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The last missing piece ...

* Matter made up of quarks
and leptons.

* Interactions mediated by
gauge bosons introduced via
local gauge symmetries.

. f particle masses break
these symmetries!
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The last missing piece ... T

* Matter made up of quarks
and leptons.

* Interactions mediated by
gauge bosons introduced via
local gauge symmetries.

. f particle masses break

these symmetries!
w&%ﬁeractions:

Matter:

Quarks
. Leptons

* Especially W & Z boson
are very heavy.

* How can SU(2)., be
realized & broken at
the same time.

Electromagnetism (

Gauge bosons
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Weak force

my = 80.385 £ 0.015 GeV
my = 91.187 £ 0.002 GeV

Strong force
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Giving mass to particles

* Break SU(2);, symmetry not in Lagrangian
itself but in the energy ground state.

* Postulate new SU(2);, doublet field ¢ in
electroweak (EWK) sector of the theory w/

potential that breaks SU(2) ..

* Particle masses — coupling to vacuum.

Unique coupling structure:
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Giving mass to particles

* Break SU(2);, symmetry not in Lagrangian
itself but in the energy ground state.

* Postulate new SU(2);, doublet field ¢ in
electroweak (EWK) sector of the theory w/
potential that breaks SU(2) ..

* Particle masses — coupling to vacuum.

Unique coupling structure:
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. > (Gauge bosons)
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> (Self coupling)
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Till 2012 — mathematical trick to complete the
SM. Since 4™ July 2012 strong evidence that such
a particle like a Higgs boson really exists.
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The discovery (July 4™ 2012)

* ATLAS and LHC with comparable sensitivity.

- ATLAS 2011 - 12

\s=7-8TeV

i i -
'

&
Oy

* Discovery made on only 40% of the full LHC i
run-1 dataset. 10° I SN N
- 6o —— Observed === Expected Signal+ 1o B
10‘10—,,,.‘.‘.. R
* Is this a Higgs boson? (— check properties) o150 200 300 400 509
PLB 716 (2012) 1 1000+ citations my [GeV]
* Is this the Higgs boson of the SM? VS 157V BTV 5aE]
=== =
g 2V A e
1 10- = W =]
Q. \\ Kle
CMs Vs=7TeV,L=511f";Vs=8TeV,L=19.7 fi" E [ =
> " . '« Data ‘ ETEET R r
K. 3’E C]:1:=126 GeV = 8 102 s 44
bl B | e e .
T 25F 1 - -
Q i i 10 g N “‘ 156
L 201 = ‘\ |
10'8 —| === Combined obs.‘ 5 —
] | | === Exp. for SM H s el _60
_E | =—H->vyy \‘ 9
il 11 3 || 10" 025, :
600 80 ] s % i
m4l (GeV) 1 0_1 2 _—0 | | lI-|I_>I th! | | | - | I E] I“?. I o | l\ | N - i—_ 70
110 115 120 125 130 135 140 145
PLB 716 (2012) 30 1000+ citatons  m,, (GeV)



http://www.sciencedirect.com/science/article/pii/S037026931200857X
https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
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Coupling o< my, m3y, , (Higgs-like) |—

ag

Z ‘M 10} TAAEH]]

Higgs properties B ——
. 'F ATLAS and CMS
IS - LHC Run 1
2 _
. . . .- @ 1] i
* Scalar particle with high probability (CP-odd LIt f
admixtures still possible). — i
S
T 409k 3
: : : SE ¢ ATLAS+CMS
* Particle has the coupling structure ofaHiggs | — [ » ... SM Higgs boson
boson (within 10-20% precision). 107F 1 g g hd L ;
[ 68% CL
[ 195%CL
compared with Amyz/mz = O(10~°) from LEP). = - g
S { é
'_58 0.5F B
o O'..I" L | | Ll
PRL 114 (2015) 191803 10! 1 10 102
N i , JHEP 08 (2016) 045 ~ particle mass [GeV]
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 v Total Syst.
ATLAS H—yy F——e——H 126.02+0.51 (*0.43 + 0.27) GeV
CMS H—yy —— 124.70 £ 0.34 (+ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l P 12451+ 0.52 (£ 0.52 £ 0.04) GeV
CMS H—ZZ—4l = 125.59 + 0.45 (+ 0.42 £ 0.17) GeV
ATLAS+CMS yy k—El-l 125.07 £ 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 41 l_I-E_'l 125.15+0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l H?H 125.09 +0.24 ( +0.21+0.11) GeV
I I1é3‘ 5 I12|4I i I1ésl T I12|6| T I1é7l i I I12|9| I
m,, [GeV]
my = 125.06 & 0.21 (stat.) & 0.19 (syst.) GeV



http://dx.doi.org/10.1007/JHEP08(2016)045
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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Coupling o< my, m3y, , (Higgs-like) |—

ag

Z ‘M 10} TAAEH]]

