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Aspects of search for new physics at the LHC

M.N.Dubinin

With the LHC running, the focus of experimental and theoretical high energy physics
is on interpretation of the LHC data in terms of physics of electroweak symmetry
breaking and possible new phenomena at the TeV scale. Review of some aspects

related to models for new TeV-scale physics and their LHC signatures is presented. We

also discuss possible new physics signatures and describe how they can be linked to
specific models of physics beyond the Standard Model.

NUST MISiS
Lecture 1, February 2020.



Outline

— Why new physics at the multiTeV scale?

— Gauge hierarchy problem
— Dark matter and dark energy in the Universe
— Baryon asymmetry of the universe

— Popular models
— Supersymmetry
— Extra dimensions
— Extensions of the Higgs sector

— Reconstruction of the underlying theory

— Model independent searches. Effective operators of higher dimensions.
ATLAS - CMS combination for the Higgs boson identification.
Kappa-scheme. Pseudoobservables.

— Model dependent searches. Effective field theory at the m¢op scale. MSSM
two-doublet Higgs sector.
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Standard Model (SM)

Fermions
sl — Ve Y vr — T = e H,T
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SU(2) states dj s b are related to mass states dp.sp.bp by unitary transformation defined by CKM matrix.

Scalars

(o]

= ( ®1 ) where o7 = o charged Goldstone field, 5 = O neutral field.
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Gauge fields

. Y .
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Problems of the Standard Model (SM)

(1) EW symmetry breaking is the main concept of the SM. Mass parameter of the
Higgs boson is extremely sensitive to quantum corrections. Extrapolation of the SM to
energies much greater than the EW scale lead to gauge hierarchy problem, where
unnatural fine-tuning of the SM parameters is required to get correct value of the EW
scale.

(2) The SM does not include any particle — candidate for the DM in the Universe. A
new stable heavy particle weakly interacting with the SM naturally leads to correct
relic density of DM through the process of thermal freeze-out in the early Universe.
New weakly interacting heavy states protect the EW scale against quantum
instabilities.

(3) The SM cannot explain the asymmetry of visible matter over antimatter. New
Physics at TeV scale could give rise to this baryon asymmetry.

(4) The SM cannot explain flavor mixing and the origin of neutrino masses (neutrino
oscillations).
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Gauge hierarhy problem - illustration

Corrections to "bare"Higgs boson mass parameter mo at the one loop,

m% = m + $(m) = mg + Am?; where mass operator ¥(p) is divergent

one-loop corrections from top quark (left) and Higgs boson loop (right),
d4p — 7r2p2dp2,

39? / Ad'p 2 39152 2 2 A 2
— — A = — A OR A - A
@m? Jo P TH T T e T (a2

where A can be up to ~ Mpjaner = 1/v/G = 1.2 - 1012 GeV in the natural system of
units c=h = 1.



or in the renormalized propagator X (p) in the Pauli-Villars framework

Z718R(k) = 2(k) — Z(m) — (k2 — m?)X' (m)
Z7 =1-%'(m), m?=md+%(m)

1 1
= s YT e e

G(k) = Z Gr(k)

compensation of bare mass parameter mg and quadratically divergent mass operator
3(k) to get pole mass m =125 GeV is 34 orders of magnitude.



Dark matter problem

Most of the matter in the Universe is in the form of non-relativistic heavy particle
species very weakly interacting with the SM particles. Most popular example:
gravitational lens

Puc.: source: J.Kneib et al, Astrophys.J. 598 (2003) 804

There is no dark matter candidate in the SM.



Dark energy problem

Let us estimate the energy density of the Universe p combining observables of proper

dimension. Gravitational constant v = ﬁ GeV~2 is connected with Planck mass
P

Mp =1.2:10'° GeV. The energy density p is of dimension GeV* (in the HEP natural
units c=h=1; in the usual units the dimension is GeV/cm?3). So the "gravitational
charge" ~p has the dimension GeV? and this quantity defines an observable
expansion of the Universe caused by gravity. The same dimension GeV? can be
provided by the Hubble constant Hy squared!. Numerically Hy = 73 km/(sec Mpc)?.
Assuming that the dimensionless combination HZ(vp) ! is of the order of 1 we get

GeV
T~ 107V Gev?
Ccmy

p=~"tHi = MpHF =107°
From other side, the electroweak vacuum of the Standard Model has the energy density
pEw ~ vl ~108GeV?.

So the difference between vacuum energy density estimates based on astrophysical
observations and vacuum energy density of the SM which is pecisely defined by Fermi
constant G of particle decays is 55 orders of magnitude.

LHubble parameter H(t) = 7(t)/r(t) defines relative increase of the distance in a unit of time. For small
departures in the stellar objects spectrum z Hubble law is = = Hr, r is the distance to an object

21 Mpc=106 pc=3.1-1024 ecm. 1 cm = 5-10!3 Gev—1



1234567 89 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 3

Dark energy in the ACDM cosmological model
QA = pa/pc — energy density fraction of the Universe provided by dark energy
Qm = pnrr/pe — energy density fraction of the Universe provided by dark matter
Regions consistent with observation of the CMB, supernova, and structure formation

Puc.: From Kowalski et al, Improved cosmological constraints from new, old and combined
supernova datasets, arXiv:0804.4142[astro-ph]



Baryon asymmetry problem

In the early Universe at the temperature of the order of 100 MeV—1 intensive
processes of quark (positive baryon number) — antiquark (negative baryon number)
creation and annihilation took place. Qualitative thermodynamics estimate

Nq - Nti ~ Nbaryons ~ 10_1()
Nq + Nl? Nphotons

In the process of expansion quarks annihilate with antiquarks to photons but some
redundant quarks form the existing baryonic matter plus relic photons. What is the
mechanism to form redundant quarks? SM does not provide sufficient CP violation to
form baryon asymmetry.
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WMAP

[ —
-200 TiuK) +200

Puc.: Energy of relic photons from celestial sphere. Average termerature 2.7 K is subtracted,
so the fluctuation dT'/T of the relic background temperature is shown, which does not exceed
10~*. Relic photons came out of primordial Big Bang plasma 400 thousand years ago. Source:
G.Hinshaw et al, Three year WMAP observations..., astro-ph/060345
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Models. General.

