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Aspe
ts of sear
h for new physi
s at the LHC

M.N.Dubinin

With the LHC running, the fo
us of experimental and theoreti
al high energy physi
s

is on interpretation of the LHC data in terms of physi
s of ele
troweak symmetry

breaking and possible new phenomena at the TeV s
ale. Review of some aspe
ts

related to models for new TeV-s
ale physi
s and their LHC signatures is presented. We

also dis
uss possible new physi
s signatures and des
ribe how they 
an be linked to

spe
i�
 models of physi
s beyond the Standard Model.

NUST MISiS

Le
ture 1, February 2020.
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Outline

� Why new physi
s at the multiTeV s
ale?

� Gauge hierar
hy problem

� Dark matter and dark energy in the Universe

� Baryon asymmetry of the universe

� Popular models

� Supersymmetry

� Extra dimensions

� Extensions of the Higgs se
tor

� Re
onstru
tion of the underlying theory

� Model independent sear
hes. E�e
tive operators of higher dimensions.

ATLAS - CMS 
ombination for the Higgs boson identi�
ation.

Kappa-s
heme. Pseudoobservables.

� Model dependent sear
hes. E�e
tive �eld theory at the mtop s
ale. MSSM

two-doublet Higgs se
tor.
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Standard Model (SM)

Fermions
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t
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′
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L

, uR, dR, cR, sR, tR, bR

SU(2) states d
′

L,s
′

L,b
′

L are related to mass states dL,sL,bL by unitary transformation de�ned by CKM matrix.

S
alars

ϕ =

(
ϕ1
ϕ2

)
, where ϕ1 = ϕ+


harged Goldstone �eld, ϕ2 = ϕ0
neutral �eld.

Gauge �elds

triplet W+
µ ,W

−
µ , Z

0
and singlet Aµ .

LSM = iψ̄lLγ
µ∇µψlL + iψ̄lRγ

µ∇µψlR + iν̄Rγ
µ∇µνR

+iψ̄qLγ
µ∇µψqL + iψ̄uRγ

µ∇µψuR + iψ̄dRγ
µ∇µψdR

+∇µϕ+∇µϕ + µ2(ϕ+ϕ) − λ
4 (ϕ+ϕ)2

− 1
2SpGµνG

µν − 1
2SpVµνV

µν − 1
4BµνB

µν

−gikl ψ̄
li
Lψ

lk
R ϕ− g∗kil ψ̄lkR ψ

li
Lϕ

+

−gν ψ̄LνRϕc − g∗ν ν̄RψLϕ
c+

−gikd ψ̄
qi
L ψ

dk
R ϕ− g∗kid ψ̄dkR ψqiL ϕ

+

−giku ψ̄
qi
L ψ

uk
R ϕc − g∗kiu ψ̄ukR ψqiL ϕ

c+
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Problems of the Standard Model (SM)

(1) EW symmetry breaking is the main 
on
ept of the SM. Mass parameter of the

Higgs boson is extremely sensitive to quantum 
orre
tions. Extrapolation of the SM to

energies mu
h greater than the EW s
ale lead to gauge hierar
hy problem, where

unnatural �ne-tuning of the SM parameters is required to get 
orre
t value of the EW

s
ale.

(2) The SM does not in
lude any parti
le � 
andidate for the DM in the Universe. A

new stable heavy parti
le weakly intera
ting with the SM naturally leads to 
orre
t

reli
 density of DM through the pro
ess of thermal freeze-out in the early Universe.

New weakly intera
ting heavy states prote
t the EW s
ale against quantum

instabilities.

(3) The SM 
annot explain the asymmetry of visible matter over antimatter. New

Physi
s at TeV s
ale 
ould give rise to this baryon asymmetry.

(4) The SM 
annot explain �avor mixing and the origin of neutrino masses (neutrino

os
illations).
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Gauge hierarhy problem - illustration

Corre
tions to "bare"Higgs boson mass parameter mO at the one loop,

m2
H = m2

0 + Σ(m) = m2
0 +∆m2

H where mass operator Σ(p) is divergent

✫✪
✬✩

H

t

H

✫✪
✬✩

H

H

H

one-loop 
orre
tions from top quark (left) and Higgs boson loop (right),

d4p = π2p2dp2,

− 3g2t
(4π)2

∫ Λ

0

d4p

p̂2
=⇒ ∆m2

H = − 3g2t
(4π)2

Λ2 OR ∆m2
H =

λ

(4π)2
Λ2

where Λ 
an be up to ∼ MPlanck = 1/
√
G = 1.2 · 1019 GeV in the natural system of

units c = ~ = 1.
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or in the renormalized propagator ΣR(p) in the Pauli-Villars framework

Z−1ΣR(k) = Σ(k)−Σ(m) − (k2 −m2)Σ′(m)

Z−1 = 1−Σ′(m), m2 = m2
0 +Σ(m)

G(p) =
1

k2 −m2
0 − Σ(k)

, GR(k) =
1

k2 −m2 −ΣR(k)

G(k) = Z GR(k)


ompensation of bare mass parameter m2
0 and quadrati
ally divergent mass operator

Σ(k) to get pole mass m =125 GeV is 34 orders of magnitude.
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Dark matter problem

