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Constituents of Matter ﬂ(".

Karlsruhe Institute of Technology

* All matter we know off today is made up of six
guark and six lepton flavors:

Fermions

- ..

o ..

* All of them are fermions with spint/z.
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Fundamental Interactions ﬂ(".

Karlsruhe Institute of Technology

* We know four fundamental interactions, which Gravitation:
act between them: P PR

Electromagnetic

Fermions Force:
. LYY 3
Quarks
u C t
up charm top

d| s b

down | strange bottom

Leptons "é .‘/.l'f H

electron muon tau
neutrino | neutrino neutrino
electron muon tau

Strong Force:

&

b
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Fundamental Interactions ﬂ(“.

Karlsruhe Institute of Technology

 We know four fundamental interactions, which

act between them:
Electromagnetic

Fermions Force:
. LI
Quarks
u C t
up charm top
d S b

down strange  bottom

Leptons "é Hi %

electron muon tau

neutrino | neutrino neutrino
electron muon tau

Strong Force:

&

by
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Local Gauge Symmetries ﬂ(".

Karlsruhe Institute of Technology

e Structure of fundamental interactions enforced

by principle of local gauge symmetries:

Electromagnetic Particles to light to be
Force: significantly influenced

by gravitation.
N e,

YORN
>-h

Fermions Bosons

Quarks

Weak Force:

Leptons

>
\Strong Force:
SU(3) 0

* Lead to introduction of force carrying
particles (— Bosons). @
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Glory of Local Gauge Symmetries ..\X‘(IT

Karlsruhe Institute of Technology

Rare decays at h-factories
(O(107)).

Lamb shift (O(10-1)).

Can describe plethora of
phenomena (not only of particle
physics) to tremendous precision:

||||||||||||||||||

[ Z line shape @ LEP "

2N~ heshape @ LEF o N
— 40 -ex/0509008): /1 1
5 A N, "7 |
30 N
20
High precision data
@ particle physics ' 5
Anomalous magnetic moment of the experiments (O(107°)).  pe===""" | m,
_ 86 88 90 92 94
muon (O(1077) ). E_ [GeV]
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http://arxiv.org/abs/hep-ex/0509008

Case of Electroweak Symmetry

|
* Local gauge symmetries strictly require force

'~ mediating particle to have m = 0:
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Case of Electroweak Symmetry

* Local gauge symmetries strictly require force
mediating particle to have m = 0:

Fermions Bosons

- ... .

o ... .
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Case of Electroweak Symmetry

* Local gauge symmetries strictly require force
mediating particle to have m = 0:

Fermions Bosons

g |
EEE o

o ... . @

my = 91.1876 4+ 0.0021 GeV
my = 85.385 £0.015 GeV
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Case of Electroweak Symmetry

* Local gauge symmetries strictly require force
mediating particle to have m = 0:

Fermions Bosons

- ... .
Lepton —®> « \Weak interaction makes a
P @ difference between left- & right-
handed coordinate systems.
V * This property destroys local
gauge invariance for all weak

interactions if fermions have
myz = 91.1876 & 0.0021 GeV massm #= 0.

my = 85.385 £0.015 GeV
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Case of Electroweak Symmetry

* Weak interactions are described
by weak gauge symmetries! —
symmetry exists.

~ * Local gauge symmetries strictly require force
mediating particle to have m = 0:

F ; B o o o
Srmions osors * Force mediating particles
Quarks [ C t 14 explicitly break symmetry! —
up charm top photon symmetry not realized i
d S b 7
down strange bottom Z boson
" —P> « \Weak interaction makes a
eplons . c
’ IVa ME Vi W difference between left- & right-
electron  muon tau W boson .
neutrino neutrino  neutrino handed coordinate systems.

e U T g V * This property destroys local
B I B gluon gauge invariance for all weak

interactions if fermions have
myz = 91.1876 4+ 0.0021 GeV massm #= 0.

mwy = 85.385 £0.015 GeV

11 Institute of Experimental Particle Physics (IEKP)



Spontaneous Symmetry Breaking

AT

Karlsruhe Institute of Technology

* Symmetry present in the system (i.e. in Lagrangian density £ ).

* BUT symmetry broken in energy ground state of the system (=quantum vacuum).

* Three examples from classical mechanics:

12

Needle on point:

Block in water:

4

Block on stick:

¥ symmetry

axis-symmetry

¥ symmetry
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Higgs Mechanism _\g(“.

13

Incorporation of spontaneous symmetry breaking
in gauge field theory = Higgs mechanism:

Introduce new field ¢ with characteristic interaction
potential.

Leads to prediction of new particle: — Higgs boson!

Allows to incorporate mass terms in the theory.

Gauge symmetry compromising mass terms compensated by characteristic coup-
lings to Higgs particle:

kv = " (for force mediating W & Z boson).

kp= "' (for weakly interacting fermions).

