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Effective Field Theories

 New physics affects low energy observables from non-renormalizable operators with
Wilson coefficients C; « A*~“ for d > 4

« Some UV theory can describe at low energies the SM (SMEFT)

A * Maybe some other theory can contain additional Higgs scalars
H, A, H* and can be integrated out v << M, ~ A
* This has been realized in the non-linear Higgs Effective
Theory
Heavy fields from J. High Energy Phys. 10 036 (2015)
the high-energy o Phys. Rev. D 109, 075022 (2024)
theory are
integrated out
v (EW)

Leptons, quarks, vy, Z, W*, h

Z=Zgm+ Z Cz‘(S)@z('S) T Z Ci(6)@z(°6)



Motivation

* Now, let’s assume that the low energy theory is described by not only the SM
particles but new Higgses H, A, H*

* Why? The 2HDM is one of the simplest extensions of the SM by adding one
additional Higgs doublet

* (Can also be specified further by how the Higgs doublets couple to fermions

A (type-l, I, X, and Y)
* Although there are new neutral and charged Higgses, their masses could be heavy
(and integrated out) or light and should be kept in the low energy theory
®
Heavy fields from
the high-energy _ _ _
theory are  Previous groups have looked at the CP-conserving case with Z, symmetry
integrated out only, however, misidentified operators that are unique in the types of 2ZHDMs
J. High Energy Phys. 09 160 (2016)
v (EW)

* Other groups have attempted to construct the general 2HDM EFT, but
couldn’t find some sets of linearly independent operators

L=< + COOO) + C©@®) J. High Energy Phys. 10 048 (2017)
2HDM Z Lot 2 Lot J. High Energy Phys. 09 035 (2019)

SM + new Higgses: H, A, H*



Higgs Doublets

 If there’s CP conservation in the scalar sector, then the doublets have the following components:

1 A R
T = G*F 3 _ HE sin 4t Y =y (—hsina+ Hcosa + iG cos ff — iA sin ff)
o o O =G cosp—H smp 1 =1 NG
OF Dy | ) )
(I);—“: GisinﬁAi+Hicos’BAi <I>g=v2 | \/E(hcos&+Hsin&+iGsinﬁ+iAcosﬁ)
New Higgs scalars v =174 GeV Vi = VCosf vy, =vsing
_I_
\H,A, H-}

« [is the vacuum angle
. 3, B* rotate the CP-odd and charged scalars to the {G, A} and {G*, H*} basis

« ( rotates the CP-even scalars to the {h, H} basis



The Complete Set of Effective Operators

(Warsaw-like basis) J. High Energy Phys. 10 085 (2010)
OS/Q = (®;-1,)'C(®; - 1),

Tells us which Higgs doublets are Lepton-violatin 22
( - ) being Contracgt%d together (Wei:berg) operaig)rs O'(Mg = (D2 1) C(®, - ),
Ofa = (@ 1,)TC(®, - 1),
yie’ 0531,11) = ZLeR(DI((DI(DI) O%f = QLdR(Dl((I)T(DI) Oilqp = qLUR ‘DI(CDJ{‘Dl)
Ola) = ILex®, (D} ®,) Ot = qLdr®, (D} ®,) O) = Grug - B} (D} ®,)
Ol = 1,ex®, (O}®)) O\) = G,dp® () O = G up - @ (@®,)
Mass operators O§<1p21) — ZLeRq)l((DI(DZ) nggl) — CILdR(I)l(q)Tq)z) O%) = qLUR CI)Jlr (q)Iq)z)
l//2¢3 (48) O%zz) — fLeRq)z(q’;(Dz) O%) — qLdR(I)Z((DT(D2) 0%2) = qLUR - cI);(cI)ch)z)
(9531)12) = lLeR(DZ((DI(DI) 0%3 = QLdR(I)Z((I)T(DI) Ofllqiz) = qLUR (I);(q)lr(pl)
0%2) = I,ex D, (D)D) 0%3 = G dr®@, (D)D) (’),%2) = Grug - D} (DD
Oly.) = I,.ex®, (@] ®,) Olo) = §1dr®,(D]®,) O, = qrug - D (D]®,)
Dipole operators Ve Otpo, = 110" ex®1B i Oupo, = 410" ®iBy,
) Owe, :_lLo"”eRTGCI)Iij,, Ouwe, = qro""dgt*® W, Ouwo, = qro*ugt® - ® W4,
v X¢ (32) Oipo, = [ 0" eg®,B,, Oice, = 90" A%dr®,Gy, Ouced, = 410" Aug - DG4,
Owe, = ZLO"‘”eRTaCDZWZV Oupo, = g0 dr®,B,, Ouo, = Gro" ug - CD;BW
Ouwe, = Lo drt* @, W7, Ouwe, = qr0"" ugt® - (I);W,Zu

