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Introduction

The SM of particle physics works extremely well. The discovery of Higgs
boson at the LHC by ATLAS and CMS (CERN) in 2012
But it has problems

e ‘SM fine-tuning problem’
e sources of CP-violation
e DM candidate ...

SM is an effective theory at low-energy. New physics, non-minimal Higgs
sector: the observed Higgs boson is SM-like

- m =125.36 £ 0.14 GeV
— spin J =0 (99.9% CL)
— CP-even (40)

hi25 — cos Oheven + sin Ohoqq (1)
ATLAS:  tth,h =~y 0 <43°  2004.04545
CMS: h— 71 0 < 36° HIG-20-006

— F125: 4.2 MeV

— coupling accuracy is of ~ 8% (W=, Z), 10%-20% (f). w
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In any SM extension, Higgs boson properties (within the precision of
experiment) must be

THDM ;, SM
Yy~ 1

y Higgs alignment limit (2)

However, there is still a room of SM deviations in

— self-interations

— interactions with light quarks and leptons

— CP-violating interactions (unambiguous evidence of non-standard Higgs
sector)

Among BSMs the most popular and investigated theory is the MSSM
(THDM-II) — 5 Higgs bosons

— no direct evidence has been found but

— many free parameters — benchmark scenarios or BPs for the LHC
searches

— model-dependence contraints — the standard MSSM benchmark
scenarios are excluded

— non-stardard benchmark scenarios are still viable
g+
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THDM: Higgs sector

SU(2) doublets with Y; =1

—iw; ; —iwd
®; = Lo by = e c
! (%(vﬂ—m—#le) )’ 2= (%(vge<+n2+zxz) ’
3)

Achmetzjanova E., Dolgopolov M., Dubinin M., Phys.Rev.D 71, 2005, 075008

@y= (0 ) = ( ). o= @

v® = v} + v = (246 GeV)?, tan § = % (5)
1
Lo = (D,®)D"® + (D, &) D"y — U(D:, D) (6)

SU(2) x U(1) renormalizable potential

U = —pi(®[®1) — p3(2]®2) — [12*(@]®2) + h.c] (M)
+ A(R]01)7 + A (PIP2)? + s (R]D1) (DI P2) + Aa (D] Do) (RI 1)

+ /22T o) (@] B2) + Ao (D] @1)(D]D2) + A7 (DL2) (D] D5) +

D,d = (au — i%aC‘A“ — i%B,,) P,

v
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Loop level

Different methods, codes, assumptions

RGE's ﬁ ___________ _@ RGE's
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Loop level

Different methods, codes, assumptions

MSUSY scale

l,l/ >\7, — A:ree + A)\ghr
M, e
SUSY thres. cor. ‘
_____fl/ _____ — 2 4 g2 2 2
RGE's ﬁ @ RGE's ajge = 270, g = 271
gi, h¢ )\ 2
o m b= -2 g =0

é\{i thr

SM EW AN
Coleman, Weinberg, Phys. Rev. D7, 6 (1973)
Haber, Hempfling, Phys. Rev. D48 (1993) 4280

3272 o2 2

2
Uow = U° + —>— trA? (mﬂ - §)
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Q+><><+A+ ‘-

O(d*): 2miopp| < M2, 2mgop Al < ME,  where A, = A, = A

Carena et al., Phys. Lett. B 355, 1995

UD = k(®]01)% + ko (DI D2)° + ks (@1 D1)2 (DI D2) + ka(PID1)(@1D2)? +
ks (DT D) (DT Do) (BLD1) + k(DI Do) (DI D)) (BLDs) +

(7 (D1D2)° + kg (P]D1)* (D] D2) + 1o (D] B1) (B]D2)” +
K10(P]®2)? (D] B2) + k11 (B]D2)* (BLD1) + k12(D] D) (B]P2)” +

+  Ri3(®1D1) (BT Do) (BT Do) + h.c].