Institute of Experimental Particle Physics (IEKP)



Wanted: Higgs Boson (Dead or Alive) ﬂ(".

Karlsruhe Institute of Technology

* If mpg is given all properties of the (SM) Higgs boson are known:

. , . FA
Gluon fusion Vector boson Associated production
fusion q 000009000~ =+
- o
9 : HO W.Z wz 9 W
0 .
s 9 ' i 9 4
c : = H° swsesrsr<
S ¢ N
g ; Al
o)
)
C % t 1 T T T T T T T __E
o) —_ N @ BN
5 8 5 - .
— —_ [ 1]
5 X i
(- T 5 |9.10-1 A 27 5
2 1 el N\
(@) a o [ | ]
| . o m cC
Q ¥ ) | i
g = 0% =
~ 1 T ¢ ]
- - L 4
Q ] - -
-2 -1 3 .
O 107 10 =
-] B % £ o =
© L & L 4
O i . O ]
& 10-2 III‘III‘III'III'\II'\II' D 10‘4 | | 1 | | | | |
80 100 120 140 160 180 200 90 200 300 400 1000
M, [GeV] My [GeV]
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The Large Hadron Collider _\X‘(IT

Karlsruhe Institute of Technology

Construction costs: 4.1 billion $

Construction time : 14 years

_ Circumference  : 27 km
> : No of dipoles : 1232

s-S00 S B T a Power £ 120 MW
= R Luminosity(8TeV) : 8 nb/sec

o - =
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AT

Karlsruhe Institute of Technology

The Large Hadron Collider

Construction costs: 4.1 billion $

Construction time : 14 years
1 27 km

11232
120 MW
. 8 nb/sec

Circumference
No of dipoles

Power
Luminosity(8TeV)

= 1
— - - T 4
e =) i "
— ; ; feagerrat o T R
a o e v
e TR B
-
- e
- r g L,
| :
] = -
e L -
'lf -J.-.'
= =20, o
- F
- = T
e ol LT e a . .
¥y > : e -
x T o gy T
e - ,IIII-T' Sy W __.'_"-. o | i
o i, e ;_ ot
- - R, T el 5
| (A - a1 bl (e
1 J.I' ey 5, —-—
o

B O = - -
S e %

Energy density

500 kd/m B =y e
* Tension | S -
200'000 t/m
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Karlsruhe Institute of Technology

Key demands on Experiments ﬂ(".

Muon identification:

Vertex
identification: N
Silicon
Tracker alinil
Electromagnetic E
Momentum Calorimeter I g
determination: Hadran Superconducting i -'-:‘E
Calorimeter Solencid é
— HEER |2
— . — Irmm:_?tumyukeInterspemed L] f
p=erxB Energy determination: it Muon chambers I
op _ 1B (5B D 57a) * Energy resolution
er .
= e Stopping power
17
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The Compact Solution (CMS) _\g(“.

Karlsruhe Institute of Technology

* Magnet field: 3.8 T (outside e Length :21m
calorimeter) o S - Diameter : 16 m
* Tracker: Si (97/p = 0.5%for a | * Weight
10 GeV track)

* ECAL: PbWO,(°F/p = 1% for
a30GeVe/vy, Xo = 28)

* HCAL: Sampling (brass
scintillator, 92 /5 = 10% for a

100 GeV 7 H/—, \; = 10)

4
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LHC History (measured in physics measurements)

AT

Karlsruhe Institute of Technology

Ch. Sander

10'2, LHC, /s = 8 TeV
! 2010 2011 2012
b - 25 T T 25
107} ks
':“_ bt = — 2010, 7 TeV, 44.2 pb ™' m— 2011, 7 TeV, 6.1 b’ — 2012, 8 TeV, 23.3 b’
) ! didet{pr > 100 GeV) _B' 20
=100 . ‘@
[=* =]
= b W= £
E 10° R , dilet(pr > 400 GeV) E 15} 115
& et o first >20 local excess
i e £ 10} atlow mu, 1.1-1.7 /fb 110
SN )
! Z'(['=10.1-m) 42
I Z'(['=0.01-m) = 5r 1®
L -
£ [=]

; i = o L 1 t L I _— L 0
107°= - - . . ) \3 o C
0 100 1000 / Y 1%% 1 i e° 4 9° N &k \155" 4 9%

Scale / Mass [GeV] Date (UTC)
repeating the program
firstZZ xsec, 1.1 /o at 8 TeV
S ) o, \
first MinBias / UE rst fop xsec, 3/pb 6~40% '|
studies, particle multiplicities 6~40%
going more differential, anew boson is

first single top xsec,

first incl. b x-section, 8/nb

0~15% -chan., 36/pb
6 ~ 36%
firstincl. jet x-section, PF jets
60/mb 6~ 20-30% first mop, 36/pb
A~6.5GeV

first incl. W/Z x-sections, 200/nb
5~ 4-6%, +11% lumi first WW xsec, 36/pb
o ~40%

first incl. J/AW x-section, 100/nb first limit on HWW

0~ 20%

19

e.g. ZIW+jb,c

first significant limit on
Bs—pp, BR<1.9x102

first particle discovered
by CMS: =

i first spin parity
1
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Snapshot of our Physics Understanding of Today

