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Preliminary remarks and Disclaimer

- The LHC physics program is incredibly vast!

- This talk will mostly be centered on Higgs physics but
will not cover all aspects of Higgs physics

- We have not fully done our home work for Run 2
projections (we have Run 3 and HL-LHC) !
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The Run 1 of the LHC has been
extremely productive
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... and successful!



The two main outcomes of the LHC
(so far)

The celebrated discovery of the Higgs boson |

THE BEH-MECHANISM, A KUNGL
INTERACTIONS WITH SHORT RANGE FORCES S 7N VETENSKAPS-

AND e’ AKADEMIEN
SCALAR PARTICLES THE ROYAL SWEDISH ACADEMY OF SCIENCES

And nothing else...

(surprise despite the absence of deviations in precision EW and flavor measurement)



PDG, review of Particle Physics

A Textbook and Timely
Discovery
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2013 NOBEL PRIZE IN PHYSICS
Francois Englert

Peter W. Higgs

8 October 2013

The Royal Swedish Academy of Sciences
has decided to award the Nobel Prize in
Physics for 2013 to

Francois Englert and Peter Higgs

“for the theoretical discovery of a
mechanism  that contributes to our
understanding of the origin of mass of
subatomic particles, and which recently was
confirmed through the discovery of the
predicted fundamental particle, by the
ATLAS and CMS experiments at CERN’s Large
Hadron Collider”
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Years of Design, Construction and
Commissioning of the LHC




Years of Design, Construction and
Commissioning of Experiments




20 Years, projecting, constructing and Simulating...




4 1 event ... Standard EW only or Higgs?
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— g S
Parameter 2010 2011 2012 Nominal
C.0.M Energy 7 TeV 7 TeV 8 TeV 14 TeV
Bunch spacing / k 150 ns / 368 50 ns / 1380 50 ns /1380 25 ns /2808
e (mm rad) 2.4-4 1.9-2.3 2.5 3.75
B* (m) 3.5 1.5-1 0.6 0.55
L (cm2s) 2x1032 3.3x1033 ~7x1033 1034




Peak interactions per crossing

The first LHC run
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Detector Challenges (Highlights)

- Trigger Challenge : How to select 400 out of 20M events per second while keeping

the interesting (including unknown) physics

- Computing Challenge : How to reconstruct, store and distribute 400 increasingly

complex events per second and their simulation (over 100 PB per experiment)

- Analysis Challenge : Maintain high (and as much as possible stable) reconstruction

and identification efficiency for physics objects (e, u, 7, jets, E'_., b-jets) up to the

mis?

highest pile-up



The Standard Model

With one doublet of complex scalar field

The elegant
gauge sector

The ugly Higgs
sector

Non universal interactions not

+ Dark mautter ’) governed by a symmetry
+ BSM 7 - Bares most of the free

parameters of the SM

.. but testable!



Mass / Weak Scale
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(and masses of fermions)
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Not explaining the flavor Hierarchy
Replacing mass terms by Yukawa couplings
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The discovery did not exactly come as a
surprise!

Prediction of the Model

/ Protected by cutsodial symmetry

W=p = pcos® 4
Mz g’ +9

F. Wilczek at the LEP Celebration :

The Higgs mechanism is corroborated at 75%



The Higgs and the No Loose theorem™ at the LHC

The longitudinally i - A —
polarized amplitude of: WT™W— —->WTW

w' w' W W w!

bt

Does not preserve perturbative unitarity.
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The mass did not exactly come as a
surprise either!

Precision EW data

6 March 2012 _ m i =152 va
5 _- AafWSa)d =
. % —0.02750+0.00033
m I i ++-0.02749+0.00010
C\!>< I
I 9
m, ~ 90GeV ol
: 15
Is there a Higgs? |1LEP LHC
0 excluded excluded
40 100 200

m,, [GeV]



Why “nothing else” came as a fundamental observation

and a surprise?
The Hierarchy Problem, Naturalness and fine tuning

The Higgs potential is fully Q S:::}

renormalizable, but...

Loop corrections to the Higgs boson mass...

. : L | \?
...are quadratically divergent : Am? f ~ —
S N R T

ol (R. Barbieri) |

100 10° 108 10 10 10" 10%
M/GeV



Possible Solutions

1.- Elegant: Mechanisms that protect the Higgs boson mass

- Supersymmetry

- Composite Higgs, Higgs as a pseudo goldstone boson

- Large extra dimensions

All more or less in trouble (G. Altarelli)

2.- The multiverse and accepting fine tuning:

- The anthropic principle

- Near criticality of our universe
(metastable vacuum)

Pole top mass M, in GeV

rrrrrrr
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Stability

Higgs pole mass M, in GeV



Nothing Else (1)