Experimental and theoretical shortcomings of the SM initiated increasing number of
models with new physics at TeV scale. Not all of these models solve or address all of
the problems, but two primary issues are focused upon (1) the mechanism of
electroweak symmetry breaking (2) the observation of dark matter.

For a long time supersymmetry has been a favorite candidate for new physics beyond
the Standard Model (BSM physics). Advantages

— SUSY is renormalizable perturbative field theory

naturally accounts for the gauge hierarchy between the EW and the Planck scales
includes consistent mechanism of EW symmetry breaking (two-doublet Higgs sector)
— includes candidates for the dark matter

includes additional sources of CP violation to produce baryon asymmetry

— ensures unification of electromagnetic, weak and QCD couplings at the GUT scale
10%% GeV
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Models. Supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) all SM particles are
embedded in supermultiplets. Fermions of the SM are placed in chiral multiplets.

Names spin 0 spin 1/2 | SU(3)¢, SU(2)L, U(1)y

squarks, quarks | @ | (ap dr) (ur, dr) (8,2, rlj]
(%3 families) i iy 'ELI? (3: 4, —%)
d ji dp (3.1 1)

sleptons, leptons | L (v éL) (v er) (1,2, _%}
(%3 families) e én ET,‘-, I g )

Higgs, higgsinos | H, | (H} HY) (f:fu’ Hﬁ) (N By +%}

H; | (HY Hp) | (HY Hy) (1,2,-4

Puc.: Chiral supermultiplets in the MSSM.

35

36
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Models. Supersymmetry.

Vector supermultiplets contain a SM vector field and a chiral Weyl fermion.

spin 1/2 ‘ spin 1 ‘ SU(3)c, SU(2), U(1)y

Names
gluino, gluon g g (8,1,0)
winos, W bosons | W= W | W+ w?o (1,3,0)
bino, B hoson BY Bo (1,1,0)

Puc.: Vector supermultiplets in the MSSM.

+ stop

Cancellation of quadratic divergences in the MSSM.
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MSSM. Benchmark models. Signatures.

Example of a simple model with reduced parameter space: constrained MSSM
(cMSSM). Also called minimal supergravity (mSUGRA). Universal soft SUSY breaking
terms are introduced at a large mass scale of the order of Mgy . Parameters of soft
SUSY breaking terms are taken in the form of degenerate sets
— all mass parameters of scalar superpartners are set to a common My
— all trilinear soft parameters are set to A
— all gaugino masses are taken to be M/, at the GUT scale
superfield mass parameter p
— Higgs sector parameters m 4, tan 3

furter simplification in some models My = M / scalar superpartners mass scale.
Rather standard useful five-dimensional parameter space
ma, tan B8, Mg, u, A
which defines the superpartner and the Higgs boson mass spectrum.
In such models the dark matter candidate is neutralino LSP.
Neverteless such parametrization has no convincing theoretical motivation and
imposes certain constrains on the MSSM particles mass spectrum which should be
consistent with LHC exclusion limits.
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MSSM lagrangian - soft SUSY breaking terms

Vo =Vu +Vr+Va+V5,
where

Var = (-1 Hm2 0l e, + M2 (@Té) +M2U*U + M2D*D,
Vr =TP (@ZTQ“) D+1V (iq{ag@) 4 1P (@chi) PV (i@T@@;) U,
Va = Al (@jcbj) (@chl) ( ) [AQ (QTQ) + AL U+A£-]:3*f>] +
+A (qvj@) (@T<1>j) 4 % [Ae” (sz o2®; )5*(7 i h.c.] i k=12,
VQ denotes the four scalar quarks interaction terms, Pauli matrix oo = ( _OZ (Z) )

The Yukawa coupligs for the third generation of scalar quarks are defined in a standard
V2my hy = ﬂ(::‘g,r{Ul 2}EhU {—M;AU}, F{D1;2}EhD{AD;—,u}.

vsin 8"

way h¢ =
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MSSM. Signatures.

Puc.: Cascade decay with a neutralino LSP in cMSSM.
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MSSM. Signatures.

Stable neutralino LSP leave the detector without generating a signal. They can be
registered indirectly by measuring imbalanced momentum (e.g. sum of visible
transverse momenta of particles in the event) and/or imbalanced energy

—missing — —
Pr = E Pri=— E Pri

visible invisible

Reconstruction of the missing energy is difficult - all particle associated with the signal
should be measured separating the SM backgrounds and detector properties

— missing momentum can appear due to wrong detector detector performance (energy
loss)

— missing energy is easily produced in the SM backgrounds with Z — vv and W — ev
Other specific signatures

— resonances from new heavy vector bosons

— multi-jet resonances
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SM. Charged particle production.

QMS Experiment at the LHC, CERN

\

Regesorded: 2010-Jul-09,02:25:58.839811 GMT (04:2558 GEST

VERR29779 / 4994100 \ i
\

Puc.: CMS event at /s =7 TeV
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SM. Missing pr.

