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@ Couplings of the discovered Higgs boson at My = 125 £+ 2 GeV are within O(10%) of the
SM predictions.

@ Opportunity in the search of (or constraining) BSM physics through Higgs portal.

@ Precision Higgs Study (Higgcision).
@ Search for additional Higgses.



Two Higgs Doublet Model

@ Several theoretical motivations to go beyond the SM Higgs sector.
@ In a modest bottom-up approach, consider the simplest Higgs-sector extension of the SM,
+
i.e. two SU(2), doublets ®; ( ‘Z{) ) (with i = 1,2).
1

@ Most general 2HDM potential in doublet field space @4 »:

V= @2(0] ) — y2(d,) — [m122(d>j¢2) 4 H.c.]
+ A1(®]01)7 + Ap(P]D2)% + Ag(®] 01)(®2) + Aa(P]P2)(951)

1 ,
+ Exs(qﬁmg)? + 26(@T01) (@1 D2) + A7 (T o) (D)) + H.c} .



Two Higgs Doublet Model

@ Several theoretical motivations to go beyond the SM Higgs sector.
@ In a modest bottom-up approach, consider the simplest Higgs-sector extension of the SM,
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i.e. two SU(2), doublets ®; — ( ‘f;{) ) (with i = 1,2).
1
@ Most general 2HDM potential in doublet field space @4 »:
V= @2(0] ) — y2(d,) — [m122(d>j¢2) 4 H.c.]
+H A1(]01)2 + Ap (D] B2) + Ag (] b1) (B d2) + Ag(®] D2) (0] 1)

1 ,
+ Exs(qﬁmg)? + 26(@T01) (@1 D2) + A7 (T o) (D)) + H.c} .

@ Four real mass parameters N%,zr Re(m122), Im(mfz), and 10 real quartic couplings A 2 3 4,
Re(Xs,6,7), IM(As,6,7)-

@ Motivated by the LHC Higgs data, scrutinize the SM alignment limit of the 2HDM potential.

@ Explore possible symmetries of the 2HDM potential to naturally justify the alignment limit.



An Alternative Formulation of the 2HDM Potential

@ Gauge-invariant bilinear scalar-field formalism. [Nishi '06; Ivanov '06; Maniatis et al’06]

@ Extend the SL(2,C) group to the maximal reparametrization group of the 2HDM potential,
namely, the complex linear group GL(8,C), by introducing an 8-dimensional complex
multiplet: [Battye, Brawn, Pilaftsis '11; Nishi '11; Pilaftsis '12]

g
®;
io?®y
io2d}

P =

@ & satisfies the Majorana property: & = C®*, where C = 02 ® 0° ® o2.
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@ & satisfies the Majorana property: & = C®*, where C = 02 ® 0 @ o2.

@ Define a null 6-dimensional Lorentz vector: RA = &T¥Ad (with A =0, 1,2, 3, 4,5), where
202%00@)00@005%187 51 :%Uo®g1®ao7 ):22503@02@00’
23:%00@)03@007 24:7%(72@)02@007 25:7%01(802@00.

@ The general 2HDM potential takes a simple form:

vV = —%MARAJF %LABRARB,

@ The bilinear field space spanned by the 6-vector RA realizes an orthochronous SO(1, 5)
symmetry.



Symmetry Classifications of the 2HDM Potential

@ Three classes of accidental symmetries of the 2HDM potential:

@ Higgs Family (HF) Symmetries involving transformations of ®4 2 only (but not @7 ,),
€.9. Zo [Glashow, Weinberg 58], U(1)pq [Peccei, Quinn '77], SO(3)nF [Deshpande, Ma '78; lvanov '07;
Ma, Maniatis '09; Ferreira, Haber, Maniatis, Nachtmann, Silva '10].

@ CP Symmetries relating @1 to @7 ,, e.g. ®4(2) — ¢T(2) (CP1) [Lee '73; Branco '80],
Dq(2) — (7)¢5‘(1) (CP2) [Davidson, Haber '05], CP1 combined with SO(2),4z/Z> (CP3)

[Ivanov '07; Ferreira, Haber, Silva '09; Ma, Maniatis '09; Ferreira, Haber, Maniatis, Nachtmann, Silva '10].