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model &MU Ty Jets ET [Lanm™) Mass limit Reference
MSUGRA/CMSSM 0 26jets  Yes 20.3 0k 1.7 TeV  migl=m(@) 1405.7875
MSUGRA/CMSSM leu 3-6jets  Yes 20.3 B 1.2 TeV any m(q) ATLAS-CONF-2013-062
MSUGFINCMSSM 0 7-10jets  Yes 20.3 3 1.1 TeV any m(g) 1308.1841
i, q*’fﬁ’l 0 2-6jets  Yes 203 |@ 850 GeV mifz]:nﬁe\ﬂ m{1* gen, §)=m(2 pen. ) 1405.7875
B8, i 0 26jets Yes 203 |@ 1.33 TeV mii;)=0GeV 1405.7875
22, g-.:q,r] ->qurx Tep 3-6jets  Yes 203 B 1.18 TeV. m(¥])<200 GeV, m(¥*)=0.5(m(F})+m(z)) ATLAS-CONF-2013-062
B8, g—qq(ll/{v/vF 2ep 0-3 jets - 203 | & 1.12 TeV m(¥)=0GeV ATLAS-CONF-2013-089
GMSB (/ NLSP) 2o 24jets  Yes 47 {ang15 506 4586
GMSE (/ NLSP) 127401 0-2jets Yes 203 |& 1.6TeV  tang>20 1407.0603
GGM (bino NLSP) 2y B Yes 203 |& m(¥])>50 GeV ATLAS-CONF-2014-001
GGM (wino NLSP) lep+y - Yes 4.8 m(i})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(E} =220 GeV 1211.1167
GGM (higgsino NLSP) 2e.4(Z) 03jets  Yes 58 m(NLSP)>200 GeV ATLAS-CONF-2012-152
' Gravitino LSP 0 mono-jet  Yes  10.5 m(G)=>10~ eV ATLAS-CONF-2012-147
Eug g—bil] 0 3b Yes 201 |& 1.25 TeV m(F})<400 GeV 1407.0600
g ¥ 0 7-10jets  Yes  20.3 iy 1.1 TeV m(i}) <350 GeV 1308.1841
3 o o O-1ep 3b Yes 201 | 1.34 TeV m(F))<400 GeV 1407.0600
e = (] 0-1e.p 3hb Yes 201 |& 1.3 TeV m(i)<300GeV 1407.0600
byby, by —..'m 0 2b Yes  20.1 By 100-620 GeV m(i}) <90 GeV 1308.2631
.T;.B| , By =y 2¢,u(SS)  038b Yes 203 By 275-440 GeV m{i})=2 mii}) 1404.2500
i (light), 7 —b¥7 1-2e.p 1-2b Yes 47 | i 110967 GeV mii}| =55 GeV 1208.4305, 1209.2102
i (light), fy —»WMT 2ep O-2jets  Yes 203 |§ 130-210 GeV m(E}) =m(f, }-m{W)-50 GeV. m{i,)<<m{¥]} 1403.4853
i (medium), 7, —..-x| 2ep 2 jets Yes 203 |7, 215-530 GeV m(i})=1 GeV 1403.4853
Ry (medium), f; —bit] 0 2h Yes 201 |7 150-580 GeV m(F)<200GeV, mi{)-m(t))=5 GeV 1308.2631
fifi(heavy), i) —it Tep 1b Yes 20 |4 210-640 GeV m(F})=0 GeV 1407.0583
7111 (heavy) :. —t) 0 2b Yes 201 i 260-640 GeV m(¥})=0 GeV 14081122
i, fj—c v 0  mono-jel/c-tag Yes  20.3 i '90-240 GeV mii,)-m(¥| <85 GeV 1407.0608
fif) (natural GMSB) 2e.p1(2) 1b Yes 203 |§ 150-580 GeV m(t})=150GeV 14035222
nh, h—h +Z Jepn(Z) 1b Yes 203 | @ 290-600 GeV m(¥])<200GeV 1403.5222
?.+,,<?. R, i=eF) 2ep 0 Yes 203 |7 90-325 GeV m(i)=0GeV 1403.5294
o A Jrl —+v((7) 2;.« 0 :s gg {z - ma;w'ﬁev GeV m:;rj:.n GeV, mii, i-}.u_sfm:fz}m:f"l.,n 1403.5294
XX X —tv(ry) T = s i * ! m(i])=0 GeV, m(7, #)=0.5(m{¥] Jem(i})) 1407.0350
E ig YM’« = ILVILEEW). (FOLL(TY) Sep 0 Yes 203 f“,g' 700 GeV m{FT)=m(il), m(f‘.’;.no. m(f, )=0.5(m(¥] JemiE)) 1402.7029
X:Lh — Wi Z¥ 23e.p 0 Yes 203 /é.k‘i 420 GeV mtffkm({éj. m(ﬂ}:ﬂ. sleptons decoupled | 1403.5294, 1402.7029
Fpra ‘—bWh hyy Tep 2b Yes 203 I’l- 2 285 GeV m{t] J=m(¥3), m{t})=0, sleptons decoupled | ATLAS-CONF-2013-093
Bt s o lnl dep 0 Yes 203 1",_, 620 GeV miE2)=m(¥s), mE})=0, m(f, #)=0.5(m(¥%)+m(i})) 1405.5086
giéﬁt'r' ¥ prod., FI‘OEgaﬁved ¥ Disapp.rk 1 1Je1 Yes 203 ' 270 GeV m:fj}-m:fﬁ']ﬂw MeV, r(i7)=0.2 ns ATLAS-CONF-2013-069
e, stopped g R-hadron 0 1-5jets  Yes 27.9 & 832 GeV m(¥] =100 GeV, 10 gs<ri#)<1000 s 1310.6584
GMSB, stable , Ho#@ fyrieg 124 : = 15.9 10<tanf<50 ATLAS-CONF-2013-058
GMSB, ¥=yG, long-lived ¥} 2y - Yes 4.7 0.4<r(i)<2 ns 1304.6310
g, X1 —qqu (RPV) 1 displ. vtx - - 203 |4 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m({])=108 GeV | ATLAS-CONF-2013-092
LFV pp—i + X, Vo—e + 2epu - - 4.6 Ay,,=0.10, A,3,=0.05 12121272
LFV pp=s¥, + X, Fr—elp) + 1 lepu+t = - 4.6 Ay =010, d)2,33=0.05 12121272
= Bilinear RPV CnMSr"SM 2e,5i(SS) 034 Yes 20.3 migl=mig), eTrsp=1 mm 1404.2500
& )?. Xt JP| — W) X —eev,, eub. dep E Yes 203 m(i])>0.2xm(F}), 4,220 1405.5086
o — W K| —rrve, eTvr Jep+t - Yes 20,3 miF])=0.2xm(¥7 ), Ay 0 1405.5086
B—rqqq 0 6-7 jets - 20.3 BR(r)=BR({h)=BR(}=0% ATLAS-CONF-2013-091
Bt Ty —+bs 2¢,u (8S) 0-3b Yes 20.3 1404.250
i Scalar gluon pair, sgluon—gg 0 4 jets £ 4.6 incl. limit from 1110,2693 1210.4826
i Scalar gluon pair, sgluon—if 2e. p (55) 2b Yes 14.3 ATLAS-CONF-2013-051
WIMP interaction (D5, Dirac y) mono-jet  Yes 10.5 m(y)<B0 GeV, limit of<687 GeV for D& ATLAS-CONF-2012-147
PR R | N ' " T PR | N L N PRI
Vs=8TeV 10! i
full data Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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Landscape Redefined
Flurry of new ideas !

