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The importance of symmetry

* Symmetries play an important role in nature. This is especially true for particle
physics, where (aimost) all forces we know can be derived from local symmetry
requirements:
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Problem-1:

Symmetries strictly forbid
force mediators to have
mass mu, # 0.
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Problem-2:

Weak force distinguishes
between left- and right-
handed matter.

Breaks SU(2), symmetry
for ALL weakly interacting
particles with m,, # 0.
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How can SU(2);, symmetry be the source of weak interactions while at the same time
all interacting particles with m - 0 explicitly break this symmetry?!?

* Spontaneous symmetry breaking:

Postulate new field ¢ with |
symmetry breaking vacuum:

Symmetry inherent to the system but not to
its energy ground state (— quantum vacuum).

In the quantum world this can lead to the
existence of new physical particles (— Higgs).

* Higgs, excitation of vacuum ground state.

* Characterized by very peculiar coupling
structure, needed to preserve the
symmetry of the system:
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1 case with charm [3,4] and for not being sure of its couplings to other particles, except
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A discussion is given of the production, decay and observability of the scalar Higas
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass
is similar to that of the pion, the Higgs boson may be visible in the reactions # “p -+ Hn or
p — Hp near threshold. If its mass is <300 MeV, the Higgs boson may be present in the
decays of kaons with a branching ratio O(10~7). or in the decavs of nne of the new nar-

We should pcrhapf, finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the

that they are probably all very small. For these reasons we do not wanl to encourage
big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.
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3.8T superconducting
solenoid magnet:

* Tracker: Si (97/p = 0.5%
for a 10 GeV track).

* ECAL: PbWO,(°E/E = 1%

* Length fora 30 GeV e/~ ).

— Diameter :16 m
i 12 500t
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* for us finding the Higgs it was

48 years = 1,513,728,000 sec 0000001
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Anatomy of X

Single particle?
A
Spin & CP? Decay width?
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Mass?
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Spin & CP

Golden decay channel:
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Mass & decay

width

do 1

x
dm? = (2 — m2)? + m212

do(gg — ZZ — AL) KoK,
X
dm3, (m3, —m3)" +m3T3
K2k
a
M My >mMyg

From offshell cross section:
'y < 22(33) MeV (95% CL)

Expectation from SM:
T'7(125 GeV) = 4.04 MeV
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Second close-by resonance in H — v ?
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5 8 __ 5
Compatibilit R :
P y e ¢ Sc ¢ g
P T35 . S a0 |
S 3
N Lo 5
[ oo my = 124.7 + 0.5 GeV g 2‘2 20
3 3_5;'?1‘5 S/(S+B) weighted sum N 15 .
P 3 ¢ Za:' § ; Expected SM H
= +B fits (weighted sum) —_—
comporen $) o : ;
. > | o osp e m Coupling across production
oL
S%z W = B R R TS R d d h |
S B st x moaes or decay channeis:
g ‘UE) 05 = 124702034 Gev 19.7 " (8 TeV) + 5.1 b (7 TeV) 19.7fb" (8 TeV) + 5.1 fb" (7 TeV)
N = 0 1 1 1 1 1 1 1 _ _
e Y A comineg | CMS M 120N comines | | CMS M-t ge
N~ 100»+ 1 W=100£014 | ) oy PR o Z096
(&) ], + } * g [ + 10 Expected M su
= opirbrld e AL [ * 20 Expected H - yy tagged
ﬁ,l_, 100 H[TT it ! H, - Untagged w=112+024
110 11I§ 1;0 12‘5 13‘0 1:‘!5 14‘0 1';5 150 mH f— 122 :l: 7 GeV 1=087+0.16
m,, (GeV) H — ZZ tagged N
=1.00+0.29
A VBF tagged " N
- my = 125.6 £ 0.6 GeV w=115£027 Ho> WW tagged g
© 35 . E 1=083+0.21 Q
N 2 g EE:‘imeeev 1 = VH tagged o
S % — = 1 =0.83+0.35 H — 1t tagged N
S 2.f Bz Y w=091+028 O
S e7f 3 >
S @ g ttH tagged - H — bb tagged a]
‘5 ;; n=275+0.99 n=0.84+0.44
% & 0 R S— 0 05 1 15 2
= W Best fit o/o,, Best fit o/cy,,
E E 100 120 140
Q m, [GeV]
my, (GeV)|[r7Tevy + 19407 (8 TeV) i i . . i
c e e 108 — 4917 TeV) 1 194 1" (8 TeV Overall coupling consistency:
Q i —e— data - backgrounds £ [ b
S~ < - m
(2] - — HWW 4 — .
5 ool Divguesany | gl T enOtietoxBR=oxBR,, | ] * Event categories 227
s N |
3 - My = 125 GeV ] Ly = 128.6+88 GeV ] : .
e ot o Lo 5.3 , * Nuisance parameters: O(2500)
g) - m
[ L 4
= L | . .
8 & 4 25 g+ 16 MB binary file of stat. model
0 i 1 .
T2 i : 2 (~145 MB in human readable form).
Q i 2l i 5
5 _ ’ ﬁ = o /osy = 1.00 +0.14
Q . , I ./ ] o M= sm = 1. .
% L [//%u PRI AT S ST T N S S T 9‘ L TR — TR L E
S 50 100 150 200 250 10 120 130 140 Iy p-value = 84%
m, [GeV]
mg [GeV]


