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Introduction

Introduction

After the discovery of the Higgs boson, we are looking for New Physics signals J

It is reasonable to think that NP is related to the EW symmetry breaking

Compatibility of data with the SM
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Introduction

Introduction

Compatibility of data with the SM

April 2017 CMS Preliminary
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We look for small deviations from the SM: precision physics era
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Introduction

Introduction

@ The focus now is on a region of the parameter space around the SM point.

@ Following a bottom-up approach, our ignorance of the EWSB sector can be
parametrized in terms of an effective Lagrangian.

@ The Effective Field Theory approach is possible if there is a gap between my
and the New Physics scale.

@ The couplings of the operators are free parameters.
@ The fields correspond to the particles of the SM.

@ In case new (not-so-heavy) particles are discovered they can be included in
the Lagrangian

e Example: add a second light Higgs doublet — 2HDM-EFT
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Higgs Effective Field Theory

In searches for new physics we can distinguish among:
@ Direct searches

Searches for new resonances.

@ Top-down approach: BSM models (model-dependent)

Unknowns: model parameters.

@ Bottom-up approach: EFT (" model-independent”)

Unknowns: Wilson coefficients
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Higgs Effective Field Theory

In searches for new physics we can distinguish among:
@ Direct searches

Searches for new resonances.

@ Top-down approach: BSM models (model-dependent)

Unknowns: model parameters.

@ Bottom-up approach: EFT (" model-independent”)

Unknowns: Wilson coefficients

Assumptions:

@ The dynamical degrees of freedom at the EW scale are those of the SM
New Physics appears at some high scale A >> v (decoupling)

°
@ Absence of mixing of new heavy scalars with the SM Higgs doublet
°

SU(2)L x U(1)y is linearly realized at high energies
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Higgs Effective Lagrangian

Effective Field Theories

Local operators parametrize the effects of the exchange of new heavy particles:

- — G, G H'H

Integrate out the heavy fields and obtain the effective operator.

SM example: the limit of infinite top mass

2
8s a apv h
ALy = 22— By —

geh = hgr2 G G v

The coefficient is determined by matching the full theory with the effective theory.

Margherita Ghezzi SMEFT and 2HDM-EFT 12/05/2017 8 /42



Effective Field Theories

Fermi Theory

SMEFT
fi Ja fi fa
?
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E << A
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Higgs Effective Lagrangian

Higgs doublet - EW symmetry is linearly realized

Lrgrr = Lom+ Y > Afi_4 or~"

n>4

_ 1 ps 1 ps, 1 p7 1 .ps
EHEFT—£SM+A£ +/\2£ +/\3£ +/\4£ T ooo
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Higgs Effective Lagrangian

Higgs doublet - EW symmetry is linearly realized

Lrgrr = Lom+ Y > Afi_4 or~"

n>4

_ 1 ps 1 ps, 1 p7 1 .ps
EHEFT—£SM+A£ +/\2£ +/\3£ +/\4£ T ooo

@ £P=% and £P=7: lepton number violating
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Higgs Effective Lagrangian

Higgs doublet - EW symmetry is linearly realized

Lrgrr = Lom+ Y > Afi_4 or~"

n>4

1 _ 1 -
Luerr = Lsm + E£D76 + FCDJ + ...

@ £P=% and £P=7: lepton number violating

@ £P=8 and higher: parametrically subleading
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Higgs Effective Lagrangian

Higgs doublet - EW symmetry is linearly realized

Lrerr = Lsm + Z Z Aff_‘l or"

n>4

1 _
Luerr = Lsu + EL:DJ

@ £P=% and £P=7: lepton number violating
@ £P=8 and higher: parametrically subleading

@ £P=%: leading effect

[»CHEFT =Lsu + %ﬂD:‘SJ

C. N. Leung, S. T. Love and S. Rao, Z. Phys. C 31 (1986) 433
Buchmiiller and Wyler, NPB 268 (1986) 621

Grzadkowski, Iskrzynski, Misiak and Rosiek, JHEP 1010 (2010) 085
Contino, MG, Grojean, Miihlleitner and Spira, JHEP 1307 (2013) 035
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Higgs Effective Lagrangian

Effective Lagrangian for a Higgs
GIMR/Warsaw basis

doublet

X

¢® and @'D?