Precision Rare decays

- Mass and width AR

- Coupling properties - Muons pp

- Quantum numbers (Spin, CP) - LFVypur, et

- Differential cross sections - J/Wy, ZY, WD etc...
- Off Shell couplings and width

- Interferometry O
Tool for discovery
Is the SM minimal? - Portal to DM (invisible Higgs)
' - Portal to hidden sectors

- 2 HDM searches
- Portal to BSM physics with H°
- MSSM, NMSSM searches in the final state (ZH°, WH?°, HOH?)

- Doubly charged Higgs bosons

...and More!

FCNC top decays

Di-Higgs production
Trilinear couplings prospects
- Etc...

One of the first goals : focus our
efforts to extract most of the
physical content of our data!
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Overview of Cross Sections
Expected Standard Model and Higgs Productions

Theory and simulation “Next-to...” (r)evolution :

- NNLO PDFs sets

- Calculations at unprecedented order in perturbation theory
- Parton Shower (and Matrix Element matching) improvements

Production Cross Section, oy [ph]
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Overview of Cross Sections
Expected Standard Model and Higgs Productions

) ) ) proton - (anti)proton cross sections
Theory and simulation “Next-to...” (r)evolution : 1o -

- NNLO PDFs sets
- Calculations at unprecedented order in perturbation theory

Tevétron LHC
- Parton Shower (and Matrix Element matching) improvements : Lo

\ \ 5
Production Cross Section, oy [ph] 10
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Higgs Production Modes

Kk for m, = 125.5 GeV

=
o
N
T

LO+NNLL QCD + NLO EW)

L 1 | [T

LHC HIGGS XS WG 2013

pp—>H (N

[EEN
o

o(pp — H+X) [pb]

W
op > i (NNLO QCD * N =

\‘\ \\ Ll

0> WH (NNLO QCD * NLO EW)

— op > ZH (NNLO QCD * NLO EW)

10" =
:I | ‘ ‘ ‘ | ‘ 11 ‘ | ‘ | | F
7 8 9 10 11 12 13 14
\'s [TeV]
9 oot ————
-—- > — — H
9 Booeot————

Top Assoc. Prod. ~3 k evts produced
O
9 OO ———— b

Vl———)———H

7 0000000 ———— b

B-quark Assoc. Prod. ~5 k evts produced

Gluon fusion process
H NNnLO ~O(10%)

~0.5 M events produced

- > _—_H

Vector Boson Fusion
NLO TH uncertainty ~O(5%)

Two forward jets and a large rapidity gap

~40 k events produced

_ H W and Z Associated Production

NNLO TH uncertainty ~O(5%)

~20 k events produced
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Higgs Decay Channels

_'q:-; 157\\ T ‘ FTTT TTTT FTTT | I== I T FTTT TTTT TTTT T \é%
% - bb 1
ol - WW *:
. B 4199 B
s
0 m . cC B
- WW channel (22%) 0
107 =
T ;
- 11 channel (6.3%) F .
10_323(/
- ZZ channel (3%) - ]
- 0 - | ‘ L 111 ‘ L1l ‘ 1111 ‘ | =& I | ‘ L 111 ‘ L1l ‘ L1l ‘ L 111
CC Chann?'- (3%) 10720 121 122 123 124 125 126 127 128 129 130
Extremely difficult M, [GeV]

- The yy channel (0.2%)