https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
http://dx.doi.org/10.1007/JHEP01(2014)096
https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
http://dx.doi.org/10.1007/JHEP05(2014)104
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://dx.doi.org/10.1140/epjc/s10052-015-3351-7
http://dx.doi.org/10.1140/epjc/s10052-015-3351-7

Mass
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e ATLAS+CMS LHC run-1 combination:
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PRL 114 (2015) 191803 m,, [GeV]
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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
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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

The ¥ model

* Dress each coup-
ling at tree-level
with a scaling fac-
tor x; .

* Loops are resolved
according to SM or
treated as effective
couplings.

e Comprise k; s to
obtain simplified
models.

~ (1.26k — 0.26k;)? —

Production Loops Interference Multiplicative factor
o (ggF) v b—t kg~ 1.06- & +0.01- & —0.07 - k&
o (VBF) - - ~ 074Ky +0.26- k5
o (WH) - - ~ Ky
o(qq/q8 — ZH) - - ~ Ky
o(gg — ZH) v Z-1 ~ 2.27-k5+0.37 - ki — 1.64 - k7K,
o(ttH) - - ~ Ktz
o(gb — WiH) - W —t ~  1.84- k7 + 1.57 - kiy — 2.41 - k Ky
o(gh — tHq) - W —t ~ 3.4 k1 +3.56 ki — 5.96 - KKy
o(bbH) - - ~ K%
Partial decay width
l-ZZ 2
rww B B ~ K%v
v v W—t Ky~ 1.59 - kiy +0.07; ki — 0.66 - ky K,
l—rrr 2
— — ~ KT
rbb N N ~ i
HH - - ~ Ki
Total width for BRggy = 0 ~

I'y

57 -k +0.22- kg +0.09 - k4
£ 0.06- k2 +0.03 - k5 +0.03 - 2+
+0.0023 - k7 + 0.0016 - k7, +
+0.0001 - k5 +0.00022 - &

Non measurable couplings tied to measurable ones: k. = kt, Kk, = k7, ks = Ky .




K-k prpmodel

* Resolve loops according to SM.

* Combine tree-level couplings into Ky (coupling to W & Z boson) and « r (couping to

fermions). wy O W.Z RE D47,
._._MLL 2_5_| T T | TTT | T | TTT | T T7T | T T T T | T | T | T I_ §
- ATLAS and CMS ClHom 48
- LHC Run 1 Hozz ¢
o Preliminary CIH-ww 2
- Hobb g
i [(JH-> 1 1°
L [] Combined
1.5 -
: :
0.5 :
- *xSM  —68%CL .
| # Bestfit --95% CL i
0 1 1 | | 111 | 1 1 | | 111 | 111 | 1 1 1 | 111 | 11 1 | 111 | 1 1 |
0 02040608 1 1214161.8 2
Ky



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

X(125) — H(125) Jﬂi

+ + FLUCHT DURCH EUROPA + + +

Higgs - a known suspect (within 10-30% accuracy):

Single particle? v
* checked mass
* checked couplings Decay width? \/

Spin & CP? v/
« Spin-1 and 2 excluded. " I <22MeVunder
SM assumptions.
* CP-even

* CP-odd admixture of up \

to 50% still possible.