Higgs properties B ——
. 'F ATLAS and CMS
IS - LHC Run 1
2 _
* Scalar particle with high probability (CP-odd s VR ;
admixtures still possible). — i
S
T 1072¢ 5
. . . Lopen + ATLAS+CMS
* Particle has the coupling structure ofaHiggs | — [ » ... SM Higgs boson
boson (within 10-20% precision). 107F 1 g g hd L ;
P” [ 68% CL
4 []95% CL
» my known with rel. precision of 3 - 10~* (to be 102 -
compared with Amy/mz = O(10~°) from LEP). = - g
S { z
'_58 0.5: E
o 03..|0 i R e il
PRL 114 (2015) 191803 107 1 10 102
N i , JHEP 08 (2016) 045 ~ particle mass [GeV]
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 v Total Syst.
ATLAS H—yy F——— 126.02+0.51 (+0.43 £ 0.27) GeV
CMS H—yy == 124.70 + 0.34 (+ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l P 12451+ 0.52 (£ 0.52 £ 0.04) GeV
CMS H—ZZ 41 | 125.50 + 0.45 ( + 0.42 £ 0.17) GeV Results of 3-4 years
ATLAS+CMS 7y l-—El—l 125.07 +0.29 (+ 0.25 + 0.14) GeV |asting rich harvest
ATLAS+CMS 41 l—i—}zﬁ—i 125.15 + 0.40 (+ 0.37 £ 0.15) GeV Of run_1 data_
ATLAS+CMS yy+4l H?H 125.09 + 0.24 ( +0.21+ 0.11) GeV
I I1é3‘ 5 I12|4I i I1é5I T I12|6| T I1é7l i I I12|9| I
m,, [GeV]
my = 125.06 & 0.21 (stat.) & 0.19 (syst.) GeV



http://dx.doi.org/10.1007/JHEP08(2016)045
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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Higgs as input...

. in global electroweak fits:

. particle lists of PDG Booklet (v 10/2016):

J=0

]

Mass m = 125.09 + 0.24 GeV
Full width T < 1.7 GeV, CL = 95%

HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 + 0.11

ww* = 1.08*51%

‘Z‘Z‘=i= —

vy = 1.16 + 0.18
bb=0.82+0.30 (S=1.1)

ptp~ < 7.0, CL = 95%

7T~ =112+ 023

Zvy < 9.5, CL=95%

ttHU Production = 2. 3+0 7

HO DECAY MODES Fraction (T';/T)

; [ T T T T | T T T T | T T T T | T E T T T T T T T rl;
[ - 68% and 95% CL contours i | m world comb. * 1o -
O B il --m =17334Gev N
— 80.5— I fitw/o M,, and m, measurements i| --0=076Gev P —
Eg [ fitw/o M,,, m and M, measurements —©=0.76 ©0.50,,;GeV d
[ direct M,, and m, measurements i ’ ]
80.45 — —]
80.4 |- .
- M,, world comb. + 1 —
80.35 [— m,, =80.385 + 0.015 GeV =
80.3 —
B Q@e’ ]
80.25 [~ -7 (€] fitter|sul: 1
B |’/| L [T R R T R N BN

140 150 160 170 180 190
Gfitter: Results for the Global Electroweak Standard Model Fit m, [GeV]

Confidence level

et e <19 x10-3
J/aby <15 x10-3
T(1S)y < 13 x10-3
T(2S)y <19 x10-3
T(3S)~ <13 x10-3
QT < 151 %

invisible <58 %

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)

p

(MeV/e)
95% 62545
95% 62507
05% 62187
095% 62143
95% 62116
05% 62532
95% -



http://pdg.lbl.gov/
http://gfitter.desy.de/Standard_Model/
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End of 2016:

LHC run-1 — run-2 o o)

Results for ICHEP 2016: v O

© r 13.2/fh (ATLAS) /

- By end of 2016: s (| BURIOE g
L =1.4 x L1+ significant increase
of parton luminosity depending on
probed mass scale (Mx).

30 -

25

20
Projection 2016

A}
A}
1
1
A}
)
A
A}
A}
)
A}
1
A}
A}
A}
A
A}

Integrated luminosity [fb]

* For SM Higgs: see signal to BG gain
in the table below

2011 /
2015

PrOCGSS (X) UlBTeV/O-STeV AX /Ah(125) 0zo-Apr 14-May 7-Jun 1l 25-Jul 18-Aug  11Sep 5-0ct 29-0ct  22-Nov
tz 3-3 1.43 100 WJS2013
w 1.6 0.70 ElmﬁﬁéﬂHCpémnmmﬁ%ﬁ$ﬁé+MH8Té Ii
Z 1.6 0.70 [ !
Ww 2.0 0.87 [ /
h(125 2.3 1.00 99 5/
el I ¥/
%, ol a9 4 i
g
* For BSM Higgs: Golden age for > | E
classical searches at the energy =
frontier.
1

