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Why the Higgs is not the Standard Model Higgs

Sven Heinemeyer, IFT /IFCA (CSIC, Madrid/Santander)

Santander, 02/2020

e T he Standard Model and its Higgs
e Why the SM is not enough

e SUSY comes to rescue

e Is SUSY dead?

e Conclusions
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1. The Standard Model and its Higgs

Standard Model (SM) of the electroweak and strong interaction

SM: Quantum field theory = interaction: exchange of field quanta
Construction principle of the SM: gauge invariance

Example: Quantum electro-dynamics (QED)
field quanta: photon A,

nucleus

Lqep invariant under gauge transformation:
W el eAMDWw A, - Ay + 9 (x)

mass term for photon: mQA'“AM not gauge invariant
= A, is massless gauge field

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020



Current status of knowledge: the Standard Model (SM)

l_'I 1_'_1\1[_';;
l le{l 1

=

= all particles experimentally seen (as of 2011)

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020



Current status of knowledge: the Standard Model (SM)

l_'I 1_'_1\1[_';;
l le{l 1

=

= all particles experimentally seen (as of 2011)

= but it predicts massless gauge bosons ...

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020



Problem:
Gauge fields Z, W+, W—
explicite mass terms in the Lagrangian

are massive

Solution: Higgs mechanism

< breaking of gauge invariance

scalar field postulated, mass terms from coupling to Higgs field

Higgs sector in the Standard Model:

ot b
Scalar SU(2) doublet: & = 0 =
¢ Y .:'
Higgs potential: % 5
, e
V() = p? |oio| +a|ofe”, A>0 .l g
<0
uz < 0: Spontaneous symmetry breaking / - -
2 D]
Mminimum of potential at Pa)| = = —\ S N
P (@)l =\ 53 =75
Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020



b = L 0 (unitary gauge)
v2 \ v+ H

H: elementary scalar field, Higgs boson

LLagrange density:
CHiggs — (DMCD) f (DNCD)
— 9aQrPdr — guQrPeup
— V(®)
with
iD, = iy — godW, — g1Y By,

0
qDC:iO-Qq)* QLN<UL)7CDN( >7¢CN(
dL (Y

Gauge invariant coupling to gauge fields
= mass terms for gauge bosons and fermions

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020



1.) VV®D coupling:

X XU X XX X
1 1 1 [/gv\2 1] 1 2
— 5 4+ —| = M2—92— = M x g
q2 q2 %:QQ {(ﬁ) q2] M2
2.) fermion mass terms: Yukawa couplings:
XU XX
f— SN S S +o
1 gfvl 1 v
{ Z i\v2d] — d-mp 2 P
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3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
S — last unknown (now measured)
vy S H parameter of the SM
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3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
S — last unknown (now measured)
V% o H parameter of the SM

= establish Higgs mechanism = find the Higgs & measure its couplings
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3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
S — last unknown (now measured)
V% o H parameter of the SM

= establish Higgs mechanism = find the Higgs & measure its couplings

Q1l: Como se puede medir los acoplamientos?

Q2: Que mas hay que medir/comprobar?
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Another effect of the Higgs field:
Scattering of longitudinal W bosons: W;yW; — W W7

fOI’E—>oo

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 8



Another effect of the Higgs field:
Scattering of longitudinal W bosons: W;yW; — W W7

fOI’E—>oo

Q: porque es eso peligroso?

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 8



Another effect of the Higgs field:
Scattering of longitudinal W bosons: W;W; — Wy Wy

M \;% _I_ Mg M2 +O(1)
for E — oo

= violation of unitarity

Contribution of a scalar particle with couplings prop. to the mass:

Mg = ;}H{Z + EH _gWWHM4 + O(1)
W W T for £ — oo
E2
Mtot=Mv+MS=M—4<QIQA/WH—92M%/)-I--..
17

= compensation of terms with bad high-energy behavior for

IwwH = g My

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 8



Cross section with/without the Higgs:
[taken from M. Schumacher '12 / C. Englert]

o(W; Wi, — Wi W) at tree-level

10000 |

1000 }

[r—

0 w W,

= i : Hf;;?‘?.r: A
5 : W b

Stanciar'éi Model

ol MHggs =1100GeV N\

- C. Englert |
S bopoER Y o % o§ E
1000 10000 W
Ec_ m. [GEV]
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T he physics world changed on 04.07.2012:

We have a discovery!