Most of the matter in the Universe is in the form of non-relativisti
 heavy parti
le

spe
ies very weakly intera
ting with the SM parti
les. Most popular example:

gravitational lens

�èñ.: sour
e: J.Kneib et al, Astrophys.J. 598 (2003) 804

There is no dark matter 
andidate in the SM.
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Dark energy problem

Let us estimate the energy density of the Universe ρ 
ombining observables of proper

dimension. Gravitational 
onstant γ = 1
M2
P

GeV

−2
is 
onne
ted with Plan
k mass

MP =1.2·1019 GeV. The energy density ρ is of dimension GeV

4
(in the HEP natural

units c=~=1; in the usual units the dimension is GeV/
m

3
). So the "gravitational


harge" γρ has the dimension GeV

2
and this quantity de�nes an observable

expansion of the Universe 
aused by gravity. The same dimension GeV

2

an be

provided by the Hubble 
onstant H0 squared

1

. Numeri
ally H0 = 73 km/(se
 Mp
)

2

.

Assuming that the dimensionless 
ombination H2
0 (γρ)

−1
is of the order of 1 we get

ρ = γ−1H2
0 = M2

PH2
0 = 10−5 GeV

cm3
∼ 10−47GeV 4

From other side, the ele
troweak va
uum of the Standard Model has the energy density

ρEW ∼ v4 ∼ 108GeV 4.

So the di�eren
e between va
uum energy density estimates based on astrophysi
al

observations and va
uum energy density of the SM whi
h is pe
isely de�ned by Fermi


onstant GF of parti
le de
ays is 55 orders of magnitude.

1

Hubble parameter H(t) = ṙ(t)/r(t) de�nes relative in
rease of the distan
e in a unit of time. For small

departures in the stellar obje
ts spe
trum z Hubble law is z = H0r, r is the distan
e to an obje
t

2

1 Mp
=10

6
p
=3.1·1024 
m. 1 
m = 5·1013 GeV−1
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Dark energy in the ΛCDM 
osmologi
al model

ΩΛ = ρΛ/ρc � energy density fra
tion of the Universe provided by dark energy

Ωm = ρM/ρc � energy density fra
tion of the Universe provided by dark matter

Regions 
onsistent with observation of the CMB, supernova, and stru
ture formation

�èñ.: From Kowalski et al, Improved 
osmologi
al 
onstraints from new, old and 
ombined

supernova datasets, arXiv:0804.4142[astro-ph℄
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Baryon asymmetry problem

In the early Universe at the temperature of the order of 100 MeV−1 intensive

pro
esses of quark (positive baryon number) � antiquark (negative baryon number)


reation and annihilation took pla
e. Qualitative thermodynami
s estimate

Nq −Nq̄

Nq +Nq̄
≈ Nbaryons

Nphotons
≈ 10−10

In the pro
ess of expansion quarks annihilate with antiquarks to photons but some

redundant quarks form the existing baryoni
 matter plus reli
 photons. What is the

me
hanism to form redundant quarks? SM does not provide su�
ient CP violation to

form baryon asymmetry.
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WMAP

�èñ.: Energy of reli
 photons from 
elestial sphere. Average termerature 2.7 K is subtra
ted,

so the �u
tuation dT/T of the reli
 ba
kground temperature is shown, whi
h does not ex
eed

10

−4
. Reli
 photons 
ame out of primordial Big Bang plasma 400 thousand years ago. Sour
e:

G.Hinshaw et al, Three year WMAP observations..., astro-ph/060345
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Models. General.

Experimental and theoreti
al short
omings of the SM initiated in
reasing number of

models with new physi
s at TeV s
ale. Not all of these models solve or address all of

the problems, but two primary issues are fo
used upon (1) the me
hanism of

ele
troweak symmetry breaking (2) the observation of dark matter.

For a long time supersymmetry has been a favorite 
andidate for new physi
s beyond

the Standard Model (BSM physi
s). Advantages

� SUSY is renormalizable perturbative �eld theory

� naturally a

ounts for the gauge hierar
hy between the EW and the Plan
k s
ales

� in
ludes 
onsistent me
hanism of EW symmetry breaking (two-doublet Higgs se
tor)

� in
ludes 
andidates for the dark matter

� in
ludes additional sour
es of CP violation to produ
e baryon asymmetry

� ensures uni�
ation of ele
tromagneti
, weak and QCD 
ouplings at the GUT s
ale

10

15
GeV
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Models. Supersymmetry.

In the Minimal Supersymmetri
 Standard Model (MSSM) all SM parti
les are

embedded in supermultiplets. Fermions of the SM are pla
ed in 
hiral multiplets.

�èñ.: Chiral supermultiplets in the MSSM.
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Models. Supersymmetry.

Ve
tor supermultiplets 
ontain a SM ve
tor �eld and a 
hiral Weyl fermion.

�èñ.: Ve
tor supermultiplets in the MSSM.

✫✪
✬✩

H

t

H

+ ✫✪
✬✩

H

stop

H

= 0

Can
ellation of quadrati
 divergen
es in the MSSM.
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MSSM. Ben
hmark models. Signatures.