James Stirling (arXiv:0901.0002)



http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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% 35 | TTU1 | TTTT | TTUI | FrTT I TTTUT |.|| |D| Itl T | TTTH | TTT |_
Higgs 2016: still there OF L e o
] EEn Ln = * - zzr ]
~ 30 __H S 4 —>_14I B Zjets, t =
CMS Preliminary 35.9 b (13 TeV) ) [ 13TeV,14.8 b tt+V, VWV 5
> EEEEEREE ! y ! PR R S "E B . Uncertainty ]
& 100/ e Data - o 25 =
oo B H—Z7 [ H(125) 1 T - .
o it [ qa-22.zy ] ol »
T 80— M 99-2Z,Zy ] C .
L%’ - B Z+X i B ]
B g 15 =
60— ] = - ]
E ] 10 -
401 0 : :
i ] S .
20— —
L 4 0
Cpt Mt T . 80 90 100110120 130 140 150 160 170
. 80 100 200 300 500 700 900 [GeV]
CMS-PAS-HIG-16-041 Q) m,, (GeV) ATLAS-CONF-2016-079 Q
— CNIS Preliminary 12.9 TD (13 TeV) A0 o SR R IR F R
%SOOO—H% T TRV M VG R i iy © E +|[3)ati E ATLAS Preliminary
i ] > el ackgroun = Sl el
S mH_1YZY6 gGaU oo | lcaeonies . S ek Sl Signal + Background Fiak e
~ S/(S+B) weighted 3| D F —— Signal . =
*g 4000 § Data - [i] 180 S/B weighted sum of =
A : — t categori =
Q>) : o S+B flt : 140:_ event categories _:
% Sop0iE N P B component 120 H — Ny =
i Bl ] = -
= [E +2 ¢ ] OOZ_ =
B 2000 e L= = R =
s i ] Significance: =
0 4000l . ]
& - : 4.7(5.2)0 @ 125.09 GeV —
% O:....l..‘.,......|.......||.‘..J....: S El _;
T . T - = 0 F——t T ! | =
200E B component subtracted_; 2 105— E
= Al =
Significance: E £ OM T JTELNE
- o T T IPY LN
5.6(6.2)0 @ 125.09 GeV U . Sl it W X ft k
= : ‘ . . . ‘ 3 ~ 110 120 130 140 150 160
100 110 120 130 140 150 _ 160 _ 170 _ 180
CMS-PAS-HIG-16-020 Q) m,, (GeV) ATLAS-CONF-2016-067 Q) el



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-079/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html
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... and still with same properties

mpy = 125.26 £+ 0.2 (stat.) £ 0.08 (syst.) GeV

CMS Preliminary 12.9fb" (13 TeV)
T T T ™ L L
Hoyy ] E= Combined + 1o
; —— Per category + 1o
L an _
no 07708 1 0.
. " . Heombined = 0.95 *gf;
— m,, Profiled I
Hyge | 161 e [ Moy = 1
TR BTN H — vy
PRI S N1 E\ PR I N S RN T SN SN AN S TR S N1
-2 0 2 4 6 8
CMS-PAS-HIG-16-020 Q) i
. 2 . .
Coupling o< my, miy , (Higgs-like) H — vy
I LI T T | T T T T | T T T | T T T T T T T T I L T | T T T T I LI
ATLAS Prellmlna:ry —e—i Total
L Vs=13TeV, 13.3 10"
+1.26
R — ® H,, =025 Z5g
i . by =028 71
+0.80
Hogr i My =224 o7
+0.29
ggH [~ —eo— HggH =0.59 0.28
+0.22
MFiun-2 B e HRun—z =0.85 0.20
+0.28
Hein i | | |—o—|l | | Koy l: 1.17 “ozs
—2 —1 0 1 2 3 4 5
ATLAS-CONF-2016-067 Q) Signal Strength

CMS Preliminary

35.9 fb' (13 TeV)

_I i | | T | | 5 | | | [ (R T | | | I | ':l ==l E | | B | i
< T p=0.061
< 7t
I i
6 ]
5E :
Ak H— Z2Z )
E 5
3 T =
- — ;
2 [~ —— Combined { i
E """ Combined (stat. only) E
1| i . i i e o
:I IS S | | (] R B | ] ) ) | | S SR S| | I | BS =5 ) | BR[| l:

120 121 122 123 124 125 126 127

CMS-PAS-HIG-16-041 Q)

m, (GeV

mpy single channel, single experiment already
compatible with run-1 ATLAS+CMS combined.



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
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Observation — measurement

Fiducial cross sections:"’

syst. unc.

L L AN S S B S S |

— GOpy My =125.09 GeV

QCD scale uncertainty
mm Tot. uncert. (scale ® PDF+a,)

\\|||I|||I|:

L

ATLAS-CONF-2016-081

Gy [f0]

»

o) TN PSP L Y (SR ST DT
&I 100~ ATLAS Preliminary
T | AH-yy 0H-ZZ*—41
o> 80:— ¢ comb. data

60

401

20&

)]

CMS-PAS-HIG-16-041 Q)

5.1 fo"(7 TeV), 19.7 b (8 TeV), 35.9 fo' (13 TeV)

- CMS Preliminary

+ Data (stat. ® sys. unc.)

Systematic uncertainty

NN = g
i\\\% Standard model (mH 125 GeV, N°LO gg— H)

|IIII‘IIII||III|IIII|I|II|IIT
%,
%%
%
|IIII‘I]II|IIII|IIII|IIII|iI\I|

pp > (H—4l)+X

=y
H

6 7 8 9 10 11 12 13 14
/s (TeV)

H — ~y

SM (m, =125 GeV, gg— H @ N°LO)
—e— Data (w/ stat. uncertainty)

Systematic uncertainty

H— 7y
ATLAS-CONF-2016-067

H— 7y
CMS-PAS-HIG-16-020

0

10 20 30 40 50 60 70 80 90 100
Fiducial Cross Section [fb]

H—Z7 — 4

SM (m =125 GeV, gg—> H @ NLO)

—— Data (w/ stat. uncertainty)

Systematic uncertainty

H— ZZ(al)

ATLAS-CONF-2016-079 (syst.+stat. combined)

H— ZZ(al)
CMS-PAS-HIG-16-041

@)

0

1 2 3 4 5 6
Fiducial Cross Section [fb]

(*) definitions of fiducial volumes in backup.