AN{]]

hnology

Feb 2014

EStrong SectOr

10°

G [pb]

Production Cross Section,
3 3
IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIIJ
{

—
o
w

—
o

—
Q

67 TeV CMS measurement (L <5.0fb™)
¢ 8 TeV CMS measurement (L <19.6 o™
—7 TeV Theory prediction

—8 TeV Theory prediction

- CMS 95%CL limit

Sector

.~ sector

N
L L1

—a—

20

W |21]|221|231|24i| z |2‘Ij|22]|23j|24i|Wy|Zy Lv.*.rw'w.*z'zz}”—’lEWI.wwl it | 1j | 2 | 3 |t1{h|tW |t |tly |nz |ggH|(\]',qB}_'|:|VH|nH

&-ch

WW qqll
Th. Ac,, in exp. Ac
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— S— | e———
—— Ce——

—II'

Chae Resolution
) H — vy 1-2% O(0.1)
kpvy =222 | H > ZZ 1-2% O(>1)
H—-WW 20% O(1)
my { H — bb 10% O(0.1)
v H— 717 15% O(0.1

21 Institute of Experimental Particle Physics (IEKP)



Discovery of a new particle 4" July 2012 ..\g(“.

Karlsruhe Institute of Technology

s H 1 CMS \s=7TeV,L=511f0" \s=8TeV,L=531b"
° CratC ing magiC % T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T 10
bo boundary. © < 26
7 102 E
2 - _|30
» Discovery driven S (0 B \\\7/ N
by high resolution 9 E - 140
channels (H — ~~ ol \/ |
&H — Z7). 107 & 50
10'8 — | = Combined obs. ‘\”~. —]
* Broad moderate S EXP- forSMH | e . 60
excesses for ol l—hs 2 i
10 = * =
H—WW, —_foww
10-12 _—r 1 IHI_)tI:)bI T 1 T T T 71 : | I I - : 1 :"?. I : 1T 1 1—_ 70
* No signal seen in 110 115 120 125 130 135 140 145
m,, (GeV)

fermionic decay
channels.

Does the new particle couple to fermions?
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H — 77 Decay Channel

XIT

Karlsruhe Institute of Technology

Six decay modes:
ThThy, UTh, €Th,
el pp, €€

Th

Compatible w/ invariant mass

requirements

A
r N\

Hadron + Strip

% Three Hadrons
single

I
Hadron ’

23

Vr

7

~ W

L J

TR
Decay Mode BR B
T — evels 17.83% Ve, Vp, d
T — [V, Uy 17.41%
7 —1-prong v, | 37.10%
7 —3-prong v, | 15.20%

* |solation (based on energy deposits in
vicinity of reconstructed 7;, candidate).

Discrimination against electrons (based
on shower shape & £/p).

* Discrimination against muons.
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Performance of Hadronic 7 Reconstruction ..\X‘(IT

Karlsruhe Institute of Technology

CMS, 19.7 b at 8 TeV  Efficiency ~ 60% (~ 3% fakerate), flat for

ﬂ16000 llllllllllllllll Illlllllllllllllllll_ pT(T) > 30 Gev& independent from
c —e— Observed ] .
q>, 14000 l/v':h [ ] Bkg. uncertainty _: plleu P events.
w |:|Z—>m 3a* ]
12000 [ Jz—w 1x° +photons ]

[ ] z—w 1" no photons ]

10000 ™ 2
Z2— . Q - .
Bz i § 14— —— HPS AB Isolation Loose
8000 [ Electroweak E G -
I « - i | —— HPS Ap Isolation Medium
. 1.2
6000 [Jaco - - HPS AP Isolation Tight
] il
4000 3 s
2000 - 0.8
- — -
0 = 0.6—, 32 S DU
0.0 0.2 04 06 081\1.0 1.2 16 1.8 2.0 C ) 1 & WM
L g % 1 91e
s N .
. 02
Hadron + Strip - Z 511
% Three Hadrons _I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
F ‘, °% 5 10 15 20 25 30
single g ‘ Num. reconstructed Vertices
4 .
 Hadron -
\ l1 "
| i
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Karlsruhe Institute of Technology

Analysis Strategy ..\X‘(IT

25

Analyze all six inclusive decay channels (7,7x, (7h, eTh, ep, pp, ee) & many more
exclusive decay channels for VV H production (7 — ¢¢, W — /v ).