Q_O ETTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | T TTH
= ATLAS 2011 -2012 ohe
S (5=7TeV: [Ldt=464800" ... Exp.
Is=8TeV: [Ldt=5.859fb" Ty
1 -Z"I'ZIZI':I"ZIIZIIIZIIZIIIZII:IZIZII:"II:IZIZII:IIIZ- 0o
10 eSS Io
102 e, R\ 2
10° S OO R A 30
0% N T
10° ‘0
06 Ao S
107 >0
10°
107 - oo - N R - - - - -~ - - 60
10
10-11 1 11 1 | 1 11 1 | 1 111 | 1 111 | 1 111 | | I‘I“l | 1111 | 1111 X
110 115 120 125 130 135 140 145 150
m, [GeV]

CMS V\s=7TeV,L=51fb"' \s=8TeV,L=53fb"
T T T T T T | T T | T | T | T T § 10
- \\ /’—520
N7="
e N_/ ]
;? \ / E;40
; """""""" ;60
= | = Combined obs. 3
E | === Expected for SM H =
[|=——Vs=7Tev 3
E — 5 = -8 TeV | 570
116 118 120 122 124 126 128 130
m, (GeV)

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 10



We have a discovery!

But what is it?

Q: Is it a Higgs boson?
: Is it the Higgs boson (i.e. of the SM)7?
: Is it an MSSM Higgs boson?

: Is it a Higgs boson of a different model?

0 L O D

: Is it an impostor?

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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We have a discovery!

But what is it?

: Is it a Higgs boson?
: Is it the Higgs boson (i.e. of the SM)7?
: Is it an MSSM Higgs boson?

: Is it a Higgs boson of a different model?

0P O L L

: Is it an impostor?

How can we decide?

A: Measure all its characteristics
A: Compare to the predictions of the various models
A: search for additional Higgs bosons above and below 125 GeV

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 11



We have a discovery!

But what is it?

: Is it a Higgs boson?
: Is it the Higgs boson (i.e. of the SM)7?
: Is it an MSSM Higgs boson?

: Is it a Higgs boson of a different model?

0P O L L

: Is it an impostor?

How can we decide?

A: Measure all its characteristics
A: Compare to the predictions of the various models
A: search for additional Higgs bosons above and below 125 GeV

= Needed: precise predictions for Higgs-Boson properties!

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 11



Total width:
sum over all decay widths

rHtht = Z F(H — dd/)
dd’

= [(H—=tD) + M(H—=bb) + MH =) + ...
+ TH —=7T77) + T(H = pTp™) + ..

+ T(H—->WW + 1(H =22 + 1(H —>~vy) + ...

+ ...

Branching ratio:
probability that a particle decays to a certain final state

r(H — dd’)
I H tot

BR(H — dd’) :=

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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LLatest theory predictions for the SM Higgs: branching ratios

[LHC Higgs XS WG '13]

§ 1 [ | [ [ [ [ [ [ [ I_:g

: \ 0

S bb Ww 1

IS 107 1T ZZ g

+ ".‘

% - CcC | =
0 B B
S107 E
I - .
10 | E
- \\/ ]

1000
M, [GeV]

4| \ l
10790 200 300 400
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LLatest theory predictions for the SM Higgs: branching ratios

": _I [ [ [ [ [ | [ [ [ [ [ [ | [ [ [ | [ [ I_g
g5 w3
S B bb 12
= |
o z
~10" e E
+ ]
Y i
m [ |
o
o107 E
I - .
10-3 -
- m ]

-4 ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] ] ] ]
100 100 120 140 160 180 200
M, [GeV]

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020



Higgs production modes at the LHC:

e Gluon Gluon Fusion e W/Z Fusion
pp— 99— H pp—qq— 9+ WW/2Z — qq+ H
P g 0 -
__H g
= W.7Z L---H
p "9
X\ =
e Higgs-strahlung e Associated production with tt
pp— W*/Z2* = W/Z4+ H pp —tt+H
q Z:H; q i g {
>’!TM‘<H O™~
AN W g i
q H dominant

[taken from M. Miihlleitner]
Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 15




LLatest theory predictions for the SM Higgs: LHC production XS

102 E I | I I I I I I I 1 EE
2 - \'s=8TeV 3
X inl i
T O
T E 3
£ N _
RS~
© 1& =
10 = —
10‘2 E_I 1 | | | | | | | I_E
80 100 200 300 400 1000
M, [GeV]
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2. Why the SM is not Enough

