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e Brief history of symmetries for natural SM alignment

— Flavour unitarity of the CKM mixing matrix
[Gell-Mann, Levy '60; Cabbibo '63; Kobayashi, Maskawa '73|

— GIM mechanism to explain the smallness of the strangeness-changing

interaction at the quantum level (requires the existence of the c-quark)
[Glashow, lliopoulos, Maiani '70]

— Conditions for diagonal neutral currents in Z-boson interactions to quarks
[Paschos '77]

— Natural diagonal neutral currents in Z- & multi-Higgs-boson interactions
to quarks [Glashow, Weinberg '77]

— Renormalizable models with partial flavour non-conservation at tree level
(G”\/l su ppressed)_ [Branco, Grimus, Lavoura '96]

— Yukawa alignment in the 2HDM broken by RG effects
(not enforced by symmetries) [Pich, Tuzon '09]

— Natural SM alignment of New Physics [this talk]
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e SM Alignment in the 2HDM and beyond

e 2HDM potential [T. D. Lee '73;

Review: Branco, Ferreira, Lavoura, Rebelo, Sher, Silva '12.]
Vo= —13(¢lgn) — p3(phda) — miy(B]ea) — miz(dher)
+AL(G161)7 + Aa($h2)? + Aa($161)(d302) + Aa(d162)($h1)

A A5
+ 5 (0102)" + T0ho)? + Ao(@161)(9]2) + Ai(@161)(d31)
+ Ar(@h2) (B1¢2) + A5 (B52)(85en) -

e Physical (CP-conserving) spectrum:

CP-even Higgs bosons H and h; CP-odd scalar a; charged scalars h*.
e Higgs coupling to gauge bosons V. =W, Z:

guvy = cos(B —a), gnvy = sin(f —a) ,

where tan 8 = (¢2)/(¢1) and a diagonalizes the CP-even mass matrix.
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e Global fit to SM mis-alighment
[e.g. D. Chowdhury, O. Eberhardt, JHEP11 (2015) 052.]
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e SM Alignment 5 — «:

(i) Decoupling:

[Georgi, Nanopoulos '79; Gunion, Haber '03; Ginzburg, Krawczyk '05]

M;% s M3+)\5v2 ~ Mﬁi > ng

M%[ 2)\5|\/|’02 —

2

(ii)) Fine-tuning:

4.2 .2
’USﬁCB

MC% + )\51}2

2
[S% (2)\2 — )\345) — C% (2)\1 — )\345) + .. }

[Krawczyk et al. '99; Carena, Low, Shah, Wagner '14; Dev, AP '14]

Arts — (2X2 — Agas)th + 3(A6 — A7) 15 4+ (2A1 — Agas)ts — Ag = O

(iii) Natural SM alignment (independent of M+ and t3): [Dev, AP "14]
A .
AleQZ% (Wlth )\3455)\3—|—)\4—|-)\5), A= A7 =0
L Sp(4): )\4 = )\5 =0 — )\345 = )\3
Symmetries: | o SU(2): As =0 — Aaus = A3y = A3+ \4
® SO(2)XC7D )\3’4,5 7& 0
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e Maximally Symmetric Two Higgs Doublet Model [P.S.B. Dev, AP '14]

Gs = SU(2), ® Sp(4)/Z ~ SU(2), © SO(5).

2 2 2 2 2\ ? M2 A 2
Vo= = 2 (1014 @o2) 0 (1012 H Do) = S el e+ (a1 @),
where [R. A. Battye, G. D. Brawn, AP, JHEP1108 (2011) 020.]
[ o)
P = .QZ2 ,  with Up, € SU(2)L ® — P = Up P,
10497
\ io63 )
such that under global field transformations,  [AP, Phys. Lett. B706 (2012) 465 ]

Sp(4): ® — & =UP, withUecUH4) & UCU'= C=ir*®o’
SU(2) . gauge kinetic terms remain invariant.

Breaking Effects: —m7, ¢J{¢2, U(1)y coupling ¢’, Yukawa couplings Y %<,
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e Natural Alighment Beyond the 2HDM [AP '16]

— nHDM potential with m inert scalar doublets:
VnHDM — ‘/sym + ‘/inert + A‘/softa

— 3 continuous alignment symmetries in the field space of the active
EWSB sector (Ng =n —m):

(i) Sp(2Ng) xD (i) SU(Ny) xD (i) SO(Ng) x CP x D,

where D acts on the inert sector only.

— Symmetry invariants:

i) S = olo, + ol +... = lot®
(i) D* = ®lo*®; + PLo"Dy + ...
(i) T = &) + P® + ...