Select two isolated leptons (7n, ©, €).

ut
Restrict E1 to reduce background from < 0.16r "
W + jets events. S .. —— Horrm, =125 GeV
;g i Z—1t
m iscrimi- 0.12f
Usg fully r_econstructed - as discrimi s : Resolution: 10% - 15%
nating variable: 01
’ 0.08[-
/\61 E
£:.—77—“ X 0.06]-
Qz B
0.04—
0.02F
Inputs: visible leptons, x-, y-component of Er. A o
0 50 100 150 200 250
Free parameters: ¥, 0%, (m..) per . m,, [GeV]
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Background Control

AT

Karlsruhe Institute of Technology

4 =TT

* Embedding (in Z — upu
replace © by sim 7).

* Norm from Z — puu .

tt

From simulation.
Normalization from
sideband.

QCD multijet

Normalization &
shape taken from
LS/OS or fakerate.

26

dN/dm_. [#/GeV]

500

400

300

200

100

Z — U

* From simulation

* Corrected for jet — 7
or e/u — 7 fakerate.

------ SM H(125 GeV)—tt
—o— Observed
CzZ-w

0 Z— ee

W + jets, Diboson

From simulation
Normalization from

200

300
m,. [GeV]

sidebands.

LRI B B B B
MT i —e— Observed
h 1 [7] BKkg. uncertainty
v zZ-w
3 Z—uu
[ Electroweak

18000

Events

16000 F=paseline

selection
14000

12000
10000
8000

High-mT

6000 control region

4000

2000

0
1.2E

L 'ER1 FER1 FERE AT FETY PETE Feri Tl Peed I

Obs/Bkg

I
1.0 E..oocﬂ."&',o"’t..g"."“"?‘*“? + g
08 .
0

20 40 60 80 100 120 140 160
my [GeV]
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Further Event Categorization .\\J(IT

Karlsruhe Institute of Technology
— —

* Further event categorization to increase sensitivity of the analysis:

A
2-Jet * Most sensitive for VBF production mode.
* Larger statistics. * Suppressed Z — 7T
1-Jet background.
* Improved m., resolution.
0-Jet * In situ calibration of important uncertainties.
s

Increasing pr of 7 or 1 .
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Further Event Categorization

XIT

Karlsruhe Institute of Technology

ThTh
(8 TeV only)

O-jet 1-jet 2-jet
pr > 100 GeV
P > m; > 500 GeV | m; > 700 GeV
: 100 GeV |Ary| > 3.5 |Any| > 4.0
igh-p.™ ighepoh | high-pr™
P > 45 GeV high-p;™ high-pr boosted loose
- - VBF tag
baseline low-py low-pr
) . high-p;™
_p.h h T
b > 45 GeV high-pr* gh-Pr- | boosted loose
VBF tag
baseline low-pr™ low-p;™
ERSS > 30 GeV
igh-p,¥ igh-
p* > 35 GeV high-pr high-p-* loose
VBF tag
baseline low-py” low-py!
high-py' high-p-'
| T
p, > 35 GeV 2-jet
baseline low-py low-py/
boosted bggsr.]tlgd VBF tag
baseline
prt > pr't > p;™ > 100 GeV
100 GeV 170 GeV m; > 500 GeV
|An| > 3.5

28

Nearly 100 exclusive event
categories.

6 inclusive decay channels.

Exclusive decay channels
for production in association
with W, Z bosons.

On 7 TeV and 8 TeV dataset.
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D

istribution of m -,

AT

Karlsruhe Institute of Technology

dN/dm__, [1/GeV]

dN/dm_, [1/GeV]

29

CMS, 19.7 fb™' at 8 TeV

——T—T I L B
1R SM H(125 GeV)—tt -
L —e— Observed ]
10 e g
i 0z ee |
i [ W+ets -
0.8 |- — ]
L 3 acop ]
L [ Bkg. uncertainty T
06| ]
i et, 1
[ Loose VBF tag -
04 ]
02| ]
0.0
0 100 200 300
m_ [GeV]
CMS, 19.7fb"at 8 Te
L e - B R
024p SM H(125 GeV)—tt
0.22 —e— Observed
CJz-mw
0.20 0 Z—ee
018 I W+jets
T
0.16 Sk C3acp
014 o 7] Bkg. uncertainty
0.12 et,
0.10 Tight VBF tag
0.08
0.06
0.04
0.02
0.00
0 100 200 300
m_ [GeV]

dN/dm_, [1/GeV]

dN/dm_, [1/GeV]

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0.0
0

0.5

0.4

0.3

0.2

0.1

0.0
0

7 fb' at 8 TeV

CMS, 19.