Fact I:
Q_O i T TTT | T TTT | T TTT | T TTT | T TTT | T TTT | T TTT | T TTT i CMS ]'IE - 7 Tev‘ L - 51 fb‘1 ]'lg - 8 Tev‘ L - 53 fb‘1
(_5 ATLAS 2011 - 2012 — Ohs % 1 | T T T T N O I §10_
§ (5=7TeV: [Ldt=4648M" .- Exp T 10" y NN .
(s=8TeV: [Ldt=5859f" +1 L 1072 -
1 s=8TeV: [ [D+lo 0 Q10_3 : \\ /%30
ol iaiaialel"_~otuiuleleiebuiulaletefuiuialelefeiulaleletebuiufejefepueleiebufuieleiebuapaieieye.— | 0 — E N— =
SN : 3 N
102 Breanan Y w  Q10E 240
= A N PR — N/
00 e i 10° ¢ 256
10 7 h i
5 107" £ iR E
0 AN T 8 = A -
107 50 10° el -
10° 109; -------- ;6(5
S RPN S A S = | === Combined obs. 3
110(_)10 b0 1 0_10 £ | === Expected for SM H E
10_11 o 10'11_5 — s =7 TeV ?_
i 1111 | 1111 | 1111 | 1111 | 1111 | 11 I“l | I T | | | | i E [eooccsecea] \{g: 8Tev §70
110 115 120 125 130 135 140 145 150 10‘12 ertrrTrtrrrtrrr+rrrrtrrrrr T
m, [GeV] 116 118 120 122 124 126 128 130
H
my, (GeV)
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2. Why the SM is not Enough

Fact I:

H — Oo(stat. :
ATLAS Prelim. (( tat) . Total uncertainty
my, = 125.5 GeV + 1o
H o(theory) - onp
H - vy o5 ; L
_ 1 57033 To%e —
T Y M g !
H - zz* . 4l S0 : S
=1 44+0_40 - 013 . L
H T 0.35 1016 i T
+0.21 .
H - WW* _ Ivlv oz : A
_ +0.32 |- 0.19
M= 1'00-0.29 o8 =H
Combined ro14 [
H—yy, 227, WV_Vl 35021 To14 =
M= 1.99 (o 198 i =
W,ZH - bb s ' :
— g 007 |4 —_—
K= "T.0.6 |<0.1 | |
H — TT (8 TeV data only) ngg
+0.5 |10 —_—
M= 1'4-04 Tol T
Combined Tocs 1
H-bb, tt +0.36 |- 021 !
H=1.09 0.32 |99 H |
N 012
Combined + o4 T
— 1.30%0-18 | ou : N
H U 0.7 | o0s i | R
Vs =7TeV [Ldt = 4.6-4.8 fb* -0.5 O O 1 15 2

Vs =8 TeV [Ldt=20.3 fb™

Signal strength ()

Combined
p=1.00+0.14

H - yy tagged
n=1.12+0.24

H - ZZ tagged
u=1.00%+0.29

H - WW tagged
n=0.83+0.21

H - 11 tagged
H=0.91+0.28

H - bb tagged
H=0.84+0.44

19.7 fo (8 TeV) + 5.1 fg* (7 TeV)

CMS m, =125 GeV
P, = 0.96
=
— —
1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.5 1 1.5 2

Best fit O'/O'SM

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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Fact II:

The SM cannot be the ultimate theory!

Some facts:

1. gravity is not included

2. the hierarchy problem

3. no unification of the three forces

4. Dark Matter is not included

5. Baryon Asymmetry of the Universe cannot be explained
6. neutrino masses are not included

7. anomalous magnetic moment of the muon shows a ~ 4 ¢ discrepancy

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 19



Fact 2: the Hierarchy problem

Mass is what determines the properties of the free propagation of a particle

Free propagation: “----—-------—_ inverse propagator: i(p? — M?7)
H ! H
Loop corrections: . ___ <> _____ inverse propagator: i(p? —MI%—I—Z};)
f

QM integration over all possible loop momenta k
dimensional analysis:

2m2
f > [ 4 1 f
Tl o~ N2 [d k(kz_m%Jr(kQ_mQ)Q)

f
| f 5 d*k 5 [ dk
S—— S—

= quadratically divergent!