Ouace, = qr0"A*drD,Gy, Ouce, = qL0" A%ug - (D;G“




The Complete Set of Effective Operators

2 42 <~ <> -
gD 083) = ((D}Liqu’l)(éR}’”eR) nglir) = ((D}Liqu)l)(dR}’”dR)
0% = (®}iD,®,)(exr"ex) 05 = (®}iD,®,)(dxr*dy)
(’)83) = (®]iD,®,)(ery*eg) + H.c (’)gs) = (®]iD,®,)(dgy*dg) + H.c
0811)1 — ((DIlBy(DI)(ZLY#lL) ngli) — ((DIiBy(Dl)(ﬁRyﬂuR)
Left ight-handed 0" = (@]iD,®,)(1,7"1,) Oy = (®}iD,®,)(itgy" up)
ert- or rignt-nanae 047" = (@]iD, @) Iyl + Huc O, = (®}iD,®2)(ixr"ur) + He
covariant derivative 1173 L oa an b
$ 2¢2D 34 Og;” " = (@1iD, D) (I 7711 O, = (@D, ®,)(gLr*qL)
operators Y (34) )8 _ (@1i5°®.\(]. 5 N _ (@D ®.)(2
Op " = (‘Dley(Dz)(lLT r*lL) O(Dq — (‘Dley(Dz)(QL}’”CIL)
Oglz)p] — ((I)IiD,u(DZ)(ZLTa},”lL) -+ H.C. quz) H— ((DIlDﬂq)z)(qL}"qu) -+ H.c
Oy = (®]iD,®:)(qL7°r"qr)
O%;” = (‘D;iDZq’z)(f?LT r"qL)
042" = (]iD,®,)(3,7°7*q,) + Hee
Ogic)z = (@, - iD,®,)(ugy*dg) + H.
Oy = (@, iD,®,)(gy"dg) + H.c
0% = (®2i - D,®,)(iigy*dy) + H.c
<>
O D ® = (D (DD, ,)— (DD ) D o DD, , = (®F 29D @, ) — (D ) %D
127> 12— 12V L2 p 1,27 1,2 127 =12 = 1,2 p L2 p 1,2 1,2

Antisymmetric combinations of covariant derivatives



The Complete Set of Effectlve Operators

4 Nny2
¢ D O(pa a/,l((I) (I)l)au(q)lq)l) ((D D (Dl)(q)TD (I)l)
22
053 = 0,(D]®@,)0" (@} ®,) — (®}D,®,)(®,D"®,)
11
0pi Y = 0,(®]®,) 0 (@] D) — (@D <1>1)(<1>*D ®,)
Scalar derivative O = g, (0@, )0 (@]®,) + H.c. — (®1D,®,)(®}D"®,) + H.c
492 2 - -
operators ¢ D~ (20) O = 0,(®]@, )0 (@] D,) — (®}D,®,)(®!D"®,)
21
05" = 0,(®1®,)(®]®,) + H.c — (®!D @) (@!D"®,) + Hee
21)(22 .
051 = 0,(®}®,)*(@]®,) + H.c. — (@D, ®,)(®}D"®,) + H.c
e OUVINAY _ (i )3 Ogl)(zw(zl) — (@(®,)(®]®,)* + H.e.
11)(11)(22 T ; 11)(21)(12
Op ") = (@] @,)? (@], Op ") = (0], (@]0))(®]®,)
11)(22)(22 + t 22)(21)(21
) Op "% = (0]@,)(@]@,) Op 2V = (0}0,)(®}®,)? + H.e.
Scalar operators ¢° (20) oQVIE) — (@i, )2 (dl®,) + H.c. 0PV — (@l o,) (@D, ) (0] ®,)
22)(22)(21 + : 21)(21)(21 "
o) — (i@, )2 (®)®,) + H.c. oZVENED — (@l@,)3 + H.c.
22)(22)(22 + 21)(21)(12
O #® = (0]@,)? O = (0]@,)*(@]®,) + Hee.
0y = (@]®,)(@]®,)(®]®,) + H.c.