Example of a simple model with redu
ed parameter spa
e: 
onstrained MSSM

(
MSSM). Also 
alled minimal supergravity (mSUGRA). Universal soft SUSY breaking

terms are introdu
ed at a large mass s
ale of the order of MGUT . Parameters of soft

SUSY breaking terms are taken in the form of degenerate sets

� all mass parameters of s
alar superpartners are set to a 
ommon M0

� all trilinear soft parameters are set to A
� all gaugino masses are taken to be M1/2 at the GUT s
ale

� super�eld mass parameter µ
� Higgs se
tor parameters mA, tan β
furter simpli�
ation in some models M0 = M1/2 s
alar superpartners mass s
ale.

Rather standard useful �ve-dimensional parameter spa
e

mA, tan β, MS , µ, A
whi
h de�nes the superpartner and the Higgs boson mass spe
trum.

In su
h models the dark matter 
andidate is neutralino LSP.

Neverteless su
h parametrization has no 
onvin
ing theoreti
al motivation and

imposes 
ertain 
onstrains on the MSSM parti
les mass spe
trum whi
h should be


onsistent with LHC ex
lusion limits.
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MSSM lagrangian - soft SUSY breaking terms

V 0 = VM + VΓ + VΛ + V
Q̃
,

where

VM = (−1)i+jm2
ijΦ

†
iΦj +M 2

Q̃

(
Q̃ †Q̃

)
+M 2

Ũ
Ũ∗Ũ +M 2

D̃
D̃∗D̃ ,

VΓ = ΓD
i

(
Φ†

i Q̃
)
D̃ + ΓU

i

(
iΦT

i σ2Q̃
)
Ũ+

∗
ΓD
i

(
Q̃ †Φi

)
D̃∗−

∗
ΓU
i

(
iQ̃ †σ2Φ

∗
i

)
Ũ∗ ,

VΛ = Λjl
ik

(
Φ†

iΦj

)(
Φ†

kΦl

)
+
(
Φ†

iΦj

) [
ΛQ
ij

(
Q̃ †Q̃

)
+ ΛU

ij Ũ
∗Ũ +ΛD

ijD̃
∗D̃
]
+

+Λ
Q
ij

(
Φ†

i Q̃
)(

Q̃ †Φj

)
+

1

2

[
Λǫij

(
iΦT

i σ2Φj

)
D̃∗Ũ + h.c.

]
, i, j, k, l = 1, 2 ,

V
Q̃
denotes the four s
alar quarks intera
tion terms, Pauli matrix σ2 ≡

(
0 i
−i 0

)
.

The Yukawa 
oupligs for the third generation of s
alar quarks are de�ned in a standard

way h t =
√
2m t

v sinβ
, h b =

√
2mb

v cos β
, ΓU

{1; 2} ≡ hU {−µ;AU}, ΓD
{1; 2} ≡ hD {AD ;−µ}.
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MSSM. Signatures.

�èñ.: Cas
ade de
ay with a neutralino LSP in 
MSSM.
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MSSM. Signatures.

Stable neutralino LSP leave the dete
tor without generating a signal. They 
an be

registered indire
tly by measuring imbalan
ed momentum (e.g. sum of visible

transverse momenta of parti
les in the event) and/or imbalan
ed energy

→
p
missing

T =
∑

visible

→
p Ti= −

∑

invisible

→
p Ti

Re
onstru
tion of the missing energy is di�
ult - all parti
le asso
iated with the signal

should be measured separating the SM ba
kgrounds and dete
tor properties

� missing momentum 
an appear due to wrong dete
tor dete
tor performan
e (energy

loss)

� missing energy is easily produ
ed in the SM ba
kgrounds with Z → νν and W → eν
Other spe
i�
 signatures

� resonan
es from new heavy ve
tor bosons

� multi-jet resonan
es
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SM. Charged parti
le produ
tion.

�èñ.: CMS event at

√
s =7 TeV
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SM. Missing pT .

�èñ.: SM event with W → µνγ at

√
s =7 TeV
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SM. Missing pT .

�èñ.: SM event with W → eνγ at

√
s =7 TeV
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�èñ.:
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�èñ.:
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Two approa
hes to sear
h for beyond the SM (BSM) physi
s

Let us 
onsider the situation from theory side. How to 
al
ulate e�e
ts of new physi
s?

(1) Collision energy s > BSM parti
le produ
tion thresholds

New parti
les, new resonan
es

(2) Collision energy s < BSM parti
le produ
tion thresholds

New e�e
tive anomalous intera
tions of the top with other SM parti
les

New parti
le 
ontributions via quantum loops → modi�
ation of SM de
ay widths and

produ
tion 
ross se
tions, phase spa
e distributions
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Model independent sear
hes. SM e�e
tive �eld theory (SMEFT)

L
(n)
eff = LSM +

∑
n>4

1
Λn−4

∑
k
CnkOnk

ci � dimensionless 
oe�
ients
Λ � dimensionful s
ale of new physi
s

Oi � operators 
onstru
ted from SM �elds preserving SM gauge invarian
e, and other

symmetries

W. Bu
hmuller, D.Wyler, Nu
l.Phys. B268, 621(1986)

S.Weinberg, Phys.Rev.Lett. 43, 1566 (1979)

also the "de
oupling theorem"

T.Appelquist, J.Carazzone, Phys.Rev. D11, 2856 (1975)):

For any 1PI Feynman graph with external ve
tor mesons only but 
ontaining internal

fermions, when all external momenta (i.e. p2)vare small relative to m2
, then apart

from 
oupling 
onstant and �eld strength renormalization the graph will be suppressed

by some power of m relative to a graph with the same number of external ve
tor

mesons but no internal fermions.
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Operator basis

Operator basis is 
omposed from all operators allowed by the symmetries and then

redu
ed using equations of motion, integration by parts identities, and Fierz

transformations

At dimension 5 there exists only a single, lepton number violating operator (Weinberg

operator, Phys. Rev. Lett. 43, 1566 (1979)), whose Wilson 
oe�
ient is heavily

suppressed

(L̄c
LαH̃

∗)(H̃†LLβ) + h.c.