— Symmetric part of the scalar potential:

Vam = —p2S + AsS? + Ap DD + \pTr (T T¥) .
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— Inert part of the scalar potential:

Vinert = m?,,g (I)Z(I)b + )‘aéad ((I)T(I)b)(q)gq)d) + )‘aécd ((I)T(I)b)(q)j:q)d)
F Agiea (@FB) (B100) + | Ay (918;)(018) + Hec
Zy: ®, - ®, (a=1,2,...,Ng), & — —&; (b=1,2,...,m)

— Soft-symmetry Breaking:

AVip = m?2, d!d,

— Minimal Symmetry of Alighment in the Higgs basis:

EW |
Z5" .

5P, D, -, (d=23,...

where m?, becomes diagonal.

—

Minimal Alignment Symmetry: Z5W x Z)

[AP '16]
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e Quartic coupling unification in the MS-2HDM

[Dev, AP '14; N. Darvishi, AP '19]

Symmetry-breaking of Sp(4)/Z, ~ SO(5):

e Soft breaking (e.g. through m3,):

R 2
MZ = 22g?,  MZ = M2 — M2, — R
SBCp
Heavy Higgs spectrum is degenerate at tree level.
e Explicit breaking through RG running (two loops):
Sp(4)/Z,®SU(2), L% SU(2)yr @ U(1)y @SU(2),,
Yu,d

X U(1)pg ® U(1)y ®SU(2),

2
mio

U(1
(g er
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e Quartic Coupling Unification (two loops) [N. Darvishi, AP '19]

1.5 ,
ok MS-2HDM | e g,
: tanﬁ=50 ....... 92
of M..=500GeV | %
) o Te~l_ T
(@)) 1 S~ e yb
S| T e Ly
3—05_ .E. ....................................... T
— —
—_—
i A
5 Ay
_05 : 1 | 1 | 1 | 1 1
2 4 6 8 10 11

Log,q(u) [GeV]

First conformal unification point: ,ugg) ~ 10! GeV (of order PQ scale)
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Second conformal unification point: ,ug?) ~ 10'® GeV (of order mp))

1.5

N
o

Couplings
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[N. Darvishi, AP '19]
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A closer look at the RG evolution of A\,
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Low- and high-scale quartic coupling unification: tan 3 vs p

(1,2)

M,:=0.5TeV: - - -low-scale ——high-scale
M-=1TeV: - — -low-scale ——high-scale

- M,.= 10 TeV: - — -low-scale ——high-scale
M..= 100 TeV: - - -low-scale ——high-scale

Ay =Ny, Ay = 2,
i /Y T ITEITE T T m————-—— - ___.
7 ’,//"”— B I
/////’
L~ 7

e
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[N. Darvishi, AP '19]
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e Misalighment in the MS-2HDM

CP-even mass matrix in Higgs basis:

e

Light-to-heavy scalar mixing:

Q) )
&) QY

approx.

) Seesaw, Mé:ﬁ—% & M} ~

g B ’028565 [S% (2)\2 — )\34) — C% (2)\1 — )\34)]

Os =

Higgs couplingsto V =W, Z:

1
gavvy =~ 1 —59?57

Higgs couplings to quarks:

GHuwe ~ 1+ t5'0s,
Ghuu >~ —Os + 15",

B M(% + 2@28%0% ()\1 + )\2 — )\34)

gvy ~ —0Os

gHdd >~ 1 — tgls,

Ghdd =~ —0s — 15 .
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Predictions for Higgs-boson couplings to V = W, Z and b-quarks

10 ¢ F
: M. = 500 GeV ——tanp =50 102k M, = 500 GeV
10—55_ —tanl?)=35 3
: tanp = 20 10 ¢
6 [ —tanp=5 g
108 F _
: ——tanp =2 10°
7L ok
= 107§ E 10
G i 2t
= 10°F < 107
? 108}
10'95- i
F 10°
10-105_ 10-105
10—11- " 1 b 1 " 1 L 1 N 10—11: 1 1 1 1 1 1 1 1 1 1 1
4 6 8 10 12 4 6 8 10 12 14 16 18 20 22 24 26 28
Log,(u) [GeV] Login(u) [GeV]
10"
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tanp = 2 ——tanf=2
3 3
B 102 G
- - 102 |
10.3 10—3.|.|.|.|.|.|...|.|.|.|.
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Misalignment predictions in the MS-2HDM with low- and high-scale

quartic coupling unification, assuming M, + = 500 GeV.
[N. Darvishi, AP '19]