Symmetric combinations of covariant

derivatives

((D?{,z(Duq)l,z) T (D,MCDI,Z)T(DI,2> — au(q)l(,zq)ll)

¢° operators affect

the vacuum stability
and scalar masses

¢*D? operators affect the

gauge masses and kinetic
terms of the scalars



The Complete Set of Effective Operators

X° operators SAME as in SMEFT (4)

X3 OW — eabc quwfawgﬂ OW — €abc‘:’VﬁUWSGW§y ) .
Og = f**G¥ G’ G Or = f**G¥Go G y operators SAME as in SMEFT (38)
2 42 | ;
X*¢ Opi = (®]®@,)G4,G OEI,;) (@] @, )We, W . v
(22) t yt Oy = (Iy 1) Iy, L) O.c = (ery*er)(ervuer)
Opc = (@,D,)Gy, G d>W = (D) D,)Wa, W O = (@,7"aL)@r,a) Oua = (A di) ()
(21) L T 0513:1) = (qr7r"qL)(GL7"v.qL) Ouu = (#gy*ug)(Ugy,ur)
OEDG) = (D, (Dl)Ga G + H.c. <I>W = ((I) (I)l)W,‘ija,uv + H.c. 0 = (1,71,) @, 7,4) (’)edz(éRy”eR)(c_iRy”dR)
11 ¥ a apy a auv O = (Iy*11)(eryeR) = (egreg) gy, ug)
S I O(DG ((D (I)l )G yG ((I) (Dl )W vW O = (ILy*1) (dry,dr) = (igy*ug)(dry,dg)
calar-gauge o _ (o}®,)G2, G — (®]®,)We, Waw Ou = 0urs) By = (i) k)
e 2 v 2/ p Oge = (17"q1)(Ervuer) Of,d = (qL7*qL)(dry,dr)
operators Ogé) (@T(I)l )Gau Ga’uu + H.C. ( )Wﬁv Wa”y + H.C. 05;;’) = (7LTa}’”L)(C_1LTa}’p‘1L) = (G A"r"qL)(dgA® Yudr)
X2 2 32 (11) T v (11) a a v (8> (qu"qi)(uRy,,uR)
( ) O‘I)B — ((qu)l)Bleﬂ OCDWB — ((I)IT QI)W B/‘ Ogu = (qrA"v*qr)(ugd® }'yuR)
(22) — T / 01 edq — (lLeR)(dRqL) + H.c. Oduq = eaﬂyejk((d%)Tcullé)((qz,j)TClLk) + H.c.
Ot(I;_B) — ((qu)z)B;me/ cDWB — ( 2Ta(D )Wa B 0% o = (@Lug) - (Gdg) +He. Oy = €€ ((92,)7Cely) () "Cer) + Hec.
1) _ T ' 0¥  — (g, g A%d H.c. 0,00 = €Peinem((q2)TCq ) (4%, )TCly,) + H.c.
— (D D, B.. B#Y H — (I) 70 a BHV H.c. quga = (qrA%ug) - (qrA%dg) + 994 j qrj)" “90)\\GLim
Oop = (©2®1) H e ‘DWB = 2" ) Wi B + 0P, = (Iuex) - (@Lur) +He. O = €1 ((d3)7 Cul) ()" Cez) + He.
o) = (®{®,)B,,B" (DWB — (®]z*®,) W2, B O = (o en) - (dyoun) + H.
22 g s . e
02 = (o]®,)B,, B" (DWB — (@@, W2, B
02 = (®)®,)B,,B* + Hec = (®}7°®,)W4,B* + H.c.