100

SMH
—e— Obse
CJz-w
3

[ Electroweak

[Jacp

[] Bkg. uncertainty

ut,

200

Loose VBF tag

(125 GeV)—tt
rved

300
m_ [GeV]

CMS, 19.7 fb" at 8 Te

100

—e— Observed

SM H(125 GeV)—t ]

CJz-w E
B :
[ Electroweak 7
[CJacb 4
[C] BKg. uncertainty ]
ut, ]
Tight VBF tag
200 300
m_ [GeV]

dN/dm_, [1/GeV]

dN/dm_, [1/GeV]

MS, 19.7 fb' at 8 TeV
0.8 e T At ey
e SM H(125 GeV)—tr ]
0.7 —e— Observed -
C CJz-w ]
0.6 F P -
- [ Electroweak .
05F [Jacb 2
F ] [] Bkg. uncertainty
4F -
04t Thth ]
03 VBF tag _'
02fF i .
0.1F ] -
ook Lo allan P, am
0 100 200 300
m_ [GeV]
CMS, 19.7 fb" at 8 TeV
T T T T T T T T ]
e SM H(125 GeV)—>tt |
05 —e— Observed 7]
[ @ SM H(125 GeV)—>WW
- CJz-w 1
0.4 [  — .
B [ Electroweak E
B -4 [ Misidentified e/u i
[ ] Bkg. uncertainty ]
03 -
[ eu ]
oab 25 Tight VBF tag 1
01f = ]
0.0k :
0 100 200 300
m_ [GeV]
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30

Evidence of

Higgs Coupling to Fermions

AT

Karlsruhe Institute of Technology

CMS H—tr, 4.9 fb™" at 7 TeV, 19.7 fb" at 8 TeV

o 1_. T T T T T T T T3
R ]
210°F DN 2"
2— o ,: 20
© 1072 oo - \ B
o E o L E
o E ]
=103 F . \\'/‘( < %

104 .
E 40
10° 3 —e— Observed p-value I
10°® ;_ ........ Expected for SM H(m,) -;
f f 50
7 b -
10°F g = 3.2(obs) 3.7(exp) T
10 U R R TS I S
100 120 140
m,, [GeV]
CMS (unpublished) H—t, 4.9 fb™' at 7 TeV, 19.7 fb™' at 8 TeV
o 1. T I T T T I T T T I |
S 107 1
1 4 \ )/E 20
Q.10-2 - B
® F E
810°F P — A
| E 3
10 3
E 440
10°KF 1
10°F 1
4F 450
107 E
-8 E ]
10 g- —=&—— Observed p-value }
-9 [ [ =10 Expected for SM H(125 GeV) ]
10 E- ] =20 Expected for SM H(125 GeV) -5
10-10 C L | L " 1 | " L N | ]
100 120 140
m,, [GeV]
30

25

2.0

1.5

1.0

0.5

0.0

-2 A InL

CMS (unpublished) H—tt, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV
— —T— T — T ™)
- x 3
F omy =122+ 7 GeV
i l ! ]
- 95% CL -
C Mes% cL ]
- wfmbest fit -
T I T R S R S TR S RS
100 120 140
m,, [GeV]
20 CMS H—tr, 4.9 fb" at 7 TeV, 19.7 fb' at 8 TeV
—e—: Observed
= === Parabolic fit
...... H (125 GeV) Expected
[ + 10 Expected

[ = 20 Expected

2c

1o

-2

2.0

1.5

1.0

0.5

0.%.

CMS (unpublished) H—t, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV

—— 1
L m, =125 GeV 95% CL. '
[ 68% CL
i o Best fit i
L ¢ sm i
A I R
0 2 4
quH,VH
CMS H—tr, 4.9 fb™" at 7 TeV, 19.7 fb" at 8 TeV
T T T T T T T
m,, = 125 GeV 95% CL ]
i [ 68% CL 1
I wf Best fit i
- ¢ sm -
I R P B
0 0.5 1.0 1.5 2.0
Ky
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Quo Vadis I — 7 AT

Karlsruhe Institute of Technology

 Why is H — 77 still hot?

* Most promising channel to have access to Higgs
fermion couplings.

* H — 77 needs to be rediscovered in 2015 data.

* 30 need to be turned into an unquestionable 50
discovery.

6666

« H — 77 is the only channel to measure direct CP violation in the Higgs sector.
* Exciting for two reasons:

* CP violation alone as in the SM cannot explain that our universe today is made
of matter and not of matter and anti-matter to more equal parts.

* A CP odd Higgs boson is theoretically a very interesting candidate to find
another Higgs boson! Very generally a CP odd Higgs boson does not couple to
bosons at tree level BUT to fermions!

