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The Large Hadron Collider

Energy radiated off per rotation cycle:
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The Large Hadron Collider _\g(“.

Karlsruhe Institute of Technology

Energy radiated off per rotation cycle: Construction costs: 4.1 billion $
Construction time : 14 years
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The Large Hadron Collider _\g(“.
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Energy radiated off per rotation cycle: Construction costs: 4.1 billion $
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The Large Hadron Collider ﬂ(“.

Karlsruhe Institute of Technology

Energy radiated off per rotation cycle: Construction costs: 4.1 billion $
Construction time : 14 years
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Key demands on Experiments ﬂ(“.

Karlsruhe Institute of Technology

Z—py event from 2012 data with 25 reconstructed vertice:

Vertex
identification: @ /%@%

4T *

Silicon

Tracker \ Q?%
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Key demands on Experiments ﬂ(“.

Karlsruhe Institute of Technology

— i event from 2012 data with 25 reconstructed vertics

Vertex
identification: @ /,z_’._%%_
4T * !
silicon g §
Tracker \ﬁ%&
Momentum
determination:

p =e-rxXB

ép _ 6B Sr
p  erB D erB

8 Institute of Experimental Particle Physics (IEKP)



Key demands on Experiments ﬂ(“.

Karlsruhe Institute of Technology

Vertex
identification

Electromagnetic

Momentum Calorimeter
determination: Hadron

Calorimeter
p =e-TXB Energy determination:
op __ 6B Sr * Energy resolution
p  erB S erB * Stopping power
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Magnet field (solen0|d): 26T : =B Length

(inside calorimeter) =—=r ZNE Diameter 29 m
Magnet field (toroid): ~4 T~ [ o M7 o . 7'000 t
(outside calorimeter) 3% i | O

>, The Large Scale Solutlon (ATLAS)

Tracker: Si/multi-wire
chambers

ECAL/HCAL: LAr (varying
granularity)
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. The Compact Solution (CMS B
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 Magnet field: 3.8 T (outside Qe . | ongth
calorimeter) * Diameter : 16 m
Tracker: Si (97/p = 0.5%fora [ R » Weight @ 12'500 t
10 GeV track) : =~ ' =

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

HCAL: Sampling (brass
scintillator, °£ /5 = 10% for a
100 GeV /=, )\, = 10)
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A The challenge A

Production Cross Section, o [pb]

Rate in
July 2015 HZ")

% 7 TeV CMS measurement (L < 5.0 fb™)
% 8 TeV CMS measurement (L < 19.6 fb™)
0P R A R B — 7 TeV Theory prediction
Jaﬁ — 8 TeV Theory prediction
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* for us finding the Higgs it was

48 years = 1,513,728,000 sec 0000001

|w | z |W'y|Z'y |ww|w2|zz |E"’}u’v|5:\’z|m,;|§ww|wvy| tt |t |t'u'u' |t=_:h|tl'y |uw|uz |ggH|gc?l:_|VH|tlH |

All results at: http://cern.ch/go/pNj7 Wosly, Zol, l-ep Th. Aoy, in exp. Ac
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I, [GeV]

Wanted: Higgs Boson (Dead or Alive)
' L
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Production: Decay: )
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¥

oad of Theory Developments

— H
99 qq — qqH qq — VH
NNLO+NNLL(c,) « NNLO(a,) « NNLO(v,)
NLO(«) « NLO(«) S
* Precision 15% * Precision 3% Lo
* Precision 4%

tt production

« NNLO+NNLL(cv.) | Single top production
S

=+ NNLO(ag)

il How this precsion §
ll was obtained:

* Precision 4%

I

: ~’d W + additional jets
| - NNLO(ay)

Z + additional jets
« NNLO(a,)

WW WZ ZZ
* NLO(a)

* Precision 5%

* Precision 5% 2
* Precision 10%



A, - ™
Most Imp'or;!'a'n}j )ecay Cl
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Channel Resolution S/B

H — vy 1-2% O(0.1)
HE 7k 1-2% {SENCIE S0
H—WW 20%

H — bb 10%
15%
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Decay Channel

AT

Karlsruhe Institute of Technology

.‘h {1 il
OMS/Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
RUI‘I}Event: 177201 / 625786854

Lumi section: 450

* High mass resolution ( O(1-2%)). Simple
reconstruction and event selection.
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CMS 4# Simulation
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8TeV Combined —— Parametric model
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101 0 120 130 140
m,, (GeV)
19.7 b (8 TeV) + 5.1 fb ' (7 TeV)
CMS S/(S+B) weighted sum
H- yy
s ¢ Data

S+B fits (weighted sum)
B component

* Tiny signal on huge background.

