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The case of matter

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

requirements:

ERNCRN N U(l)y x SU(2)r x SU(3).
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Problem-1:

Symmetries strictly forbid
force mediators to have
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Problem-2:

Weak force distinguishes
between left- and right-

handed matter — breaks
SU(2), for ALL weakly
interacting particles with
mass # 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: * Symmetry inherent to the system but not to

its energy ground state (— quantum vacuum).

* Excitation of vacuum ground state leads to
existence of a new particle, 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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* for us finding the Higgs it was
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Anatomy of X

Single particle?
A
Spin & CP? Decay width?

/

\

Mass?

y/

Coupling
structure?
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Spin & CP

Golden decay channel:
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Second close-by resonance in H — v+ ?
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http://dx.doi.org/10.1016/j.physletb.2014.06.077

Mass

e ATLAS+CMS LHC run-1 combination:

PHysicAaL
REVIEW
LETTERS.

nnnnn T s, AES, o
3‘ 3 E | [P | | | [T FTO TR | | | ] PR | L JESI o | | S [ o | I | FE e e | I | SV e e | 1 LaELE e [EE LS L) B | e | sl L P ) e U TS L
= C ATLAS and CMS - == ATLAS H-yy i ATLAS and CMS —e— Total Stat. == Syst.
e L === ATLAS H—>ZZ -4l LHC Run 1
a & LHC Run 1 llllllllll CMS HH}/}/ # ATLAS H —— 126.02 +-I(-)o§:| +s0’ti; b jys; GeV
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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

Coupling Estimates

* 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

— Fi/’ii _ Fz'l-ii
BR; = Crn(ke) — 2Tk



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

Narrow Width Approximation

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

» Propagator: | (r—merey = mpd(e® —m?) for T — 0.

g
2\,{% * |.e. put propagating particle on shell.
t T
* Calculate cross section as ¢ x BR .
Tt ¥ —E—
_I'x _ .
t T + BRy =1, Ty = T4,
e 0 X (Kkir)? o (Kyka)? o< (Kghp)? o< (kgkif)?
g

* For each production mode and decay channel collect x; and express I'; as sum
of individual &; .



Coupling structure

e ATLAS+CMS LHC run-1 combination:

Considered production modes:

JHEP 08 (2016) 045

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

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

575+19/

21.6+09
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

/

* Event categories 574
* Nuisance parameters: 42683
pw=o/osy =1.09+0.11

Branching ratio [Y%] /, i

b4

® Bt

Main production modes:

g9 — ZH (10% to ZHbb)

t/b

q

P

q

Amplitudes

g

H 4

t/b

wiz| ¢

tqH +-tHW




The ¥ model

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

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

e Comprise k; sto
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/q98 — ZH) - - ~ Ky
o(gg — ZH) v Z-1 ~ 2.27-k5+0.37 - ki — 1.64 - k7K,
o(ttH) — — ~ Krz
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) — — ~ Kﬁ
Partial decay width
rww a a ~ K%
" v W—t k2~ 1.59 ki +0.07 : k% — 0.66 - Ky &,
l—rrr 2

— — ~ KT
rbb B B ~ i
HH - - ~ Kfl

Total width for BR‘BSM =0

e

I'y

57 - kg +0.22 - iy +0.09 - K2+
£ 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. = ki, Kk, = K+, Ks = Kyp.



http://dx.doi.org/10.1007/JHEP08(2016)045

K-k prpmodel

* Resolve loops according to SM.