- The Zy (0.2%) H+Jﬁ§::i H+<E:

- The puu channel (0.02%)
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Panorama of Higgs Analyses

geF VBF VH ttH
Channel . | ; q " 9 D ¢
categories Zj> - H q \E: q - o gm; tH
YY v v v v
ZZ (1) v v v
WW (lvlv) v v v v
T v v v v
bb v v v
Zy and yy* v v
pp v v
Invisible v v v V' (waosom




The diphoton decay channel
(covers all production modes)

19.7fb (8 TeV) + 5.1 fb'' (7 TeV)

x10°F
35F CMS S/(S+B) weighted sum
“E H-am
- ¢ Data
3

S+B fits (weighted sum)
25 :_ B component
Ml tic

S/(S+B) weighted events / GeV

llll]llll]]lllllllllllllllllllkllllllll
110 115 120 125 130 135 140 145 150

m,, (GeV)

- s/b ratio ranging from few %
to approximately 30%
- Excellent mass resolution




Four Lepton decay channel
(covers most production modes)

CcMS (s=7TeV,L= 51fb1 Vs=8TeV,L=19.7 fo"

! EEREEAN — ]
&PIRII.QNST % 35 » e Data > 16F . . . - ]
th //u!lus ch G r C1m,=126 GeV 814_ DEEQ>05 1]
™ 30F O zy*,zZ \12_ ]

~ N -Z+X 10_ k.

2 u § N3 E

Time: 20:28:11 CEST %25:_ T 3 l {7
> - aF 1 -

L 20 2F l . X, l {

u =510 120 130 140 150

15 i m,, (GeV)

5 | |"| 5

10 ]

5 T | L|: J |||||||| |‘ ‘| ”“” H | ‘I | _:

0 Lo I ﬂﬂw‘m I”“IH h‘ | l\-||.|-|‘ u 1 . ]

80 100 200 300 400 600 800

m,, (GeV)

- High s/b ratio starting from
approximately 1.5 and
reaching more than 10.

- Excellent mass resolution




H — 4l Single Highest Purity Candidate Event (2e2p)

I ’ Run Number: 209109
1 Event Number: 76170653
iy Date: 2012-08-24, 08:31:00 CET )
T 5 ,—' e e —— —

EtCut > 1.0 GeV
> PtCut = 0.4 GeV
3 Muon: blu¢




ATLAS Prelim. H—>WW#*
H— WW(*) —> vy s=8TeV, [Ldt=20.3fb"

(covers most production modes) (s=7TeV, [Ldt=45fb"
> 800 [ (a) nj<1, ep+ee/pup
© n ¢ Obszstat
Z ool — Exp
2 B Higgs
o i H ww
o 400F d Misid
[ 8 vy
200 [ H DY
C L Top
0 P I T T AT T T
2 (b) Background-subtracted
O 150F
e i + Obs-Bkg
~ C — Bkg
£ 100 W Higgs
o :
W 50f
0

50 100 150 200 250
m+ [GeV]

- Intricate analysis

- Moderate s/b ratio starting
from approximately 1.5 and
reaching more than 10.

- Poor mass resolution




(Mostly) VBF H — tt

S/ (S+B) Weighted

dN/dm_[1/GeV]

T
- N N
a o [on) o [on)
o o o o o
o o o o o o
O ||||IIIIIIIIIIIIIIIIIIIIIIII
= |
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:__
o -
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< .
s } o
o o =
o =
o -
=
5 8 o B & 4
) T T T
S N
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z 1g=
2 o I N\
s "33 f \
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28r 25 ]
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Intricate analysis

Moderate s/b ratio starting
from approximately few
percent to approximately

30%.
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VH production with H — bb
Also a VBF analysis (CMS)

S/(S+B) weighted entries

L T T T T | T T T T | T T T T | T T T T I T T T T [_
. CMS e Data _
- \s= 7TeV,L=5.010" gvH |
- |s= 8TeV,L=18.9 fb” v

pp — VH; H— bb — Sub. MC uncert.

—— VH + VV MC uncert.

T T T |' T T T |' T T T I

0 50 100 150 200 250

m(jj) [GeV]
- Intricate analysis

- Moderate s/b ratio starting
from approximately few
percent to approximately
30%.



Main decays channels inputs

Channel ATLAS CMS
categories W (at125.4Gev) | Zexp | Z obs M (GeV) 0 Zexp | Z obs M (GeV)
vy 1.220.3 46 | 52 126.040.5 | 1.1+£0.2 | 52 | 57 | 124.7%03
ZZ () 1.4+0.4 6.2 8.1 124.3+0.5 1.0£0.3 6.2 6.2 125.6£0.5
WW (Ilnln) 1.1%x0.2 5.8 6.1 0.8%+0.2 5.3 3.9
1T 1.4+0.4 3.5 4.5 0.9+0.3 3.7 3.2 125 9,
W,Z H (bb*) 0.5+0.4 2.6 1.4 0.9£0.5 2.1 2.1
_l_
Combination - - 125.4+0.4 1'003_0'1 - - 125.1£0.3
ATLAS Preliminary Total uncertainty -
my, = 125.36 GeV +lconp
T T T T T
H-yy = J = N = N = J = N 0
n N "= n 3 na n 9 = %
w=1175% eN 2% £S o5 22 iE
arXiv:1408.5191 S 8 ;:'_) E{ I‘f § E 8 I‘f g 8 g
Ho>22* - 4l E‘&%L §3§ s2 g2 g“é é
ATLAS—CONF*ZOlA*D: - 1.44t8gg o E O
H — WW* - Ivlv %Z '§
w=1085% S =" =
n=0579% . I S
e - o N
—>1T D = |9
<2 no|e
b= LA | | ghil;f clrsn 5-:
Vs=7TeV [Ldt=454.7 o 05 1 15 2 Q % E
sS= e =4.5-4. . q
Is=8TeV [Ldt=2031b" Signal strength () %’ o I < %