* Decay via loops: " 3w W
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H — ZZ Decay Channel ﬂ(“.

Karlsruhe Institute of Technology
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* High mass resolution (O(1-2%)). Simple ul‘, | iHI'J||
reconstruction and event selection. LA g II:""E“"""!L g ]

80 100 200 300 400 600 800
m,, (GeV)

—_
(=}

* Obvious signal on small background.

* Most important search channels: 4, 2.2¢
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* High discovery potential, but bad
mass resolution.
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H — bb Decay Channel

XIT

Karlsruhe Institute of Technology

Entries / 0.05
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H — 77 Decay Channel

AT

Karlsruhe Institute of Technology

Decay Mode BR

T — eVels 17.83%
T — UV, Vs 17.41%
T —1-prong v, | 37.10%

T —3-prong v,

15.20%

H_/

> 50% of all

Y

Ve, Vy, d
F— - - F7
W L e U T

-
-
-

decay modes.
-q.l
|

* Search for 2 isolated high pr leptons

(e, t,Tn).

* Reduce obvious backgrounds (use on
E7) & reconstruct m .

* Exploit characteristics of production

mode to increase sensitivity.

21

Vr

Th

Six decay modes:

ThTh, UTh, €Th,

ef i
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H- 19.7 fb (8 TeV)
L L L L
0,1-Jet Tight BB —e— Data CMS

—_
o
o
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H — ppt decay channel 15 excuusive

. 800
categories

Background model

-------- SM Higgs boson x 20

Events/1.0 GeV

600

* Clear signature, high mass resolution, extremely
small BR (— similar to H — ~v):

Parametric
background model

* SM expectation:
BR(H — 77)=6.30 £0.36 %

— 3 - %?/NDF = 45.7/48 = 0.953; p-value: 0.566
- __ o
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- 2
3 E X X ) ) =
" : 110 120 130 140 150 160
* Non-universal coupling to leptons! M, [GeV]
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http://dx.doi.org/10.1016/j.physletb.2015.03.048

tt H Production (1% of total production!)

As=8TeV. L1957

ol b by by

* Complex multi-channel analysis on its own: :
101
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H decay bb T /WW ¥y rr/WW  ZZ E———
tt decay lvjj | lvly lvjj wiv/jj 3337 lvjj 1274% 5 gf""#
[0} E ]
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http://dx.doi.org/10.1007/JHEP05(2013)145
http://dx.doi.org/10.1007/JHEP09(2014)087

Second close-by resonance in H — v ?

CMS 19.7fb7 (8 TeV) + 5.1 fb” (7 TeV) CMS H- vy 19.7fb7 (8 TeV) + 5.1 fb” (7 TeV)
5 8 __ 5
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s N |
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8 & 4 25 g+ 16 MB binary file of stat. model
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Mass

PHYSICAL
REVIEW
LETTERS.

e ATLAS+CMS LHC run-1 combination:

—~ 3 T T T I T T T I T T T T | T T T T T T T T | T T T T I T T T T
3 B --- ATLAS H ]
< - ATLAS and CMS LlATLAS Hozzoa ]
() . LHC Run1 CMS H—yy 4
S 25~ CMS H—ZZ 41  —
=] B PEEEERS —— All combined 7]
@ B .~ i
f_g I % Bestfit ]
) o/ —— 68% CL —
%) o L ]
150N, e~y SN
B ~~~~ X “",’_ ‘l N
- RRRETIS -

1 T
B e ms - i
O 5 B 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 l 1 1 1 1 ]
' 124 1245 125 1255 126 126.5 127

PRL 114 (2015) 191803 m,, [GeV]