X 2¢2 operators affects kinetic terms of gauge bosons

Matches Hilbert series counting

Total: 48 +32+34+4+204+20+4+ 32+ 4 + 38 = 228  J. High Energy Phys. 09 035 (2019)



Types of 2HDM EF1s

« Avoid flavor changing neutral currents with fermions by imposing Z, symmetry on the fields:

- - — —

Model U d e lL €r (r Up dR (I)l (I)z
Type-I (I)z (I)z (I)z | T | - 0T
Type-1I ®, &, O + — + R
Type-X (Lepton-specific) &, &, ®; + — -+ - 4+
Type-Y (Flipped) D, ¢, O, -+ — +
Type-1 31 + H.c. = 62) Type-II (24 + H.c. = 43)
Vels O =1, ex®, (Di®,) O — G, dp®, (®l®,) O%) — G up - @l (@I®) 24 1y _ ; any ; 21) bt
éq) —_L R™=1 1 ?lq,)’l) qL R™1 2+1 ’(‘gl) qL R i 2+1 W ¢ 01(1)1 — lLeRq)l((qu)l) O (D — QLdR(I)l((I) (I)l) qu’l — Z]LuR .q)l(q)zq)l)
OI(DI =1 Rq)l(q)lq)Z) Odd’ - LdR(Dl((DJ{(DZ) Ouo, = qrttr (Dl(q)qu)Z) 0531)2) =1 R(Dl(q);d)‘)) 0(22 = QLdRq)l(QT(D?) 0(1(1;2) = qrug - (I)i(d)—{q)?)
(22) _ (22) _ f (22) _ - At ‘ _ B piet. B
"g@ ‘f w02(03%) O(ﬁ) ~ AR Pa) Ovay = dutin* Do\ P1%) Ofa) = Tex®,(@}0) 02 = gudy0s(0}0) Ofy) = quur - @ (@]))
0 - l ((qu)l) 0 qLdR(D2((D1(Dl) Oucbz — qLUR (D2((D1(D1) 05(11)27) — —L R(I)Z((Diq)z) Ofilq% — QLdR(I)Z((D ‘Dz) 01(41(;) — QLuR é(q)'lfq)l)
2x Omo. = I, ™ ex®,B,, Opo. = G; 6" dr®,B,, sy . BB R
14 ¢ [B®, ~ L ) eRa 2 ;wa o dBd)z_ _qlo,-m/d Raq?; {;}a Oqu)z _QLO': Upr CDZTBlwa l//2X¢ OlB(D, — lLO"WeR(DlB;w OdBcbl — qLo-# dRq)lB;w Oqu)_,_ — qLo.;qu ) (I)TB
Oweo, = lL0" et D2 Wy, Odw% - C_ILG,, ,AR; Q)ZGW g“w(p’ = 4o ugT d)ng,w Owe, = lpo" egr®® W4, Oawoe, = GLo™drt®®, Wy, Ouwwe, = qro"™ ugt® - d)TW“,
, = qro A uGo, = 410" A ug - ®IG4, | T a : W, — LT u
dG®d, = 4L RP2Uy o, = 9L Ug - Ou60, = qro"*A%dr®,G4, Ouco, = §10" AUy - (D;Gﬁv
(11) - (22) _
w2¢*D Opua = (®y - iD, @) (gy*dg) Opuis = (@, - iD, @, ) (gy*dg)
4 e —— e —— w>$*D Oy = (@si - D £ @1) (ligydy)
W Oteaqg = (ILer)(drqr) Ouug = GGﬂYGJk((da)TCMR)((CIL,)TCILk) 1
(1) _ ap T )T 4 Oreaqg = (ILer)(drqL) Ogaq = €77€;u((43,)"Cqy) - ()" Cly,)
O uga = (Grugr) - (grdg) Oy = €P"e;i((a7;)" Cay) (up)" Cep) q(é’; a;fr((daJ)TC 2) (k)T Ceg)
y = € wp)((u e
O 4 = (G A%ug) - (A% dg) Ogaq = € €in((4f,)"Cal) - (1) Clrn) . =
Olea = (ILer) - (@Lur) Ouu = €7((d) Cudl) ()T Cer)

Ogequ = (lLo"uyeR) (QLO-,uuuR)