_;\ |

Event information (Run = 143833; Event = 79506426; Lumi section = 73).
o Muon: pT =473 Gev,n=-13,4:=0.4
* piMET = 44.8 Gev/
o piMTW = 89 4 GeV/
 Photon: pT = 11.3 GeY, n=-1.4, g = -053, AR = 0.94
» Photon isolation (relative): track iso = -0.13, ECAL iso = -0 23, -HCAL iso = -0.19

Puc.: SM event with W — uv~y at /s =7 TeV
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SM. Missing pr.

CMS Expriment at LHC, GERN
Dtz recorgest: Thu Oct 28 11:72:57 2010 GEST
RUNVEvent: 149161 ( 1/50744721

Lumi seclion. 1886
\

Event information (Run = 149181; Event = 1750744721; Lumis = 186€)
* Electron: Pt: 32.1GeV, n: -0.4, p: -257
* pfMET: 47 8GeV
* pfMT: 75.2GeV
« PFCTM: 106 9GeV (ele+pfVET+pho)
* Photon; Pt 26.4CeV, n. -0.74, p: 2.71, AR: 1.06, R9: 0.95

Puc.: SM event with W — ev~y at /s =7 TeV
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Overview of CMS EXO results

cMs

1811 01297 2e+ 2j) [ lea

1811 01197 2e+ Zjie+ 2j + E7) 127
|1808 05082 (21 + 241 153

3808 05082 20+ 2510+ 24 + ) 120

|1611 00806 (27 +2j} 102

|1808 03472 G!,*M ore

01
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2019 JLdt=(32-139)fb V5=8,13TeV
Model Ly Jetst EP™ [rayn’) Limit
T
ADD Gar + & Qep 1-8] Ve 71103301
PDDl\mm\lﬂrn 2y - - 170704147
2 - 170308127
ADDBN M Ler 22 = 1606 02265
ADO BH - 23 - 151202598
RS1 G 2y - - B
Bk RS G+ WWIZZ  mutvchamnel "
Bulk RS Gy — WW — qaqq9 OQep 29 & ATLAS-CONF-2019-003
Bulk RS gux — £t Ten z1b.2 1% Yes 1804 10823
2UED APP len 22023) ¥es 1803.09678
SSMZ 1t 2en - - 1900 06248
SSMZ e 2r - - 170907242
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HVT V" < WH) ZH model B multi-channel 171206818
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Two approaches to search for beyond the SM (BSM) physics

Let us consider the situation from theory side. How to calculate effects of new physics?

(1) Collision energy s > BSM particle production thresholds
New particles, new resonances

(2) Collision energy s < BSM particle production thresholds

New effective anomalous interactions of the top with other SM particles

New particle contributions via quantum loops — modification of SM decay widths and
production cross sections, phase space distributions

E E > B

35 36 3
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Model independent searches. SM effective field theory (SMEFT)
G

Lf:fl)f =Lsu + X>:4 T Xk: CnkOnk

¢; — dimensionless coefficients

A — dimensionful scale of new physics

O; — operators constructed from SM fields preserving SM gauge invariance, and other
symmetries

W. Buchmuller, D.Wyler, Nucl.Phys. B268, 621(1986)
S.Weinberg, Phys.Rev.Lett. 43, 1566 (1979)

also the "decoupling theorem"
T.Appelquist, J.Carazzone, Phys.Rev. D11, 2856 (1975)):

For any 1Pl Feynman graph with external vector mesons only but containing internal
fermions, when all external momenta (i.e. pQ)vare small relative to m?, then apart
from coupling constant and field strength renormalization the graph will be suppressed
by some power of m relative to a graph with the same number of external vector
mesons but no internal fermions.
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Operator basis

Operator basis is composed from all operators allowed by the symmetries and then
reduced 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 coefficient is heavily
suppressed

(LS H*)HT Lpg) + h.c.

LL:(IJL,ZL)T, g:iUQH*

At dimension 6 there are 59 independent operators (\Warsaw basis) for one generation
of fermions excluding baryon number violating operators (there are about 80 operators
in the original Buchmuller — 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 fit
should explore a huge parameter space with potentially large number of flat directions.

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

Lagrangian L = %Bugoa“go — %@4
Equation of motion  9,0M¢ + A\p> =
Three possible dimension 6 operators % (9.0%¢)%;  p?(Oupdtp)?
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Instructive example: massless ¢ model

Lagrangian L = %Bugoé?“go - %cp“
Equation of motion ~ 9,0"¢ + Ap? =0
Possible dimension 6 operators 0% (8,0M¢)?; 02 (0,pd*p)

Independent operators: how many?
(Bu0* )2 — X208 = (8,0 — Ap?) (00" + Ap3) = 0 on the equation of motion
O (P20t ) = 0 = 2(8" )2 + O (P2 ) = 3% (O p)? + ©®(Oudtp) =
3% (9M)? — Ap®
6

So on the equations of motion (9,0%¢)%;  ©?(Oupd* ) are equivalent to .
Only one independent operator remains.
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n n 5
Warsaw" operator basis

15 4-boson operators; 19 2-boson&2-fermion operators

Ly X* 2:H° 3 H4D? 5:¢2H% + he
Qo | fA8CaivaleaSr  Qn | (HIH)*  Quo (HTH)O(HTH) Qerr | (HTH)(Ipe H)
Qg | FABCGAYGBrGOH Quo | (H'D,H) (HID,H) Quu | (H'H)(qpu, H)
Qw | SIEW WP K Qan | (HTH)(Gpdy H)