@ Additional mixed HF and CP symmetries larger than O(3) that leave the
gauge-kinetic terms of ®4 » invariant [Battye, Brawn, Pilaftsis '11].
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Dq(2) — (7)¢5‘(1) (CP2) [Davidson, Haber '05], CP1 combined with SO(2),4z/Z> (CP3)

[Ivanov '07; Ferreira, Haber, Silva '09; Ma, Maniatis '09; Ferreira, Haber, Maniatis, Nachtmann, Silva '10].

@ Additional mixed HF and CP symmetries larger than O(3) that leave the
gauge-kinetic terms of ®4 » invariant [Battye, Brawn, Pilaftsis '11].

@ The Majorana condition, together with SU(2), x U(1), gauge invariance, reduces GL(8,C)
to two subgroups isomorphic to GL(4,R): one related to HF and another to generalized CP.

@ Maximum of 13 distinct accidental symmetries of the general 2HDM potential.
[Battye, Brawn, Pilaftsis '11; Pilaftsis '12]

@ Each of them imposes specific relations among the scalar parameters.



Symmetry Classifications of the 2HDM Potential

[Pilaftsis *12]
Table 1
Parameter relations for the 13 accidental symmetries [1] related to the U(1)y-invariant 2HDM potential in the diagonally reduced basis, where Imis =0 and i = A7. A dash
signifies the absence of a constraint.

No. Symmetry u? "3 m3, I8 2 i3 ha Re ks e =h7
1 7% 0(2) - - Real - - - - - Real
2 (Z2)? x SO(2) - - 0 - - - - - 0
3 (Z2)% x 0(2) - ut 0 - A - - - 0
4 0(2) x 0(2) - - 0 - - - - 0 0
5 Zy x [0(2))? - ut 0 - M - - 2h1 — A3gq 0
6 0(3) x 0(2) - " 0 - M - 2 — A3 0 0
7 S0(3) - - Real - - - - ha Real
8 Z; x 0(3) - ut Real - A - - 4 Real
9 (22)* xS0(3) - " 0 - A - - +ha 0

10 0(2) x 0(3) - ut 0 - a 224 - 0 0

11 S0(4) - - 0 - - - 0 0 0

12 Z x 0(4) - ut 0 - M - 0 0 0

13 S0(5) - u? 0 - M 2 0 0 0

@ In the diagonally reduced basis [Gunion, Haber '05; Maniatis, Nachtmann '11], Im(A5) = 0 and
g = A7.
@ 7 independent quartic couplings for the U(1) y-invariant 2HDM potential.
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[Pilaftsis *12]
Table 1

Parameter relations for the 13 accidental symmetries [1] related to the U(1)y-invariant 2HDM potential in the diagonally reduced basis, where Imis =0 and i = A7. A dash
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9 (22)* xS0(3) - " 0 - A - - +ha 0

10 0(2) x 03) - w3 0 - M 2 - 0 0

11 S0(4) - - 0 - - - 0 0 0

12 Z x 0(4) - ut 0 - M - 0 0 0
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@ In the diagonally reduced basis [Gunion, Haber '05; Maniatis, Nachtmann '11], Im(A5) = 0 and
g = A7.
7 independent quartic couplings for the U(1) y-invariant 2HDM potential.

Maximal symmetry group in the bilinear field space: Gf,,; = SO(5).

Maximal symmetry group in the original ®-field space: GZ,,\; = (Sp(4)/Z2) ® SU(2),.
Conjecture: In a general nHDM, GZ .\ = (Sp(2n)/Z2) ® SU(2),.

For the SM (with n = 1), reproduce the well-known result G&, = (SU(2)¢/Z2) ® SU(2),,
using group isomorphy: Sp(2) ~ SU(2)¢ (custodial). [Sikivie, Susskind, Voloshin, Zakharov '80]



Maximally Symmetric 2HDM

@ Following relations between the scalar potential parameters in the SO(5) limit:
B =5, My, =0, X2 =X, X3 =2\, A\ =Re(ds) =X =X\ =0.

@ 2HDM potential parametrized by single mass parameter ;2 and single quartic coupling A:
V= (104 4 002) + A (1012 4 [0:F)° = — sl @+ 2 (a1 @)
2 4

@ More minimal than the MSSM scalar potential, even in the custodial limit g’ — 0, which
possesses a smaller symmetry: O(2) ® O(3) C SO(5).