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-081/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html

11/25 > [ amas g Sy 4 data mmystume,
% + 9g—H (HRes) + XH
1 1 = (Kggr = 1.15) E
Differential measurements g [T oo
3 i H—yy, 's=8TeV
%3__» - e [Ldt=203"
.
: 7z run=1
* Slight indications for harder spectrum in pr(H) in run-1. R TRE
0 S b i
l—|1_51 T T 1 7T 1T 7T T < 6:I:I“:III:II‘:K‘:::II:“‘:II:I“:III
= = T T T S
r— —C|“|n|S F/[e{/m/l?alry | T |3|59| flb |(1|3 |Te|V)| T 8 rATLAS Preliminary % 4t +
= I o
% 1 + Data (stat.®sys. unc.) | Qo '+' data, tot. unc. D S & 2 ++ ;':_ + |
(D F i i 3 : 'H—>j/y,\l§=13TeV, = 0'..|\H1...|..‘m“|...1“‘|.T.|.H1...‘
< 3 K lin s, ] xR 8 0 20 40 60 80 100 120 140 160 180 200
e - 7% ag-H (POWHEG+JHUGen) + XH = 1 ® [ JHEP 09 (2014) 112 p!” [GeV]
gy 10_15_ [277] XH=VBF+VH+tiH g E g: - ; 7
il ‘ o
- | emmmmm H — 7/ Z H — vy
ey 4 e I
Q E o */ | D E 05_ -
i) B V% I
of 10 | E
© E 3
B N $
O-I--I-I-l-l-l-l-1 T A T T e T R
(La 1%: g LR [ o F e L et e ] I P Do ) ok e e e o ) [ AL e
I g .
o 1221 3 |
e 8-3'“ S 1 ——} ,
2 Q4f- ] P T =
g 0(2) _ml | | I ] | | | | [ Il I | | l | | | 1 [ | | 1 | I— g
0 50 100 150 200 Ot I I ] al il ] ] 1 1 ]
(H) [Gev] 0 20 40 60 80 100 120 140 160 180 200
144
CMS-PAS-HIG-16-041 O ATLAS-CONF-2016-067 Q) pr" [GeV]

* Run-2 confirms that also differential distributions are well understood within experimental
precision.



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
http://link.springer.com/article/10.1007/JHEP09(2014)112

CMS =7TeV,5.0-5.1fb";1s=8TeV, 19.3-19.7 fb|
12/25 1s=7Te s-8Tc

= F=8 Expected + 16
H TMS T, [Ci- channel 15 =816V, L= 1951 EXPGC‘QE?Z" )
f2] BRESATSATS AR R R R R B --- Expected (sig. inj.
tt § 250 ; Eﬁta i bb [~ -m- Observed
iR,
20- mwz . T
i |E
* Indications for slight excess 150 - x5 1l 4
seen in run-1 (both by : e
ATLAS & CMS). gk
(2.1 o above sm)
. LT 2l 1 1 1 1 |
* Excess was most prominent |3 & 10
) , P ' JHEP 09 (2014) 087 959 GL limit on &/ogy at m, = 125.6 GeV
in same-sign leptons. A
E + . + . . . 1
-%.8 -06 -04 -02 0 02 04 06 0.8
BDT output
- —— ATLAS+CMS run-1 combined
& /o5y = 1.5+ 0.5 | CMS-PAS-HIG-17-004 O ATLAS
m———] 35907 (13TeV) | CWIS Profminary 35.9 1 (13 TeV) -
’% 140;*I*,|post-‘ﬂt (sM preiction) ‘ ‘ i ‘GC'J‘ 200;— i F'F, po‘st»fit (|SM p‘redic‘tion) ‘ —; —— CMS
i 120:;5&; a Hgafrﬁ gﬁg;lé"e"n‘?!;‘.m. qla 1eof ;g&: i Sa%ﬁ gﬁg};m@m . — — — SM expectation
EEnz gConv. il E 160;— EttZ EConv. Etotune: _; L .
100~ —: 1400 = I
80:— s 120§— _ JHEP 08 (2016) 045 | —t—]
f ] 100F- = TR N —
601 soF- = ATLAS-CONF-2016-067
E : E —e—| e
— 60? é ] 7Y CMS-PAS-HIG-16-020 |
.- = Cariasconraiso | |
‘% <=w- 20} ........ = &_ 5 _ = -
: . o K R \\\\@ o bb —e— | |O
g t.unc. [ total unc. g 127- .unc.  [Jtotal unc. g CMS-PAS-HIG-16-038 I
S 5ol | e e T T
£ e T L ; ATLAS-CONF-2016-067
1.0 ¢ .
o] Qs R - E multi-¢ |—ﬁ ‘ O
-0.8-06-04-02 0 02 04 06 08 1 0830806 0402 0 02 04 06 08 1 CMS-PAS-HIG-17-004
BDT (tH,tt) BDT (ttH,tV) Y |y
40 | cMS-PAS-HIG-16-041 T—|-| O
|||||||||||||||||||||||||||||||||I||||||||||||||
* Run-2 observations follow SM expectation. 6 5 4 -3 -2 -1 0 1 2 3 4
G/ ogy,(ttH)



http://dx.doi.org/10.1007/JHEP09(2014)087
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-004/index.html

* SM-like Higgs boson with
mpy = 125 GeVestablished within
experimental accuracy.