Qi | KWW lrwEr

4:X2H? 6:¢?XH +he. 7:*H®D
Quc | HiH Gl chw Qew | (Lot e)a HW], Qi) (H*;(E’# H)(Tpy"1)
Que HiH (?;}V(.'f‘"“ Qon (10" er)H By f,)‘;?? (HT:"B); H) (Lo "y"1,)
Quw | HTH WL wiw Quer | (@o* T4u,)H G, Qe (Hﬂ‘ﬁ,,H JEpyHer)
Quiw | HHWLWI  Quy | (G u)o T WL, QW (HY D W H) (G ar)
Qus | H'HB,DB" Que | (@™ ur)H By, Qiiy ' BLH) g0 4)
Qui HTH B, B Quc | (o™ T, ) H G, Qi (H'D ) (it y)
Quwp | Hia! HW]! Brv Qaw | (apo™d,)a! HW], Qua (H%;ﬁuH)(”pT’udr)
Quwp | M HWLBY  Qup | (40""d)H B Qtud + hoc. | iDL H ) upytd,)

Puc.: source:B.Grzadkowski, V.Iskrzynski, M.Misiak, J.Rosiek, JHEP 10 (2010) 085
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"Warsaw" operator basis

25 4-fermion operators

8:(LL)(LL) 8: (RR)(RR) 8: (LL)(RR)

Qu (Gopude) (T Ly) Qus (EpTuer) (" er) Qe (Bulr)(€7Me)
W @)@t a) Quu | () () Quu (e ) (T 0r)
W | @ e) @t ola)  Qua (dpyudy) (dsy¥dr) Qua (Upulr) (dsyPdz)
O | ) @nba) Qe | (Gpyuer)(@nu) Qe (@) (et ed)
QR | Gwo't )@ e’ a)  Qua | (Epvuen)(dardy) QW | (@) ()
Q"d (ﬁp‘m“r)(dﬂ”dr) ) (8) ((YVW‘HTA%)( s T uy)

QW) | (@ Thur)(den*TAde) QL) (@) (der*dy)
QW | (@ T4a,) (dsy* TAdy)

&: (LR)(RL) +h.c. 8:(LR)(LR) +h.c.

Queag | Ber)daas) Qg (qhur)esi(@hdy)
QR y | (@ T ur)esu(ghTHdy)
ngqu (T{;ET)EJIE(Q.';U!)

3) T e
QD | Bouwer)ein(@Ea ™ up)
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How to separate (1/A2)? contributions?

(6) (8)
eff _ 1 SM G (6) G (8)
L =p +ZFQ' +ZFQ + ...

(6) (6) (6 ()
_ SM G _(6)-SM G (6) (6) (8) sM
e=oMAd e A e +Z Az et
7 %)

e —in order to calculate the full l/A4 contribution, operator basis of dimension 8 is
necessary

e — in some cases the 0(6) “SM i nterference term is small (for example, FCNC

processes), then the main new contribution appears al the level of squared
anomalous diagrams. So the yield of dimension 8 should be considered as
theoretical uncertainty and carefully estimated.
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Correction to H— > v~ in SMEFT

[(SMEFT, h = vv)

AR ey) LT nn

7e'h—)”,*/ =

_ Gp (VE“ 7\Ih

[(SM.h — ) = 2 Iy = Laprw) =Y QAN p A a(ry) — Ar(rw)
( 7) = e | 2.9
TR RRC Y o) NI G ORI L
] ’ = I My My

Ay(rw) =24 3rw[l+ 2 = rw)f(rw

1= My

Largest corrections and strongest limits for
the operators appeared at tree level

1801~ L07log <

i
[nm 0,210 (T |5 2 0003 ) ([ oot \(‘»"‘»"l‘\ < 0006
AT S ATVE AT S {TTeVR T S ATVE
[’11 0.81log }[IU [illu;
\
[unn 0.01 log 2 lm‘l+w¥“\m
wrﬂ
0.03 + 0.01 log - ‘llL’vUUHuq—
[ s [ 7 Weaker limits for the operators
[um 0.00105 ﬁ ,[.H,J,umm i - appeared at loop level

Puc.: source: Dedes et al, arXiv:1805.00302[hep-ph]
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LHC kappa-scheme or x - framework for the SM Higgs boson production

_J[L - A
Eh:—z f t(/lAf11£Z“ZJ'fITiu

G/,,,(’“/r.Lm F % el 0

‘.0 10 ’ 1( L

= [” W,

n}
Jrh/‘,u - Z,,,,F )

Puc.: k - framework lagrangian

in the infinitely small width approximation of H

any H production process

o(in = H — out) = 04n X Brout = 0in X II:‘:“:'
tot

vertex sctucture of H BSM is not different from

in each H vertex k; factor is inserted, then

;{2 'N2 t

Oin X Brout = [0in X Brout]sn - 524t
H

if the signal strength for production and decay

. _ __Tin — __Brout
Hin = (o) snr Hout = (Broue)sm

then the signal strength for a production process

2 2
Bin " Fout
w2

M = Win Hout =

the CM, H CP-even scalar.

This scheme is obviously not gauge invariant. Radiative corrections are not

avaliable.



45678 12 13 14 15 16 17 18 21 3 24 25 30
Effective Resolved
Production Loops Interference  scaling factor scaling factor
iggF) v b i 106 &7 + 0,01 - & — 0.07 - Koy
(VBF) - - 0.74 k%, +0.26 - &3
F(WH) - - £,
olqq/qg — ZH) - - £
olgg — ZH) v -Z 227 4% +0.37 &2 - 1.64 - kzk,
(i) e = k,z
o(gh — tHW) = W 184 & + 157 - &3, — 241 - &k
olqqlgh — tHg) = W 3.40- k7 +3.56 - k3, — 5.96 - sk
a(bbH) = s P
Partial decay width
[zz _ _
[ _ _
g v = 2 K+ 0.07 &7 — 0.66 - Kk
e _ _
| e - - Ki
el _ _ xf‘
Total width (Bgsy = 0)
0.57 &2+ 022 x3, +0.09 - 2+