@ After EWSB in the MS-2HDM, one massive Higgs boson H with mass M2, = 2),v2, whilst
remaining four scalar fields (h, a and h*) are massless (pseudo)-Goldstone bosons.

@ Natural SM alignment limit with o = 3. [Recall Hsy = Hcos(8 — a) + hsin(8 — a)]
@ (Pseudo)-Goldstones can naturally pick up mass due to g’ and Yukawa coupling effects.



Custodial Symmetries in the MS-2HDM

@ Quark-sector Yukawa Lagrangian

*ﬁi éL(h%Jqu + hgq)g)UH + OL(h?$1 + h‘213>2)d,q

o0
= (O, dr) (¢1,¢2,‘51,‘1~>2)(35 2?)<ZZ>
0
—_—



Custodial Symmetries in the MS-2HDM

@ Quark-sector Yukawa Lagrangian

7£?( = éL(hﬁlqu + hg¢2)UH + QL(h?EM + hg‘sg)d,qv
hi{ 0
- Y =~ hy 0 up
= (O, dp) (¢1 , @, Oy, ¢2) 02 ne ( dr ) .
0
N——— ——
H

@ To find all the custodial symmetries of this Lagrangian, consider the 10 Lie generators of
Sp(4) group: K2 = k2 ® 0°, where with the normalization: Tr(x2 k?) = §2b,

1 1 1 1
Ro,1,3:§(r3®00,1,3’ HZ:EGO(@(TZ’ R4:§g1®007 /15:50'1@03,
56:10'2(800 H7:102®03 H8:10_1®a1 H9:102®01

2 ’ 2 ’ 2 ’ 2 ’

@ Candidate Sp(4) generators of the custodial symmetry SU(2)¢ are those which do not
commute with the hypercharge generator K°, i.e. K@ with a = 4,5,6,7,8,9.

@ 3inequivalent realizations: (i) K948, (i) K957, (iii) K9-8:° [equivalent in SO(5)).

@ Satisfy the symmetry commutation relation k@ H — H P = 0445 (Where t? = oP/2).

()hi, = e°nd,, (i)hy = &nf, ny = —eng, (ii)hy = &hng, ny = e "h.



g’ and Yukawa Coupling Effects

@ Custodial symmetry broken by non-zero g’ and Yukawa couplings.

s0B)@su@), 2% 0(8)®0(2) ®SUR), ~ 0(3)® U(1)y ®SU(2),

Yukawa

= 0(2)®U(1)y ®SUR), ~ U(l)pg @ U(1)y ® SU(2),

12)#0
—

(¥4

U(1)em -

@ To study their effects on the Higgs spectrum in a technically natural manner, assume
SO(5)-symmetry scale px > v, and use RG running down to the weak scale.

@ Does NOT yield a viable
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g’ and Yukawa Coupling Effects

@ Custodial symmetry broken by non-zero g’ and Yukawa couplings.

s0()@su@),  Z7%  0(38)®0(2) ®SU2), ~ 0(3)® U(1)y ®SU(2),

Yukawa

— 0(2)®U(1)y ® SU(2), ~ U(l)PQ®U(1)Y®SU(2)L

@ 0
ﬁ) U(1)em -

@ Include soft SO(5)-breaking effects by Re(m122) # 0.
@ Does yield a viable Higgs spectrum.
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Soft Breaking Effects
@ In the SO(5) limit for quartic couplings, but with Re(m122) #0,
M§< _SSECB _i%% >+2A2v2( S;%CB s’;%c" )
- (5 ) ) (5 ) = omer

© M2 = 2,02, and MZ = M2 = M2, = R
H — 2 ) h — a — ht = sgcg

@ Natural alignment, irrespective of other 2HDM parameters.

Mg




Soft Breaking Effects

@ In the SO(5) limit for quartic couplings, but with Re(m122) #0,

Mg

52 —s3¢ 2 sz
M2 s 57 e B Y
_SBCB Cﬁ SgCB 85

_ Cg —Sp 2)\2V2 0 Cs S _ ~2 ~T
N (SB cs )( o M sy o5 ) = M9

2
@ M2 = 20,v2, and MZ = M2 = M2, = R(T2)

sgcg

@ Natural alignment, irrespective of other 2HDM parameters.