Mass? \/
Coupling * 125.09 GeV one of
structure? the best known
parameters in SM.

* Non-trivial coupling
structure of a SM-like
Higgs boson.

* No sign for deviations
so far!




Directives for 2015++

Pseudo-Observables/ Precision on couplings
Cross sections: o * EFT approaches | roir—r—
* fiducial R E—— s K++ T O(5-15%)
H e i?”’? st L 1 15 CMS Projection Om et Bm1aToV Hovy e
* simplified ¢ == o T | oz
. . T4 1101 H—ww T
 differential Hoee
C H—-bb
“up for 2015++” 1'005 70 5 10 15 20
0A95:—
0.905— Lo .
vasb ‘ O(é%) Expected deviations in models:
Subm. to EPJC » 09 o B Cv gvv Suu 8dd,ce 8hhh
g-to mixed-in singlet 6% 6% 6% 18%
“expect lasting result ~2018/19 ” | composite Higgs 8%  O(10%) O(10%) O(10%)
CP-measurement ; ; MSSA <% % <10% 2%
Heidi Rzehak (2013)

* Hope forH — 7
* Clear prospects.

 Still experimentally
very challenging.

Extensions of the
Higgs sector:

additional singlet(s)

“endurance required (>2018)"

Higgs self-coupling additional doublet(s)
 LHC project for 3/at. )

* Studies for upgrade
proposals.

additional triplet(s

“beyond scope”


https://ilcagenda.linearcollider.org/conferenceOtherViews.py?confId=5840&view=standard
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-016/index.html

MSSM and THDM?

LHC run-12011-2012 (

19.8-24.6 fb')

@_ S
S 50 + g
T 40 g
8
30 o
20
—————— m,=125 GeV
10
g ST -- m=122GeV
4 || CMS-HIG-14-023 (sub. to JHEP)
3 CMS-HIG-14-017 (sub. to JHEP)
CMS-HIG-13-024 (sub. to PLB)
21 [ | cMs-PAS-HIG-14-029
é . M expected :I observed
1 \ N ! 1 1 1 L
100 200 300 400 1000
m, [GeV]

Watch out for 2 charged
(H*) + 3 neutral (4, H,
h) Higgs bosons.

Rigid mass correlations

governed by m 4 and tan 3
(at LO).

80

70

Compiling several CMS results

AR
«  Well developed proxy for o - MSSM LO
more general THDM. 50 60 100 200 300 400
m, [GeV]

gvv /g Guu/Gan" 9aa/ 957"
A — ~s5 cot 3 5 tan 8
H cos(B—a) —0 sina/ sinff — cot (3 cos o/ cos B— tan 8
h sin(B—a) —1 cosa/sinff — 1 —sina/cosf— 1
For ma > myz: a — 8 — /2 (coupling to down-type fermions enhanced
by tan ).

Subm. to PLB

MSSM low tanf scenario
95% CL Excluded:
T observed [ o Expected T mitesm £ 12553 Gev
----- Expected + 20 Expected
Hohhobbtt + AoZholier 19.7 b (8 TeV)
« L R B S e e s
c
] CMS
]

250 300 350

tanB

= N W A 01O N 0 W O
LARRAAEE B R ARAE RS

2HDM type-ll, m_=m,, =300 GeV

95% CL Excluded:

T Observed . + 1o Expected

----- Expected

+ 2¢ Expected

CMS  Honnobbrepsznone  19.710" (8 TeV
L B B B B

R

=
© -

-0.5



http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-034/index.html

Conclusions

* Rich harvest of LHC run-1 (better than one could ever have dreamed of).
‘;I' oppe’d-aill expectations by ~1 order of magnitude.
* Rich program of BSM Higgs searches apart from consolidation of discovery.