Ca v - % 0.06 - k2 + 0,03 - k2 +0.03 - &7+

0.0023 - &7 + 0.0016- &7+
0.0001 - &2 + 0.00022 - &

Puc.: Production mechanisms and their x -modifiers including the one-loop and the interfering

mechanisms. No BSM decay channels. Source: Combined ATLAS-CMS analysis,

arXiv:1606.02266
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ATLAS and CMS

-»- Observed £1o

LHC Run 1 Th. uncert.
b N
L
= zz -
[=2] WwWw -
1T ——
w v b
o yvd —l
> ww -
1T lo—
Y —
L ww ——
= 1T —_—
bb —
Y JE—
I ww —_—
N 1T I
bb -
44 ——
I ww —
= 1]
bb . . 7 , , ,
6 4 -2 0 2 4 6 8

Puc.: Signal strength and its statistical error for different production mechanisms from:

10

6 - B norm. to SM prediction

Combined ATLAS-CMS analysis, arXiv:1606.02266
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ATLAS and CMS
LHC Run 1
K o
9z -
A S
Z9 -
iy —— [———
tg ——
A - -
Wz = ==
.| =
vz —8- ATLAS+CMS e vl
[— —=— ATLAS :
|l | —— CMS -
Tz — 1o interval o
— — 20 interval
| %
bZ e
ol L b b b L Ly

Parameter value

Puc.: Ratios of k-modifiers, kgz = kg kz, Azg = Kz /Kkg and so on. Source: Combined
ATLAS-CMS analysis, arXiv:1606.02266

35



Model dependent searches. How to construct EFT of the MSSM Higgs

sector at the my,, scale.

Sequence of steps

Write out soft SUSY breaking terms and reduce the MSSM parameter space to
an acceptable dimension (dim3 - dim5).

Fix the mass scales hierarchy and typical scale intervals — "MSSM scenario" .

Check phenomenological consistency of the superpartner mass spectrum using
exclusions from ATLAS, CMS, LHCb and other experiments.

Fix gauge invariant two-doublet Higgs potential (discrete symmeties imposed or
not, etc). Rotate SU(2) scalar eigenstates to the mass eigenstates and transform
the two-doublet Higgs potential to the mass basis. Express potential parameters
through masses of scalars and mixing angles of SU(2) eigenstates.

Integrate out particles (in soft SUSY breaking terms multiplets) at high mass
scale — effective potential method, covariant derivative expansion or analogous.
Express potential parameters through soft SUSY parameters.

Extract appropriate regions of the parameter space consistent with m;, =125
GeV, SM-like h couplings, decoupling of other scalar states H, A, HT and
consistency with the LHC exclusions, if data available.

Check cosmological consequences — DM candidates

36
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Model dependent searches. EFT for the MSSM two-doublet Higgs sector

Vo =Vu +Vr+Va+V5,
where

Vg = (81, 4 012 (010) + MEDD + M2D°D

Vr =TP (cb}@) D+1V (Z‘@;-TUQQ) 4 1P (@chi) PV (i@TUQCI):‘) U,

Va = Al (@j@-) (@an) ( ) [AQ (QTQ) + AL U+A£f)*f)] +
+A (qvj@) (@T<1>j) 4 % [Ae” (zcb o2®; )5*(7 i h.c.] i k=12,

—i 0
The Yukawa coupligs for the third generation of scalar quarks are defined in a standard

\UCIZ”B‘ hy = ;/;::E F{Ul oy = hu {-m Av}, F{Dl;Q} =hp{Ap;—u}.

. . . . 0 7
VQ denotes the four scalar quarks interaction terms, Pauli matrix oo = . )

way h¢ =



Mass scales

The lightest CP-even MSSM Higgs boson mass myp ~ 125 3B

Five MSSM Higgs bosons: h, H A, HE,
3
MSSM —_—_—mm
AL A,

n
Al’ Ah — S S M
mA mA
m_top —_——  m_top

Low-energy effective field theory at the scale higher than m+op is THDM. Higgsinos,
gluino and EW gauginos are very heavy and decouple. Main correctons are due to
squarks.

Five-dimensional parameter space: m 4, tan 3, Msysy, At = Ap, 1

3Halber,Hemp\‘Iing,F’R D48 4280 (1993); Sasaki,Carena,Wagner, NP B381 66 (1992);
Akhmetzyanova,Dolgopolov,M.D. PR D71 075008 (2005); Phys.Part.Nucl. 37, 677 (2006); Lee Wagner,
PR D92, 075032 (2015) Carena,Haber,Low,Shah,Wagner PR D91 035003 (2015)
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2

THDM in the mass basis

Radiatively corrected Higgs sector of the MSSM is a THDM

o+
—iw; L1 0 .
q>z_<\}§(vi+77i+iXi)>7 <¢Z>_ﬁ(vi)’ i=12

tan 3 = 32, v =4/v? +v3 = 246 GeV

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

(B)=e() ()= (F) ()=o)

where rotation matrix

cos X —sinX
OX_( sin X cos X )’ X=ap
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THDM Higgs potential in a generic basis
Ueps(®1,®2) = —pf (®] 1) — p3(@]®2) — 11122 (@] @2) — (1112%)" (@1 1)
FAL(@]@1)% 4+ X2 (D] @2)% + A3(D]@1)(D] ®2) + Aa (B] D2) (DL D1)
A5 As*
+ 7 (2192)% + = (25 21)% + A6 (2] 21)(2] @2) + A" (2] 21)(B]21)
+A7(2]@2)(@] @2) + A7 (@] o) (@] 1)
can be reduced to the potential in the mass basis (\5,6,7 and u§2 real)
m2 m2 m2