Types of 2HDM EF1s

243 1) 5 21) . 21) -
A Olo, = lLeg®(D]®;) Ol = 3Ldz®, (P}®)) O'%) = guug - ©} (@)@, T Ol = I,ex®, (0}®)) Olo) = Grdr®, (0]®)) Oy = Grug - | (D) ®))
22) 7 12) _ - 12) _ - -
0 -1, Rq’l(@ ) Ouo, = 41.dr®:(®]®,) Ow, = Grir - @} (@] ®,) Ola) = ILep® (@] ®,) 0B = ,d,, (@}0,) Ola) = qug - @} (®]®,)
21 22 22) - -
Ol) = I,e®,(0}®)) Oficp) = §,dp®, (D)D) Ol(t(bg = grug - D} (P}D,) O%? = I, eg @, (D)D) Ofié) = g drD, (P} D)) 0%3 = grug - D (D;D,)
12 1 1) - -
0§q>) = 1,3 ®, (D] D;) Of@) = §dr D, (P D) Olo) = GLug - Oy (®]D,) Olp) = I, ®,(0]®)) Of,{j) = Gdp®, (D] D,) Olo) = Gpug - Oy (] D,)
W2X¢ OIB(I)I =_ lLoﬂuyeR(DlB;w OdBd)z — qLo# dRq)ZB;w Oqu)z = qLO"qu . (I);B;w l//2X¢ OIB(D2 = 7L0'#U6R(D2B”V Oqu)] = qLO"u dR(I)lB,uv Oqu)z = qLo"‘ 'uR : (I);Blw
OIW<D1 - lLO-/weRTa(Dley Ode>2 - QLO-FDdRTa(DfZW/.aw Ouw(p, — qLO"quT (I);wa OIW(D2 — lLa*“"eRT“(DzWﬁv Ode)l — qLG’wdRTa(DlWﬁV OMW‘Dz — qLo-/""uRTa . @;Wﬁb
OdGQJQ - QLO#D}'adR(I)ZGZD OuG(Dq = qLO'*“’A“uR (I)TGa Ode)l — éLo-’w'ladR(DlGZu OuG(Dz = éLo““”ﬂ“uR . (I);sz
11 _ 22
y2$2D Oy = (@ - iD,®,) (itgy"dg) Oy = (@3 - iD,®,)(itgy"dy) 242D 0% = (@i - D,®,) (axy*dy)
4 _ . B}
v O(qlu)qd (Grur) - (Grdr) Ouug = €7€; ((d )TC“R)((CILJ)TCILk) v (’)g()]u = (I eg) - (qLug) Ogqu = € eji((q1 ) )TCqy,) ((ue)TCeg)
8 a - an . a T B T 3 v - —
Oéu)qd (9L4%ug) - (qLA"dg) Ogaq = € ﬂyef" Cq/ ((4.)" Clpn) 0513%)]14 = (IL0"er) - (GLOuUR) Ogqq = € Prejn(( qi;) TCQ{ ((qL)"ClLy)

Notice that 1/14 operators aren’t affected by the new scalars, but are affected if a Z, symmetry is imposed

J. High Energy  predicts half of the y¢)°> operators and in each type of 2HDM since they impose their Z, symmetry by
Phys. 09 160 (2016)

restricting mixed pairs of (I)Jlf,zd)m



Types of 2HDM EFTs

— — - -
- - — - = —

Ga Ganv O(

X 0 = (@}0)G o = (010G
#'D* 04" = ,(@]®))0(®]0)) 0" = 0,(0},)0(®]0,) 0% eae 0%~ Gioateo
0(22 )22) _ B,(®1D,) ¥ (B1D,) 05;;)(21) — 3,(®1d, ) (®ld,) + Hac Ogg; (<DT<I>1)W: W:ﬂ: (’)g‘z‘,) (<I>:<I>1)W§f,,Wuup
0“‘ 2 _ 5 (0]®,)0 (0] ®,) g?i?' E(D %;: ;:,” Zi‘i‘{") =EZTZ ;Zﬁﬁw
oy , - - ®B v B w
(9%[;) ;: (‘DID d’l)(d’:Dll‘Dl) Og,jg = (®§2,,®1)(¢§1::¢2) O%jlﬁ - (cb"cpz)By B off? - (@id);)Bi,bB v
= (®1D,®,)(®;D" ®,) O = (@}D,®,)(®ID"®,) + H.c. Ogyp = (P]°®, )W, B Oy = (@]79®,)Wa, B
(11 (22) (<I>*D o)) (@D ,) 0L, = (®lr®,)Wa, B 0% = (@]r°®,) W4, B
pr OUDIN(Y _ (i )3 OUENEY _ (@@ )(@l®,)? + He. w'$"D Op,) = (‘DIID ®,)(err*er) OV = (@}iD,®,)(I.7*1,)
O(zz 2)2) _ (ig,)3 o@ENe ):(q,;q,z)(q,f(b]) He. 0433 = (@} zD @) (exr"ex) O — (&1iD,®,)(I,7*1,)
0“‘“” ) = (@], (0] d,) ORI _ (@ld,)(®i,)(D]®,) OQJ = (®]iD,®1)(drr"dy) Op, " = (@]iD,®1)(@Lr"a1)
0“‘ 22 _ (@D, ) (D]D,)? o) — (@l,)(®id,) (@ ®,) 05r) = (®}iD <I>z)(dRr“dR) O = (®}iD,®,)(7,7'q,)
05;,1 = (@]iD,®)(@xr*uz) 0" = (®}iD,®,)(I 771,
05? = (®}iD,®,) (igr* ur) OGP = (@}iD,®,) (1,71,
Oy = (®]iD,®,)(aL7r*q1)
0oP = (®1iD,®,) (L7 q.)