,

LL = (νL, lL)
T , H̃ = iσ2H

∗

At dimension 6 there are 59 independent operators (Warsaw basis) for one generation

of fermions ex
luding baryon number violating operators (there are about 80 operators

in the original Bu
hmuller � Wyler basis)

B.Grzadkowski, M.Iskrzynski, M.Misiak, J.Rosiek, JHEP 10 (2010) 085

For the three generations, there exist 2499 dimension 6 operators. So global SMEFT �t

should explore a huge parameter spa
e with potentially large number of �at dire
tions.

R. Alonso, E. E. Jenkins, A. V. Manohar, M. Trott, JHEP 04 (2014) 159
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Instru
tive example: massless ϕ4
model

Lagrangian L = 1
2
∂µϕ∂µϕ− λ

4
ϕ4

Equation of motion ∂µ∂µϕ+ λϕ3 = 0

Three possible dimension 6 operators ϕ6; (∂µ∂µϕ)2; ϕ2(∂µϕ∂µϕ)2
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Instru
tive example: massless ϕ4
model

Lagrangian L = 1
2
∂µϕ∂µϕ− λ

4
ϕ4

Equation of motion ∂µ∂µϕ+ λϕ3 = 0

Possible dimension 6 operators ϕ6; (∂µ∂µϕ)2; ϕ2(∂µϕ∂µϕ)

Independent operators: how many?

(∂µ∂µϕ)2 − λ2ϕ6 = (∂µ∂µϕ− λϕ3)(∂µ∂µϕ+ λϕ3) = 0 on the equation of motion

∂µ(ϕϕ2∂µϕ) = 0 = ϕ2(∂µϕ)2 + ϕ∂µ(ϕ2∂µϕ) = 3ϕ2(∂µϕ)2 + ϕ3(∂µ∂µϕ) =
3ϕ2(∂µϕ)2 − λϕ6

So on the equations of motion (∂µ∂µϕ)2; ϕ2(∂µϕ∂µϕ) are equivalent to ϕ6
.

Only one independent operator remains.
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"Warsaw" operator basis

�èñ.: sour
e:B.Grzadkowski, V.Iskrzynski, M.Misiak, J.Rosiek, JHEP 10 (2010) 085
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"Warsaw" operator basis

�èñ.:
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How to separate (1/Λ2)2 
ontributions?

Leff = LSM +
∑

i

c
(6)
i

Λ2
O(6)

i +
∑

i

c
(8)
i

Λ4
O(8)

i + ...

σ = σSM +
∑

i

c
(6)
i

Λ2
σ
(6)·SM
i +

∑

ij

c
(6)
i c

(6)∗
j

Λ2
σ
(6)·(6)
ij +

∑

i

c
(8)
i

Λ4
σ
(8)·SM
i + h.c.+ ...

•
�in order to 
al
ulate the full 1/Λ4


ontribution, operator basis of dimension 8 is

ne
essary

•
� in some 
ases the σ

(6)·SM
i interferen
e term is small (for example, FCNC

pro
esses), then the main new 
ontribution appears al the level of squared

anomalous diagrams. So the yield of dimension 8 should be 
onsidered as

theoreti
al un
ertainty and 
arefully estimated.
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Corre
tion to H− > γγ in SMEFT

�èñ.: sour
e: Dedes et al, arXiv:1805.00302[hep-ph℄
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LHC kappa-s
heme or κ - framework for the SM Higgs boson produ
tion

�èñ.: κ - framework lagrangian

•
in the in�nitely small width approximation of H any H produ
tion pro
ess

σ(in → H → out) = σin ×Brout = σin × Γout
Γtot

•
vertex s
tu
ture of H BSM is not di�erent from the ÑÌ, H Ñ�-even s
alar.

•
in ea
h H vertex κi fa
tor is inserted, then

σin × Brout = [σin ×Brout]SM · κ2
in·κ2

out

κ2
H

•
if the signal strength for produ
tion and de
ay

µin = σin
(σin)SM

µout =
Brout

(Brout)SM

then the signal strength for a produ
tion pro
ess

µ = µin µout =
κ2
in·κ2

out

κ2
H

This s
heme is obviously not gauge invariant. Radiative 
orre
tions are not

avaliable.
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�èñ.: Produ
tion me
hanisms and their κ -modi�ers in
luding the one-loop and the interfering

me
hanisms. No BSM de
ay 
hannels. Sour
e: Combined ATLAS-CMS analysis,

arXiv:1606.02266
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�èñ.: Signal strength and its statisti
al error for di�erent produ
tion me
hanisms from:

Combined ATLAS-CMS analysis, arXiv:1606.02266
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�èñ.: Ratios of κ-modi�ers, κgZ = κg κZ , λZg = κZ/κg and so on. Sour
e: Combined

ATLAS-CMS analysis, arXiv:1606.02266
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Model dependent sear
hes. How to 
onstru
t EFT of the MSSM Higgs

se
tor at the mtop s
ale.