A
Qo | fOGrGRGI | Q, (#'9)* Qs (#10) Gpero)
Qz | FPGGIGH | Q| (¢RI | Qu | (TGP
Qu | N WIWIWI ) Qen | ('D"0)" (¢! Dyp) || Qe (#'9)(@pdre)
Qg | M Wlw oW e

X2 Xy ?*D

Qo | dearam | Q| Gorerrow), | QY| (B, o))
Qi | elelievw | Qu | Gome)eBa | QY | (iBlo)Grm)
Qv | oW | Qua | @ Tu)FG, | Qe | (iDL o)Enre)
Q| AeWLWE | Qur | @oru)rBWE | QW | iDL o) @ra)
Qo | eeBuB* | Q| @o"uw)EBw | @Y | (Bl
Qs | ¢9BuB | Qo | @o TG | Qe | (Do) @t

Quwn | eroWLBY | Quv | God)T oW, | Qu | (iB, o) drd)

Qs | AToWLB” | Qu | @0"d)e B || Quua| iF D) " dy)

@ 15 bosonic operators

@ 19 single-fermionic-current

operators

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Gl T ) Qee (Eer) (@) Qe (Tpvule) (Ey"er)
Wl @) @) | Qu () (@) Qu () (@7 0e)
Q| G a) @ T a) | Qo @Eyd)(datd) | Qu | (Gl (o)
QY | G @ra) | Qu Emedmau) | Qe | @) et
2| ()@ 70 | Qe (G (dydy) W @) @A)
QL) () (datdy) | @At a) @A T )
QW (@)@ T | Q4 | @a)(dds)
QY | @) (dayTd,)
(LR)(RL) and (LR)(LR) B-violating
Queas (Ber)(dyal) Quua ey, [(dg)Cuf] [(q2)T O]
ot | (@U@ | Qu e [(9)7Cq] ()7 Cer)
Qpuna | @T u)epn(@TA) | Qi et [(20)Ca (37Ol
Q| Beden@du) | QSN (g [T C]
Q| Bowe)en(@o u) | Quu <o [(d2)TCuf] [(u)TCer]

25 four-fermion operators

(assuming barionic number

conservation)

15+19+25=59 independent operators (for 1 fermion generation)

J

Grzadkowski, Iskrzynski, Misiak, Rosiek, JHEP 1010 (2010) 085
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From 1 to 3 fermion generations
@ Add flavour indices to all operators

@ From 59 to 2499 operators!

@ Assume some flavour structure to avoid severe constraints from FCNC

Class Nop C'P-even C'P-odd
g 1 3 g 1 3
1 4 2 2 2 2 2 2
2 1 1 11 0 0 0
3 2 2 2 2 0 0 0
4 8 4 4 4 4 4 4
5 3 3n 327 3n 327
6 8 8n; 8 72 8n; 8 72
7 8 Ing(9ng +17) 8 51 Ing(9ng —7) 130
8 :(LL)(LL) 5 InZ(Tng +13) 5 171 In2(ng — 1)(ng +1) 0 126
8 :(RR)(RR) T ing(21nf + 2n] + 31n, + 2) 7255 ing(2lng +2)(ng —1)(ng+1) 0 195
8 : (LL)(RR) 8 dni(n +1) 8 360 4nZ(ng —1)(ng + 1) 0 288
8 :(LR)(RL) 1 ny 1 81 ny 1 81
8 :(LR)(LR) 4 4n 4 324 4ng 4 324
8: All 25 11y (10703 + 2n3 + 89n, + 2) 25 1191|  1ng(107nj + 2n3 — 67n, — 2) 5 1014
Total 59 | 2(107ng + 2nj + 213n3 + 30n, + 72) 53 1350 |1 (107ng + 2nj + 57n; — 30n, + 48) 23 1149
1=F 2=H" 3=H'D> 4=FH 5=¢’H 6=v’FH T=4?HD