: LHC run-1, an era of “SM Higgs boson discovery” (hardly prepared for more than that).

5++ even better prepar nggs physm*s
aq in 2010 (better kh ﬁv what to expect).
.-rﬁ \ ,

L-i"n;g-
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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:

30

Needle on point:

Block in water:

4

Block on stick:

¥ symmetry

axis-symmetry

¥ symmetry

Institute of Experimental Particle Physics (IEKP)



Solution to the Problem of Fermion Masses ..\g(“.

Karlsruhe Institute o f Technolo ay

« Expand ¢ in its energy ground state to obtain the mass terms:

LYukawa — (v + %) (érer +€rer) = —me (1 + %%) ee
H_/ (& J

~
Me = YU ee

* We obtained the desired mass term and a coupling to the Higgs boson
fleld, which is proportional to the fermion mass.

31 Institute of Experimental Particle Physics (IEKP)
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o | PLB 716 (2012) 30 (July 2012). 8

o | Science 338 (2012) 1569 (Sep. 2012). ;
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e | JHEP 06 (2013) 081

(Mar. 2013).
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F ] E 222 Background uncert.
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S|gn|f|cance; S— H
.y 1.5? o
33 S =21(2.5)0 (CMS )E IR ¥ %% NP 10 (2014) 557-560
S — 14(26)0’ 4 35 -3 25 -2 -5 05 0
l0g(S/B)



https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://dx.doi.org/10.1007/JHEP01(2014)096
http://dx.doi.org/10.1007/JHEP05(2014)104
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.012003
http://dx.doi.org/10.1038/nphys3005

Searches for H — inv.

CMS

VBF H(inv)

34

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
cMs
\s=8TeV,L=19.7 fb"
Z(I1) H(inv)

—e— Observed

" B(H- inv)

D DY(Il)+jets

Events /GeV

[z
[ wz

\s=8TeV,L=19.5fb"

ZH(m =125GeV),
=100%

[ iw,ww,wjets

—@— Observed

VBF my, = 125 GeV,
B(H—inv) = 100%

- Vijets

- T, tW, DY(ll)+jets, VV

0 400 450 500
miss

Er " [GeV]

EPJC 74 (2014) 2980

400

300

-OO
o gllllllllllllllllll

0.2

0.4

0.6

E , 500
- miss
3 ET [GeV]
] = 10° T T T T T T T T T T T T T T T
3 o cms cms 10°L oms o o, ]
. [~ . 4[ \s=8TeV,L=18.9fb" \s=8TeV,L=189fb" ~ \s=8TeV,L=189fb" l:lgf:«; it00% 5
= 2] 10 Z(bb) H(inv) high E:‘i” 2Z(bb) H(inv) intermediate E7'** ‘g 10 2(bb) H(inv) low EI"** [ s
c ) =
- o) Wi E
- °>J 10° 5 [ oo E
] L L 10 mw =
— " [0 viey
- 10 10? E
= 10 10
- 1 1
3 10" 10"
] 102 102
- Lol T P T I
O 8 2 2
N ] . - A4 8lo +4 :
BR 5= 1 o vmw%ﬁ .
inv 0 0 0
-1 -0.8-0.6-04-02 0 02 0.4 0.6 0.8 1 -1 -0.8-06-04-02 0 0.2 0.4 0.6 0.8 1 -1 -0.8-0.6-04-02 0 0.2 0.4 0.6 0.8

BDT output

BDT output

BDT output]



http://dx.doi.org/10.1140/epjc/s10052-014-2980-6
https://cds.cern.ch/record/2054465

Discriminating Variables ﬂ(".