Couplings ATLAS CcMS tan 3 = 2 tan 8 = 20 tan 3 = 50

|gIIc_)Iwés§ale| [0.86, 1.00] [0.90, 1.00] 0.9999 0.9999 0.9999
high-scale

IgHZZ | 0.9981 0.9999 0.9999
low-scale +0.35 +0.42

|gHtt | 1.31_0.33 1.45_0.32 1.0049 1.0001 1.0000
high-scale

IgHtt | 1.0987 1.0003 1.0001
low-scale +0.26 +0.16

|gbe | 0.49_0.19 0'57—0.16 0.9803 0.9560 0.9590
high-scale

9 by | 0.8810 0.9449 0.9427

— Misalignment predictions consistent with experiment
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e Phenomenological implications at the LHC

Discovery channels for aligned Higgs doublets:

e gg — tbh— — tbtb [Dev, AP '14]
g b
g t
14
y pr > 20 GeV,
1000
’ n‘| < 2.5,
—_ 124
= 10 AR™ > 0.4,
E Myy > 12 GeV,
S
5 10 My — My| > 10 GeV,
5 .
L =104 Tey) | T p% > 30 GeV,
----- ts = 2 (14 TeV) i
-------- ts =5 (14 TeV) | < 2.4,
%00 400 600 800 1000 B > 40 GeV.

M,: (GeV)
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e gg — tt(h,a) — tttt

g x BR(h—=tt) [fo]

t

g t
h,a

g i i
t

N\

r

— t3=1(14TeV)
----- ts = 2 (14 TeV)
-------- t; =5 (14 TeV)

[Dev, AP '14]
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Realistic simulation analysis with a reconstruction BDT
[Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]
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Reconstruction BDT trained on 57 observables:

o AR(b;, 1), An(bi, 1%), Ad(bs, 1), piit™ m(b;, 1),
where 1 = tH,t and a = 4, —

o |m(", b)) — m(17,by)| and |m(I7, ber) — m(I", by)]|

b
e p, where j =tH, H,t

o AR(bi,br), An(bem, br), Ad (b, br), pLE T, m(by, by), where k = H,

o AR(tye,by), An(tyae,by), Ap(tya,by), pH* H, m(tya, by),
where a = +, —

o AR(tya,t.), An(tya,t.), Ap(tya,t.), where (H* t.) = (H',t) or (H ,t)
e m(H") — m(by), where a = +, —
e m(H) —m(t) and m(H ) — m(t)

HE 4t
Pr

L m(Hia tother)

other
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Results [Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]

o re—————
g 30| ki L =150 fb" |
30 | /s =13 TeV
20 | . Expected exclusion
10 1
5 |
4 L
3t
2

1
200 300 400 500 600 700 800 900 1000

H* mass [GeV]
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e Conclusions

e Symmetries for natural alighment without decoupling in multi-
HDMs:

(i) Sp(2Ng) (ii) SU(Ng) (iii) SO(Ng) X CP
Ng > 1: number of EWSB Higgs doublets

e Soft breaking —— minimal alignment symmetry: ZEW X Z'2

— Naturally aligned heavy Higgs sector is ZEW odd.

e Quartic coupling unification for maximally symmetric nHDMs:
G(I) = SU(Z)L X Sp(2n)/22 (here n = 2).

INPUT: M, + & tan3 — p,g? ~ 101 GeV & u()?) ~ 101 GeV.

e Two-loop RG effects give rise to definite misalignment predictions
for all H-couplings to SM particles in terms of M, + & tan 3.
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e Probing new aligned Higgs doublets via the production channels:

(a) gg — tbh— — tbtb (b) gg — tt(h,a) — tttt
t
g t
e
g ~ t
t

More experimental analyses needed
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Back-Up Slides
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e Symmetries of the 2HDM Potential

[R. A. Battye, G. D. Brawn, AP, JHEP1108 (2011) 020.]

Introduce the SU(2)-covariant 8D complex field multiplet
[ o)
P — .qu ,  with Up, € SU(2)L b — & = U, P .

o2}

\ i0%03 )

P satisfies the Majorana constraint

b = CP™,
where C is the charge conjugation 8D matrix

C=o*"®d®d = Or 14 ® (—ios) .
— 14 04
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e The SO(1,5) Bilinear Formalism

Introduce the null 6-Vector

( Slo1 + Pl \
Ol + Py

~i [¢os — olo ]
dlo1 — Gl

1107 hg — ¢27J(72</51

\ —7;{ 1202q52—|—q52202q51} )

with A= pu, 4, 5 and

1{ ot 02
ho= 2 o
2(02 (O"LL)T> ’

2\ —ic? 0, 7 2\ —0? 0
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e The 2HDM Potential in the SO(1,5) Formalism