Uh, H, A H*, G0, GF) = 20?4+ ZHH? ¢ A A% fmi HYH™ +1(3) +1(4)

by means of explicit symbolic transformation for A1, ...A7 in terms of mixing angles
and pole masses*

4M.D.,Semenov, EJP C28, 223 (2003); Boudjema,Semenov, Phys.Rev. D66 095007 (2002),
Gunion,Haber, PR D67 075019 (2003)

35 36 3
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1 . s c S 1 :
Moo= 5 [(E5)PmE 4 () myy - ~Futa] + 7 (Mrtan®8 — 3Agtans),
202 Vg ] s 4
1 ¢ s ¢ 1
o = —(=)mp+(=)PmE — —§u?2} + 7 (Aecot®s — BArcot),
202 s sp Sp 4
1 5 u%Q S2a , o 2 1
No = —[mis - T4 2 (my —mi)] - S (Aecotf + Artanf),
v sgcg  s2g 2
1 u3 2 2 1
Moo= R - o) - Oacors + Arvand),
ve "sgeg 2
1, pu? 1
A5 = 72( Pi2 _ mi) — —(XgcotS + Artanf),
ve "sgeg 2

massless goldstone GO is ensured by
v2
Repl, = spcp (mi + ?(2Re)\5 + Re)\g cot B + Re\r tan ﬁ))

Inverse transformation for pole masses in terms of \;

MSSM 2 2 2 2 2
Msysy: ASUSY _ 91 + 93 A\SUSY _ 92 — 91 ASUSY _ 92 ASSY_

1,2 ) 3 - ’ 4 - ’ 5,6,7 —
Miop: 8 4 2

A = A AN AN = AN L ANE (i=1,..,7,k=1,..,4)

35 36 3
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AN scenario

Set of corrections:

— 1-loop resummed threshold, wave-function renormalization
— non-leading D-terms

— 2-loop electroweak and QCD?

— Yukawa

For example,

A1 =

2 2 3 A 2 A 2 4
93 +91 [h4 ‘ b| 9 _ ‘ b‘ _h4 ‘/J’| +
SUSY

b t 4
8 32m2 L° M2y 6MZ 6Mchgy
2 2
+ondiy 2T IL (12— B2 A%)] + AN +

2
4JMSUSY

+ (11g1 + 995 — 36 (97 + g5) hi) I — AX1[2 — loop],

76872

where I = log(M2,, 5y /0?) and A XYT, AX1[2 — loop] are

5Haber,Hempf|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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3456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

wifr terms
1 1
AN = (9T +93) A1, ANET = S (o] +93) A,
1 1
ANYT = — Z(g% — g3 (Al + Aby), ANYT =-— 59%(14/11 + Aby), AN =,

1 « 1 *
ANgT = g(g% +93)(Alp — Ay ") =0, AXYT = g(g% +93)(A5 — AL") =0,

where A’
3 > —ptAf } Apl? A7
A= 2 (p? t h2 b X
9T 06T M2ygy ( i { —pAr A2 T Ay
1
X (1— —l) .
2
two-loop terms
3 1 3 1
AN[2 = Toop] = = 316# (5h§ + 5h$ — 892)(Xpl + 1?)+

3 4 1 |pl*
t 1
19272 * 1672 Mgygy

(9h? — 5h2 — 16g3)1

9 30 31 32 33 34 35 36 3
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_ ; £ :
my, dependence on A = Ay ; in A)\‘g’rD scenario.

130

120

S'110
3

=100
<

90

80

-15 =10 -5 0 5 10 15
A [TeV]

Puc.: my, dependence on A = A, at m4 =300 GeV, u =1 TeV for the tree sets (1)
Msusy =3 TeV, tan 8 =2.5 (blue); (2) Msusy =1.5 TeV, tan 8 =5 (red); (3) Msusy =1
TeV, tan 8 =30 (green). With a limited set of A} corrections curves have the same shape,
but are 5-10 GeV lower.
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Domains of my, in the p, A plane for A, ;, =2 TeV and 1 =1.5 TeV. A)\"g,rD scenario.

m; [TeV] m; [TeV]

0.125

0.115

0115

0.105

0.105

0.095 0.095

0085 0085

0 0
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
m 4 [TeV] my [TeV]

Puc.: Msysy =1 TeV (left) and 1.25 TeV (right).
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Domains of my, in the u,A plane for A;;, =2 TeV and p =1.5 TeV. A)\‘ng scenario.

m, [GeV]

0.2 0.4 0.6 0.8 1.0
m  [TeV]

Puc.: Low tan 3 domain (see previous Fig (right)).
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3D surfaces of mj;, =125 GeV at low and high tan 8 in MSUSY ;A space for
ma =0.3 TeV and m4 =1 TeV. ANEZL) scenario.

tgf=1, l{li:\SOO GeV tgB=1. m4=1Te

Mg [TeV]

Puc.: Surface of m;, = 125 GeV, tan 8 =1, m4 =300 GeV (left) and 1 TeV (right)



Unusual MSSM scenarios

Still a number of MSSM scenarios with unusual mass spectrum of scalars and
superpartner mass hierarchy are not completely excluded. They attract some attention
in connection with CMS data in the channel pp — T~ bb.

cus 1078 Tey,
T

Events /2 GeV
2 &

]

.