Karlsruhe Institute of Technology

0.07 r . : 007

108 006k 1 oge

105 - 0.05 ‘_FEE:’:EQE o 008 __‘—I_ 4
104 ?[:J"—l—w_rr\% ] oo} - 5 | oos :—‘_ﬁ —EQ:-‘:L I___L_:]_=_,f_r—-
103 I 0,03 003

1ok 1 o E}_‘:F‘:r —LEL‘:E o

i 001 0.0
ol : ' : T S T T TN TN TN TN TP TR
-1 08 06 04 02 0 02 04 06 OB | 008 06 0F D07 0 bz o+ bE o ot = - . . . <
cos 04 cos 65 b
0.-:]'.": T T ] 007
— JP=D+ U.-:Jt-'i 0.08
005 { oosf
P_n- 004, el J e = oo ] = =
J"=0 = - = — =
0.03f 1 ooa . =
002} ] 8 E
JP—2+ | 002f
- o.0if
ﬂi i i 1 | i i
1 0B 08 04 02 0 02 04 08 08 1 oL - - ; : . E
*
cos 0 D,

* As obtained from MC simulation (http://www.pha.jhu.edu/spin/).

* Taking acceptance and resolution effects into account.
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Comblnatlon into a Single Discriminating Variable ﬂ(".

Karlsruhe Institute of Technology

o 7T T I s
* Events with 106 GeV < myy < 141 GeV (49 events). N N, E
w - J"-u m, =126 GeV 1
. . E |:|zztz A
« Example given for 0~ hypothesis. S :
ar -
* For 1d projection a cut has been applied of Dy, > 0.5. 3—
2
» Statistical assessment based on hypothesis tests. 1 ;5;
00_“011:02 0.3 04 0.5 0.6 0.7 0.8 09 1
A [ — W'Do
& ‘ g
0.9 0.9
0.8 0.8 !
0.7 0.7
0.6 0.6
05 0.5F
04 0.4

O0 010203 040506 07 0809 00 010203040506 070809 1 00 010203040506 0703809 1

Dbkg Dbkg Dbkg
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Comblnatlon into a Single Discriminating Variable ﬂ(".

Karlsruhe Institute of Technology

L £(0T+BG £ oqf .
* Test statistic: ¢ = —21n <£éJPiBG)>>_ E 01
g 0.08 — CMS data
Expectation for given hypothesis 0™ or J* g ,rx.
. . 2@ 0.06 k
obtained from toy experiments. oo
. ) 0.04[
* SM hypothesis ( 0™) tested against large number of :
alternative hypotheses. SM favored in each case. 0.021
CMS fs=7TeV,L=511"1s=8TeV, L=19.7 ft' % 20 10 o 10 20 30
S i F . H : H . : -2><In(L_/L*)
o [ —8- CMS data - - - Median expected 5 ; : ; : : : ] 0 0
Q> 60 WMO0 1o [ NP ]
£ 0" = 20 [ Ngp % : ; : : ; : :
¥ 403 °*+30-, J'°+3°; A ]
20 -
oﬁﬁﬁﬁﬁﬁﬁ
740:-

0 o, T T 1" 1 28 2 2;, 2 2 2,
any any qg—X any qg—X any gg—X q3g—X any gg—X gg—X gg—X

37 Institute of Experimental Particle Physics (IEKP)



CP admixtures

AT

Karlsruhe Institute o f Technolo ay

* General phenomenology of non-CP conserving HV'V couplings:

38

AHVV) x [a}/%vv dvi

* * * v 1) 7x v
}m%/levﬁvzfuuf (2).p +a:‘s/@u)f (2)

SM CP-even

CP-even “higher /

Applied to: HWW, HZZ, HZ~,

1\_k2
.

dimension”
CP-odd <«
admixture.
f(z'),,ul/ — e gv — e gt
= vildvi — Cvilvy
~(i 1 ~
/SV) — §€MVpo_f(Z)>PU
m%/l (vector boson mass)
€Vi (polarization vector )

(LO-ampIitude
formalism

)

PRD 92 (2015) 012004

19.7 b7 (8 TeV) + 5.1 fb" (7 TeV)

|||||||| T

_____ Expected, q)aa:o orm

T T T T | T T T T 1
— Observed, ¢_=0orn E
3 ]