* Combine tree-level couplings into v (coupling to W & Z boson) and « r (couping to
fermions). wy O W.Z RE D47,

3

w L T T T T T T T T T I
“ [ ATLAS and CMS
"LHC Run 1

25+ —

1 1 1 1 1
JHEP 08 (2016) 045

E ] Combined
- CJH-yy
2F [H->2Z22Z

[ [JH-WW

L JH-m
- H—bb
1.51

0.5}

B i CLI ----------- 95% CL |-|- Best fit *| SM expected i
0 0.5 1 1.5 2

f
Ky




“Money plot”

SM p-value = 40%
g g e ] i L e e e . e o e ] y
= t ATLAS and CMS -8- ATLAS+CMS
g 1§ ATLAS and CMS 7 ; = LHC Run 1 = ATLAS
= i LHC Run 1 W 3 g’é B +CMS
E L il < : — 1o interval
v L * Six all tree level couplings. {1 7 % et -4 — 2 interval
L = * All loops resolved. 5_3: SETTTE ) o
— W B | :Brsu=0. a4 = B i
S D :
1 E 1 9 -
& i 18 . » atls et
= i 1 o L
5 o = :
S i
10ps S = 2 —~
- ¢ ATLAS+CMS 1 Ik el
almes aati i SM Higgs boson | —
— [M, ¢] fit Kp IRy __.-_:
[]68%CL 1 i
|:| 95% CL i |Ku| _'°_'—_
10_4_,, vl o ey |_: |||1||||||||-||i||||||||||||
1 > —2 -1 0 1 2 3
10 1 10 10 Parameter value
PSR Particle mass [GeV]
obs m
|be—>ff | = Ky - |f§[1\£>ff = ky- Tf J =u,7,01
o | 7N Within measurement accuracy
aovyl HovvIl _ my _ unique scaling as expected within
= J/Kv - =Ky — = A
20 v 2v " v V=W the SM.



http://dx.doi.org/10.1007/JHEP08(2016)045

WJS2013

100

ratios of LHC parton luminosities: 13 TeV /8 Te

T T v

Higgs still there?

* Better find the new particle back where you saw it
in LHC run-1...

luminosity ratio
=

James Stirling (*rXiv.'0901 .0002)

CMS Preliminary 12.9 o' (13 TeV)
s e : ; : ——
: F B MSTW2008NLO
CMS Preliminary 12.9 10" (13TeV) (3 = ‘i] 5325) E 1 Al . A i i e : AEii
E5OOO}H—>{W ‘ e i Calegorie; S = O @222y ] 100 M. (G 1\?00
F M= = 4 = 30 2Z.Zv¢ e
- M=1260 GeV, i=0.95 & pl th ] . = i . ( )
£ 4000y 3 Data - 30 i Data included from 2010-03-30 11:22 to 2016-07-25 21:26 UTC
[9) L R i F B T T T T T T T 40
o r —_ §+B fit ] 25 = - = 2010, 7 TeV, 45.0 pb !
SR e +100mP0nem | A E 3] =— 2011, 7 TeV, 6.1 b ' 135
= F L3 ] E 7 > m— 2012, 8 TeV, 23.3 fb '
(=2 r C+20c 5 El = = 130
"B 2000~ — 15 ] g m— 2015, 13 TeV, 4.2 b !
= r ] 10E = c 2016, 13 TeV, 19.4 b '
= & E ‘= 25} 125
o B E F E £
+ 1000 ] = = 3
2R ] ; ! E ; 20f {20
%) P I B I B B B D 2 = ST = Q
0 400 500 600 800 -
i : ‘ ‘ : : . © 15} {15
200F- B component subtracted m,, (GeV) 3 3
E £ 10} {10
%’ 12.9fb™ (13 TeV) =
i g T ) T ol T =T \E ‘g 5| 15
T e Ad 50
i 3 X N o \ &) X Ry < .
100 110 120 180 140 150 160 170 180 Q e i N P S N PP L
my, (GeV) S} E Date (UTC)
<)

12.9 fo!
A

_;
b

Local p-value

— Observed

H— 22 — 4l

—— Observed 4e
—— Observed 4p
—— Observed 2e2

--- Expected

cod ool vod vl

Expected

10° m,, = 125.09 GeV —— Observed combined =
10 ME - Expected -
] 1 ‘ 1 1 Il ‘ 1 | Il ‘ 1 1 I ‘ 1 i ] I Il ! 5