50 60 7
m,, [GeV]

cus sowaTey
[ASanaasaas o e

Events / 2 GeV

O E R -

my, [GeV] my, [GeV]
< 70GeV range in SRI (left) and SR2 (right) in the 8 TeV/
analysis. Lower row: the 12 < GeV range in SR (left) and SR2 (right) in the 13 TeV!
analysis. The results of an unbinned maximum likelihood fit for the signal-plus-background
(solid lines) and background-only (dashed lines) hypotk perimp

Figure 2: Upper row: the 12 <

Puc.: CMS Collaboration, Search for resonances in the mass spectrum of muon pairs produced
in association with b-quark jets in proton-proton collisions at sqrts = 8 and 13 TeV,
arXiv:1808.01890 [hep-ex], see also M.D., E.Fedotova, arXiv:1908.05223[hep-ph]



Summary

— in addition to the new h(125 GeV) resonance which looks like a Higgs boson of the
Standard Model, no new signals have been detected at the LHC.

— at the same time, invaluable results were obtained. New data allows one to impose
limits on the scales and couplings of the new physics.
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Kanna-mogudunkatopbl — npuMep ncesaoHabntogaemMbix.
nCeBAOHaGﬂ}OAaeMbIe — BEINYNHBI-NOCPEAHNKN MEXAY SKCNEPUMEHTANIbHBIMN
Ha6!1l0,qaeMblMl/l N BbIHNCNEHHBIMM TEOPETUHECKN NapaMeTpamMn. npeAOCTaBﬂﬂIOT
BO3MOXXHOCTWN aHa/IN3a B paMKaX HECTAHLAPTHbIX Mo,qeneﬁ, no3BONAOLWEro n3bexartb
TPYAOEMKOIi pekoHCTpykumn (HadmHasi ot datasets) n Of4HOBPEMEHHO MO3BONSIIOT
NCNONHATb PA3HbIE TEOPETUHECKNE NHTEPNPETALNN U3MEPAEMbIX 3d)d)eKTOB.

MosiBunuce npn aHanuse pavHbix LEP. Mprmepsi: winpuHbl BeKTOpHBIX 6030HOB

T';, 'y » napumnanbHbie BEPOSITHOCTI MX PacnafoB NoC/ae Npoueaypbl NCKAIOHEHNs
(deconvolution) n3ny4eHunst pOTOHOB M3 HA4aNBLHOrO COCTOSIHNSI 1 BbIYMTAHNS
nHTepdepupyioero/HennTepdepupytowero doHa. ACUMMETPUN Brepes-Ha3aa,.
Mocne cdutnposannsa ncesgoHabntopgaembix LEP2 coctaBnsanacs kombuHaymsa detbipex
konnabopaunii ADLO, nssectHasi nog Ha3sanunem Electroweak Precision Data
(EWPD).

McespoHabniogaemblie BAK onpepensitoTcsa Ha ypoBHe aMNAUTyh NPOLECCOB U3-3a
cnoxHoii cutyauyumn ¢ poHamn n ucknodenns PDF, a Takke MHOXXECTBa BO3MOXHbIX

TEOPETUYECKNX MOAENEN. Measuroment Rl om0

mZ[GeV] 91.1875 +0.0021 91.1874 |
r,[GeV] 2495200023 24959 m
ollnb] 4154040037 41478

R, 207670025 20742
A 0.01714 + 0.00095 0.01645
0.21629  0.00066 021579

R, 0.1721+0.0030  0.1723
Al 0.0992+0.0016  0.1038

—
—
i
—_—
AF 0.0707 £0.0035  0.0742
A, 092320020 0935 mm
A, 0.670 + 0.027 0.668 !
A(SLD) 0.1513 = 0.0021 0.1481
my, [GeV 80.385 + 0.015 80.377 mm
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tgf=2.5. m4=300 GeV

tgf=2.5. m4=1Te

Mg [TeV]
Mg [TeV]

Puc.: Surface of mj = 125 GeV, tan 8 =2.5, m4 =300 GeV (left) and 1 TeV (right)
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00 GeV

tgf=35. mAf%

o0
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N0

e
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RS

Mg [TeV]

o

S

Mg [TeV]

=X

Puc.: Surface of m;, = 125 GeV, tan 8 =5, m 4 =300 GeV (left) and 1 TeV (right). Right 3D
plot is rotated 90 degrees.
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tgf3=30. m4=300 GeV
p [TeV] SQ
0 - tgf=30. m4=300 GeV

— e

Puc.: Surface of m;, = 125 GeV, tan 8 =30, m4 =300 GeV (left), A, p formally extended
beyond a perturbative calculation framework
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Contours of mj;, =125 GeV at low and high tan 8 in MSUSY | A plane for m4 =0.3
TeV and ma =1 TeV. AXN%%, scenario.

tgB=1, m4=300 GeV, u=3 TeV teff=2.5, m4=300 GeV, u=3 TeV

25
14
2.0 12
= s 1.0
> 1. >
2 2 os
10 o6
0.4
0.5
0.2
0.0 0.0
-5 0 5 10 15 20 0 2 4 6
A [TeV] A[TeV]
tgB=5, m4=300 GeV, u=3 TeV tgf=30, m4=300 GeV, u=3 TeV
10 30
8 25
_ 20
z ¢ 3
=) E1s
=4 g
10
2 5
0 0
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Contours of mj, =125 GeV at low and high tan 3 in p, A plane for m4 =0.3 TeV and
ma =1 TeV. AXNET scenario.

tanB=1, my=1 TeV, Mg=3.5 TeV tanB=30, m4=1 TeV, Ms=5 TeV
30 30
20 20
10 10
> >
E o E o
< <
-10 -10
=20 =20
=30 -30
-30 =20 -10 O 100 20 30 -30 -20 -10 O 10 20 30
H[TeV] H[TeV]
tanB=2.5, m4=300 GeV, Mg=3 TeV tanB=2.5, m4=1 TeV, Mg=3 TeV
30 ] 30
20 20
10 10
z =
g o £ 0
< <
-10 -10
=20 1 =20
-30 ] =30
-30 -20 -10 0 10 20 30 =30 =20 -10 O 10 20 30