L L s s s s sy B B S B B s Sy B B B S B
ATLAS and CMS —e—i Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy F———+1 126.02+0.51 (£0.43+0.27) GeV
CMS H—yy === 124.70 £0.34 (+ 0.31£ 0.15) GeV
ATLAS H—ZZ—41 | — — 124.51+0.52 (+ 0.52 + 0.04) GeV
CMS H—ZZ—4l ——— 125.59 £ 0.45 (+0.42 £ 0.17) GeV
ATLAS+CMS yy I—EI—I 125.07 £0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 4! '-_}E_| 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?ﬂ 125.09 +0.24 ( £0.21 £ 0.11) GeV
PSR IS ST T N T T ST SO AN S S S S T T S SO SN SN SN SN SN S TS A WU A M1

123 124 125 126 127 128 129

m,, [GeV]

125.06 + 0.21 (stat.) + 0.19 (syst.) GeV

ATLAS and CMS Uncertainty in ATLAS
LHC Run 1 colmbined result

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

ATLAS ECAL non-linearity /

CMS photon non-linearity
Material in front of ECAL

ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution []

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

CMS electron energy scale & resolution
Muon momentum scale & resolution
ATLAS H — yy background modeling

—
—
|
1

Integrated luminosity

TN
DUUHD“HHH

Additional experimental
systematic uncertainties

Theory uncertainties

ATLAS
Observed
[CJExpected

cMSs
Observed
[CJExpected

Combined
Observed
[CJExpected

0 0.05 0.1

0 0.05 0.1
sm, [GeV]

0 0.02 0.04 0.06



http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803

Coupling structure

e ATLAS+CMS LHC run-1 combination:

Considered production modes:

CM$-PAS-HIG-15-002

* Event categories 574
* Nuisance parameters: 42683
= U/JS]\/[ =1.09 £+ 0.11

Considered decay channels:

Production Cross section [pb] Order of

process Vs =7 TeV Vs =8 TeV calculation
ggF 150+1.6 19.2+£2.0 NNLO(QCD)+NLO(EW)
VBE 1.22 £ 0.03 1.58 £ 0.04 NLO(QCD+EW)+~NNLO(QCD)
WH 0.577 £0.016 0.703 £0.018 NNLO(QCD)+NLO(EW)
ZH 0.334 £ 0.013 0.414 £ 0.016 NNLO(QCD)+NLO(EW)
[egZH] 0.023 £0.007 0.032 +£0.010 NLO(QCD)
bbH 0.156 £ 0.021 0.203 £ 0.028 5ES NNLO(QCD) + 4FS NLO(QCD)
ttH 0.086 £ 0.009 0.129 £ 0.014 NLO(QCD)
tH 0.012£0.001 0.018 £ 0.001 NLO(QCD)
Total 174 1.6 223+2.0

Decay channel

Branching ratio [Y%]

H — bb
H—->WW
H— gg
H— 7
H — cc
H—ZZ
H —yy
H— Zy
H— up

57.5+1.9
21.6+0.9
8.56 £ 0.86
6.30 £ 0.36
2.90 £ 0.35
2.67+£0.11
0.228 £ 0.011
0.155 +0.014
0.022 + 0.001

N

Main production modes:

g9 — ZH (10% to ZHbb)

_r

q
Amplitudes

t/b

w.Z

b

Brtut

tqH +tHW



https://cds.cern.ch/record/2053103/files/HIG-15-002-pas.pdf

“Money plot”

SM p-value = 65%
. _I T II| T T TTT II| T T T TTTTI T TTT II| | ATLAS and CMS Preliminary _._ATLAS
S 1L ATLAS and CMS = LHC Run 1 ~CMS
Q - o 3 ol | _ -+ ATLAS+CMS
% - LHC Run 1 Preliminary Z 3 1 = : —+1o
o i & 4 K —_—
u§ ,"W | éh pA _._
= 10~ — Observed -+ 5 B 5
= = . = :
T E - SM Higgs boson 18 Ky e
- - 18 - é
/'x 8 K _.s_
102 *_{ = t ——
- ) ] - s
- P . s
r T 1 % ——
i . ——
-3 - E
1 O E M ,‘x ° H . _: E
- Six all tree level couplings. = Ky —_—
C * All loops resolved. ] i —
i ®* BRsy =0. |
_ K
1074 = 18—
_||l| | |||||||| 1 |||]|||| | |||||||I N IllllllllllllllllllllII|IIIIIII|III|III
1 2 0 02040608 1 12 1416 18 2
10 1 10 10 Parameter value
CMS-PAS-HIG-15-002 Particle mass [GeV]
obs m
’fﬂb%ff | = Kf - |f1§11\iff = k- Tf J =p70¢
} Within measurement accuracy
5wyl = VR |fH—>VV| = T unique scaling as expected within
20 v the SM.



https://cds.cern.ch/record/2053103/files/HIG-15-002-pas.pdf

High mass Higgs boson search in WiWand 77

AT

Karlsruhe Institute of Technology

e Search in mass range of mpy = 145...1000 GeV.,

 Combination of several channels inWWW and ZZ

28

(55 channels/categories).