A C

@ In the general 2HDM, M3 = ( 2 >with

™ >
I Il

o)

C B
212 [cg,)q + 555 a5 + ShA2 + 255C <c§>\5 + Sg)w)} ,
MS + /\5V2 + 2V2 [S%C% (/\1 + Ao — )\345) — SgCp (C% — S%) ()\6 — )\7>:| s

v2 [sgc[j (2)\2 - >\345) — ¢3sp (2A1 - A345) +c5 (1 - 4353),\6 +52 (4(:/23 - 1>>\7}

@ Alignment iff C = 0.



Natural Alignment Condition

‘ 1427 — (202 — Aass) + BB(Ae — A7) + 13(2A1 — Agas) — Ae = O.

@ Requires \g = A7 =0, and tan? 8 = H > 0.

@ Alignment without decoupling, i.e. independent of M.
(similar to [Gunion, Haber '03; Carena, Low, Shah, Wagner '13])
@ CP-even Higgs masses are given by

M,E/ = 2V2()\1 Cg + )\345520% + )\23?3) = AsMm v2 s
M,27 = Ms + )\5V2 + 2VZS%C§()\1 + Ao — )\345) .
@ In the decoupling limit M5 > v, can use a seesaw-like approximation to obtain
v4s2 c2 2
M2 o~ A v27¢[32<2)\ Y 7cz<2)\ Y ] ,
H SM M2 + 2512 8 2 345) B 1 345)

M2~ MEZ4 sV > VR

@ Includes the possibility of decoupling via a large \s. [Ginzburg, Krawczyk '04]
@ Apart from SO(5), only two other symmetries can lead to natural alignment:

() 03)®0(2): P =5, M o= X = Aas/2,
(i) Zz ®[OQ2)P? B = p5, M o= X = Aus/2.



Theoretical and Experimental Constraints

@ Stability of the potential: [Branco et a/'12]
M2>0, A3+/AA2 >0, A3+ A+ A1d2 —Re(Xs) > 0.
Perturbativity of the Higgs self-couplings: ||Sgs—g¢ell < %.

(]
@ Electroweak precision observables.

@ LHC signal strengths of the light CP-even Higgs boson.

@ Limits on heavy CP-even scalar from H — WW, ZZ, v searches.
@ Flavor observables such as Bs mixing and B — Xs+y.

0.6 T ———— T r— 1000
L 1 900
0.57 ‘&_ 800
| | 700
5 3 eool
I 04n| . £ oor
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g 500 I
400
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0.3 1 10 30 0.3 1 10 30

anf ' ) ' tan3
[Baglio, Eberhardt, Nierste, Wiebusch '13]



Misalignment Predictions
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[PSBD, Pilaftsis "14]



Lower Limit on Charged Higgs Mass
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[PSBD, Pilaftsis "14]



Lower and Upper Limits on Charged Higgs Mass

1000 A ' '
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\
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[PSBD, Pilaftsis '14]



Implications for LHC

Higgs production processes:

pp = & P — qqo pp = Wo/Z¢ pp —+ tto
% t
I ‘ 1
- FW" @
% t
Gluon fusion
Bottom-quark: Vector boson fusion x Higgs Strahlung x‘ ttH productiongg®
annihilation

t5=2 t5=2

. b 4

300400 500 600 700 800 900 {000 0300 400 500 600 700 800 600 000 300 400 500 600 700 800 900 1000
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pp — tth — tttt Signal
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[PSBD, Pilaftsis '14]



pp — tbht — ttbb Signal
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[PSBD, Pilaftsis "14]



Conclusions

@ We analyzed the scalar potential of the Maximally Symmetric 2HDM.

@ SM Alignment limit can be realized naturally, independently of the heavy Higgs spectrum
and the value of tan 3.

@ Deviations from the alignment limit are induced by RGE effects due to the hypercharge
gauge coupling g’ and third generation Yukawa couplings, which also break the custodial
symmetry of the theory.