31 Institute of Experimental Particle Physics (IEKP)



How to Measure CP in H — 77 (in a nutshell) ..\X‘(IT

Karlsruhe Institute of Technology

* Easy generic extension of the SM to introduce CP violating Yukawa couplings:

Ly = —N (cos ¢T7T + sin ¢7iysT) H
CP violating phase

* RecappingC andP: f: P=+1 P=(-DI[L(-1) = (-1)&H

f: P=-1 C = (—1)i+5

L> Intrinsic parities

* How can we distinguishCP = —1 from CP = 417
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How to Measure CP in H — 77 (in a nutshell) ..\X‘(IT

Karlsruhe Institute of Technology

* Easy generic extension of the SM to introduce CP violating Yukawa couplings:

Ly = —N (cos ¢T7T + sin ¢7iysT) H
CP violating phase

* RecappingC andP: f: P=+1 P=(-DI[L(-1) = (-1)&H

f: P=-1 C = (—1)i+5

‘ Spin analyzer
Intrinsic parities

* How can we distinguishCP = —1 from CP = 417

" 4 4 7 4 4
.:" H T ﬁ\ :." v ﬁ\ :'-' ﬁ\ ’7'+
— e — —e
JCP — g+— 3 3

yd"'(jT“L yuff 7T+"'
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Theoretical Motivation of CP = -1 — MSSM

AT

Karlsruhe Institute of Technology

* A CP odd Higgs boson is theoretically predicted in Two Higgs Doublet models

34

(2HDM) like the MSSM:

. 500
=
0
Hy = (53) . Yu,=-1, vi:VEV, O
1 &
+ = 300
H2 — (g%) 3 YH2 = —|—1, Vo o VEV2
2
Npdot = 8 L;:* 200
W’ Z H+/_7 H7 h7 A 150

Strong mass requirements at tree level:
100
Two free parameters: m.a, tan g = vi/,

9 9
Mpr+/— = My + Miy

2
S—_— =§(m?4+m%i\/<m?4+m%)

I
tan 8 = 3
==== tan 3 = 30

&
-------------------
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ma [GGV]

Institute of Experimental Particle Physics (IEKP)


http://arxiv.org/abs/hep-ph/0503173

MSSM and H — 77 ﬂ(IT

Karlsruhe Institute of Technology

* The combination of MSSM (as 2HDM) and H — 77 is even more interesting!
* Different coupling to up-type and down-type fermions (usually down-type enhanced).

* Quick check with slightly modified SM analysis:

CMS, MSc Thesis, R. Caspart, H-»11,19.7 f" at 8 TeV CMS, MSc Thesis R. Caspart, H-str, 19.7 fb" at 8 TeV
T T T T T T

19.7 b (8 TeV) + 5.1 b (7 TeV) = , —_— — —
1 10:|‘l|||‘|||‘|II\IIII\I|\II\I\||\||\|1,|\||_ U)14__ I —.—lomma I E a i T T
< QZ_CMS — Observed '9. [ Expectad for H(125 GeV) as BG i 'E'- &0 L expected
4 8 Preliminary - Exp. for SMH E ’g 12k I - Hesao b E g SM analysis (HIG-13-004)
o : Aw Ko K_‘V S [ [ <20 Hrzs aovas o 1 X of <o MSSM analysis (HIG-13-021)
Z:‘ E E 102— . i i
F 1 g gk d4 D -
5 4 O ] 2 b %
o 1 <2 c - ™
5 b © = af
a = E [
E = .
- d 10 : ..::9“\‘
X I o g
RS WA Vi cb e e e obi i . ) o ol e, e
0.5 1 1.5 N 2 100 120 140 100 120 140
du my [GeV] m, [GeV]
would expect MSSM Modify SM H — 77 analysis to scan for an additional CP
here. odd Higgs boson between 110 GeV and 145 GeV.
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Search for additional neutral Higgs Bosons

AT

Karlsruhe Institute of Technology

* Exploit predicted increased sensitivity to down-type fermions and remain as model

36

independent as possible:

O b
{ . H
O b

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

L] L] L] L] I L] L] L] L] I L] L] L] L]
------ 1T

uth —&— observed

3zt

 — R

B clectroweak

[ acb

[5554] bkg. uncertainty

mP., (m, =160 GeV, tanf=8)

B-Tag category:

N(B Tag) > 1
N(Jet) <1

dN/dm._. [1/GeV]

|||||||‘ |||||||‘ |||||||‘ |||||||‘ |||||||‘ 1

0 500 1000 1500

dN/dm.__ [1/GeV]

No B-Tag category:

N(B Tag) =0 _H_ B

CMS Preliminary, H—otr, 49 fb™"at 7 TeV, 19.7 fb" at 8 TeV
105 T T T T T T T T T T T T T T

—&— observed

10 Czom
 — R
10° B clectroweak
C—JacD
[5554] bkg. uncertainty
10? : M (M, =160 GeV, tanp=8)
10
1
10
102
107 .
0 500 1000 1500
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Model independent limits

AT

Karlsruhe Institute of Technology

* Search for a narrow resonance in gg —+ H & bb — H production mode:

Preliminary, Combination, L =19.7 fb™ at 8 TeV

10 gg—bb¢ profiled

gg—bboxBR [pb]