* Any extension of the SM should
contain such a Higgs boson.
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Extensions of the Higgs sector

Additional SU(2), Additional SU(2)r Additional SU(2)L
singlet(s). doublet(s). triplet(s).
* Just one more General class of Two .
Higgs boson. Higgs Doublet (2HDM)
* Mostly searched for models.
iNWW/ZZ/y final L Ll
StateS CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

MSSM
NMSSM
(singlet + doublet)

3. Higgs Properties

||||||||||
G. Passarino

* All what is theoretically thinkable hosted/sorted by LHC
HXSWG-3 (LHC HXSWG authoring CERN Higgs YR'’s). L=



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3
https://cds.cern.ch/record/2215893/files/LHCHXSWG-DRAFT-INT-2016-012.pdf
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Extensions of the Higgs sector

Additional SU(2) 1, Additional SU(2)r Additional SU(2)r,
singlet(s). doublet(s). triplet(s).
* Just one more General class of Two .
Higgs boson. Higgs Doublet (2HDM)
models.

* Mostly searched for
i n W W/Z Z/fY’)/ fi n a I ‘ORGANISATION EUROPEENNE POUR L, HERCHE NUCLEAIRE
states. CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

N M S S M Handbook of LHC Higgs cross sections:

(singlet + doublet) Currently most i
I n te n S | Ve | y Stu d | e d & Report of the LHC Higgs Cross Section Working Group

most coherent set of
searches.

||||||||||
G. Passarino

* All what is theoretically thinkable hosted/sorted by LHC
HXSWG-3 (LHC HXSWG authoring CERN Higgs YR'’s). L=



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3
https://cds.cern.ch/record/2215893/files/LHCHXSWG-DRAFT-INT-2016-012.pdf
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Higgs Bosons in the MSSM

* As a 2 Higgs Doublet Model (2HDM) the MSSM predicts five Higgs bosons:

¢;1;|— ' 300 T T T T T T T T T T T T T T T T T T T T
¢u o <¢0 ? Y¢u =+, v, VEV, % - om, ™ MSUS\‘(=1TeV, Xl=|2Tev,Al=Ab=|AT, mt=171.4lGeV ,// T
gbg O, i w=M, =200 GeV, m, = 800 GeV g i
= - ]
qbd — (ng) ) Y¢d — _17 Uq - VEVd EQSO* —
d >t -
£oL ]
Npgot =8 — 3 = 5 s 0 i
4 Al 200 — —
W= Z H*, H, h, A - -
\ , I ]
CP-even I i
CP-odd 150~ B
: : 100p2%” N
* Strict mass requirements at tree level. Two i 1
free parameters: ma, tan g = vu/v, - - FeynHiggs 2.5 |
1 1 | ‘ | 1 | | | 1 | 1 | 1 | | | 1 1 1 1
5050 100 150 200 250 300
m?2 =m? +m? ma [GeV]
gt —Ma (17
2
m¥ o, =3 (m?4 +m7% + \/(m?4 +m%)” — 4m?m? cos? 26)
—(m2 +m2) si Determines
tamn 04(1) _ (m%+m7)sin2p >

(m% —m?) cos 26+\/(m?4+m2z)2—4m?4m22 cos? 2[3

(1) angle btw. v, & v4 in isospace.

couplings @ LO.
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Higgs Bosons in the MSSM

* As a 2 Higgs Doublet Model (2HDM) the MSSM predicts five Higgs bosons:

¢+

— u R . " 300 T T T T T T T T T T T T T T T T T T T T
¢u o <¢0> ? Y¢u =+, v, VEV, % - om, ™ MSUS\‘(=1TeV, Xl=|2Tev,Al=Ab=|AT, mt=171.4lGeV ,// T
gbg O, i w=M, =200 GeV, m, = 800 GeV g i
< = _
G4 = (gbg) ) Y¢d =—1, wvg: VEVy4 = 250 tanf =5 —
d i I tanp = 40 ]
JE 1
Nndof = 8 N 3 T i) l g I ]
4 Al 200 =

W= Z H* H, h, A -
—— . Large values of
CP-even \ I tan 8 of interest.
CP-odd 1502 ]
d —

: : 100p2%” N
* Strict mass requirements at tree level. Two i 1
free parameters: ma, tan g = vu/v, - - FeynHiggs 2.5 |

1 1 1 ‘ 1 1 | | | 1 | 1 | 1 1 l | 1 1 | 1

%0 100 150 200 250 300
2 — m?2 2 ma [GeV]
Mg+ =My + My A

my o, =3 (mi +m7% + \/(mi + m22)2 — 4m?m? cos? 26)
(1) _ —(m?%+m?%)sin28 Determines
tam = > couplings @ LO.