H H Exclusive No. of my range My
decay mode production final states channels [GeV] resolution
WW — fvéy  untagged ((ee, up), ep) + (0 or 1jets) 4 145-1000 20%

VBF tag ((ee, ), ep) + (jj)veE 2 145-1000 7 20%
WW — fvqq  untagged (ev, pv) + (jw 2 180-600 5-15%
untagged (ev, ) + (Dw + (0+1ets) 2 600-1000%  5-15%
VBF tag (ev, uv) + Dw + (j)vep 21 600-1000 b 5-15%
ZZ — 202"  untagged de, 4, 2e2u 3 145= 1-2%
VBF tag (4e, 41, 2e2p) + (ji)ver 3 145-1000 1-2%
untagged  (ee, pt) + (ThTh, TeTh, TuTh, TeTu) 8 200-1000 10-15%
ZZ — 202v  untagged (ee, pp) + (0 or = 1jets) 4 200-1000 7%
VBF tag (ee, ppt) + (ji) ver 2 200-1000 7%
77 —202q  untagged (ee, ) + (jj)%'mb Bgs 6 230-1000] 3%
untagged (ee, pp) + (] 12D tags 230-1000 © 3%
VBFtag  (ee, up) + (i) " ™ + (ji)ver 6 230-1000 ¢ 3%
VBFtag  (ee, jpt) + 0P8 4 (i) vr 6 230-1000 € 3%

“EW singlet model interpretation starts’at 200 GeV to avoid conts,

Y600-1000GeV for /5 = 8 TeV only,
“For /s = 8 TeV only.

= 10° CMS 19.7 fo! (8 TeV)
© F H->2Z->202q —+- Observed

(05 - [ dilet, 0btag [] Z+jets

Ok M

P fﬂ”’mb [ zz+wz

g 107 %b"» [] Uncertainty

2 o, H(400)

_
(=3
S}

—_
o

Events / 25 Ge

20

15

10

CMS 51" (7 TeV) + 19.7 tb" (8 TeV)
e

L s e B B B B L B B

[ —

200

H->ZZ 52 2t

+ Observed
[[zz
P z:x

[ Jm, =350 GeV

"l

800 1000
my, [GeV]

Events / 50 GeV

w w N N
S 3] <) o

n
[

T T T T T[T TTTT

Merged jet event categories
inWw:

19.3 b (8 TeV)

N M A A L Al
8 H->WW - pvd ¢ Observed
0+1-jet )
o )
10 690 merged-jet category B vsiers
> B vwwwzzz
CMS +2500
FHoWW - v @400 DSingIe top
e+, 2-jet [ ] uncertainty

merged-jet category

ggF H(800) x 5
— - VBF H(800) x 5

600 700 800 900 1000 1100 1200 1300 1400 1500
My [GeV]

600 700 800 900 1000 1100 1200 1300 1400 1500
My [GEV]

JHEP 10 (2015) 144

Institute of Experimental Particle Physics (IEKP)


http://dx.doi.org/10.1007/JHEP10(2015)144

Additional SM-like Higgs boson?

AT

Karlsruhe Institute of Technology

CMS pto5.110" (7 TeV) + up to 19.7 fo! (8 TeV

—_
o
w

I TTTTTH

—_
o
N

—_
o

|

Combined

H—-2Z -2¢(2v —H —>2Z —>4¢

H->ZZ > 2027
H - ZZ — 2(2q

=== Combined (exp. + 20)

— H->WW - 2(2v—H - WW — £vqq

11 111 ~

—

95% CL limit on o/cyg,,
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- -
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—_
<
\V)

|
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1 I 1
400
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00
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s 1 0prm——m—mm——————————— 5
> [ — Observed :
) - ----Expected @ _—"= S
c - e
c |\ AT .-
=2 1FN~ /.-
E F SN\
_ s -
@) B
o
5107 M H— WW-
o — . : ————
10F E
: "_—’:f/':
1 ,—"/_ =
1071 H—->2Z2Z -

200 400 600 800 10

00

JHEP 10 (2015) 144 M), [GeV]

 Additional Higgs boson with same production cross section and BR as expected for
the SM (for given mass value).