Sequen
e of steps

•
Write out soft SUSY breaking terms and redu
e the MSSM parameter spa
e to

an a

eptable dimension (dim3 - dim5).

•
Fix the mass s
ales hierar
hy and typi
al s
ale intervals � "MSSM s
enario" .

•
Che
k phenomenologi
al 
onsisten
y of the superpartner mass spe
trum using

ex
lusions from ATLAS, CMS, LHCb and other experiments.

•
Fix gauge invariant two-doublet Higgs potential (dis
rete symmeties imposed or

not, et
). Rotate SU(2) s
alar eigenstates to the mass eigenstates and transform

the two-doublet Higgs potential to the mass basis. Express potential parameters

through masses of s
alars and mixing angles of SU(2) eigenstates.

•
Integrate out parti
les (in soft SUSY breaking terms multiplets) at high mass

s
ale � e�e
tive potential method, 
ovariant derivative expansion or analogous.

Express potential parameters through soft SUSY parameters.

•
Extra
t appropriate regions of the parameter spa
e 
onsistent with mh =125
GeV, SM-like h 
ouplings, de
oupling of other s
alar states H, A, H±

and


onsisten
y with the LHC ex
lusions, if data available.

•
Che
k 
osmologi
al 
onsequen
es � DM 
andidates
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Model dependent sear
hes. EFT for the MSSM two-doublet Higgs se
tor

V 0 = VM + VΓ + VΛ + V
Q̃
,

where

VM = (−1)i+jm2
ijΦ

†
iΦj +M 2

Q̃

(
Q̃ †Q̃

)
+M 2

Ũ
Ũ∗Ũ +M 2

D̃
D̃∗D̃ ,

VΓ = ΓD
i

(
Φ†

i Q̃
)
D̃ + ΓU

i

(
iΦT

i σ2Q̃
)
Ũ+

∗
ΓD
i

(
Q̃ †Φi

)
D̃∗−

∗
ΓU
i

(
iQ̃ †σ2Φ

∗
i

)
Ũ∗ ,

VΛ = Λjl
ik

(
Φ†

iΦj

)(
Φ†

kΦl

)
+
(
Φ†

iΦj

) [
ΛQ
ij

(
Q̃ †Q̃

)
+ ΛU

ij Ũ
∗Ũ +ΛD

ijD̃
∗D̃
]
+

+Λ
Q
ij

(
Φ†

i Q̃
)(

Q̃ †Φj

)
+

1

2

[
Λǫij

(
iΦT

i σ2Φj

)
D̃∗Ũ + h.c.

]
, i, j, k, l = 1, 2 ,

V
Q̃
denotes the four s
alar quarks intera
tion terms, Pauli matrix σ2 ≡

(
0 i
−i 0

)
.

The Yukawa 
oupligs for the third generation of s
alar quarks are de�ned in a standard

way h t =
√
2m t

v sinβ
, h b =

√
2mb

v cos β
, ΓU

{1; 2} ≡ hU {−µ;AU}, ΓD
{1; 2} ≡ hD {AD ;−µ}.
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Mass s
ales

The lightest CP-even MSSM Higgs boson mass mh ∼ 125 �ýÂ

Five MSSM Higgs bosons: h, H,A,H±
,

3

Low-energy e�e
tive �eld theory at the s
ale higher than mtop is THDM. Higgsinos,

gluino and EW gauginos are very heavy and de
ouple. Main 
orre
tons are due to

squarks.

Five-dimensional parameter spa
e: mA, tan β,MSUSY, At = Ab, µ

3

Haber,Hemp�ing,PR D48 4280 (1993); Sasaki,Carena,Wagner, NP B381 66 (1992);

Akhmetzyanova,Dolgopolov,M.D. PR D71 075008 (2005); Phys.Part.Nu
l. 37, 677 (2006); Lee,Wagner,

PR D92, 075032 (2015) Carena,Haber,Low,Shah,Wagner PR D91 035003 (2015)
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THDM in the mass basis

Radiatively 
orre
ted Higgs se
tor of the MSSM is a THDM

Φi =

(
−iω±

i
1√
2
(vi + ηi + iχi)

)
, 〈Φi〉 =

1√
2

(
0
vi

)
, i = 1, 2

tan β = v2
v1
, v =

√
v21 + v22 = 246 GeV

where SU(2) states are related to mass states by means of two orthogonal rotations

(
η1
η2

)
= Oα

(
h
H

)
,

(
χ1

χ2

)
= Oβ

(
G0

A

)
,

(
ω±
1

ω±
2

)
= Oβ

(
G±

H±

)

where rotation matrix

OX =

(
cosX − sinX
sinX cosX

)
, X = α, β.
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THDM Higgs potential in a generi
 basis