+ o+

Threshold corrections to x; in Dubinin M., Petrova E., Phys.Rev.D 95, 2017, 055021
kil ~ |A;] at
|| cot B, | tan 3, | Ag|m, | Ap|mep > M3

|pAi|mg cot B, |nAp|mp tan B > Mg ",‘J

— large A, p regime
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Vacuum stability and perturbative unitarity in the ’large A, i’ regime

10
8
= 6
>
(=h
< 4
2
ol
0 2 4 6 8 10
w[TeV] |a0| S 1/2
Mg=1.5 TeV, tan f=1 Mg=2 TeV, tan 8=3,
Dubinin, Fedotova, EPJ WoC 158, 2017, mA=28 GeV, /s=8 TeV

02005 Dubinin, Fedotova, JETP, Vol. 131, 6, 2020

Perturbative unitarity analysis is based on the approach of Krauss, F. Staub,
Phys.Rev. D98, no.1, 015041 (2018)
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RG-effects to the dim-6 operators

Let’s consider k1 (P1®1)3

hp  (,_ 3lAn)? n |[Ap|*  |Ap|°
52002 MZ T M 10MS

_ g gitd (o oAb |Apl!
P128M2n2 Mz T 2M}

Lo (5 g2 g0 ((_ [ADP
512M§7r2 391 9192 92 2M§
|| (g% + 95)|pl*
320M 32 256 M52
(171 — 69793 + 9g3)|p|? n g7
3072M§7T2 1()24M§7r2

- hy + hy

4 4)

h%] (91 — 92

RG-improved effective potentials in non-renormalizable theories
Kazakov D.I., lakhibbaev R.M., Tolkachev D.M., 2209.08019v2 [hep-th]

V(g) = g¢°/6!

— divergences are subtracted some way,
— no analytic expressions for this type of potential, only numeric estimation
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RG-corrections to g1,2, hu,p

Haber H. E., Hempfling R., Phys. Rev. Lett. 1991. 66. P. 1815; Phys. Rev. D. 1993. 48. P. 4280.

1.x1076
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me < /s < Msusy
ma ~ Mew, A p=11 TeV

80 0 5000 10000
A, GeV

15000 20000

I: ma = Msusy
II: ma—200 GeV

ki (i =1,...,13) as functions of In s and the Higgs mass as a function of

Ay = A with k;(Msusy) (solid lines) or k;(Mzop) (dashed lines). Here
Msusy=3 TeV, tan f=5, u=15 TeV
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Higgs alinment limit in the THDM and the MSSM with CP-violation

Mass states hi, ha, hs, HE

hsm = hi, g= yTHDM/ySM ~1 9)
g CP-conservation CP-violation (6=0)
hiuu Ca/Ss (Saa21 + ca@11 — icgasiys)/sg
hidd —Sa/cs (cat21 — Sa@11 — ispasivys)/cp
hVV SB—a Ca—Ba21 — Sa—paa11
!
aij = G5 /My, n; = km/aﬁ + agj + agj, kj = +1 (10)
! _ 2 2 2 2 21 L 2 2
ay;; = [(mH - mhl)(mA - mhl) - Cz],a12 = —Ci1C2,013 = _Cl(mH - mh3)7
! _ L 2 2 2 2 27 1 2 2
Q21 = Ci1C2,Q22 = —[(mh - mhz)(mA - mhg) - 01],a23 = —C2(mh - mh3)a
! o 2 2 L 2 2 L 2 2 2 2
agy = —ci(my — mhl)a asy = cz2(mj, — mhz)a ass = (my, — mhg)(mH - mhg)

h,H, A, H* — states after rotations by angles a,
Dubinin M.N., Semenov A.V., Eur. Phys. J. C 28, 2003, 223
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SaQ21 + CaG11 — 1C3A317Y5
Ghiuu = 5 ~1 (11)

One can see that as1 ~0 — a1 ~sin(f — a), a1 ~ cos(ff — a)

Alignment The general case Only O(®7)

c1~0 Impi, ~ 0
I B—a~mn/2
kil =1
my ~mj,
1I c2 ~ —cy1tan(f — «) Imu%z ~0

meliefiel = 1

Numerical estimations:
o The Higgs alignment limit I is very similar to the one in the
CP-conserving limit. It is realized at my+ > 500 GeV

o The Higgs alignment limit II is realized at my+ ~ O(100) GeV,
Msusy > 2 TeV and large tan 5. Nevertheless, it is hardly believed

that the case II is viable. @
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CP-vioalating interactions