[ verall ampli-
o & /
‘ ‘ T 1T | TTT ‘ TTT ‘ TTT ‘ I

tude

19.7 b7 (8 TeV) + 5.1 b (7 TeV)
T T T T T

T T ‘ T T T [ T
— q)a3 unconstrained

E ¢, f nconstrain
F q;as, A7 ¢Mu constrained

I T

J— f nconstrain
T 4)33, 2 q)azu constrained

T

10
8
6
b= e ey
00 “(-)—;Fﬁ:: ---- 0[4 I0}6 ‘0!8 ‘ ;
faS
19.7 fb" (8 TeV) + 5.1 fb (7 TeV)

.....



http://dx.doi.org/10.1103/PhysRevD.92.012004

Higgs decay width (SMm) _\g(“.

Karlsruhe Institute of Technology

10%

E Ty (125 GeV) = 4.04 Mg
L N G
T ]
"
T §

100 200 300 500 1000
M, [GeV]
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Inter-channel compatibility (rate)

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

Combined
w=1.00+0.14

Untagged
1L=087+0.16

VBF tagged
p=1.15+027

VH tagged
n=083+0.35

ttH tagged
n=275+0.99

CMS

Pg, =024

m,, = 125 GeV

—————————

O.H‘

1‘”

2 3 4
Best fit o/o,,

Combined
1=1.00+0.14

H — vy tagged
p=1.12+024

H— ZZ tagged
u=1.00+0.29

H— WW tagged
1=083+0.21

H — 1t tagged
n=091+0.28

H — bb tagged
1=0.84+0.44

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

CMS

Pg, = 0.96

my, = 125 GeV

—t

—_——

—
—
— .

0.5

1 15 2
Best fit o/cy,,

227
O(2500)

* 16 MB binary file of statistic model
(~145 MB in human readable form).

* Event categories

* Nuisance parameters:

p=o/osy =1.00+0.14 p-value = 84%

EPJ C 75 (2015) 212

Test proxy of single particle hypothesis
(w/ 8 free parameters) against saturated
model (w/ 20 free parameters).

All parameters constrained to be positive.

Signal |y 0y H5ZZ HSWW Hotr Hobb
model
ggH Moy Wzz Hww Mo Mob
VBF | AvBr ttyy  AveEHzz AVBF MWW  AVBF Htr  AVBF b
VH | Aviityy  Avapzz  AvHEPWW  AVH Hzr AVH b
ttH | Awnpyy  Aud Pzz Awd Pww AwH Hrr AwH Hbb

19.7 o™ (8 TeV) + 5.1 fb" (7 TeV)
L e e aad

T

> Odprrrrrrrrre

— Observed 3
— Exp. for SMH | ]

E
%5

"0 15 20 25 30 85 40 45
q}\
p-value= 8% (1.40)
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http://dx.doi.org/10.1140/epjc/s10052-015-3351-7

12 ratios instead of i, values

Advantage: no theory
uncert's, no theory input.

Nine parameter fit:

* Choose one process as reference:

L7 Z7Z

* Four cross section ratios: i, 7,
HW ZW ttH
Rggh» Hggrs PggH -

* Four decay width ratios: 1, ,

WW TT bb
Hzz s Bzz» Hzz-

* Scale parameterfor i - H — f :

' (0:BRS _ _ BRI zz
s (0:iBR )sn = oggn BRZZ UggHBR
f_ p! zz
Hi = fger  nZZ "~ HggHH
i zz
Hggr Néz HggH

o(9g—
H-Z2)

O/ Oyqr
GttH/GggF
BR"Y/BR*
BR"'/BR*
BR"/BR*
BR*/BR%

ATLAS and CMS Preliminary *éI/ILéAS
——
| LHC Run 1 > ATLAS+CMS
: —* 1o
——— —*20
——— Th. uncert.
———
—l*—
.-
°
i o
B E Largest deviation:
e~ bb zZz
—— BR” /BR (2.40)
— : 3 10; ATLAS and CMS ‘ ‘
| S LHoRun g
—————— % j; Preliminary E
o £ 6
— : S s
——— 5 4 ]
— D )
—*:_ g g
— ' £ = -
: B B B
———— | BRY™/BRZ norm. to SM prediction
a—

-1 0 1 2 3 4 5 6

Parameter value norm. to SM prediction

41

Driven by low V Hbb and overall
high production rate estimate.