Precision through Combinations

| | — | | |
CMS H — vy .- C3 124.7+0.3
cMS H— zz" S o C2 1256+ 0.5
CMS Combined 2 2 Cl 125.1+0.3
ATLAS H — yy . 8~  A41260+05
ATLAS H — 2z =1 —o! A3 1243 + 0.5
ATLAS Combined io- A2 125.4 +0.4
Our Combination 0 Al 125.0 +£0.2

| | | | I PR R I I | |

123 124 125 126 127 128

Mass [GeV]

Currently Measured at ~0.16%
(still some gain from Stat, Syst more difficult!)



xAingiCJ x 1'Br’ x L°

2

i c{ggF,VBF,VH ttH}

Sub-channel signal strengths

Digression on Information Format
H Oy

Imu -____________________________________________-
BN by | P~
- I -
S L — Stat.
17 hoy | I | ]
g L ' 4
n S M ”_ _"_ |
v C N m i
o U "
£ W hee | HeH s ”
c = - |Ldt=451" i5=7Tev
.._w tgﬂ i _._..- .E. H.Mo._mﬁﬁwm._.%m
= B ]
o ! ]
m I T— H - 7y,m, = 1254 GeV |
|____________________________________________|
101 2 3 45 6 7 8
Signal strength
19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
OOBN_ﬂmoeroB m, = 125 GeV
H > bb (VH tag) | CMS o
H—> bb (ttH tag) Preliminar
H— vy (untagged)
H— yy (VBF tag)
__Hoy(VHtag)| ____ —Wg—
H— vy (ttH tag) i
THSWWOARN T T T T T T T T T T T T T
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag) —l—
H— 1t (0/1 jet)
H— 1t (VBF tag)
H— 1t (VH tag)
H— 1t (ttH tag) i
H— ZZ (0/1 jet)
Ho>ZZQ2jets)| . . . ,.,..,. ™ .. .. .,
-4 -2 0 6

2 4
Best fit q\qm.z_




The Natural Width of the Higgs Boson

Is small therefore small couplings to the Higgs can be
r,, =4.2 MeV

easily visible: tool for discovery!

At LHC only cross section x branching ratio, no direct access to the Higgs total cross section
(unlike e*e collider from recoil mass spectrum)

- Direct measurement (on-shell) with the ZZ(4l) and yy channels [obs. (exp.)]:

[, <2.6(3.5) GeV [exp. 6.5 for u=1] and " <5.0(6.2) GeV
- Only measure ratio of couplings or coupling modifiers with specific assumptions
- Coupling properties measurements

- Constraints from invisible (and exotic decays)

ATL-PHYS-PUB-2013-014

Total width: Interference in diphoton _ .. o
& F  ATLAS Simulation Ty =200 % Iy g0y = 081 GV & ATLAS Simulation Ty =200 % I pyzyy = 081 GeV
ﬁ 4000|— Juat=30a0" Vs=14Tev B, <30 GeV § 2500 JLat=30ab", Vs=14Tev P, 230 GeV
S IVI h 'f f M I 3 O IVI V N E After background subtraction e Data - After background subtraction e Data
( S I t 0 a p p rOXI m ate y e ) 25 00~ preliminary 4 , — Ui:I;Ts‘.jLa-_a e 2§ 2000 preliminary T E;;csm'-l
r '! “ =+=+= |nterference comection

ATL-PHYS-PUB-2013-014 {}
)

Use pT dependence of shift

1000

(~200 MeV limit expected for 3 ab™) Mitid

-1000 |

Total width: - wepseasos

R T T - L P
200Q1[) 115 120 125 130 135 140
m_

Through off shell couplings



Interpreting our Data

First step towards an global EFT analysis:

From the number of signal o , _ C

. . C | | IC IC C
events fitted in analysis s = U E . M Ogy X A" x¢g xpu Bro xL
categories ~ Nie{processes} o
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Interpreting our Data

First step towards an global EFT analysis:

From the number of signal o , _ C

. C | | IC IC C
events fitted in analysis N, =u E , M Ogy X A" x¢g xu Br xL
categories ~ Nie{processes} o

- Link to an effective Lagrangian and use scale factors
2 2
m 2m?2
L= 532—HH3 + %Z—Z ZFH + kyy WW+W PH

G%,G H + J% Ay AH "’H+ gy — Ay 7 H
v

+ Ky 127rv

—|m > TLiFar > TLfF ek Y SLfF | H

fzu')c?t f=d757b f=8,,U,,T
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Interpreting our Data

First step towards an global EFT analysis:

From the number of signal o , _ C

. . . Cc C C Cc
events fitted in analysis N, =u E , ,U'G'SM x A xg® | xu'Br xL
categories ~ Nie{processes} o

- Link to an effective Lagrangian and use scale factors
2 2

2
EZ&g%HS—l—Rz—Z Vi ; R mWW+W HE
1
+ﬁ:§12mGﬂ G’““”H+n:72 A, AVH—l—ﬁ:Z,}, A ZWH

_ i 7 My 7 My 7
ey L +my Y Lifer Y Lif|H
fzu,c?t f=d757b fzeﬂlu’7T
- Assuming narrow width approximation

- Assume the same tensor structure of the SM Higgs boson : J¢* = 0+

For example, the main contribution (ggF) to the gg channel can be written as
(under the assumption that couplings to SM particles are SM):

_ 2
IL[I :Ks lLlf :K—jz/ Kﬁl :0.085XK;+0.0023X ‘@ 48
Ky



Probing the coupling to SM particles

Main results |

CMS Preliminary 19.7 fo? (8 TeV) + 5.1 fb™ (7 TeV)

T

TTTT _________|
TL¢3 N

x BestFit

L |__________________________________

| o =Hb
N_H ATLAS Preliminary .m__m_._wl_ mH by
- =TTy =gt @H -y @Combined |
3 s=amev =203 + M

_:____________________:_________H

06 07 08 09 1 11 12 13 14 15 16

Ky

Checking the direct and indirect couplings to fermions

Probing specific composite models



2Iin A

Main results Il : Probing the W to Z ratio (custodial symmetry)

6 - — T )
- ATLAS Preliminary 7
5l Vs=7TeV: [Ldt=461" ]
i Vs=8TeV: [Ldt=20.7 fb" ]
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Main results Il : Probing physics beyond the Standard Model

(In the decays and/or in the loops)

CMSPrellmmary ls 7TeVL 51fb kS 8TeV,L<19.6 b’

» 2.0 = R i FT B R L el AR el
(8l KT Kg E ook ATLAS Prr;'hmmaryr + SM =
© : E \s=7TeV, [Ldt=4.6-4.8fb" X Bestfit =
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o E 1.8 95% CL =
1.4f ] - =
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0.6 S ~——__— i ] 1_ | . « o
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0.0 0.5 1.0 15 20 09 1 11 12 13 14 15 16 1.7 1.8
Ky .
1 5. 0?'?"5 MLl AT A AR SRR 3 TN AR LT ~, 10— s ] ............ rm
<450 & K BR —Observed || @~ 9E- TLAS Prellmlnary B u] E
§ 40; ---- Exp. for SM H E E 8 E_ 1s=7 TeV j-l_dt 4.6-4.8 fb1 — Obsewed _E
N 40¢ = o - \s=8TeV,|Ldt=13-20.7fb" -- SM expected E
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There are important signs not to be missed!

A or (g/2v)Y?

Q
[N

<
N

19.7 b (8 TeV) + 5.1 fo” (7 Tev)

- CMS

" Preliminary

=== 68% CL

—95% CL
---SM Higgs

W <

(M, ¢) fit
— 68% CL
—95% CL

N 345 10

20

100 200
mass (GeV)



A or (g/2v)H?

Test of SUSY (and 2 HDMs)

e —

19.7 b (8 TeV) + 5.1 fo” (7 Tev)

H
<
= = A

<
N

Preliminary

=== 68% CL

—95% CL
---SM Higgs

W <

(M, ¢) fit
— 68% QL
— 95%/CL

N 345 10

100 200
mass (GeV)

SUSY



-2 InA(?Ldu)

Test of SUSY (and 2 HDMs)
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Cornering the Top Yukawa Coupling



Cornering (directly) the top Yukawa coupling

ATLAS-CONF-2014-011

" ttH (bb) Analysis strategy
t/ﬁ/ 1 - 2 channels t(lvb)t(qgb)H(bb) and t(lvb)t(lvb)H(bb)
7060000 ~_ v - Challenging tt+jets background...
- tt+jets and tt+HF tamed




Cornering (directly) the top Yukawa coupling
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ttH (bb) Analysis strategy

2 channels t(lvb)t(qgb)H(bb) and t(lvb)t(lvb)H(bb)
Challenging tt+jets background...
tt+jets and tt+HF tamed
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Cornering (directly) the top Yukawa coupling
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ttH (bb) Analysis strategy

2 channels t(lvb)t(qgb)H(bb) and t(lvb)t(lvb)H(bb)
Challenging tt+jets background...
tt+jets and tt+HF tamed

Also used kinematic discrimination to further
constrain backgrounds and discriminate signal

Results:
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Cornering the top Yukawa coupling

t(t)H (77)

Leptonic channel

Hadronic channel

—  HA-yy (7+8 TeV)

fiH—bb (8 TeV)

ttH combined
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ATLAS-CONF-2014-043
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Analysis reinterpretation

Inclusive yy limit from process assuming k,, = 1

tH contribution at negative x,

q

w

~+

oc 3.3x x5, —5.1x Kk, +2.8x K

95% CL exclusion |—00,1.3]U[8.1,+0o[ (I-01.2JU[7.9,+ec])




Measurements of Differential Cross
Sections



guantum numbers Spin and CP in many channels
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Differential Cross sections (lI)

More to learn from differential distributions which are sensitive to the main
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Differential Cross Sections

(Differential and fiducial cross sections in dijet - Diphoton channel)
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Differential Cross sections
Our results rely on the Higgs transverse momentum or jet multiplicities

Sensitive to new physics in the content of the production loop
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Differential Cross sections

Large number of observable tested

Higgs started to provide Rivet routines!