29

Institute of Experimental Particle Physics (|

EKP)


http://dx.doi.org/10.1007/JHEP10(2015)144

EWK singlet admixtures?

Additional heavy
Higgs (H) that
mixes with h(125).

CMS

upto 5.1 fo™ (7 TeV) + up to 19.7 fb" (8 TeV)

— Obs., Bpew =0.0 -- EXxp., B, =0.0
— Obs., B ew = 0.2 --. EXp., B ew = 0.2
—Obs., Bpew =0.5 -- EXp., B,y =0.5

e f e e e e e e e e e e o e s e f e E e s — s — - g — - —

* Unitarity constraint:
C : coupling to h
C’: coupling to H
C?+C?=1
— couplings of A re-

duced by coupling to
H.

* Allow additional BR for
non-SM H decays:
' =C"*(1 - BRuew)

_ r_ Csm
F - (1_BRnew)

200

300 /400 500 6Q0 700
m, [GeV]

71000

JHEP 10 (2015) 144 /

Unitarity bound for:
Nh(125) =1+£0.14

—20 ~ (" < 0.28

Brew=0 —

30

Boundary for main
assumption of analysis:

I <Tsm (based on CMS
limit on BRBSM S 0.5(95%CL)

from couplings)



http://dx.doi.org/10.1007/JHEP10(2015)144

>
[0)
10
High mass Higgs boson search in 77 =
. 102
* Search in mass range of my = 150...850 GeV . i
* Combination of four sub-categories. 0
* Analysis strategy same as for SM Higgs search. 1
o 2
% 1
S 0
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PLB 750 (2015) 494

Institute of Experimental Particle Physics (IEKP)


http://dx.doi.org/10.1016/j.physletb.2015.09.062

19.7 o™ (8 TeV)
T T

. . - ﬁ_‘ E cMs ATl classes combined

High mass Higgs boson search in 77 |
i F F= Expected 1o 1
f ------ Expected + 26

* Search in mass range of my = 150...850 GeV . 107

* Combination of four sub-categories. 10.3/

* Analysis strategy same as for SM Higgs search.

10 “‘1“"2“H3‘“‘4“‘l5m‘6““7““8““9““10
Ty/my [%]
19.7 o™ (8 TeV) 19.7 o™ (8 TeV)
3 _I T | T 1T | LI : LI | LI L | LI | LI L | T _I T | LI | T 1T : LI | LI | LI | T 1T | T I
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3 i §CMS (| I'x= 0.1 GeV; spin-0 3] B §CMS = 10% of m,; spin-0 -
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32 Institute of Experimental Particle Physics (IEKP)


http://dx.doi.org/10.1016/j.physletb.2015.09.062

Backup _\g(“.

Karlsruhe Institute of Technology

33 Institute of Experimental Particle Physics (IEKP)



Searches for H — inv.

CMS

VBF H(inv)

Channel

Observed (expected) upper limits
on —2— - BR(H — inv.)

OSM

VBF-tagged
VH-tagged
ggH-tagged

0.57 (0.40)
0.60 (0.69

Combined

(0.69)
0.67 (0.71)
0.36 (0.30)

CMS-PAS-HIG-15-012

18.9-19.7 o' (8 TeV) + 0-4.9 b (7 TeV

~—

- CMS
E preliminary
— Combination of all

-2AInL

NN w A~ 00O N 00 ©

—

E H— inv. channels

..... Exp. for SM H

— Obs. for SM H

/] eseL

A TR NN ANl SRR RE RN T SRR NN N RN RNN T

SN
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\s=8TeV,L=19.7 fb"
Z(I1) H(inv)
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D DY(Il)+jets

Events /GeV

[z
[ wz
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=100%
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- T, tW, DY(ll)+jets, VV

0 400 450 500
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EPJC 74 (2014) 2980
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