This gives us a total of 76 operators
common in all four types of 2HDMs



2HDM EFT in the Higgs Basis

« We can always perform a rotation on the Higgs doublets: rotate by the vacuum angle p:

Hi\ _ (cosfp smp) (¥ This is called the Higgs basis
H, —sinff cosfi) \ P,

Gt cos(f — %) + H* sin( — %)

) = V4 \/15 (hsin(fp — a) + Hcos(f — &) + iG cos(ff — ,BA) + IA sin(ff — ,BA))
In the tree-level 2HDM, § = 3 = [3* ~
but dim. 6 contributions break this \
—G*sin(f — fF) + H* cos(f — fF)
H2 —

é(h cos(f — &) — Hsin(f — &) — iG sin(f — f) + iA cos(f — §))

P — ,BA = @(v4/A2mj) for the CP-odd scalars
p— = @(v4//\2méi) for the charged sector



2HDM EFT in the Higgs Basis

« We can always perform a rotation on the Higgs doublets: rotate by the vacuum angle p:

(Hl) _ ( cos fj sinﬁ) <q>1> This is called the Higgs basis

H, —sinf cosp) \P,
G*cos(ff — f¥) + H* sin( — %) G+ L4
= V \/Iz(hsin(ﬁ—&)+Hcos(ﬂ—&)+iGcos(,B—,BA)+iAsin(,B—ﬁA)) s \/lz(h‘HG) +0 AN°M?
In the tree-level 2HDM, B = f3 = f* | .
but dim. 6 contributions break this \ In the alignment limit: [y — a — /2
—G7sin(f — ,BAi) + H" cos(ff — ﬂAi) H* A
1) = é(h cos(f — &) — Hsin(f — &) — iGsin(f — f) + iAcos(B— )| — g H+id)| T O (A2M2)

A _ 4702, 2
b - A'B = O(v"/A"my) for the CP-odd scalars SM fields are approx. decoupled
p— = @(v4//\2méi) for the charged sector from new scalars



2HDM EFT in the Higgs Basis

« We can always perform a rotation on the Higgs doublets: rotate by the vacuum angle p:

(Hl) _ ( cos fj sinﬁ) <(D1> This is called the Higgs basis

H, —sinff cosf) \ D,

G*cos(B — f*) + H* sin(B — %) ( G* 4

) = V + —(hsin(f — &) + Hcos(B — @) + iG cos(B — fB) + iA sin( — p)) ~ lV F—(h+iG) | T © <A2M2)
Vi <V
In the tree-level 2HDM, 8 = 3 = f* ~ H, contains VEV M, ~ v
but dim. 6 contributions break this \

—G7sin(f — ,BAi) + H" cos(ff — ﬂAi) H* A

)= é(h cos(f — &) — Hsin(f — &) — iGsin(f — f) + iAcos(B— )| — %< H+id)| T O (A2M2)

v S M,

The Higgs basis has the same number (228) of operators as in the standard basis, and all operators can
be obtained by replacing ® - H



2HDM EFT Higgs Basis Advantages

Let’s suppose some theory generates the operator @,(;ql))l = Y yrP (CDI(Dl)

Standard basis: o) — W ~

In the Higgs basis: 8 . v b,

cos® 3 sin /3 cos® 3 sin (3 cos® 3 sin 3 cos 3
operators are present w/
o (a) (b) (©) (@
combinations of H,(H,): )