1 0

0 sin(f —a) alh

11

ais
a' = 0 aly als , at = cos(B—a) aYy abs , (12)
0 a3 ai 0 azy ass
Interactions Alignment I Alignment II

houu —aby cot B (saam + cqals — 105a32'y5)/s,3

hsuu —iaks cot Bys (Satbs + Caals — icpazsys)/ss

hadd ahs tan 8 (Caly — saaly — 255a32'ys)/c,3

hadd —iabs tan Bys (caabl — saals — isgaisys)/cs
hoVV 0 Cg_aaéé + s;;_aalllz
hsVV 0 Ch—alby + Sp_aall

CP-violating effects can be observed in interactions of SM particles with
@ hg3 in the case I,
@ ho, hs in the case II

and depend on the values of asz, ass
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¢=1.88
my+=220 GeV

5 10 15 20 25 30 35
tan 3

my+=0.5 TeV (brown), 1 TeV (blue) or 3 TeV (red), Msusy = 2 TeV,
tan 8 =5

MSUSY 2 TeV 5 TeV 10 TeV

tgf 5 5 10 10

Dat,’ 66.1 975 944 1058
miE GeV 800 500 300 200

| Ass| 0.33 006 002 0.20

Higgs alignment limit I with mp, = 125+ 3 GeV, |u| = 4Msusy, @ n
|A¢ | = 2Msusy & "

E. Fedotova in collaboration with M.N. Dubinin CP-violation and renormalization group effects in the Hig



Summary

o Higgs sector with CP-violation and new model regime of large A, p.
For such a regime, radiative corrections to the dimension-six operators
O(®°) that inevitably arise at the loop level of effective Higgs potential
decomposition become considerable

o It is found that the renormalization group effects to additional
radiative corrections improve predictions for the mass of the SM-like
Higgs boson by about 2% for the Higgs alignment limit I and by about
9% for the Higgs alignment limit II

o If hy is SM-like, Higgs alignment limit is analyzed, two cases are
obtained (I and II)

o Higgs alignment limit I is realized at
— intermidiate tan § and Msusy in the decoupling regime,
— intermidiate tan 8 and Msusy ~ 10 TeV at my+ ~ Mew

o CP-violating effects can be found in processes with hs 3 interactions
with SM particles and model regimes are proposed @w
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Appendix

A: a;; in the Higgs alignment limit

11
A22

/11
a12

/11
a3

I
1,2

2 2 n I /T I /1 2 2
Mpy, — MA, g3 =~ —Ca, a3 = Ca, a33 =My — Mpy,

Ra€s (3 —m3 )+ ()2, mb = ka&hy/(mE —m2,)? + (49)

e tan(f8 — ), ahy = abs, am ~ —c1 tan(g8 — a)(mi — mi;,):

ais, a/glgf =~ ta'n(ﬂ - Oé)(mi - mis)a all31§ = CL/33, (14)

~ v*(ImA7 tan 8 — ImAg cot 3)/2, ey ~ —ci' tan(B — a), (15)

+1, ecrm ajy > 0, I +1, ecim mj, > mj, .,
_ / §2,3 = _ 2 2 (16)
1, ecmm a1 <0, 1, ecim mjy, < miy,, 4,
+1, ecmu ¢1,2 > 0, 11 +1, ecim (B8 — ) € (0,7/2),
5 = 7)
—1, ecm ¢1,2 < 0, —1, ecin (B — ) € (7/2,
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Appendix B: radiative corrections

AM3, —’U2(A)\10?3 + ReA)\ss% + ReANgsag) + (18)
U4[3mc§ + 4Rengc‘253 + (k3 + K5 + 3Re/{9)02525 +

(3Rek7 + Reki1 + Rel‘€13)CBS% + Rek1053),

—0?(AX2sh + ReANsch + ReANrsas) + (19)
v*[Reroch + (3Rewr + Rekir + Reruz)chss +

(ka + ke + 3R6K10)C%S?g + 4Reli126ﬂ8% + 3/&23?3],
—v?(AXza85¢5 + ReAXgch + ReANrs3) + (20)
v4[Ref<;gcf; + (k3 + ks + Remg)cgs;; +

2(Rer11 + Rekis)cash + (ka + ke + Rerio)cssy + Reriass).