1 1
V = — - MasR* + “LAgR*RP,
2 4
with
M A — ( ,u% + Mg ’ 2Re(m?2) ) —211’1’1(77%%2) ) :U'% o Mg ) Oa 0 ) )
( )\1 -+ )\2 —+ )\3 Re()\6 —+ )\7) —Im()\6 -+ )\7) )\1 — )\2 0 0 \
Re(X¢ + A7) Az + Re(Xs) —Im(Xs) Re(Ad¢ — A7) 0 0O
I, —Im(AG + )\7) —Im(A5) )\4 — Re(>\5) —Im()\g — >\7) 0 0
AB —
)\1 — >\2 Re()\f; — )\7) —Im()\6 — )\7) )\1 -+ )\2 — )\3 0
0 0 0 0 0O O
\ 0 0 0 0 0 0 )
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e The 2HDM Potential in the SO(1,5) Formalism

1 1
V = — -MaR* + - Lap R*RP,
2 4
with
Ma = (pi+p3, 2Re(miy), —2Im(miy), pi—p;3, 0, 0),
( A4+ X2+ A3 Re(Ag+ A7) —Im(Xg + A7) AL — Ao 0 0 \
Re(A6 + )\7) )\4 -+ Re()\5) —Im(>\5) Re(AG — )\7) 0 0
I, L —Im()\6 —|— )\7) —Im(>\5) )\4 — Re(A5) —Im(>\6 — )\7) 0 0
AB —
)\1 — )\2 Re(AG — )\7) —Im()\G — )\7) )\1 -+ )\2 — )\3 0 0
0 0 0 0 0O O
\ 0 0 0 0 0 0 )
e Unitary Field Transformations: [AP. Phys. Lett. B706 (2012) 465 ]

Sp(4): ® — & =U®, with UeU4) and UCU'=C
SO(): R — R'= 0" R', with 0eSO(5) c SO(1,5)
—  SO(5) ~ Sp(4)/Z
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e Symmetries of the U(1) y-Invariant 2HDM Potential

SO(5)-diagonally reduced basis: Im A5 =0 and \g = A7.

The 2HDM potential exhibits a total of 13 accidental symmetries:

2

2

Symmetry peoopus me, A1 A2 A3 A4 Re \s A6 = A7
(Z2)* x SO(2) | - - 0 - - x E E 0
O(2) x O(2) - - 0 - - - - 0 0
VOB)x0(2) | - w0 - A = 221 — A3 0 0

Zo x O(2) - -  Real - - - - - Real
(Z2)° x O(2) - pu; 0 - A - - E 0

V Zo x [O2)]° || = w2 O - A - R 201 — A3y 0

v SO(5) - u 0 - A 2\ 0 0 0

Zo X O(4) - u; 0 - A - 0 0 0

SO(4) - - 0 - - - 0 0 0

O(2) x O(3) - u; 0 - A 2\ - 0 0

(Z2)? x SO(3) | - pwu; O - A - -~ + Xy 0
Zy X O(3) - p} Real - X\ - - W Real
SO(3) - -  Real - - — - A4 Real

v': Natural SM Alignment

[Dev, AP, JHEP1412 (2014) 024.]
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e Symmetry Breaking Scenarios and pseudo-Goldstone Bosons
[AP, Phys. Lett. B706 (2012) 465.]

No Symmetry Generators  Discrete Group | Maximally Broken | Number of Pseudo-
T <+ K“ Elements SO(5) Generators | Goldstone Bosons
1 Zo x O(2) T Dcps - 0
2 | (Z2)* x SO(2) T Dz, - 0
31 (Z2)” x O(2) T Dcpo - 0
4 O(2) x O(2) T°, T - T 1 (a)
V5 | Zox [0(2)]° T, T° D cp: T 1 (h)
V6| OB3)x0(2) | T7%°, T - T 2 (h, a)
7 SO(3) 790 - T° 2 (k™)
8 Zo x O(3) 740 Dz, - Dcp2 T° 2 (k%)
9 | (Z2)? x SO(3) 7957 Dcp1- Dcpo T 2 (hY)
10 | O(2) x O(3) | T°, T"? - T 1 (a)
11 80(4) T0,3,4,5,6,7 _ T3,5,7 3 (a, hj:)
12 Zo x O(4) 7o 5201 Dz, - Dcpo T 3  (a, h™)
v 13 50(5) TO,1,2,...,9 _ T1,2,8,9 4 (h, a, h:l:)
v': Natural SM Alignment — [Dev, AP, JHEP1412 (2014) 024.]
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