(m% —m?) cos 26+\/(m?4+m2z)2—4m?4m22 cos? 2[3

(1) angle btw. v, & v4 in isospace.
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The role of down-type fermions in the MSSM

gvv /9 9aa/934" Guu/ G’
A - v5 tan 5 ¥5/ tan 3
H cos(B—a) —0 cos a/ cos f— tan sina/ sinf — 1/tanf
h sin(f—a) —1 —sina/cosf— 1 cosa/sinff — 1

Forma > myz: a — 8 — /2 (coupling to down-type fermions enhanced by tan j3).

Interesting production modes:

Interesting decay channels:

g

g b
h,H. A
g b

R(A— XX)

& 10

.. / ..................... ........................................ - --mA.—_180GeV

-
.
.

— — m,=300 GeV

= ma=500 Ge

10°°

20 40 60
tanf

€-OMSXHOHT



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral
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Upshot of run-1:

CMS Preliminary <5.1 f6'(7 TeV) +<19.7 fb’' (8 TeV)

* ma S 200 GeV excluded across (&%L 28 .
whole tan 3 range. 40

30 A S - m,=126 GeV
* ma < 160 GeV excluded by non- /

observation of “low mass” H* 20 -

* A/H/h — 77 most sensitive
channel for high m 4 high tan g. 10

__________ m,=125 GeV

_________ mh:‘l 24 GeV

________ m,=123 GeV

* Forlow tang vectorboson | 6 % A @ -1 oo- m=122 GeV

channels gain importance.

\:’ Observed exclusion 95% CL
% Expected exclusion 95% CL

|| H > v (arXiv:1508.07774)
A/H — bb (arXiv:1506.08329)

w ~ OO

A/H/h — pu (arXiv:1508.01437)

[ ] AM/h = 1o (HIG-14-029)
% = WW/ZZ (arXiv:1504.
1% YN .H_> . (Iar - 50. 0993§)
200

100 300 400 500 1000
CMS-PAS-HIG-16-007 m, [GeV]

Similar results from ATLAS (only not in single plot).


https://cds.cern.ch/record/2142432
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Upshot of run-1:

CMS Preliminary <5.1 f6'(7 TeV) +<19.7 fb’' (8 TeV)

* ma S 200 GeV excluded across (&%L 28
whole tan 3 range. 40

30 d ,=126 GeV

* ma < 160 GeV excluded by non- i g
observation of “low ma @ 20 4.

. most sensive |  |AAEEEEEEEN 000 a
channerl tor high m 4 high tan S. 10 i

_________ mh=1 24 GeV

________ m,=123 GeV

* Forlow tang vectorboson | 6 % A @ -1 oo- m=122 GeV

channels gain importance.

\:’ Observed exclusion 95% CL
% Expected exclusion 95% CL

|| H > v (arXiv:1508.07774)
A/H — bb (arXiv:1506.08329)

w ~ OO

A/H/h — pu (arXiv:1508.01437)

[ ] AMh - o (HIG-14-029)
% = WW/ZZ (arXiv:1504.
1%\ YN s e reeE A )
200

100 300 400 500 1000
CMS-PAS-HIG-16-007 m, [GeV]

Similar results from ATLAS (only not in single plot).


https://cds.cern.ch/record/2142432
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Charged Higgs

* Expect signal in top sector...

...indecay (mg+ < my):

... in production (m; < mg+):

g b additional b jets

heavy flavors
preferred
flavor
democratic
* Covered channels:

channel publication (run-2)

TV ATLAS-CONF-2016-088 CMS-PAS-HIG-16-031

tb ATLAS-CONF-2016-089

cs run-1 only

Wz CMS-PAS-HIG-16-027 (¥)

(*) in non-MSSM interpretations

4

(= x)

—H—=1tb —H'—=cs —H—= H' = pv
1E
= m}, 04 SCENario
- th
1 0_1 E \
i — TV
102
10_‘:l E N
10°
500 1000 1500 2000

m, [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-088/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-089/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-027/index.html
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HT — 11

* Usually restrict to 7 (1-prong), use mr (74, M ET) as discriminating variable.

Low & high mass search

CMS Pre//mmary 12.9fb" (1 3 TeV)
C |||||||| | |||||||| | |||||||| | ||||||||
= 3 -+ Data
f 10 [ ]Mis-ID. z, (data) jg
) it i
o 2 | B W+jets
qCJ 10 [ Single top quark ?g
> [ Z/y*+jets il
w 0 [ Diboson =
N\ Bkg. stat.® syst. unc. 3
1 -

=L -k =i i
e D N
N w \V) L

Data/Bkg.