Alonso, Jenkins, Manohar and Trott, JHEP 1404 (2014) 159
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© NLO SM Higgs EFT
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NLO EFT

Fermi Theory

NLO:
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NLO Higgs EFT

One-loop calculations in linear Higgs EFT

Complete anomalous dimension matrix:
(Warsaw basis)
@ Grojean, Jenkins, Manohar, Trott 2013
@ Jenkins, Manohar, Trott 2013 & 2014
@ Alonso, Jenkins, Manohar, Trott 2014
(SILH basis)
@ Elias-Mird, Espinosa, Masso and Pomarol 2013
@ Elias-Mird, Grojean, Gupta, Marzocca 2014
Some Higgs decays, finite renormalization:
@ MG, Gomez-Ambrosio, Passarino and Uccirati 2015 (h — v, Zvy, WW, ZZ)
@ Hartmann, Trott 2015 (h — 7~ in detail)
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NLO Higgs EFT

One-loop calculations in linear Higgs EFT

Complete anomalous dimension matrix:
(Warsaw basis)
@ Grojean, Jenkins, Manohar, Trott 2013
@ Jenkins, Manohar, Trott 2013 & 2014
@ Alonso, Jenkins, Manohar, Trott 2014
(SILH basis)
@ Elias-Mird, Espinosa, Masso and Pomarol 2013
@ Elias-Mird, Grojean, Gupta, Marzocca 2014
Some Higgs decays, finite renormalization:
@ MG, Gomez-Ambrosio, Passarino and Uccirati 2015 (h — v, Zvy, WW, ZZ)
@ Hartmann, Trott 2015 (h — 7~ in detail)
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NLO Higgs EFT

Conventions

Warsaw basis
Each term of the d = 6 Lagrangian is of the form:

2
G] n _ 1 (TeV)
=—= " ©) = ——— ~0.0606 ( —
Mlz/v 868 i 86 \/EGF/\z A

Insertion of 1-loop corrections in the EFT

Processes starting at tree-level in the SM eg. h— Wrw—:

4
MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO Higgs EFT

Preliminary steps

Vanishing of the linear H-term

In the SM there is a contribution to the linear H-term from the Higgs potential:

by 2 1 i +
V() =i?ole - 5 (¢'0) ?= ( VBT )

Its cancellation implies:

p? = =22+ B, (Br =0 at tree level)

In the dim-6 SMEFT also the operator Oy = (¢>Tq§)3 contributes.

Hence, the cancellation implies:

;1,2 = —)\V2 + 3Ma/g53¢ -+ ﬁh

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO Higgs EFT

Preliminary steps

Redefinition of fields and parameters

All the operators with at least 2 powers of ¢ contribute to the quadratic terms.

All the fields and parameters must be redefined.

Example: Oyn = Ou(¢tp)or (o1 ¢)

C,
%‘fodﬂ = cyn0uhd"h+ ...
1 _
ALy = S(1+2c,0)0uhd h+... = h=(1+2c,0)2h

Redefinition of the gauge parameters
1

1
By ==CTC = =@ ==C
gf 2 zZ 2 A

+ + + M o
CT=—Ewou Wy +&x Mo Cz:—ﬁzauzu-*-éoc [ CA =EA0uAL
0

Redefinition of the &; parameters normalized to 1: & =1+ geARg,
v

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175

Margherita Ghezzi SMEFT and 2HDM-EFT 12/05/2017 18 / 42



NLO Higgs EFT

Renormalization

Counterterms for fields and parameters

Define UV-divergent counterterms for the fields:

F = (1 + = >16n 2dZFAU\/> Fren

and for the parameters:

(1 + % 16 3 dZPAuv) Pren

2 w2 6
Ayy == —ye —Inm - lnu—“; dz; = dz®) + gsdz(®

Calculate the self-energies and determine the counterterms

2
_ & (4) (6) (n) _ (n) (
Y= 1672 (Zii + 86X ) ziin = ziir;’uvAUV(’V’ )+ zunfm

Require that the HH, ZZ, v~, vZ, WW, ff self-energies are UV-finite.

o

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO Higgs EFT

Running of the Wilson coefficients

Construct the 3-point (and higher) functions:

@ they are OW-finite

@ remove the O UV divergencies by mixing the Wilson coefficients

Running and mixing of Wilson coefficients

Gi(p) = <6 o0 B Iog(")> 5(M)

1672 M

@ Compared to the SM, additional logarithmic divergences are present;

@ these divergences are absorbed by the running of the coefficients of the local operators;

(0)

i mixes the coefficients;

@ the matrix

@ the only one-loop diagrams which generate logarithmic divergences are the ones
containing one insertion of effective vertices;

@ A selection of the operators a priori is not possible.

v
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NLO Higgs EFT

Finite renormalization

On-shell finite renormalization

After removal of the UV poles we have replaced Mpare — Mien.
Now we establish the connection to the on-shell masses:

2
M2, = Mg [1 + 1%’;’2 (dzﬁ) + g6d2$)>:| etc.

Gr and « renormalization schemes
Choose input observables:

@ {Gr,Mz,Mw}

@ {a,Gr, Mz}

() coc

and write the corresponding equations that connect renormalized parameters to
experimental measurements.

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO Higgs EFT

Finite renormalization

Example: {Gr, Mz, My} scheme

@ Establish a connection between gr, and Gr

1 m gt
h. =& 1
i T, 19273 32M4, (144,)
1 _ mi 5
&P = oo OF
Gr _ & g’ ~ww (0)
2 s M1 %t T,

G,::M2 . ( 2 wwfi (0))]
2 2 W ren in

e = 4\/5G,:M ven |1 — —F—=— 06 + —5———
& v [ 2\57‘(2 ¢

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

Example: Higgs decay to a photon pair
h — vy

Ay = Ty T METH = pp{ — p1 - pad™

_ Hyvgw Hy~y -t Hy~y b
Thyy = By Tray 88 Ty 5y 7 T

The SM contribution
Hyy Hy~y _ ngw _

Ky = Ky

AP, 2
X lgSWMX 5

— 2 .
B = et gy T C8 = Col= M, 0,0: My, My, My)

TH,, = —6 — 6(Mp — 2M3,) G5

16

8 4 2
3 +§(M12-I_4Mt2)c(§ Thyy = §+§(M/24—4M§)Cé’

S
Thyy =

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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Example: Higgs decay to a photon pair

h — vy
AL = Ty TR M THY = pypy — pr - p2d”
H H
Tray = i) Thiyy 150 Ty + Ky T
The factorizable d = 6 contributions: K =14 ggARkTY (x = W, t,b)
H 1 w
A”W“W =2ay0 — ——5-asp + (6 — Slz/v)aAA + Cﬁvazz +(2+ sﬁv)—aAZ
2sW sw
3 M
AkiHyy = (6 + s3/)aaa — ciyazz + (2 — Sw)faAz + — M2 arwB + arg
sw
H: cw 3 M2
Dk = (6 — sgy)ana — cpyazz + (2 — Sﬁv)ga/\z o M2 apwB — abg

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

Example: Higgs decay to a photon pair
h — vy

Ay = Ty T METH = pp{ — p1 - pad™

bl Hyy Hv'y
THyy = NW TH"/’Y 80 Ty + TH’Y’Y TH’Y’Y

The non-factorizable d = 6 contributions:

2

M &’
NF . H AA 77 AZ tWB bWB
Thi~~ = 886 My gt [aAATH»y»y(l") + azz Ty~ () + aaz T () + aews Ty~ (1) + abws Tiiy (H)}

2 2
o
A () = [8(1 = 3spy)siy + (3 — dspyciy)xpy] In o
H
2 2 2 2
77 SwwXH 2 ®
Thy~ = 7(6—XH)InM—’2-I dFoao
e _ _wewh [20 = 65%) — (1 — 255 )3 L
H~~ 16 w W/ H M’z-’ A My
XH = Ty
4
MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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Summary and Outlook - SMEFT

Summary

@ We have shown the effective Lagrangian for a Higgs doublet. In the spirit of a
bottom-up approach, it is an essential framework to perform searches for new
physics in a model-independent way.