Coupling Estimates ..\X‘(IT

Karlsruhe Institute of Technology

* Determine couplings from production mode and decay channel:

gg — H production: qq — qqH production: Decay to for V:
g

/S
@ f: rug =  Coupling to gluon can be [ or effective ©.
OV : kpyy = 2my,  Coupling to vy can be effective or a mixture of / + V.

\%

* Direct measurement not possible since «; appear in nominator and denominator of

o Iuky Tk,
BR; = Crn(ke) — 2Tk
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Narrow Width Approximation _\g(“.

Karlsruhe Institute of Technology

* Assume 'y < mpy , which is well justified by 'y = 4.04 MeV and mpyg = 125 GeV.

1

» Propagator: | > .2\ 2p2) = p0(g” —m?) for T — 0.
g

l.e. put propagating particle on shell.

Calculate cross section as o x BR .

e 0 X (litliq-)2 X ("fu"id)2 X ("iq’%l)2 X (Hg’l{f)Q .

* For each production mode and decay channel collect x; and express 'y as sum
of individual k; .
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General fitting model

* Seven free parameters:
* All accessible tree-level couplings.
* Kg and k- as effective couplings.
* Either set BRpsy =0 ( ) or

apply ky <1 (black) as constraint.

* Allowing for new physics:

* BRpsy =0 : new physics at scale

Q2 > (mp/2)°

* ky < 1:fulfilled in many BSM models
(e.g. MSSM), allows for new physics at

lower scales.

Limit (95% CL):
BRpsm < 0.34%

(cf slide 9)
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- K, <1
BRBSM=O

—* 1o

—* 20

ATLAS and CMS Preliminary
LHC Run 1

——t

—*E

AT

Karlsruhe Institute of Technology

I
1
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Ky=K fmodel

Resolve loops according to SM.

Combine tree-level couplings into kv and k.

w L
A4

1.5

-21n Afx,)

III|IIII|IIII|IIII|IIII|IIII|IIII|
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" LHC Run 1
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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

46

(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) + (idw 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) + (jj)ver 2 200-1000 7%
77 —202q  untagged (ee, 1) + (i )%'1'”’ 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. g
10F e CMS 19.7 b (8 TeV) N
% F H->2ZZ >202q —¢- Observed g
G L dijet,0btag Z+iets [
o 10 E L] —+J Lﬁ
I3V E Mt
R =
o oT . [ zz+wz
c 10" oy, [ ] Uncertainty
I e, H(400)
w T e,
10% A
E ..... '."
C ¥
10 )
E tH 3
i
E e ||H

" 600 800

m,, [GeV]

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

=i

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 )
10 600~ 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
myw [GeV]

600 700 800 900 1000 1100 1200 1300 1400 1500
My [GEV]
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Additional SM-like Higgs boson?

AT

Karlsruhe Institute of Technology

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

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 ~

|

%10% .-
O
S [
C 1025_
CH:
;g 10F
_ :
@) I
$° 1<
o)) -

—
<

by
1

-
-
“
-
-

-
-
“

- -
-
-
—-
4

—_
<
\V)

|
200

1 I 1
400

1 I 1
600

1 I 1 1
800 10

00

m,, [GeV]

00

s 10— ——— 3
> [ — Observed :
© [----Expected = _—"
g - S e
=2 1N~ /.-
E E N\e=mFT
3 F
@) »
5107 H - WW-
o — . : ————
10F E
1E ,—*‘/_ =
10~ BN \GA H->ZZ -
200 400 600 800 10
m, [GeV]

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

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

* 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)

!/ __ T'swm
F - (1_BRnew)

N CMS | upto5.1 " (7 TeV) + upto 19.7 b (8 TeV)
O B —Obs., B, =0.0 ---Exp., B, =0.0