- [ Bk stat ® syst. unc.
0 100 200 300 400 500 600 700 800
CMS-PAS-16-031 Q) my (GeV)

o —

High mass search only

> 106 T 1| T T I : i T T T T | T T T
© £ ATLAS Preliminary e Data B Z+jets
O10°F [ MmisiDj— < (Il Diboson
= 10* \s=13TeV, ] tt & single-top ----- H — tv 200 GeV (x5)
& 14.7 fb™ = Wijets -+ H" = tv 500 GeV (x5)
£10° i H" - v 1000 GeV (x10)
Sy
10
1
10
2 2 T T T .I T T T T T T T
o 1.5H ] Uncertainty + ;
- 1—%%%
AL ¢ Y
© 0.5F ]
D 0 1 1 1 1 | 1 1 |+ 1 1 1 1 1

ATLAS-CONF-2016-088 O



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-088/
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* Chapter of low mass region already closed by

Exclusion
CMS Preliminary 12.9 6™ (13 TeV) CMS Preliminary 12.9 6™ (13 TeV)
m-60_||I||||||||||||||||||||||||II|III_ aeo_lllllllllllllll
% T HbIH L v i % £
" BOF- MSSM myod 4 7 s0F
| 1, +ets final state i E
| —= Observed ] E
40:_ [ ] Excluded g 40:_ i
- % Expected median + 1o . fhﬂj;stfi?; ;g te_> i
30 - Expected median + 2c y 30 T
[ 7 mifSSM 12543 GeV ‘ B £yt
20 201~ 60
: |5
-4 : -+ 55 =
1 10> -
I 50 <
I N | | | B e 1 | | | S IS 1SS | | iS55 S | | | Bk e s | | | B S | | i 5 | : Il | 45 _f
90 100 110 120 130 140 160 20 =
CMS-PAS-HIG-16-031 Q) m_. (GeV) 40 E

LHC run-1 results.

* Serious exploitation of high mass region only

about to start now!

35
30
25
20
15

ATLAS-CONF-2016-088 .

ATLAS Preliminary
\s= 13 TeV, 14.7 fo”
H" — tv; mh”‘°§" scenario
Yy Observed exclusion

II|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIII

2015result - Expectefl exclusion 3
— - Observed P ES ]
---- Expected Bl 20 B

:[IlIIIIIIlIIIlllllllllIllIllll:IllllIlIIl‘I’

y
0200 250 300 350 400 450 500 550 600

m- [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-088/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-031/index.html
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Intermediate mass region now accessible.

EXCI usion H production at the LHC, 13 TeV/ ;
.l NLO total cross-section H'Wbb —
o coCMSPeimnay NI 12915 (13 TeV
|58 ' tanp=1t — |
§ E t >HDb,H — tv, 0tk t;:;i;ﬁ — _
50 MSSM mmod £ | |
| 1, +jets final state 9
| —= Observed 10° g
401 [ Excluded 5 5 g
[ : i : : g |- Wb)H', H" — v,
- % Expected median + 1o wtp oo T e g e_t)s f(in)al state_> i
30 o Expected median + 2c ::g g ! o i
 mSSM . 125+3 GeV 14 | | Excluded
20_ 1 1 1 E 1 1 i 1 1 1 i I: 1 n
: 20 F tan =1 E Scale unc. (2] PDF unc. = = i E
e 10 ol
S -
20F L . . . . ; R ]
20 £ tanp-s : Scaleunc. CJ  PDFunc. - - : E 0 ]
el 8y iy 10 — ' s - 2
90 100 110 120 130 [ o [ S E : .
CMS-PAS-HIG-16-031 Q of : :
Dfmpoo | Swwm B PP : ATLAS Preliminary -
O |® offmrzsrEsrscriiiIiirIiiLIsoeniniiod Is= 13 TeV, 1:4.7 fol e
* Chapter of low mass regio| o : ] H" — tv; m™¥ scenario 3
LHC run-1 results. 130 140 150 160 170 180 190 200 210 220 Xy Observed exclusion
arXiv:1607.05291 melGVl b e Expectefl exclusion -
. S ) ) r —- Observed [ ER .
» Serious exploitation of high mass region only 15F ... Expected []t2 =
abouttostartnOW! 10_1IlIIIIIIIIIIIIlIIlIIIIllIIlII:Illlllllll‘l’
200 250 300 350 400 450 500 550 600
m,. [GeV]
ATLAS-CONF-2016-088 Q)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-088/
https://arxiv.org/abs/1607.05291
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-031/index.html

22/25 e 7,7, o b-tag 12910 (13 TeV) i Ty bag 12.9 o' (13 TeV)
> 10"t g b : = il :
@ e 00000000 < ¢ Observation o 10 ¢ Observation
BS M A/l 1 / h % TT g 109 : - _h'_’ 1_'{,_4 E E;;:oweak (g 105 : E E;;:oweak
B B (Jaco B 2 Jaco
'S'_mG: ‘0000000~ " o = 10°F o
Q = Background uncertainty Q E Background uncertainty
% 103 : = hHA->1t % 10F = hHA-1T
* Search for 2 isolated high ; mesinocar,unpesol || 17 et Gov g
pr leptons (e, i, ). : .
10°F
[ 1gr
. 107k
* Reduce obvious back- . 107 =
= 1.5 % 1.5 T f
grounds (€.9. us€ Fr) & |4 ipeguctupnsctrmmmneiflyy i e |
reconstruct discriminating & ost S 8 05 e :
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wt,

12.9 b7 (13 TeV)

>
©22000- CMS
20000 Preliminary

@ 18000

c

S16000B%  signal :
14000F

region :

: @
. mmm QCD
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[ Electroweak

[ Bkg. uncertainty
igh-m

g0
u . PP - S
E 1 *—0—0—g- g LS glg =T
Rl | | | | | | |
0 20 40 60 80 100 120 140 160
m, (GeV)

* Introduce event categorization to increase

sensitivity.