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 20



For A\ = Mp|2
S o~ ME ~ M3, = M7~ 1030 M3
(for Mg <1 TeV)

— no additional symmetry for My =0

— no protection against large corrections

— Hierarchy problem is instability of small Higgs mass to large corrections
in a theory with a large mass scale in addition to the weak scale

E.g.: Grand Unified Theory (GUT): 6M7 ~ M+

Note however: there is another fine-tuning problem in nature, for which we
have no clue so far — cosmological constant

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 21



Fact 3: Cold Dark Matter

Cold Dark Matter exists:

Supernova Cosmology Project

3 [ | [ | [ | | T T [ 1 T 1
= It all fits together | No Big Bang
Qiot = 1 2 i
Sth2 — 0135+88898 - Supernovae

Qph® = 0.0224 + 0.0009

Quh? = 0.112+0.018

Qn 0.73
| Clusters <,
Q, = dark matter PR

QA = dark energy ... 17 L. \ ]

= No SM candidatel! 0] 1 2 3
Qg

Q

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 22



Fact 6: The anomalous magnetic moment of the muon

Overview about the current experimental and SM (theory) result:
[A. Keshavarzia, D. Nomura, T. Teubner '18]

I & L T & I T F 7 &= LT T T
DHMZ10 e
JS11 "
HLMNT11 T
FJ17 —a—
DHMZ17 u
KNT18 ——
BNL 376 I
BNL (x4 accuracy) 7 0 ——
160 170 180 190 200 210 220

(> x 10'%-11659000

H
a&P — 1> M & (27.05 £7.26) x 10710 : 3.7¢

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020



The (g — 2),, experiment:
LIFE OF A MUON:

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field .
axis like tops. and travel in a circle. After each circle,

muon's spin axis
/ changes by 12°,
- yet it keeps on traveling

Protons Pions, weighing Pions decay

from AGS. 1/6 proton, to muons.
are created.

One of 24 detectors

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontaneously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.

Coupling of muon to magnetic field : u — pu — v coupling

a@) |V FUe?) + 5 o () | u@) Ay F2(0) = ay
W

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 24



Current status of (g — 2)u:

Experiment:

— 2001 - 2006: very stable development
— final error: 6 x 10—10  still statistically dominated

T heory: 2

— the light-by-light contribution: j}i

5
2002: sign error discovered; since then stabilized
., g
— the hadronic vacuum contribution: E v

5
problems with the 7 data = hardly used anymore

'direct’ ete~ data:
from CMD-II, SND, KLOE (radiative return)
— agree quite well (also with old eTe~ data)

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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Fact 1 & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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Fact 1 & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
Q’': Which model?

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020

26



Fact I & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs’!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
Q’: Which model?
A1l: check changed properties

A2: check for additional Higgs bosons
A2’: check for additional Higgs bosons above and below 125 GeV

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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Models with extended Higgs sectors:

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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Models with extended Higgs sectors:

Q: Conoceis un modelo BSM? :-)

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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Models with extended Higgs sectors:

1.

2.

6.

SM with addional Higgs singlet

Two Higgs Doublet Model (THDM): type I, II, III, IV

. Minimal Supersymmetric Standard Model (MSSM)
. MSSM with one extra singlet (NMSSM)

. MSSM with more extra singlets

SM/MSSM with Higgs triplets

7. ...

= BSM models without extended Higgs sectors still have

= SM + vector-like fermions, Higgs portal, Higgs-radion mixing, ...

changed Higgs properties (quantum corrections!)

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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Which model should we focus on?

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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Which model should we focus on? = experimental data as guidance!
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Which model should we focus on? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 28



Which model should we focus on? = experimental data as guidance!

Some ‘“recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)
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Which model should we focus on? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“couplings”
— Dark Matter (properties)

= good motivation to look at SUSY! :-)

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 28



3. Supersymmetry (SUSY) comes to rescue

Bosons <« Fermions

@ |Fermion) — |Boson)
@ |Boson) — |Fermion)

Simplified examples:
Q |top, ty — |scalar top, ?)
@ [gluon, g) — [gluino, g)

= each SM multiplet is enlarged to its double size
Unbroken SUSY: All particles in a multiplet have the same mass
Reality: me &= mz; = SUSY is broken . ..

...Via soft SUSY-breaking terms in the Lagrangian (added by hand)

SUSY particles are made heavy: Mg 5y = O(1 TeV)

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020



= each SM multiplet is enlarged to its double size

1. SM spin 0 bosons:
(spin 0) multiplet — (spin 0, spin 5) multiplet (- LHxSF)

(left-handed chiral super field)

2. SM spin % fermions:

(spin %) multiplet — (spin O, spin %) multiplet (— LHxSF)

3. SM spin 1 bosons:
spin 1) multiplet — (spin %, spin 1) multiplet (- Vector SF)
5

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

:u, d,c,s,t, b: LR €ty T LR :I/e,,u,T: r Spin %
i,d, ¢ 5,85 B [ Teur|,  Spin O
g W, 1+ ~y,Z,17, 1S Spin 1 / Spin O
g 55%,2 X12,3.4 Spin %

Enlarged Higgs sector: Two Higgs doublets = 5 Higgs bosons
= lightest MSSM Higgs-boson is SM-like!