Ueff (Φ1,Φ2) = −µ2
1(Φ

†
1Φ1)− µ2

2(Φ
†
2Φ2)− µ12

2(Φ†
1Φ2)− (µ12

2)∗(Φ†
2Φ1)

+λ1(Φ
†
1Φ1)

2 + λ2(Φ
†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+
λ5

2
(Φ†

1Φ2)
2 +

λ5
∗

2
(Φ†

2Φ1)
2 + λ6(Φ

†
1Φ1)(Φ

†
1Φ2) + λ6

∗(Φ†
1Φ1)(Φ

†
2Φ1)

+λ7(Φ
†
2Φ2)(Φ

†
1Φ2) + λ7

∗(Φ†
2Φ2)(Φ

†
2Φ1)


an be redu
ed to the potential in the mass basis (λ5,6,7 and µ2
12 real)

U(h,H,A,H±, G0, G±) =
m2

h

2
h2 +

m2
H

2
H2 +

m2
A

2
A2 +m2

H±H+H− + I(3) + I(4)

by means of expli
it symboli
 transformation for λ1, ...λ7 in terms of mixing angles

and pole masses

4

4

M.D.,Semenov, EJP C28, 223 (2003); Boudjema,Semenov, Phys.Rev. D66 095007 (2002),

Gunion,Haber, PR D67 075019 (2003)
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λ1 =
1

2v2
[(
sα

cβ
)2m2

h + (
cα

cβ
)2m2

H − sβ

c3β
µ2
12] +

1

4
(λ7tan

3β − 3λ6tanβ),

λ2 =
1

2v2
[(
cα

sβ
)2m2

h + (
sα

sβ
)2m2

H − cβ

s3β
µ2
12] +

1

4
(λ6cot

3β − 3λ7cotβ),

λ3 =
1

v2
[2m2

H± − µ2
12

sβcβ
+

s2α

s2β
(m2

H −m2
h)]−

1

2
(λ6cotβ + λ7tanβ),

λ4 =
1

v2
(
µ2
12

sβcβ
+m2

A − 2m2
H±) − 1

2
(λ6cotβ + λ7tanβ),

λ5 =
1

v2
(
µ2
12

sβcβ
−m2

A)− 1

2
(λ6cotβ + λ7tanβ),

massless goldstone G0
is ensured by

Reµ2
12 = sβcβ

(
m2

A +
v2

2
(2Reλ5 + Reλ6 cot β + Reλ7 tan β)

)

Inverse transformation for pole masses in terms of λi

MSSM

MSUSY:

mtop:

λSUSY

1,2 =
g21 + g22

8
, λSUSY

3 =
g22 − g21

4
, λSUSY

4 = −
g22
2
, λSUSY

5,6,7 = 0.

λi = λSUSY
i − ∆λi ∆λi = ∆λthr

i + ∆λLL
k (i = 1, .., 7, k = 1, .., 4)
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∆λwfrF,D s
enario

Set of 
orre
tions:

� 1-loop resummed threshold, wave-fun
tion renormalization

� non-leading D-terms

� 2-loop ele
troweak and QCD

5

� Yukawa

For example,

λ1 =
g22 + g21

8
+

3

32π2

[
h4
b

|Ab|2
M2

SUSY

(
2− |Ab|2

6M 2
SUSY

)
− h4

t

|µ|4
6M 4

SUSY

+

+2h4
b l+

g22 + g21
4M 2

SUSY

(h2
t |µ|2 − h2

b |Ab|2)
]
+∆λwfr

1 +

+
1

768π2

(
11g41 + 9g42 − 36 (g21 + g22)h

2
b

)
l − ∆λ1[2− loop],

where l = log(M2
SUSY /σ2) and ∆λwfr

1 , ∆λ1[2− loop] are

5

Haber,Hemp�ing,Hoang, ZP C75 539 (1997); Carena,Espinosa,Quiros,Wagner PL B355 209 (1995);

Heinemeyer,Hollik,Weiglein, EPJC C9 343 (1999); Pilaftsis,Wagner, NP B553 3 (1999)
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wfr terms

∆λwfr
1 =

1

2
(g21 + g22)A

′
11, ∆λwfr

2 =
1

2
(g21 + g22)A

′
22,

∆λwfr
3 = − 1

4
(g21 − g22)(A

′
11 +A′

22), ∆λwfr
4 = − 1

2
g22(A

′
11 + A′

22), ∆λfield
5 = 0,

∆λwfr
6 =

1

8
(g21 + g22)(A

′
12 −A′

21
∗
) = 0, ∆λwfr

7 =
1

8
(g21 + g22)(A

′
21 −A′

12
∗
) = 0,

where A′

A′
ij = − 3

96 π2 M 2
SUSY

(
h2
t

[
|µ|2 −µ∗A∗

t
−µAt |At|2

]
+ h2

b

[
|Ab|2 −µ∗A∗

b
−µAb |µ|2

])
×

×
(
1− 1

2
l

)
.

two-loop terms

∆λ1[2− loop] = − 3

16π2
h4
b

1

16π2
(
3

2
h2
b +

1

2
h2
t − 8g2S)(Xbl+ l2)+

+
3

192π2
h4
t

1

16π2

|µ|4
M4

SUSY

(9h2
t − 5h2

b − 16g2S)l
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mh dependen
e on A = At,b in ∆λwfrF,D s
enario.