Six decay modes:
ThThy UTh, €Th,
ep



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-037/index.html
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Exclusion

Parameter space covered by Tevatron
experiments before start of LHC.

12.9fb" (13 TeV)

C M S |:| Observed

Preliminary - eected

95% CL Excluded:

+ 1o Expected mySSM 2 125 + 3 GeV
+ 20 Expected — 7+8 TeV (HIG-14-029)

n°% scenario

40

tanf
S
'/Y//’/'/'/J/ZZZég' 4

V4 s
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& /'
.
.

30

20

LISIIIIAIIIISD 740575,
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'III']"III'T"IIF'[—III'

g
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‘\ b
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70 B 1 +10 N
[ {s=13TeV,<13.3fb +20 3
60 [ e, M g, =1TeV []2015,3.2b" (Obs.)
50F / 7
40 E
30F B
201 =
10k _
O - - TlepThad (EXp) N
: 1 1 1 I 1 ] ] I 1 1 1 I 1 1 1 I 1 1 1 :

200 400 600 800 1000 1200
ATLAS-CONF-2016-085Q) m, [GeV]

IIOIOOOOOOO O T

200 400 600 800 1000 1200 1400 1600 1800

CMS-HIG-PAS-16-037 Q)

m, (GeV)

* Run-1 probed already an enormous
region in m s-tan 3.

* Run-2 extended this further with only
a fraction of data analyzed so far!

* With full run-2 sample expect to
reach out to 2TeV.



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-037/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-085/

24125 CMS limits picked up and applied to

Link between experiment & theory different model using HiggsBounds.

obs
m," o scenario IMSSM
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http://HiggsBounds/
http://hepdata.cedar.ac.uk/view/ins1310838
https://arxiv.org/abs/1507.06706
http://dx.doi.org/10.1007/JHEP10(2014)160

Five years after Higgs discovery this new physics sector is better explored then we
would ever have dreamed.

H established as SM-like Higgs boson with mass of 125 GeV (— Higgs
mechanism reality; — BSM models have to be compliant with this finding).

Discussion here concentrated on MSSM (2HDM) as well motivated and currently
most intensively studied SM extension.

In this field LHC experiments have demonstrated enormous reach and beside SM
Higgs program opened a new era of BSM Higgs searches.

Extensions of the SM alternative to the MSSM (e.g. NMSSM, general 2HDM, ... ) in
process of being systematically sorted (in frame of LHC HXSWG).

BSM Higgs searches have formed a major pillar of the LHC Higgs physics program
so far and will gain more and more importance towards the end of run-2 an
beyond.

Roger Wolf (KIT)
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Wie kann eine Symmetrie zur gleichen Zeit
erhalten und gebrochen sein?

Spontane Symmetrie-
brechung:

flz,y) = 2%+ y*

T = T COS

Yy = rsin @
=712 (cosp? +sing?) =r

f(z,y)

r,e

flzy)=(z—1)2+(y—1)?
=724+ 2(1 —7r(sinp + cosp))
(“hidden symmetry”)

Fuhre Potential ein das den Grundzustand
des Universums aus der Symmetrieachse
der Bewegungsgleichungen zwingt.

— Teilchenmasse als Kopplung an nicht
verschwindenden Vakuumerwartungswert.




Higgs boson couplings

Within measurement accuracy
unique scaling as expected within

the SM.
i ] GgEEa 2 ATLAS and CMS -8- ATLAS+CMS
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€ [ LHC Run 1 ik + s
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http://dx.doi.org/10.1007/JHEP08(2016)045

LHC run-1— run-2
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* Golden age for classical searches at
the energy frontier.

* For SM Higgs the situation is mixed.

James Stirling (arXiv:0901.0002)


http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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—eo— ATLAS+CMS run-1 combined
—e— ATLAS

—eo— CMS

95% CL upper limit

— — — SM expectation

* Increase sensitivity by event
classification by VBF topology, pr ()
andn(u) (— up to 8 event categories).
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 Slight excess also observed
in ATLAS run-1.

* Not (yet) confirmed by run-2.

CMS Freiiminary 2.3fb" (13 TeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-091/

Why the Higgs boson still is not THE Higgs boson "
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Relation to Higgs: why is m g so small?

(1)

* SM does not contain gravity, which is of
similar strength to other interactions latest
at the Planck scale.

* SM — “low-energy limit” of (yet unknown)
more complete theory.

* Question: is energy scale A at which new
physics becomes observable accessible

to us?
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» Different levels of fine tuning in the SM:

m9Y® = mpgo — AmIO(A) = 125 GeV

Arguments taken from G. Weiglein (Higgs physics:where we are and what next? 01/2017)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-041/

Higgs sector in the light of (iree-level) unitarity

* Unitarity problem demonstrated for WW+ — W*W scattering:
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Exact cancellation of divergent behavior

only if scalar exchange particle has coupling \
of type o m3,.

Any additional contribution to this process should preserve this cancellation (leading
to sum rules).


http://link.springer.com/article/10.1140/epjc/s10052-017-4624-0
http://dx.doi.org/10.1016/j.physletb.2015.07.053
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-005/index.html
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