Entering also HEP data
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Exploring the far Off Shell mass
region and the Off Shell couplings



Off Shell Couplings

Extremely interesting analysis:

- The constraint on the total width is of limited interest
- Investigate more the EFT approach (See Christophe’s talk)
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Far Off Shell domain R=1 (Verified in the soft colinear approximation)
(G. Passarino)

95% CL limit obs. (exp.)
Hosrshen < 6.7 (7.9)




N.of h h pairs (L

|=ll}fh'1 )

Inspiring ... For self couplings

Determination of the scalar potential, essential missing ingredient : self

couplings A; ~ m2/(2v) , A, ~ my?/(8v?)!

Very similar analysis as the off shell couplings!

A4 : hopeless in any planed experiment (?)

A5 : very very hard in particular due to the double H production, which also
interferes with the signal...
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... some hope? pp - HH — bbyy
or bbt*t (under study)

Extremely challenging!



Towards Precision Higgs Physics

1.- Improve/consolidate the current channels

NNLO gg—H at the LHC (1's = 8 TeV) for M_ = 126 GeV

[ = MSTWOB, o (M) = 01171 ggh@nnlo (v1.4.1), p_= =M,/ 2 ]

2.- Synergy with Theory
- Signal
- Need an improved PDF prescription
- N3LO
- Backgrounds - . %
- Top transverse momentum and jet mult. | ...t 0 2 *0 T o e

2.5~ —— CT10, o (M?) = 0.1180 Green dotted line .
average of three Gaussians —

[ —— NNPDF2.3, a (M) =0.1190

Probability / (Bin size)

i W

0.5

- V+jets
- NNLO diboson

3.- Exploration of the power of EFT has started

- Yield a more precise and robust framework for the couplings analysis

- Yield a framework to define the sensitive observables (see Christophe’s talk)

- Yield a very general framework for indirect tests of new physics through the
overall consistency of all EW and Higgs measurements
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Higgs and Dark Matter
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L. Feng et al., PLB 728 (2014)
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IR

Light DM in the total
width of the Higgs boson?

Heavier DM production of
DM at LHC through direct
searches of (increased
interest):

- Mono jet

- Mono photon
- Mono W or Z
- Mono Higgs!

Covered in a seminar by
l. Vivarelli November 11, 2014
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Invisible Higgs Channels |

- Indirect constraints on the invisible and undetected Branching
(a fortiori on the invisible branching)

- Re-interpretation of mono-jet and mono-W or Z analyses
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Invisible Higgs Channels |
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- Search for a dilepton pair compatible with a Z
and missing transverse energy

- Analyses using fits to MET (ATLAS) or MT (CMS)

For a 125 GeV Higgs:
ATLAS
Br,, < 65% at 95%CL (obs)
Br,,, < 84% at 95%CL (exp)

CMS
Br,,, < 75% at 95%CL (obs)
Bri,, < 91% at 95%CL (exp)
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Invisible Higgs Channels lI

Associated production with a Z in bb (CMS only)
Search following closely VH(bb)
q ( - Contribution from VH(bb) has very little impact
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Invisible Higgs Channels IV
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Interpretation

Pure Higgs portal
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Searches for Additional Higgs
bosons

Extremely important to search for additional states of the EW breaking sector

e.g. SUSY requires at least two doublets of complex scalar
fields (therefore additional scalar states are expected)



Nano Review of BSM Channels

- Charged Higgs

Additional CP Odd/Even

Main current analysis H* to tv

H—yy

H* to c¢s 10°
High mass specific H* to AW

High mass specific H* to tb 0

95% CL, limit on o, [fb]

Nice results on tt 1
Also searched for in pu
Also searched for in bb(b) .

— Observed
----- Expected
Cdtie
Clt2o

| 1 IJJIlll

11 lIIJJII

Fiducial ¢ross
section limits
: ATLAS internal
- vs=8Tev |L-2038T| AS-CONF-2014-031 -

Needs searches in the tt channel 60
New results on hh, soon coming hZ

vy extending mass domain

ZZ in 41, llqq, llvv, vvqq

WW in lvlv and lvqq

- NMSSM (mainly low mass)

Direct low mass uu

Exotic cascades h to aa to four photons,

|
70 80 90100 200 300 400 500 600

Search for a narrow resonance my [GeV]

decaying to a pair of photons

or four taus, ttuy, etc...



Nano Review of BSM Channels

Specific model dependent searches Search for two states in the spectrum in this
case h and H together!

Becoming a standard! (see Roger’s talk)

.. and much more !

- Doubly charged Higgs

- Cascade decays

- Higgs decays to dark Z, hidden valley pions
- Model independent searches for H(gg) + X



Nano Review of BSM Channels

Specific model dependent searches Search for two states in the spectrum in this
case h and H together!

Becoming a standard! (see Roger’s talk)
.. and much more !