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

:u, d,c,s,t, b:L,R €, 1, T LR :Ve,,u,T:L Spin %
,d,2,5,8,b) on & A7 o Dequr],  SPIN O
g W, 1+ ~y,Z,17, 1S Spin 1 / Spin O
g )2%,2 )2(1)72,374 Spin 5

Enlarged Higgs sector: Two Higgs doublets = 5 Higgs bosons

= lightest MSSM Higgs-boson is SM-like!

Q: Porque 5 bosones de Higgs~?

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

Standard particles SUSY particles

~ o~ P
u ¢ t
P P P
a s Db

':. v& » vl_ﬁ V’ﬁ #

l..‘\:;.--r"’r u;;r
A AR A

e g |

‘“-«:J.ul-"""’I "QE:I.’:L--"‘I;.r T

o Quarks o Leptans ’ Force particles Squarks \ ._-.-j Sleptons @ Shr?‘r force
particies

Problem in the MSSM: more than 100 free parameters

Nobody(?) believes that a model describing nature

has so many free parameters!

= to be discussed later?!

Sven Heinemeyer — Master in HEP and Cosmology @ IFCA (UC/CSIC), 21.02.2020 31




Fact 2: the hierarchy problem

Symmetry between fermions and bosons

Q|boson) [fermion)
Q|fermion) = |boson)

Effectively: SM particles have SUSY partners (e.g. fL,R — fL,R)

SUSY: additional contributions from scalar fields:

i fL.R
JL.R 2
H ,,~~ H H ' } H
_____ ¢ > - - —- > @t
fL.R
2 4 1 . . .
~ N >\ d’k 4+ + terms without quadratic div.
ke - % k2 —m3
L R

. I a- 22 A2
for A — oo: 2 9 NfAf/\
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= quadratic divergences cancel for

Np, =Np = Ny
2 2
>‘f = )\f

complete correction vanishes if furthermore

Soft SUSY breaking: m% = m% + A2, A% = A?

= I N Az A4

= correction stays acceptably small if mass splitting is of weak scale

= realized if mass scale of SUSY partners

Msysy S few TeV

= SUSY at TeV scale provides attractive solution of hierarchy problem
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Fact 3: Cold Dark Matter: perfect candidate: )2(1)

Dark Matter in the CMSSM

parameter space:

schematic picture

(0.1 < Q,h° < 0.3)
[K. Olive et al. '02]

Despite its simplicity
CMSSM fulfils all
experimental bounds

Four mechanisms for
“good"” (o w):

— Bulk

— Stau coannihilation

— Higgs-pole annihilation
— Focus-Point
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Fact 4: Unification of forces

Unification of the Coupling Constants
in the SM and the minima MSSM

1la.

of /e
: SM

- | | | | ‘ | | | | | | | | ‘ | | | - | | | | | | | | | ‘ | | | | ‘ | | |
0 5 10 1105 0 5 10 1105
log Q log Q
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Fact 6: The anomalous magnetic moment of the muon

SUSY can easily explain the deviation:
Feynman diagrams for MSSM 1L corrections:

— Diagrams with chargino/sneutrino exchange
— Diagrams with neutralino/smuon exchange

. 2
Enhancement factor as compared to SM: SM. EW 1L % E_g
~0 ~ MSSM, 1L: & £ % tan
p—X9 —fa : ~my tanp ™ M2 b
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SUSY corrections at 1L:

2

100 GeV

ar >Vt~ 13 x 10710 ( ) tan 8 sign(u)
Msysy

Msysy (= mp = mp = mg): generic SUSY mass scale

a; =7t = (-100...+ 100) x 10710
a®P — qf'*SM ~ (28 £8) x 10710

= SUSY could easily explain the *“discrepancy”

= ay Can provide bounds on SUSY parameter space
(by requiering agreement at the 95% C.L.)
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4. Is SUSY dead?

The reports of my death have
been greatly exaggerated.

~ Mark Twain

= But what about experimental results?
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Is SUSY dead?

When will I give up on SUSY?