0.6— —Obs., B,y =0.2 ---EXp., B ey =0.2

= —Obs., Bpew =0.5 -- EXp., B,y =0.5
TS T = Ty (Baaw 20.8) 7 7T T T T T
0.4H ||
0.2 W LA
0 200 300 400 500 6RQ0 700 1000
m, [GeV]

Accepted by JHEP

—

Unitarity bound for:
Nh(125) =1+£0.14

—20 ~ (" < 0.28

Brew=0 —

48

Boundary for main
assumption of analysis:

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



http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-031/index.html

Higgs Bosons in the MSSM ..\X‘(IT

Karlsruhe Institute of Technology

* The MSSM, like any other Two Higgs Doublet Model (THDM) predicts five Higgs

49

bosons:

-- my (tang=10) ---- m, (taB= 3)

&

i -mh(tanB:10) ——‘mh(tanB:S}’ :

£ 400y e

&
I
Y
s
+
N——
S
|
+
—_
<
S
<
=
<
S
M [GeV]
3
o

Hd _ (Hd_> : YHd _ _1 : vy VEVd 300 _ ...... /,.
d :

2001

W, Z H* H, h, A

Strict mass requirements at tree level: 80

70+
I R I i i i i

2 2 2
M+ =My +my, 50 60 100 200 300 400
m, [GeV]

m¥y o, =3 <m?4 +m?% + \/(mi +m%)? — 4m4m2 cos? QB)

—(mi—{—m%) sin 23

(mQZ—mi‘) cos 2B+\/(m124+m2z)2_4m?4m2z cos? 2f3
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More searches

CMS

Lepton flavor violation in the Higgs sector

19.7 b (8 TeV)

we, 0 Jets
1.32% (exp.)
2.04% (obs.)

p, 1 Jet B
1.66% (exp.)
2.38% (obs.)

Generic X — H H searches:

17.9-19.7 b (8 TeV)

5
310

-y
o
S

—_
o
w

102

% CL limit on o(pp— X**"° — HH) (f

T
CMS
Unpublished
Assumes SM Higgs BR

CMS-PAS-HIG-13-032 (yybb)

CMS arXiv:1503.04114 (tbbb) - spin-0

CMS Phys. Rev.D 90 (2014) 112013 (I and y)
CMS bbtr low mass (CMS-PAS-HIG-14-034)
radion Ag=1TeV Y weD: gg— X, kL=35
radion Ap=3TeV J no r/H mixing

Ll

— Observed
--- Expected

ut,, 2 Jets B
3.77% (exp.)
3.84% (obs.)

e, 0 Jets

2.34% (exp.)
2.61% (obs.)

e, 1 Jet
2.07% (exp.)
2.22% (obs.)

e, 2 Jets

2.31% (exp.)
3.68% (obs.)

T

T T

19.7 b (8 TeV)

T T

® Observed

X Expected
. Expected * 1o
[ JExpected + 26

H-pt
0.75% (exp.)
1.51% (obs.)

0 2
95%

4 6

8

CL limit on B(H—p1), %

10

Y,

PLB 749 (2015) 337

= =
A—I>Zh—>CEbb = 19.7|fb-‘1 (|8 TreV I BRSNS A |-|-.|-| R
c [ CMS 7 31 700 800 900 100001100
T 4 Spin-
[ ] miP"(GeV)
19.7 o™ (8 TeV)
- s LI B B B
10 E B E CMS —— Observed —
r 1l e Preliminary it + jets ]
L . % [ QCD multijet prediction |
i 1'% W +jets 3
L A1 a [1Z° > vv + jets J
95% CL limits ] syst. + stat. uncertainty
E Observed . — h, (m = 65 GeV, NMSSM P4) ]
F 7222z Excluded region 7| T - =2 3 V. SUSY (non-h, NMSSM Pa)
e Expected % ! ]
[ Expected * 10 /é 3
Expected * 20 ",('4: ]
| Type-ll 2HDM J E
-1 [T R ]
101 05 0 . 1l
cos(B—a) sz
PLB 748 (2015) 221 | . ~
50 8 (2015) 50 700 150 200 250 _ 300
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