HAWAD
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Appendix C: mass basis

mo\ _ H i\ _ G° wi\ G*
(n)=e() (N)=o(%) (&)-o(in
Local minimum conditions

2

o= —Reumtg —|— (4)\105 + 3ReXgsz2s + 25g (As345 + ReArtg)) +

4

vz(?mlcé + 5Reﬁ80285 + 3(Rek7 + Rek11 + Remg)cﬁsg +
(Reko + (ks + /15)/2)53/3 + (k4 + K6 + 2Rek10 + Remgtg)sg) (21)

Hy = —Reu12 cot 3 —|— (4)\285 + 3ReA7s25 + 2% (As345 + ReXg cotg)) +

o
Z(?mzs% + 5Remzs%c§ + 3(Rex7 + Rek11 + R6K13)SBC?; +

+  (Rekio + (ka1 + Ke)/2)s35 + (k3 + r5 + 2Rerg + Rers cotg)cs) (2
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U(h,H,A,HE G°,G*) = coA+cihA+cHA

2 2 2
+ Dhp2 g %HQ + %fﬁ tmi e HYH + 1,

2
Co = 0:
02 o
Imufg = 2 —(spgeglmAs + cBIm)\G + sBIm)q) —|— {Imﬁgc@ + QImmchSB
=+ (31111/4,7 + Imk11 + ImK13)6585 + 21111,‘@100@83 =+ ImlimSB} ( )
cT = v ( 1/2 - ImAscaqp + ImAssacs — ImArcasg)
UZ( Catp525(3Imey + Imkiy + Imryz) + 4(sachImes — casylmei)
2(s3(—3cacs + sa58)Imk10 — c3(cacs — 35a55)mkg), (24)
2
Ccy = —%{Im)\5sa+5 + 2(ImAscpca + ImArsgsa)

+ vz[QIchgc‘an + Imf-cgc% (Sa+8 + 2casp) + Immos% (Sa+s + 2¢pSa)
+

1 HyWMA®
2Immzsf§sa + 5(3Imm + Imk11 + Imki3)s2psa+ts]} @n
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1
mi, = i(mierQZ +AM%1 +AM3, + \/m‘}4 +m} — 2m3micas + O),
mh = mys —miy +Z (ReAA5 —AXg) +
4
— %[C% (2Rekg — Kk5) + s%(2RemO — ko) — s28(Rer11 — 3Rewr)] (26)

2AM3, — (Mm% + m?)sap
tan2a = R 27
(m% —m?)cop + AM?Z, — AME, (27)

where

C = 4AMIy +(AME | —AM3,)? —2(m% —mB)(AMG | — AM3,)cop —4(m% +m%) AMT,ys0p,

az

O+2 o)
mil,z = QMCOS (Tﬂ) - %7 miS = 2+/(—q) cos (§> — 3

1.2 2 r 1 3
qg = —(3a) — a3), © = arccos <7> s r=—(9a1a2 — 27ag — 2ajy), (28)
9 VEa? 54
2 2 2 2 2 2 2 _ 2 2 2 2 2 2 2 2
ag = cimyy =+ comy — mypmpmis, ay = mpmy + mymy + mymy —c] — ¢y,

2

2 HAMAD
ag = —mj — myy — my Mry

E. Fedotova in collaboration with M.N. Dubinin CP-violation and renormalization group effects in the Hig



h ail a2 a3 h1
H = az1 a2z Q23 ha (30)
A a1 az2  a33 hs

1400
1200
@ 1000
m
. = 800
£ 150 M+ =190 T8 £ 600 my;+=1200 T3B
140 400
e - - 200
0
120 0 2 4 6 8 10 12 0 2 4 6 8 10 12
¢,pan ¢ pan

Puc.: Higgs masses: my, — red, my, — blue, my, — green. Mgysy = 2 TeV,
A¢p =2Msysy, p = 4Msysy, tan 8 = 5. Dashed lines correspond to
Mh; MH,MA-
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