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

December 2017 V5=7,8,13TeV
Model Ty Jets EP™ [Ldim™) Mass limit 8Tev [NE=iaTaY] Reference
- T 0 2Gjols  Yos 361 : rrui";«ammv lrl(]'gm_q}-m[l"’mﬂ 171200532
; §d. i (wmprmada mong-jel  1-3jets  Yes 361 mig-miET =5 oev 1T11.03301
. qu 2 26jets Yes 361 i} =200 GV 17120832
BB, Eagti —gqW= £ 0 zHjets  Yes 361 MR 1200 GV, m(E" 1.5} o enil) 171202332
i Rt e gt 20ets  Yes 147 iy 300 GEaY, 1611.05791
2B, B—gglediviE] e 4 jats - 364 it B 1708 03731
BE, E-1gq 0 TAtjels  Yes 389 mity) <400 Gay 170002794
GMSE (f NLSF) 121+01 ¢ D-2jets  ‘es 3z 1B07. 05570
GGM {bino NLSP) 2y x Yes 361 W INLSP)<0,1 mm ATLAS-CONF-2017-080
GGM [higgsing-bino NLSP) ¥ 2 jints Yes 361 M= 1700GaY, criNLSF) <01 mm, 0 ATLAS-CONF-2017-080
Graviting LSP L] mona-pt ey 20.3 MiGE=1.8 % 107 eV, miEl=migl=1.5Ta¥ 150201516
BF, BrbhE] 0 3k Yes 381 mi <800 Gav 1711 01801
| 3B, k) 01 e 1k Yes 361 miS <200 Gav 171.m8a1
Eifiy. By b a 2k Yes 361 miE| a0 Gav 1708.05256
Py, E,—wf‘.‘ 2ep(S5) b Yes 361 miF| 200 GaY, miF 1= miT| 1 100 GeY 170803731
iy, st D2y 1-26  Yes 47123 miit| = 2miEy) mii)ess Gal 12082102, ATLAS-GONF-2015.077
Tify, i —Wai| or i) 0-2ey 0-2eta’1-2 b Yes 20 2961 miF =t By 150608516, 170804183, 1711,11520
fify 0 mona-jet  Yes 381 i, -miE=5 Gev 171103301
i)z (natural GMSE) 2epiE) 1k Yeg 203 i =150 Gav 1403 5222
b, ff + 2 Jep (2} 1h Yes 361 w0 GaY 1708 03508
afy, By +h 12 4k Yas 381 w0 Gey 17080088
| ?u:?m z-.zi" e 0 Yes 361 w0 ATLAS-COMNF-2017.039
JE.,r.. Zep i Yes 361 M 1=0, miF, P05 miE ATLAS-CONF-2017-039
I"l.f"—-h»[m Bt 27 - Yes 3.1 M0, i, el SIS |amiEy) 1700.07E7S
3 ,?‘!'-..ELMm, 0] e 0 Yes 361 (e} pemfEd), mEET}=0, mid, #=0.5imiET bemiEl)) ATLAS-CONF-2(17-039
%% x,z,—-wx Foe 23ep  O-2jet2  Yes 361 mii j=miE ), mi ) =0, ? decaupied ATLAS-COMNF-2017-039
. —nw,!-m BB WW ey Y 02k es 203 miF; =y El), miE] =0, 7 decoupled 1801 07310
| Ia'z?g s —-Paf 4ep 0 Y 203 g ShemiE ), MU ke, mif. PO SimiE emiE Y 1405,5086
GGM (wino NLSP) weak prod., £ —yG 1 pﬂ- e 20.3 vl mm 150705493
I GEM (bino NLSP) weak prod., :«'i 2 Yes 361 vt mm ATLAS-CONF-2017-080
Yes
Yoz
Yes
“Yesg