95% CL limit on o(gg—9)xBR [pb]

CMS Preliminary, Hotr, 4.9 fb" at 7 TeV, 19.7 fb™ at 8 TeV
T L] L] L] L] L] L] L]

F m,=130Gev = 95% CL 10° —a— observed T 10°
SM H(125 GeV) injected E
..... 68% CL expected ]

2 [ = 1o expected - 102
+ Best fit 10 [ 1 + 20 expected E

-
o

95% CL limit on o(gg—bb¢)xBR [pb]

CMS Preliminary, H—tr, 4.9 fb" at 7 TeV, 19.7 fb™ at 8 TeV
L] L] T T L] L] L] L]

—#— observed
SM H(125 GeV) injected
expected

I + 1o expected

[ ] + 20 expected

gg—¢ profiled

300 400

gg—0xBR [pb]

e 2D limit contours from scan of likelihood
function.

* 1D limit contours on gg — H & bb — H
profiling corresponding other component.
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'l 'l 10
1000 100

m, [GeV]

from two slides
before

CMS, MSc Thesis R. Caspart, H-stc, 10.7 fi' at 8 TeV

300 400 1000
m, [GeV]

— T
expected

SM analysis (HIG-13-004)

-------- MSSM analysis (HIG-13-021)

95% CL limit ong(gg—0¢)<BR [pb]
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Limits in dedicated MSSM Benchmark Models

¢
Karlsruhe Instit f

itute of Technology

* Explicit prediction for three neutral Higgs bosons:

CMS Preliminary, H—1t, 4.9fb"at7 TeV, 19.7 fb™" at 8 TeV

m,=500GeV
tanp=15

el 60 : | |_ 1 [ r r 77 T [ 1 T mlf
ﬁ [ [95% CL Excluded: - 10°}
- - | — Observed —> .
" | —— SM H(125 GeV) ] .
50 injected ~ 10°)
- Expected - 107k
B * 1o Expected - 100 ‘
[ + 20 Expected ] A, /,LLLLAAMR l
40 C LEP i 9% 500 ~ 1000 50
30F 4+ Note: a Higgs @ 130 GeV
r - already observed!
201 E * With increasing sensitivity new
C . statistical interpretation
10 MSSM m™ scenario - needed: “1 Higgs vs 3 Higgses”.
Msysy =1 TeV :
0 1 1 I 1 1 1 I 1 1 1 F 1 1 1 I 1 1 1
200 400 600 800 1000
m, [GeV]
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Conclusions ﬂ(“.

Karlsruhe Institute of Technology

Hunt for the Higgs boson has been exciting!

One of the main questions: does the new particle couple to fermions has been
answered.

The H — 77 decay channel remains exciting in future:
* Re-discovery & establish 5¢.
* Direct measurement of CP.

* Exciting channel for discovery of additional Higgs bosons.

(Higgs) physics with 7 at the LHC remains fun!
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Backup _\g(“.

Karlsruhe Institute of Technology
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Local Gauge Symmetries (Crash Course) ..\X‘(IT

Karlsruhe Institute of Technology

* Equations that describe quantum mechanical system are invariant under global
phase transformations (example U(1)symmetry):

* Can choose arbitrary phase ¥ for wave functions ¥(Z,t) — ¥(Z, t)e®™.

* But phase must be the same at any point in space, at any time! (— global
symmetry)
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Local Gauge Symmetries (Crash Course) ..\X‘(IT

Karlsruhe Institute of Technology

* Equations that describe quantum mechanical system are invariant under global
phase transformations (example U(1)symmetry):

* Can choose arbitrary phase ¥ for wave functions ¥(Z,t) — ¥(Z, t)e®.

* But phase must be the same at any point in space, at any time! (— global
symmetry)

* Possible to allow arbitrary phase 9(z,¢) of ¥(Z,1) at each point in space
and any time. (— local symmetry)

* But this requires introduction of a mediating field 4,,, which transports phase
information from point to point:

VI ge _ A e .zp({/',t’)

9(Z, 1) 9@, ')
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Application to Particle Physics -\X‘(IT

* Goldstone Potential:

¢ = \/2 (p1 +ig2)
V(g) = —1|8” + Ag[*
L(¢) = 0,90"¢" —V(9)

* invariant under U (1) transformations
(i.e. ¥ symmetric).

* metastable in ¢ = 0.
* ground state breaks U(1) symmetry,

BUT at the same time all ground
states are in-distinguishable in ¥,
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Application to Particle Physics -\X‘(IT

* Goldstone Potential:

¢ = \/2 (p1 +ig2)
V(g) = —1|8” + Ag[*
L(¢) = 0,90"¢" —V(9)

* invariant under U (1) transformations Re(4)
(i.e. ¥ symmetric).