@ In addition, non-zero soft SO(5)-breaking mass parameter is required to yield a viable
Higgs spectrum consistent with the existing experimental constraints.
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gauge coupling g’ and third generation Yukawa couplings, which also break the custodial
symmetry of the theory.

@ In addition, non-zero soft SO(5)-breaking mass parameter is required to yield a viable
Higgs spectrum consistent with the existing experimental constraints.

@ Using the current Higgs signal strength data from the LHC, which disfavour large
deviations from the alignment limit, we derive important constraints on the MS-2HDM
parameter space.

@ Predict lower limits on the heavy Higgs spectrum, which prevail the present limits in a wide
range of parameter space.

@ Depending on the scale where the maximal symmetry could be realized in nature, we also
obtain an upper limit on the heavy Higgs masses in certain cases, which could be
completely probed during the run-Il phase of the LHC.

@ We propose a new collider signal with four top quarks in the final state, which can become
a valuable observational tool to directly probe the heavy Higgs sector of the 2HDM in the
SM alignment limit.
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THANK YOU.



2HDM Potential in Bilinear Space

where

My

1 1
vV = —§MARA+ZLABRAHB,

(k3 + 13, 2Re(mRy), —2Mm(m?y), 4f—4f, O, 0),

ol +
oo, +

oIy —
dTio2d, —

A+ Ao+ A3
Re()\e + )\7)
—Im(Ag + A7)
A1 — A2
0
0

of
of

2

ol
of
2

U2
>4

—i(®] b, — dloy)

Py '
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Symmetry Generators

Table 2

Symmetry generators [cf. (10), (14)] and discrete group elements [cf. (17)] for the 13 accidental symmetries of the U(1)y-invariant 2HDM potential. For each symmetry, the
maximally broken SO(5) generators compatible with a neutral vacuum are displayed, along with the pseudo-Goldstone bosons (given in parentheses) that result from the
Goldstone theorem.

No. Symmetry Generators Discrete group Maximally broken Number of
1% & K2 elements S0(5) generators pseudo-Goldstone bosons

1 Z; x0(2) T Dep1 - 0
2 (Z2)% x SO(2) T Dz, - 0
3 (Z2)? x 0(2) T Dcp2 - 0

4 0(2) x 0(2) T3, 70 - T3 1 (a)
5 Z; x [0@) 12,70 Deri T2 1 (h)
6 0(3) x 0(2) Th23, 70 - T12 2 (h,a)
7 50(3) TO46 - T46 2 (h%)
8 7, x 03) 7046 Dz, - Dcr T46 2 (h%)
9 (Z2)? x SO(3) 7057 Dcp1 - Depa 57 2 (h%)

10 0(2) x 0(3) T3, 7089 - T3 1 (a)

1 S0(4) 1034567 _ 1357 3 (ah*)

12 Z3 x 0(4) 7034567 Dz, -Dcp 7357 3 (a.h*)

13 50(5) TO 1.2...9 _ TLZ.E 9 4 (h. a, hi)

[PiTaftsis "12]

@ T2 and K2 are the generators of SO(5) and Sp(4) respectively (a =0, ..., 9).

@ 70 is the hypercharge generator in R-space, which is equivalent to the electromagnetic
generator Qem = 30° ® 0 ® 0® + K® in ®-space.

@ Sp(4) contains the custodial symmetry group SU(2)¢.

@ Three independent realizations of custodial symmetry induced by
(i) KO48 (i) K057 (iii) K089,



Symmetry Generators

Table 2

Symmetry generators [cf. (10), (14)] and discrete group elements [cf. (17)] for the 13 accidental symmetries of the U(1)y-invariant 2HDM potential. For each symmetry, the
maximally broken SO(5) generators compatible with a neutral vacuum are displayed, along with the pseudo-Goldstone bosons {given in parentheses) that result from the
Coldstone theorem.