. 1 120 122 124 126 128 130
_‘146‘ ‘ ‘11J8‘ ' ‘12J0‘ ' ‘12J2‘ ' ‘1;4‘ ' ‘12J6‘ ' ‘12J8‘ ' ‘1%0‘ ' ‘1?12‘ mH (Gev)



http://dx.doi.org/10.1007/JHEP08(2016)045

X(125) — H(125)

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

Single particle? v

* checked mass

. * checked couplings . )
Spln & CP? { Decay width* \/
* Spin-1 and 2 excluded. ) I;IK/I Z;i?ﬁ;}%::er

* 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!



http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

Why the Higgs boson still is not THE Higgs boson "

* Gravity is not included in the SM. i

AIXIB

>0
500 :3
* The SM suffers from the hierarchy problem. - 2
* Dark matter is not included in the SM. 2
€ 300 )
* Neutrino masses are not included in the SM. T
200 .

5 e
R
s
KRR
8 RS s s
355 % S
55 e
SR

Soatetes
R %

* There are known deviations in a, = %>

SEXRR
(BRI
I
I
BRI
2 RIS,
IS
RS
8

Bt etseesaranaes
SR
0' ossstesetens

58
N
%

2
10

* There must be physics beyond
the SM!

* At what scale does it set in?

* (How) Does it influence the
Higgs sector?

™ Arguments stolen from S. Heinemeyer (HH Higgs workshop 2014



Extended Higgs sectors

* The MSSM, like any other Two Higgs Doublet Model (THDM) predicts five Higgs
bosons:
H+ > -r-my(tanB=10) ---- my(tanB=8)
Hd — (Hd> , YHd = —1 , Vg VEVd E 300 - “’,."
d &
Nndof =& —\ 3 ;:\ 5) ) 2001 :;a'
W,Z  H* H h A |
100
80
 Strict mass requirements at tree level: 70
60
two free parameters: ma, tanB = vu/v, 50 i ISSMLO
5 5 5 200 300 400
Mg+ =My + My m, [GeV]
m¥ o, =3 (m?4 +m7% + \/(m?4 +m2)* — 4m4m2 cos? 26)
_ —(mi+m7)sin28 .
tana = (% —m2.) con 25+\/(m?4+m22)2—4m?4m2z o2 25 (angle btw. H,& H, in isospace)



http://arxiv.org/abs/hep-ph/0003170

The role of down-type fermions

gVW//gé%g guu/gggf

gaa/ 95"

A — ~s5 cot 3

H cos(f—a) —0 sina/ sinf — cot g
h sin(f—a) —1 cosa/sinff — 1

V5 tan
cos a/ cos f— tan

—sina/cos f— 1

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

Interesting production modes:

g

gg — ¢bb  (“bbg”)

Interesting decay channels:

R(A— XX)

T
O\

o 107 Lfms

102

103

-
.
.

e

— e T

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

10" = _
- // — — m,=300 GeV
105LL N =1 M7500GeV
0 20 40 60

tanf

LHCHXSWG-3




Space left for new physics in the Higgs sector

ATLAS and CMS — o
LHC Run 1 -o- ATLAS+CMS -+ ATLAS —+CMS —12c
Kt— —;——o—— & —é——o——
el _-t..-__ =
I M e i
) i it
|1<7|_ A i ___..;__ < 9 D I EL LR e BT I U BT FLTE EL
L fst = e = c ATLAS and CMS [z, Kws Kp Ko Ky Kg Ky By ] 2
Baswm Beon20: = = o~ 8r LHC R n 1
el Lo BT b b e b s e b e b bven Lesva Lee C\l'l C u i
-15 -1 -05 0 0.5 1 15 2 -5 -1 -05 0 0.5 1 15 2 C ]
JHE/08 (2016) 045 Parameter value 7:— gy _i
6F i M oxpecien Space left at £
5[ 35% level. E
af- : E
0.12 35 Bpsy = 0.00 £ 0.16 E .
2 ' =
Space left at 20% level @ IR IR [ glr : :
two sigma level. Ll E £
: ------------- 1 ;I | R T - I | T - - I | S - I_
00 0. 05 O 1 0 15 O 2 O 25 0 3 0.35 04 045 05
JHEP 08 (2016) 045 BBSM