@ In view of a precision Higgs physics phase, NLO calculations are in need. The
whole anomalous dimension matrix is now known and some Higgs processes have
been calculated.

Outlook
A lot still to be done:

@ The other Higgs decay and production channels
@ S, T,U parameters

@ Implement L4—¢ in automatic tools for NLO calculations

@ Fit experimental data!
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@ 2HDM Effective Field Theory
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The EFT of the 2HDM

Suppose that a new particle is discovered around the EW scale.
We still do not know the UV complete theory, and we would like to extend the EFT
approach to include the new field.

Is it a viable option? 2 possibilities:
@ there is a gap between the new d.o.f. and the other NP resonances — YES

@ the new d.o.f. is heavy and we suppose that it is at the same scale of the rest of
the NP particles — NO
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The EFT of the 2HDM

Suppose that a new particle is discovered around the EW scale.

We still do not know the UV complete theory, and we would like to extend the EFT
approach to include the new field.

Is it a viable option? 2 possibilities:
@ there is a gap between the new d.o.f. and the other NP resonances —» YES

@ the new d.o.f. is heavy and we suppose that it is at the same scale of the rest of
the NP particles — NO

In the following:

@ We suppose the existence of a second Higgs doublet, not so far from the EW
scale, and of a gap w.r.t. the other NP resonances;

@ we parametrize our ignorance of the UV-complete theory building an EFT with the
dynamical degrees of freedom of the 2HDM.
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The Two Higgs Doublet Model

&> &
NS

Same scalar sector:

2 Higgs doublets

/o

o A
h, H
(charged) (CP-odd)
(CP-even)
Margherita Ghezzi SMEFT and 2HDM-EFT

Motivations:

@ MSSM
@ Axion models

@ Models explaining
baryon asymmetry

Vector boson and fermion
content of the 2HDM:
the same as the SM.

12/05/2017

27 / 42



The Two Higgs Doublet Model

(4) _ A A 1 1 1
Loppy = 4G;WG “"*ZWMUW“"*ZBWB‘“’
+  (Dupr)' (D 1) + (Dui2)" (D*p2)

- V(p1,¢2)+i(IPI+GPqg+ uPu+dPd) + Ly,

3 (o) 5 (eher)’
+2A3 901% wiwz + A vIwz pop1+ — [(wlwz) + (cpzwl) }

+ A6 (901901) (901902) + A7 (90;902) (@Iw)

A1
V(gr,2) = milor+ mdy olen — mi, (@Icpz + S";‘Pl) +

mfl, m22, A1,2,3,4 real

m127 As,6,7 complex
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The Two Higgs Doublet Model

FCNC can be avoided imposing an appropriate Z> symmetry:
Zs: $1— —¢1 or $2 = —¢2

We keep the my-term, that softly breaks the symmetry.

A1 2 X 2
Vier,p2) = miieler+mselen — mi (@Icpz + wiwl) + ( Iw) Y (wiwz)

2\
+2A3 901<P1 <P2902 + A4 901<P2 ‘P;t%ol + = [(991“?2) + ( ) }

mfl, m22, A1,2,3,4 real

2
mi, complex
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Rotation to the physical basis (2HDM)

Lagrangian for the mass terms of the CP-odd (7,), CP-even (p,) and charged (¢1) Higgses:

1

T — T T
=3 () ) (8 ) me ()20 ) ()
with

e
m% = (V1V2/\5—m%2) 1V1 v
V2
. )\1v12+m%2:—j v1v2()\3+)\4+)\5)—m%2
Mo = v1VQ(/\3+/\4+/\5)—m%2 Agvf-i—mﬁ%
I
my = [V12V2 (>\4+>\5)—m%2] 1V1 v
V2

12/05/2017
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2HDM EFT

Rotation to the physical basis (2HDM)

Lagrangian for the mass terms of the CP-odd (7,), CP-even (p,) and charged (¢1) Higgses:
@ _ L(m\ o(m ¢;)T2(¢1+> 1<pl)T2(m>
LMH_z(nz)m”(nz)+<¢§ o\ of Talm ) ™\

Rotation to the physical basis:

eigenvalues | physical states | Goldstone bosons | rotation angle

mj)i 0; m3 H* (charged) Gt B = arctan %

m; 0; m; A (CP-odd) Go B = arctan 2
my m2; my h, H (CP-even) - «
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2HDM-EFT

Assumptions for the effective theory of the 2HDM:

1 1 1
Canom = Lo + 5 3 6007 + 15 3 6000+ 0( 55
k k

@ Its gauge group contains the SM gauge group SU(3)c x SU(2). x U(1)y as a
subgroup.