No. Symmetry Generators Discrete group Maximally broken Number of
T? & K9 elements SO(5) generators pseudo-Goldstone bosons
1 Z; x 0(2) 10 Dep - 0
2 (Z2)* x 50(2) 70 Dz, - 0
3 (Z2)* % 0(2) Tl Dem - 0
4 0(2) x 0(2) 73,70 - T3 1 (@)
5 Z3 x [0@)1° 12, 7% Dept 72 1 (h)
6 0(3) x 0(2) T1.23 70 - T'2 2_(h.a)
7 50(3) T046 _ T46 2 (h)
3 7 x03) T048 Dz, -Der T46 2 (ht)
9 (Z2)% % 50(3) 7057 Dep1 - Depz 57 2 (k%)
10 0(2) x 0(3) 73,7089 - T3 1 (a)
1 50(4) T0.3:456.7 _ T357 3 (a,h%)
12 Z; % 0(4) TD.BA.S 6.7 Dz, - Dcr T3‘5'7 3 (ﬂ.h;J
50(5) T01.2...9 _ T1.288 4 (hah®)

[Pille:ftsis "12]
@ T2 and K@ are the generators of SO(5) and Sp(4) respectively (a=0,...,9).

@ 790 is the hypercharge generator in R-space, which is equivalent to the electromagnetic
generator Qem = 30° ® 0 ® 0° + K® in ®-space.

@ Sp(4) contains the custodial symmetry group SU(2)¢.

@ Three independent realizations of custodial symmetry induced by
(i) KO48 (i) K057, (iii) K089,



Higgs Masses and Couplings in a General 2HDM

@ Inthe CP-even sector,
HY\ _ cosa  sina P
h - —sina  cosa P2 '
2 _ A C _ s% —sgCg
(M), = ( c B ) = < —sges B >

L2 2 ¢ +Re(A5)s3 + 2Re(Xg)SpCs  AaaSCs + Re(Ag)ch + Re(A7)sh
X3453C5 +Re(Xg)c3 +Re(A7)s3  2Xp83 + Re(A5)c + 2Re(A7)s5Cp

5’\)

with Agq4 = Az + A4 and tan2a = A%CB. [Pilaftsis, Wagner "99]
@ The SM Higgs boson is given by

Hsm = pi1cosfB+ posing = Hcos(B — «) + hsin(B — «) .

@ With respect to the SM Higgs couplings Hgy VV (V = W*, 2),

ghww = sin(B —a), g = cos(B —a) .
Unitarity constraints uniquely fix other V-Higgs-Higgs couplings [Gunion, Haber, Kane, Dawson '90]
g .
= —=—cos(B — = sin(B — a) ,
Ghaz = 5o (B—a),  OHaz 2050 (B—a)

Irthw— = gcos(ﬁ —a), Ot w— = g sin(8 — a) .



Higgs Masses and Couplings in a General 2HDM

@ Consider normal vacua with real vevs vy », where /v2 + v2 = vgy and tan 8 = va/v4.
+
1 ¢ . (with j = 1,2).
73V + pj + in))
@ After EWSB, three Goldstone bosons (G*, G%), which are eaten by W* and Z, and five

physical scalar fields: two CP-even (h, H), one CP-odd (a) and two charged (h*).
@ In the charged sector,

G\ cosB  sinpB s
ht ) — \ —sinB cosp by )

1 1
. 2 2 2 2
with M2, = P, {Re(mm) -5 ({/\4 +Re(Xs)} $5C5 + Re(X6)C3 + Re(msﬁ)}

@ Eight real scalar fields: ¢; = (

@ Inthe CP-odd sector,
G*\ cosB  sing ™
a - —sinB  cospB Mo ’

with M2 = s;T,g [Re(m‘fz) -2 (Re(A5)8505 + % {Re(Ae)C% +Re(>\7)s%}>}

’
M2, + 5 e —Re(2s)] v2,



Quark Yukawa Couplings

@ By convention, choose hY = 0. For Type-| (Type-Il) 2HDM, h{(hg) = 0.
@ Quark yukawa couplings w.r.t. the SM are given by

Coupling Type-I Type-ll
[o/¥ cosa/sinfg | cosa/sing
Ihbh cosa/sinB | —sina/cosp
Ohit sina/sing sina/sing
IHpb sina/sing | cosa/cosp
[o ¥ cot3 cot3
a0 —cotp tan g




g’ Effect
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Yukawa Coupling Effects
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With SO(5) Boundary Conditions at px
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[PSBD, Pilaftsis (preliminary)]



With SO(5) Boundary Conditions at px
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With SO(5) Boundary Conditions at px
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