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral

The search

* Search for additional peak(s) e.g. in m.. distribution.

g b
00000000 p———

g b
00000000 o

CMS hHAt 19.7 ' (8 TeV) + 4.9 fb (7 TeV)

b-tag category:
N(b-tag)> 1
N(Jet) <1
S AT
& 102 b-thag
g 10
5 ;
< 18
© ¥

10™ E:

102

10°

10*‘0E

500

------ h,H,IA%‘C‘t
—e— Observed
Cdz-tt
I«

[ Electroweak
C3aco

EZ27] Bkg. uncertainty
MSSM m;',,, scenario
m,=160 GeV, tanp=8

1000 1500
m,. [GeV]

No b-tag category:
N(b-tag)= 0

dN/dm_, [1/GeV]

[ Electroweak
(CJaco

B3 Bkg. uncertainty
MSSM nﬂ,a, scenario

m,=160 GeV, tan=8

1000 100
m.. [GeV]

JHEP 10 (2014) 160



http://dx.doi.org/10.1007/JHEP08(2016)045
http://dx.doi.org/10.1007/JHEP08(2016)045

This and more CMS searches ...

CMS Preliminary <5.1 "' (7 TeV) +<19.7 fo'' (8 TeV)

tanp
Q1 O
o o

10

=

m,=126 GeV

___________ m,=125 GeV

m,=124 GeV

cE YY) - e m,=123 GeV
———————— m,=122 GeV
5
4 \:’ Observed exclusion 95% CL
% Expected exclusion 95% CL
3 [ ] H > v (arXiv:1508.07774)
> A/H = bb (arXiv:1506.08329)
A/M/h = pp (arXiv:1508.01437)
[ ] A = oo (HIG-14-029)
H — WW/ZZ (arXiv:1504.00936)
1 100 200 300 400 500 1000
m, [GeV]

2.3 (13 TeV)

95% CL Excluded:

[ ovserved

= = - Expacted

m:.ﬁiu = 125 + 3GaV

= 718 TeW observed (HIG-14-025)

CMS

Preliminary

= = = = 78 TeV axpected (HIG-14-029)

+ t Expactad

+ 20 Expacted

T I T I T T
m°%* scenario

40}

30}

20}

10

CMS-HIG-PAS-16-007

4~
ERPVLARN BT TR R RN R S 1

AN RN RN
200 400 600 800 1000

L FENY IR RN
1200 1400
m, (GeV)

CMS-HIG-PAS-16-006



http://dx.doi.org/10.1007/JHEP10(2014)160

The SM in the stress field
of vacuum stability.

Closing in ...

30f

25}
201

1.5}

.

600

10}

Top Yukawa coupling yi(Mp;)

Trivialit

500

Electroweak

Different levels of fine
| tuning in the SM.

Vacuum Stabili

/ F TR oy T
R -'jL iy, /B % e F . ! 5
What we have found and \_ J N
measured for mg. .
B |1' - L : -
\ R Al L)
-t



https://cds.cern.ch/record/2142432
https://cds.cern.ch/record/2160252

Remaining lecture program

Monday (19.09): Tuesday (20.09.): Wednesday (21.09.):
== Introduv particle Proton strtv CD and Flavor p\/ including
§ E physicy physics wi MM). top-quar .
o Particlg ration & Physics wj e bosons Higgs pht— W).
5o detect \/ analysis (MM). \/ \/
=< (RW)

* In case of questions — contact us matthias.mozer@cern.ch (Bld. 30.23 Room 9-8 )
roger.wolf@cern.ch (Bld. 30.23 Room 9-20).

* We hope you had fun (and learned something... ).



Backup _\g(“.

Karlsruhe Institute of Technology

35 Institute of Experimental Particle Physics (IEKP)


mailto:matthias.mozer@cern.ch
mailto:roger.wolf@cern.ch
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