the Higgs-like boson was discovered,
brings top quark physics to a new level of precision,
rapidly improving many Tevatron results, and can
measure Higgs couplings to O(10-20%)

e Higher precision on the strong coupling, cross-sections,
top quark mass and width (<100MeV / 30MeV), Higgs
mass and width (<50MeV / 4%), anomalous top-gauge
boson couplings (<1%) and top Yukawa coupling (~5%)
other (~1%) reachable at a future Linear Collider
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Summary

e The Tevatron, where the top quark was discovered, provided
many precision measurements of the top quark (some
anomalies persist, FB/charge asymmetries, single top)

e The LHC where the Higgs-like boson was discovered, brings
top quark physics to a new level of precision, rapidly
Improving many Tevatron results, and can measure Higgs
couplings to O(10-20%)

e Higher precision on the strong coupling, cross-sections, top
quark mass and width (<100MeV / 30MeV), Higgs mass and
width (<50MeV / 4%), anomalous top-gauge boson couplings
(<1%) and top Yukawa coupling (~5%) other (~1%) reachable
at a future Linear Collider

e |[s that enough for new discoveries ?
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in
Few percent Needed o

X Decoupling limit - deviations from SM could be quite
small - Haber arxiv:9501320

400 GeV\?
g(7)/SM =1+ 10% ( s )

11 A

* SUSY 9(b)/SM = g(r)/SM + (1 — 3)%
. : 9(9)/SM =1+ (5 - 9%
X Little Higgs e v i
_ : - Peskin
X Composite nggs o(F)/SM =1+ (3—9)%- (1 ";9\’) arxiv:1208.5152
* —
LCWS 12 - 26 Oct 2012 7 Jim Brau
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