Direct X177 peod., long-lved £5 Disapp. ik 18t 361 miE] |-miEy )~ 160 MV, 17 - 0.2 ns 1Mzoeme
Dirsct £, prod., long-lived &7 dE(d trie = 18.4 ] |-myE )~ 160 MeV, #(F] <15 ns 1805 05332
Siable, stopped § A-hadron 0 1-5 jets. 278 mii =100 GaV, 10 wsor(Fic1 0008 1310.6584
Stable ¢ R-hadron trk 3 3.2 1605 05128
Metastable § R-hadron Gl Ik 2.2 mif{}-100 Gay, r=10ng 1604.04520
Metastabis 7 A-hadron, G—quk; spl. b 328 =017 ma, i) = 100Gav ATI0. 04501
GMSB, stabia 1, ¥ -1, e rie, i) 12 S = 19,1 10=tang=50 1411 6795
GMSE, £ G, long-ived 17 2y Yes  20.3 230 GeV 1<rif'y)«3 ns, SPSE mocal 1408.5542
5 e e gy displ, e fep/up = EVEI B - 1.0 TV 7 <or(¥lie 740 mm, miE)=1. 3 TaV 1504 06152
| LFV pp—at, + X, po—sepferiur T T - a2 g, ST, A 07 1607.08078
Biiinear APV CMSSM Zep(S55) 036 Yes 203 |@#E 145 TeV Mih=miE), 1z p=t MM 1404 2600
BB B WK e g, 4o 5 Yot 133 M 4000V, iz #0 k= 1,2) ATLAS-CONF-2016-075
= FI LR W K e, ey Beper ¥ Yes 203 | 450 GeV mE] 02T |, A s p0 14005 5066
?E . ;....mr'ﬁ',)ﬁ - gag 0 A45kgeRjels - 361 iy 1075 e SUSYans 22
T Tep B0jE04b - 361 = 1 T 420 1704 08433
| BEE—hL B—hs Tep B-10jBteD4b - 6.1 iy = 1 TeY, i 20 170408493
fify, by 0 Zjpts + 28 - 36.7 [THE0E 10 Gav 110.07171
I I iy, i —b Bep 2k - 36.1 fi BR{y i/ 2005 1TI0.05544
Other Scaiar charm, 2-acf] 0 2 Yes 203 |# 510 GeV mii}}<200 GV 1501.01325
*Only 2 sefection of the avadiable mass limits on new siates or 10! i
phenomena is shown. Many of the limils are based on ] Mass scale [TeV]

simplified models, o, refs. for the assumplions made,
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SUSY is as dead (or alive) as ANY OTHER BSM theory

ATLAS Exotics Searches™ - 95% CL Upper Exclusion Limits ATLAS pPreliminary

o i
Sleni: 2017 [£d:=(3.2-37.0) b~ VE=8, 13 TeV
Model Ly Jetst ETT frdi) Limit Reference
T T T — T T T T T T — T T T T T T — T

ADD Gy b iy Uen 1-4j  Yee 361 Lo TS5 TeM a-—2 A LAY-CON 20 706D
ADD non-rescrant 7 Zy = = 267 | Ms BETeN.  a—aHIFHIO (3ERM-FR.70-7.0 37
MDD | - i - are | Ma BETSY o NIRRT
AINYEH agh 3 e 21w | &7 Wy, 8.2 Tey A noMp TRV i T - S0E022EE
ACD BH multijet | 3e | M 9A5TeY, o 6 Mn  ETeV i B ‘5202588
NS S — ¥ 2y - - 67T Gre riazs 4.1 Te¥ o 0. C:ERM-ER. g me
Bulk RS Gun — WY — gpfv | e 1d Yag 264 G 1was 1.75 Tay Sitdu —_0 ATLAS GO @00 s ta
2UCh ! BPP 1o =2E>3) Yas 157 | dKrass 1.6 TeW Tier (140, Fal- = wy L ATI ARG T 104
T TRV 2 LR O 45TelV A LA R T
H8M F = T 2 - - 261 2 rana 24 Tay ATI ARLGONSm0C T
Leptoshebic & — Gl - 2a == az e 15Tey I
Laploghobie 27— et T Lk L2 Yas - O 20 TaV | = 3% ATLAE COMWE 2078 214
BHAWE e 10 - o EEd W mass 5.1 Taw *TOEOATEE
WD W WY s g madei 1] Os ad 367 3.5 TeV CEMAM-ER-21-7--F
HVWT W — WHZH madel B multi-chanasl 6. 1 Tal A LAE-GOY--20° 7,050
(BRI R Tog  ERO1] Yes 203 10213
LR5M I-»-'I’, — il PN A U - o0 g N o ]
Clagag 2= z| - v |A 0T
Clidyy e - - 261 A ATLAS GO e
Sl uare EESEAeu b B ET) e 0 (T 50404208