4 [TeV] u[TeV]
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Contours of mj, =125 GeV at low and high tan 3 in u,A plane for m4 =0.3 TeV and
m4 =1 TeV. AXNET, scenario.

tanB=5, m4=300 GeV, Mg=1.5 TeV tanB=5, m4=1TeV, Mg=1.5 TeV
30 30
20 20
10 10

A[TeV]
o

A[TeV]
S

~10 -10
=20 =20
-30 =30
-30 -20 -10 0 10 20 30 -30 -20 -10 © 10 20 30
p[TeV] p[TeVv]

Puc.: Contours of mj, = 125 GeV, m 4 =300 GeV (left) and m 4 =1 TeV (right)
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Domains of my, in the u,A plane for A;;, =2 TeV and p =1.5 TeV. A)\‘;{TD scenario.

m, [TeV]

my, [TeV]

0.105

0.10

0.095
0.08

tan B
tan B

0.06

0% 0.085

0.02

0.075

0 0.0
0.15 0.20 025 0.30 0.35 0.40 0.45 0.50 0.150.200.25 0.300.35 0.40 0.45 0.50
my [TeV] my [TeV]

Puc.: Msysy =500 GeV (left) and 750 GeV (right).
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mod+

4. Heavy C'P-even H branchng ratios for mz“ and m; parameter sets

hh
W

log; o BR(H)
log; o BR(H)

-3
4 _a ZZ
-5 Ay -5 vy
/—\_"/ /\———’/
- -6
300 400 500 600 700 800 900 300 400 500 600 700 800 900
my [I3B] mpy [[B]

Puc.: mp, = 124 — 126 GeV, Msysy = 1.5 TeV and p = 200 GeV or 1 TeV. Left panels:
tan B8 = 4, A = 2.45Msysy (m';‘llt scenario); right panels tan 8 = 10, A = 1.5Msysy (7;12“0dJr
scenario). Results are stable with respect to Higgs superfield parameter . variation.

5
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Isocontours for C'P-even H boson mass and C' P-odd A boson mass

Mpa [TsB] (Ms=2.5 TB, fgp=1) My [TeB] (Ms=2.5TsB, tgf=1)
.‘l ‘
15 15
600
= 800 =
10 500
2 600 2 10
& = 400
3 400 =
300
5 200 5
200
0 0
0 5 10 15 0 5 10 15

A [T5B] A [T5B]

Puc.: my, =125 GeV, Mgysy = 2.5 TeV and tan 8 =1. m 4 domains (left panel) and mpg
domains (right panel).
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Isocontours of mass for C'P-even state A and charged state m;+ .

My [TsB] (Ms=10 T3B, 1g p=7) My= [T=B] (Ms=10 T3B, 1g=7)
100 100
2000 1600
90 90
= 80 1500 Z %0 1200
o o
=) =
X 70 1000 =70 800
60 60
/ 500 / 400
50 50
50 60 70 80 90 100 50 60 70 80 90 100

A[TsB] A [T5B]

Puc.: mp =125 GeV, Msysy = 10 TeV and tan 8 =7. Along the black solid line my =750
GeV.



Summary

YyBCTBATENBHOCTL PE3Y/ILTATOB MO OTHOLUEHNIO K PAANALMOHHBIM NOMPaBKaM
BbICOKa. Pegykunsa natumepHoro npoctpanctea MCCM He cooTBeTCTBYET
kakomy-nnbo maccosomy basucy ansi coctosHuii obweii aByxaybnetHol mogenu.

Tem He meHee pepyumposanHbie cueHapun (hMSSM, FeynHiggs based)
[OCTAaTO4HO TOYHO BOCMPOM3BOAAT CMEKTP MACC CKAJISIPOB MPM JOCTATOHHO
bonbwinx m 4, my 6onee 200 MNB n manbix tan 5. NoBegeHne yrna cmelwmneBaHms
C'P-4eTHbIX COCTOSIHNII ONMCBIBAETCSI HE BMOJIHE YAOBJETBOPUTENBLHO.

Ha macwrabe Mgirsy bonee 1 TaB ectb y3kas gonyctumasi obnacte tan 8 ~1.
Ana maneix tan 5 <3 macwTtab macc cynepnaptHepos Mgirsy OrpaHu4eH
ceepxy Ha yposHe (3-4) TaB. OcHosHas moga H — tt. MpocTpancTso u, A
O4YE€Hb CUNLHO OFPAHNYEHO, T ~ MA.

Onsi 6onbwnx tan 8 >30 nosiBnsieTcs HEOQHO3HAYHOCTL MacwTaba macc
cynepnapTHepoB Mgy sy : BONYCTMMbI MAacChl Kak nopsiaka Heckonbkux T3B, Tak
n nopsigka paecatkos (20—-30 Ta3B). Bonbwue tan 8 ~ 30—-40 npn m g+ <400
GeV 3aKpbITbl OrpaHnyeHnem Ha tt — H* — 6 jets (Tesatpon). OcHoBHas Mopa
H — bb.

Mpeanonoxexne my nopsigka 750 3B ogHoBpemenHo ¢ my =125 3B
npakTu4ecky ncka4vaet mansie tan B, npusognt Kk Mgy gy 6onee 5 TaB n
oyeHb Gonbwnm p, A 6onee 20 TaB (ycnosus 2|miopA, p| < Msysy ans
ONpaBAAaHHOCTY Pa3foxeHuns 3cpdekTUBHOro noTeHumnana B 6asmnce onepatopos
pa3MepHOCTU 4 BbINOHSIOTCS).
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