. ... and more !
- Doubly charged Higgs - NMSSM A and H, w/ éy’s, etc...
- Cascade decays (Thanks Margarete)
- Higgs decays to dark Z, hidden valley pions - Specific Higgs SUSY decays

- Model independent searches for H(gg) + X (Thanks Georg)



Run 2
A new era of exploration

and precision...

... No « No Loose Theorem » anymore...



ATLAS Upgrades CMS Upgrades

Phase 0 Upgrade Phase 0 Upgrade
- Complete muon coverage

- Additionnal insertable b-layer (Pixels) ) Replace HCAL photodetectors

- New beam pipe (forward and outer)
- Complete muon coverage
- Repairs (TRT, LAr, Tile) Phase 1 Upgrade
New pixel detector
Phase 1 Upgrade - New beam pipe
- New Small Wheel (Forward muons) - Lltrigger upgrade
for Ll muon tngger - HCAL electronics

- Topological L1 trigger processors

- High granularity L1 Calorimeter
trigger

Phase 2 Upgrade
- Completely new tracker (large eta?)
- Calorimeter eletronics upgrade
- Possible L1 track trigger

- Possible change to the forward
calorimeters

’ IBL //ght rejectlon twice better
than current ATLAS




How to get to Run-27?




How do we get to Run-27?

100%

80%

60%

40%

20%

0%

—Baseline (14.03.2013)

3 weeks
—— Completed

----- Forecast

Updated 21-May-2014

Apr/13

Jun/13 -
Aug/13 -
Oct/13 -
Dec/13 -
Feb/14 -
Apr/14

Jun/14 -

SMACC (Superconducting Magnets and Circuits Consolidation)




A New Machine at a New Energy Forntier

\ q
= [
. Y \ a1 3
Injection
mtion shaft :

- Future constructions ATLAS  pjection
= Existing underground buildings
Parameter 2010 2011 2012 Run 2
C.0.M Energy 7 TeV 7 TeV 8 TeV 13 TeV
Bunch spacing / k 150 ns / 368 50 ns / 1380 50 ns /1380 25 ns /2508
e (mm rad) 2.4-4 1.9-2.3 2.5 1.9
B* (m) 3.5 1.5-1 0.6 <0.6
L (cm2s) 2x1032 3.3x1033 ~7x1033 1.6 1034




What can we expect?

e Elaborate a concrete analysis program based on
the following scenarios

— Spring-Summer 2015 0-1 fb! at 50 ns
— EPS 2015 < 1 fb'1 at 50ns

— LHCP - LP 2015 1 fb'! at 50ns

— Full 2015 10- fb™! at 25ns

— Full Run Il 75-100 fb! at 25ns

e Moriond 2016

Important milestone for the entire physics program
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The critical b-Yukawa

~60% of the width

Projections: Validating the parametrization with data!

Estimate the sensitivity vi the llbb (eventually most sensitve) and Ivbb

Of course includes the increase top background estimates
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300 fb-1 O(60) PU events: 4o

This is without the very sensitive vvbb channel!

Run 2 could be saying a strong word on this channel
possibly have an observation at more than 3o)



The Crucial ttH Channels

Long term analyses:

- ttH (up)

- ttH (yy)
Current channels:
- ttH (bb) 1 and 2-leptons
- ttH (gg) semi and fully hadronic
- ttH (WW and tt) multileptons and taus

Not trivial to project without systematics!
- Diphoton € O(200%) stat. Dominated
- Multileptons € O(100%) syst. Important=

Not trivial to improve <

- bb channel € O(150%) syst. Critical =

Even harder

Combination Hopefully an observation at§
Run-2 (3o)!

Wy oy

Combination ATLAS-CMS crucial but aIs

extremely intricate!
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Conclusions

Run-1 has been an amazing success !

The discovery of the Higgs boson is a success of the experimental and TH
community

Run-2 is an imminent new machine

- Close to double centre-of-mass energy

- Should deliver approximately four times the Run-1 Luminosity

- Exciting opportunities for discoveries (leave no stone unturned)
- Continue our vast precision program

Now is the perfect time to start a PhD at LHC!
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Preamble |: The ATLAS and CMS Detectors In a Nutshell

Sub System CMS
E
= »
&
Design
Solenoid (within EM Calo) 2T Solenoid 3.8T
Magnet(s)

3 Air-core Toroids

Calorimeters Inside

Inner Tracking

Pixels, Si-strips, TRT
PID w/ TRT and dE/dx
opr/PT ~ 5 X 10~ 4pr © 0.01

Pixels and Si-strips
PID w/ dE/dx

opp/PT ~ 1.5 x 10~ *pr @ 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation

og/E ~ 10%/vE & 0.007

Lead-Tungstate Crys. Homogeneous
w/o longitudinal segmentation

og/E ~ 3%/VE & 0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-Larg (fwd) E: 11Xg
op/E ~ 50%/VE & 0.03

Brass-scint. > TAp Tail Catcher
~J

op/E ~ 100%/VE & 0.05

Muon Spectrometer System
Acc. ATLAS 2.7 & CMS 2.4

Instrumented Air Core (std. alone)

opp /T ~4% (at 50 GeV)
~11% (at 1 TeV)

Instrumented Iron return yoke
opp /PT ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)