* metastable in ¢ = 0. * ¢ has radial excitations in the
potential V' (¢).
* ground state breaks U(1) symmetry,
BUT at the same time all ground %
states are in-distinguishable in ¥,
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Application to Particle Physics -\X‘(IT

* Goldstone Potential:

¢ = \/2 (p1 +ig2)
V(g) = —1|8” + Ag[*
L(¢) = 0,90"¢" —V(9)

* invariant under U (1) transformations Re(4)
(i.e. ¥ symmetric).
* metastable in ¢ = 0. * ¢ can move freely in the circle
that corresponds to the minimum
* ground state breaks U(1) symmetry, of V(¢).

BUT at the same time all ground
states are in-distinguishable in ¥,
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Higgs Mechanism

Incorporation of spontaneous symmetry breaking
in gauge field theory = Higgs mechanism:

Introduce new field ¢ with characteristic potential.

Leads to prediction of new particle: — Higgs boson!

46

W & Z boson via local gauge invariance requirement.
* Fermion masses via simple (=Yukawa) coupling to %
Higgs boson.
* Higgs boson itself obtains mass from Higgs potential.
Gauge invariance compromising mass terms compensated Ky = 2”;"”
by characteristic couplings to Higgs particle: omy
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A Long Road of Theory Developments ﬂ(“.

Karlsruhe Institute of Technology

— H
ggNNLO A qq — qqH qq — VH
+ (ovs) « NNLO(a,) « NNLO(av,)
NLO( ) * NLO(«) S
* Precision 15% * Precision 3% Lo
* Precision 4%

tt production
* NNLO+NNLL(cxg)

Single top production

gl NNLO(cv,)

* Precision 4%

W + additional jets
« NNLO(av.)

Z + additional jets
« NNLO(a,)

WW W4 ZZ
* NLO(a,)

* Precision 5%

* Precision 5%

* Precision 10%

‘MmAatt HeLxin
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Performance of Hadronic 7 Reconstruction _\g(“.

Karlsruhe Institute of Technology

* Control efficiency within 7%
using tag & probe methods:

events/10 GeV/c?
(2)]
[an]

20

@ Data
B2y -t
T Qco
W + jets
Wz —-ptw
Wl tT + jets

passed HPS loose |

50 100 150 200
u-jet visible mass (GeV/c?)

48

events/15 GeV/c?
3
[

# Data
Wzty -7
= Qco —
W+ jets
Wzl —ptw
B tt + jets

failed HPS loose

50 100 150 200
1-jet visible mass (GeV/c?)

* Control 7, energy scale within 3% from fits to

Mr vis -

E 0.6 T T T 3 T T T T

= # Data c # Data

= . . = . .

> =mm == Simulation > 0.6} = Simulation i

« | [T 1= TauES*1.03 © | == TauES*1.03

E 04_ ||||||||| = TauES*0.07 _ E === TauES*0.97

[ [ m.

] (1]
0.4 ELEE -
0.2 .

- -' [N ]
0 | | | | | 0 | P el | | | |
04 06 08 1 1.2 14 04 06 08 1 12 14 16 18
visible t (nn°) mass (GeV/c?) visible T (nnn) mass (GeV/c?)

* Uncertainties further constrained by maximum

likelihood fit in the statistical inference for signal
extraction.

Institute of Experimental Particle Physics (IEKP)



H — 77 Decay Channel ﬂ(".

Karlsruhe Institute of Technology

Status July 2012: Status March 2013: Status Summer 2014

CMS, MSc Thesis R. e-mn.lhn 49 fb” at 7 TeV, 19.7 fb™ at 8 TeV

- 5.0,.SMS, Prenmmary\F 748 TeV, Hoyr, L = 10fb1 < 4.0 S8 P[E"["i';anj- Vs=78TeV,L=24.3 b H> 11 = 3.0— : ———————
& R ‘simulation sngnal inj. (m =125 GeV) 3 B F —— observed bm T Observed
5 45 [~ —— observed © 35F expected B o5l —— Expected
c : expected 3 c : [ = o expected ¢ <2 [ + 1o Expected
g 4.0 _ I:l_ ig:;%?;iz _E g 3.0 [+ 20 expected 2 r [ +20 Expected
£ E £ C E —
= £ - £ 20
1 25} = L
3] O i :: C
R = 20F O 1.5
3 ot X
Te] -
i @ 1.0f
1.0
OF o 0.5
E .5
0.5f .
oo-llllllllllllll' 0.0 = ' 0-0|||||||||||||||||
110 120 130 140 110 120 130 140 110 120 130 140
m, [GeV] m, [GeV] my [GeV]

1= N.A. uw=11+04 pw=0.8=x0.3
o = 0(obs) 1.4(exp) o = 2.9(obs) 2.6(exp) o = 3.2(obs) 3.7(exp)

@ mpyg ~ 125 GeV Treating contributions from H — WW as background.

49 Institute of Experimental Particle Physics (IEKP)



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49