Hs Hs

H, H] H, H] H,

A N y N I 7 ’ Y | y N y
A N ! ‘ N N\ ! 7 A N ! 7 A N ! d
| | | § || ||
VR )

H, H)

VR Yy, VR v, VR (F

Factors of cos ff or sin f are to

sin 3 cos? 3 sin® /3 cos 3 sin? 3 cos /3 sin® 3
compare the proportionality © " ” "

between diagrams



2HDM EFT Higgs Basis Advantages

0 = o (010

Let’s suppose some theory generates the operator O

Y
(1)11' (Iil D,
Standard basis: 0 - /-\ -
. IH . (a) is the only operator which
Coy foEr S HeoHp ' K can contribute to the mass:
I N o - 11 3
/‘-‘\ /-\ /-\ YiIWR Cl/(,q,l)(‘/ cos p)
In the Higgs basis: 8 B o B 7
sin 3 cos? 3 sin (3 cos® /3 sin? 3 cos 3
operators are present w/
o (a) (b) (c) ()
combinations of H,(H,): . e - o (b-h) are operators which
H! 1 H  H! 1 Hy H! 2 H, H! 2 H, : :
NS N RN N only contribute to scattering
- u w ] of at least 1 new Higgs scalar
FaCtOrS Of COS ﬂ or Sinﬁ are tO .sin 3 cos? 3 A sin? 3 cos ._)’"L .sin‘z 3 cos ,_)’rL h sin® 3 o
compare the proportionality © o " .

between diagrams



2HDM EFT Higgs Basis Advantages

0 = o (010

Let’s suppose some theory generates the operator O

Y
Heogy gt M2 gt Moo
)4 )4 We can also learn something
| N | AN about scattering. Say | want to
. y
DR vy, VR () .
sin 3 cos* 3 sin 3 cos® 3 Compare the Cross SeCtlon Of
(b (© wy — hhhtowy - HHH
gl M omom Mg, g
A N A N SN
| sin 3 cos? 3 sin? 3 cos 3 | sin? 3 cos f3 '“
| _ _ (11)
(c) () (g) o(yy — HHH) | sin ﬂ w®, |

B | — X = tan® f3
The process Wy — hhh is o(py — hhh) | cos3 fCLg) |7

contained only in the first operator

tan f# enhancements are a general

The process Wy — HHH is (Also HHH. HAA. HHA. feature of a 2HDM and are clear in

contained in the last operator  g+f-17 and H*H-A) the 2HDM EFT Higgs basis



Other Advantages: An Example UV-Completion

Let’s suppose we have a UV theory where new leptons couple to the Higgs doublets and

muon in a type-ll 2HDM:
L LR ®, g Lrr ELR

Y 3 = 2 2 2 - _ _
Vector-like lepton doublet L
ecilor l. e iepion (.)U e ML’E >> Vv
Vector-like lepton singlet [
gt Mg
(];)T e D, (I): 1 O : 2
b : , g : Rotate to Higgs : ’
; .+~ Integrate out Basis; contribution
/ X—X heavy leptons \ to the muon mass / \\
L E / —_
VR l;'i" I
X = mass insertion CUDL 1@, ((IDTCID ) CUD = cUD ¢cos’ g = /1l cos® 3
pP, pH, pP, M, M.



Other Advantages: An Example UV-Completion

H, Ho

H| i H, H . Hy, H] . H,
VR cos® 3 Y VR sin (3 cos? 3 Y YR sin 3 cos? 3 Vr

In the Higgs @) (b) (©)
baSIS. HI Hz H2 HT H'l H1 HT Hl H:)

Let’s see what happens if I close all

)( 7= K )( )( )(= doublets in H'H, (H'H,) invariant
/ < / < / 1T

5 - 7 pairs (but leave one H, outside)

sin 3 cos® 3 "L sin? 3 cos f3

sin? 3 cos 3

(d) (e) (f)

F HiZ i H‘Z
H2 I Hl H2 I H2
. : R . ! Re
N I L7 \ I e
P == 23 P == S
sin“ 3 cos 3 7L sin® 3 L

(g) (h)



Other Advantages: An Example UV-Completion

H f TH. fm——- H
HIHI PR |l HlHl(HZHZ)//” \\\\ H;H‘Z L= ,1
The external H, is ’ ‘ ’ ‘ '
needed so it doesn't ~ —»— * —— — : —— * ——
vanish after EWSB - o YL o | Vi PR - o
cos’ 3 : sin® 3 cos 3
H,