S| weselor mesealor ] dirme 104) e 1-4j Yas G6.1 Al 1.5TeW ATLAE-C00 P 20" 72080
‘erha e st (Tiras Tk Oep, =1 Yan  EAL| "M 1.2TeV 5:-08% k. -1.6 o *TOLAERHE
WV EFT (Cirzc G PEY, T <Lf  as 32 M. TO0 GaY s 150 G R R
Szalar LD 17 gen -2 = 22| Lbiase 11 Tew Bl < AOEOEILE
Sraari 12 gen 2 3z Ly mass 1.05 Tev F=1 - S0Z06ISE
Szalar Lo #™ gan | ves 2o AT E §=0 ALV
WLOTT = e+ X Corde e =230 Vo 125 T mass 12TV T = Hy =1 ATLAE COAT 2072 104
WO TT — Z1+ X o Ellad| Yee 384 |FFes 116 Ta¥ T O Z) 1 - TEEANTE
VLG TT o Wh | X T =lbe TR Yo 6 T mazs 135 TaW AT s W GEHM-EF-21-7-094
VI HES = Hb - X |2 x2B 23] Yes 203 NiE = MHE] . * s
VITI M s #fh X 2Eie o EmEIon - . il — S5 = TL0E.E500
WLO BE — Wi X T 2lhb oz W9 oy 354 [ razs 1.25 TeV SR WAY = CIRM TP 2u s uug
VLD G o Walvy 1m =1 fas o0 ° GIE 0436
Excited quark o' — yu - 2 - 370 o Mmase B0 Ta¥ Wil T A, A=l DA
Encitad quark ¢" — gy 1y 1j - 67 | q*niass 53TeV wily " and o, A — il ') CLRAM CF 20°7 "28
Lawiiod quark 5 2 0 - 11 - 13.3 b mann 2ATey ATLAE-CONE-20° 8060
Facired quark & — W iardeyn 1E2-G|  Yes fraic) fo—fi=fy=1 4" L0E3ed
Ewcited 2abon e 202 L g LER R
Excized =gton i - - @0 A= a ey AL1- 29z
| N5M kajorara » Ml We]  #a T onnmang - SOA0EI2
Higgs tinlet H== — i H& s O wrealucticn Al LS-C00 20" 72055
g tlalet 47" o ir T reeduction. 20H, 1w —1 1410
“onotop (hon-res prod) e peran = 0.2 12165404
il charged pariicles Lt dodustien, [yl — dw - KR
waonetls manopoes M seedicticn, [z g, spir 12 ° SOE.0E15E
L PR T T R A | L PR S
-1
10 1 10 Mass scale [TeV]

*Dnty & selection of Ihe available mass imits on new slales or phengmena (5 sHown,
~Small-radivs (large-radius) fets are denoted by the letter | (]
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SUSY is as dead (or alive) as ANY OTHER BSM theory
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SUSY is as dead (or alive) as ANY OTHER BSM theory

= focus on the theoretically most appealing theory!
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SUSY is as dead (or alive) as ANY OTHER BSM theory

= focus on the theoretically most appealing theory!

— It is nearly inconceivable that there is no symmetry
between bosons and fermions (at low or high energy?)

— SUSY is the only non-trivial extension of (the SM) gauge symmetries
— SUSY gives you coupling constant unification

— SUSY predicted correctly the top quark mass

— SUSY predicted correctly the Higgs boson mass

— SUSY predicted correctly an SM-like Higgs boson

— SUSY predicted correctly DM properties
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Back to fact 6: The anomalous magnetic moment of the muon

SUSY can easily explain the deviation:
Feynman diagrams for MSSM 1L corrections:

— Diagrams with chargino/sneutrino exchange
— Diagrams with neutralino/smuon exchange

. 2
Enhancement factor as compared to SM: SM. EW 1L % ]\n;g
- - W
,u—xgt—z/ﬂ . ~my tanp w2
~0 o~ . MSSM, 1L: & £ x tan
B—=Xj = fa - ~my tanp ™ MSysy ’
= if SUSY exists, it should explain (g — 2),
= light EW SUSY particles must exist!
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Electroweak searches:

CMS rreiiminary  35.9 fb™ (13 TeV)

PP > XX, > WZL,Z,
—Observed+ 10

200

=== Expected+ 1o

1{]0

theory

experiment

NLO-NLL excl.

=

\! 101

| I1IIII|

95% CL upper limit on cross section [pb]

0 200 300

3
200 500 600 10

M_:=M_o [G eV
R
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5. Conclusinos

e [ he Standard Model is a highly successful theory

e [ he SM fails to explain: gravity, hierarchy problem, unification of forces,

DM, neutrino masses, (g —2)u, - ..

e Many BSM models exist!
= Supersymmetry has the best features

— paves the way to include gravity (string theory)
— solves the hierarchy problem

— unifies the forces

— natural DM candidate

— some models naturally include neutrino masses
— (g — 2), easily explained

e Experimental data: SUSY is as alive (or dead) as any other BSM theory

= but SUSY is the only theory with all the salient features!

e If SUSY exists, it should explain (g —2),
= light EW SUSY particles must exist! This is where to look!
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