�èñ.: mh dependen
e on A = At,b at mA =300 GeV, µ =1 TeV for the tree sets (1)

MSUSY =3 TeV, tan β =2.5 (blue); (2) MSUSY =1.5 TeV, tan β =5 (red); (3) MSUSY =1

TeV, tan β =30 (green). With a limited set of ∆λai 
orre
tions 
urves have the same shape,

but are 5-10 GeV lower.



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 6 41 42 43 44 45 46 47 12 12 g 20 21 22 23 24 25 26 29 30 31 32

Domains of mh in the µ,A plane for At,b =2 TeV and µ =1.5 TeV. ∆λwfrF,D s
enario.

�èñ.: MSUSY =1 TeV (left) and 1.25 TeV (right).
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Domains of mh in the µ,A plane for At,b =2 TeV and µ =1.5 TeV. ∆λwfrF,D s
enario.

�èñ.: Low tan β domain (see previous Fig (right)).
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3D surfa
es of mh =125 GeV at low and high tan β in MSUSY
,µ,A spa
e for

mA =0.3 TeV and mA =1 TeV. ∆λwfrF,D s
enario.

�èñ.: Surfa
e of mh = 125 GeV, tan β =1, mA =300 GeV (left) and 1 TeV (right)
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Unusual MSSM s
enarios

Still a number of MSSM s
enarios with unusual mass spe
trum of s
alars and

superpartner mass hierar
hy are not 
ompletely ex
luded. They attra
t some attention

in 
onne
tion with CMS data in the 
hannel pp → µ+µ−b̄b.

�èñ.: CMS Collaboration, Sear
h for resonan
es in the mass spe
trum of muon pairs produ
ed

in asso
iation with b-quark jets in proton-proton 
ollisions at sqrts = 8 and 13 TeV,

arXiv:1808.01890 [hep-ex℄, see also M.D., E.Fedotova, arXiv:1908.05223[hep-ph℄
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Summary

� in addition to the new h(125 GeV) resonan
e whi
h looks like a Higgs boson of the

Standard Model, no new signals have been dete
ted at the LHC.

� at the same time, invaluable results were obtained. New data allows one to impose

limits on the s
ales and 
ouplings of the new physi
s.
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BACKUP SLIDES
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Êàïïà-ìîäè�èêàòîðû � ïðèìåð ïñåâäîíàáëþäàåìûõ.

Ïñåâäîíàáëþäàåìûå � âåëè÷èíû-ïîñðåäíèêè ìåæäó ýêñïåðèìåíòàëüíûìè

íàáëþäàåìûìè è âû÷èñëåííûìè òåîðåòè÷åñêè ïàðàìåòðàìè. Ïðåäîñòàâëÿþò

âîçìîæíîñòè àíàëèçà â ðàìêàõ íåñòàíäàðòíûõ ìîäåëåé, ïîçâîëÿþùåãî èçáåæàòü

òðóäîåìêîé ðåêîíñòðóêöèè (íà÷èíàÿ îò datasets) è îäíîâðåìåííî ïîçâîëÿþò

èñïîëíÿòü ðàçíûå òåîðåòè÷åñêèå èíòåðïðåòàöèè èçìåðÿåìûõ ý��åêòîâ.

Ïîÿâèëèñü ïðè àíàëèçå äàííûõ LEP. Ïðèìåðû: øèðèíû âåêòîðíûõ áîçîíîâ

Γl, Γq è ïàðöèàëüíûå âåðîÿòíîñòè èõ ðàñïàäîâ ïîñëå ïðîöåäóðû èñêëþ÷åíèÿ

(de
onvolution) èçëó÷åíèÿ �îòîíîâ èç íà÷àëüíîãî ñîñòîÿíèÿ è âû÷èòàíèÿ

èíòåð�åðèðóþùåãî/íåèíòåð�åðèðóþùåãî �îíà. Àñèììåòðèè âïåðåä-íàçàä.

Ïîñëå �èòèðîâàíèÿ ïñåâäîíàáëþäàåìûõ LEP2 ñîñòàâëÿëàñü êîìáèíàöèÿ ÷åòûðåõ

êîëëàáîðàöèé ADLO, èçâåñòíàÿ ïîä íàçâàíèåì Ele
troweak Pre
ision Data

(EWPD).

Ïñåâäîíàáëþäàåìûå ÁÀÊ îïðåäåëÿþòñÿ íà óðîâíå àìïëèòóä ïðîöåññîâ èç-çà

ñëîæíîé ñèòóàöèè ñ �îíàìè è èñêëþ÷åíèÿ PDF, à òàêæå ìíîæåñòâà âîçìîæíûõ

òåîðåòè÷åñêèõ ìîäåëåé.

�èñ.: Èñòî÷íèê: ADLO measurements, arXiv:1302.3415
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�èñ.: Surfa
e of mh = 125 GeV, tan β =2.5, mA =300 GeV (left) and 1 TeV (right)
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�èñ.: Surfa
e of mh = 125 GeV, tan β =5, mA =300 GeV (left) and 1 TeV (right). Right 3D

plot is rotated 90 degrees.
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�èñ.: Surfa
e of mh = 125 GeV, tan β =30, mA =300 GeV (left), A, µ formally extended

beyond a perturbative 
al
ulation framework
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Contours of mh =125 GeV at low and high tanβ in MSUSY
, A plane for mA =0.3

TeV and mA =1 TeV. ∆λwfrF,D s
enario.