(2)

cos® 3 (sin” 3 cos 3)

(a (f))



Other Advantages: An Example UV-Completion

HUH,  oeeen. H, H{H\(H}H>) T HUH, oo H,
The external H, is : :
needed so it doesn’t e = - - : = ‘ ———
vanish after EWSB . N VL o : bro VR oL
cos® 3 : sin” (3 cos (3
H,
(a) cos® 3 (sin‘2 (3 cos [3) (&)
(a (f))
. . a . .
Dress diagram with B, W* gauge fields:
HTH T Jrﬂ H, HIHI(H;LHZ) ,,"--—""\\/ H.-THo T r’Jj H, LLLL\ »°
1 - 5 , . 2772 - : ; Integrate out .
; \ : ! \ / \ l hea vy fields = Oy,w)H

> : - > é — . : -
VR v YR VL VYR (2
9 . 2 g

cos® 3 (sin” 3 cos 3)

| This is the Dipole operator! After EWSB,
(a (1)) this generates the electric and magnetic

H, loops are tan” 3 enhanced compared to H, loops dipole moments of the muon



Other Advantages: An Example UV-Completion

. We see that in this UV completion, generating the operator C,,(,ipll)l_ 1 HRpDP (CIDJ{CDI) is directly correlated to

the dipole operators

CZBHI Z_LG'M ‘ugH,\B CZWH1 Z_LUM ‘gt H, W/jlv

HU \ /
Phys. Rev. Lett 129, 221801 (2022)

C,, = cos Oy Crpy — sin Oy Crypy Phys. Rev. D 107, 095043 (2023)

4mﬂv
Aa, = — Re[C,] (muong—?2) dﬂ = 2V Im[CW] (muon EDM)



Other Advantages: An Example UV-Completion

. We see that in this UV completion, generating the operator C,Elpll)l_ 1 HRpDP (CIDJ{CDI) is directly correlated to

the dipole operators

Cisn,l 0" urH B, ~ - Crwr o™ ugt®Hi W,
Phys. Rev. Lett 129, 221801 (2022)
C,, = cos Oy Crpy — sin Oy Crypy Phys. Rev. D 107, 095043 (2023)
4mﬂv
Aa, = — - Re[C,] (muong—?2) d,=2v Im[CW] (muon EDM)
Ay Aph
In this model, CW iS cUl = L
pP, MLME
. X«LA/EI 3 2 . .
Very different answers C, = 5e cos’f(1+tan*f) M, ;> M Much easier to obtain than
: HY 64 2M M L.E 1,2 : : :
depending what the =My Mg the entire calculation in the
scale of H, is! mass eigenstate basis
Ay Aph 17 Ay ApA* 1
C,=e e cos’ 3 (5 | tan2ﬁ> + e ( S ) cos® 3 (— tan2ﬁ> M; o~ M, > M,
647[2MLME 6 647T2MLME 6 ’

Phys. Rev. D 108, 055019 (2023)



Takeaways

* There are 228 operators in the general 2HDM EFT, where the low-energy theory contains the SM fields and new
Higgs scalars

 Imposing a Z, symmetry on the fields will give 76 common operators in all types of 2HDMs, and model-specific
ones for each type

 The Higgs basis is useful when separating the SM d.o.f from the new Higgses where the characteristic scales might be
different

« This is advantageous since operators only containing //, can contribute to physical parameters of the particles or SM
processes while ones with H, can only ever contribute to scattering

* This provides a simple scaling between scattering processes involving any number of new Higgses and the SM fields

 In UV theories, connections between different observables can be made clear in this basis

Thank you for listening!

m INDIANA UNIVERSITY BLOOMINGTON



Sidenote

arXiv:2411.07337 [hep-ph]

» Just recently in here, we calculate all couplings and masses of the physical scalars and SM particles,
including exact formulas for the case of explicit CP-violation

* We show selected Feynman rules for the CP-conserving type-Il 2HDM EFT in the alignment limit

 We’ve developed a FeynRules code that can work in many limits of the 2HDM EFT presented here, such
as alignment limit, types of 2HDMs, CP-violation, etc.

m INDIANA UNIVERSITY BLOOMINGTON