�èñ.: Contours of mh = 125 GeV, tan β =1 (left) and tan β =2.5 (right)
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Contours of mh =125 GeV at low and high tanβ in µ,A plane for mA =0.3 TeV and

mA =1 TeV. ∆λwfrF,D s
enario.

�èñ.: Contours of mh = 125 GeV, mA =300 GeV (left) and mA =1 TeV (right)
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Contours of mh =125 GeV at low and high tanβ in µ,A plane for mA =0.3 TeV and

mA =1 TeV. ∆λwfrF,D s
enario.

�èñ.: Contours of mh = 125 GeV, mA =300 GeV (left) and mA =1 TeV (right)
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Domains of mh in the µ,A plane for At,b =2 TeV and µ =1.5 TeV. ∆λwfrF,D s
enario.

�èñ.: MSUSY =500 GeV (left) and 750 GeV (right).
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4. Heavy CP -even H bran
hng ratios for malt
h and mmod+

h parameter sets

�èñ.: mh = 124 − 126 GeV, MSUSY = 1.5 TeV and µ = 200 GeV or 1 TeV. Left panels:

tan β = 4, A = 2.45MSUSY (malt
h s
enario); right panels tan β = 10, A = 1.5MSUSY (mmod+

h
s
enario). Results are stable with respe
t to Higgs super�eld parameter µ variation.
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Iso
ontours for CP -even H boson mass and CP -odd A boson mass

�èñ.: mh =125 GeV, MSUSY = 2.5 TeV and tan β =1. mA domains (left panel) and mH
domains (right panel).
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Iso
ontours of mass for CP -even state A and 
harged state mH± .

�èñ.: mh =125 GeV, MSUSY = 10 TeV and tan β =7. Along the bla
k solid line mH =750

GeV.
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Summary

•
×óâñòâèòåëüíîñòü ðåçóëüòàòîâ ïî îòíîøåíèþ ê ðàäèàöèîííûì ïîïðàâêàì

âûñîêà. �åäóêöèÿ ïÿòèìåðíîãî ïðîñòðàíñòâà ÌÑÑÌ íå ñîîòâåòñòâóåò

êàêîìó-ëèáî ìàññîâîìó áàçèñó äëÿ 
îñòîÿíèé îáùåé äâóõäóáëåòíîé ìîäåëè.

•
Òåì íå ìåíåå ðåäóöèðîâàííûå ñöåíàðèè (hMSSM, FeynHiggs based)

äîñòàòî÷íî òî÷íî âîñïðîèçâîäÿò ñïåêòð ìàññ ñêàëÿðîâ ïðè äîñòàòî÷íî

áîëüøèõ mA, mH áîëåå 200 �ýÂ è ìàëûõ tanβ. Ïîâåäåíèå óãëà ñìåøèâàíèÿ
CP -÷åòíûõ ñîñòîÿíèé îïèñûâàåòñÿ íå âïîëíå óäîâëåòâîðèòåëüíî.

•
Íà ìàñøòàáå MSUSY áîëåå 1 ÒýÂ åñòü óçêàÿ äîïóñòèìàÿ îáëàñòü tan β ∼1.
Äëÿ ìàëûõ tan β ≤3 ìàñøòàá ìàññ ñóïåðïàðòíåðîâ MSUSY îãðàíè÷åí

ñâåðõó íà óðîâíå (3�4) ÒýÂ. Îñíîâíàÿ ìîäà H → tt̄. Ïðîñòðàíñòâî µ,A
î÷åíü ñèëüíî îãðàíè÷åíî, mH ∼ mA.

•
Äëÿ áîëüøèõ tan β ≥30 ïîÿâëÿåòñÿ íåîäíîçíà÷íîñòü ìàñøòàáà ìàññ

ñóïåðïàðòíåðîâ MSUSY : äîïóñòèìû ìàññû êàê ïîðÿäêà íåñêîëüêèõ ÒýÂ, òàê

è ïîðÿäêà äåñÿòêîâ (20�30 ÒýÂ). Áîëüøèå tan β ∼ 30�40 ïðè mH± ≤400
GeV çàêðûòû îãðàíè÷åíèåì íà tt̄ → H± → 6 jets (Òåâàòðîí). Îñíîâíàÿ ìîäà

H → bb̄.

•
Ïðåäïîëîæåíèå mH ïîðÿäêà 750 �ýÂ îäíîâðåìåííî ñ mh =125 �ýÂ

ïðàêòè÷åñêè èñêëþ÷àåò ìàëûå tan β, ïðèâîäèò ê MSUSY áîëåå 5 ÒýÂ è

î÷åíü áîëüøèì µ,A áîëåå 20 ÒýÂ (óñëîâèÿ 2|mtopA,µ| < MSUSY äëÿ

îïðàâäàííîñòè ðàçëîæåíèÿ ý��åêòèâíîãî ïîòåíöèàëà â áàçèñå îïåðàòîðîâ

ðàçìåðíîñòè 4 âûïîëíÿþòñÿ).
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