@ It contains two Higgs doublets as dynamical degrees of freedom, either as
fundamental or composite fields.

@ At low energies it reproduces the 2HDM, barring the existence of weakly coupled
light particles, like axions or sterile neutrinos.
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2HDM-EFT

Assumptions for the effective theory of the 2HDM:

1 1 1
Lonom = Lou + 7 2. G + 53 0@ +0 <F)
k

k

@ Its gauge group contains the SM gauge group SU(3)c x SU(2). x U(1)y as a
subgroup.

@ It contains two Higgs doublets as dynamical degrees of freedom, either as
fundamental or composite fields.

@ At low energies it reproduces the 2HDM, barring the existence of weakly coupled
light particles, like axions or sterile neutrinos.

Dim-5 the generalization of the Weinberg operator:

o= (@)@, Q2 = (@ih) T C(@ih)

vy

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM-EFT operators

&b
QM = (ple1)?
112 _ (T 2
% (@1491) (¢3¢2) @ Higgs doublets only
QL2 = (ple1)(¢lw2)?
Q= (#l¢2)?

QUPVY = (plpa)(eher)(plen)
(1221)2 — (el " : @ They rpod|fy the Higgs
(1212)1 wiea)(ehen)(Piez potential
= (p192)2(¢] 1) + h.c.
mmz(ﬂm?@%ﬂ+h&
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2HDM-EFT operators

@*D?
o )
QD = (o] e1)0(¢] 01) QSL))H(I) = [(Duwl)Tw} [sﬂl (D”m)} Q(1 1212) [ uwl)fwz] [w{r (D* ¢2) ] + h.c.
QD = (¢de2)0(ed 02) Ofﬁfz(z) = [(D;HPQ)T‘PZ} [% (D* o )} Q(1 )12(2) [ Dmﬁ)“m] [wz (D" 2) ] + h.c.
QD = (o] e1)0(e] 92) 082,22(1) [(Duwl)wz} {w (DH 1 )} 12(12 = [901 wz] [ (Duey) T (D*02) ] + h.c.
QM = (o 2)0(e] 1) Qf},n(z) = [(Duwz)*m} [vl (D* ) } 12(21 [431 902] [ (Duwy) T (DH 1) ] +hec.

@ Four Higgs doublets and two derivatives

@ They modify the kinetic terms of the Higgs fields, the Higgs-gauge boson
interactions and the W and Z masses

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM-EFT operators

¢2x2
GG, WW, BB wB
<pX = (901901 )Xy X1 Q¢WB = (‘/’17 ‘pl)Wfle;w
<pX = (902902)XWXW Q«pWB = (‘/’27 <p2)W;’WB“”
QU= (]eo1) X X1V Qs = (pl7!p1) W), B
2 = (302) Ky X1 Qs = (plr!p2) W, BHY

X =GA W!orB
@ Operators with two Higgs doublets and two field strength tensors

@ They modify the Higgs-gauge boson interactions

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM-EFT operators

V242D
(1) (3)
il o~ .H -
anud = ’(‘PI’DN‘Pl)(“P"Yde) @ Operators
— i(etib Tokd containing two
Qwud l(f2,:—> u‘P2)E“p”Y ) o ’ fe.rmions, two
Qw/ = (©1iDpo1)(Ipy*Ir) Qg (<p1 iD 4,01)(1,,7' ) Higgs doubl'ets
0(1)2 —( 1B Yo Q(3)2 (¢ TIDI Y and. a covariant
ol P! P2 )Upy™lr ol wP2)\UpT Y r derivative
be = (¢]iDugr) (e
pe P11l uPp1) €pY er)
° .
= (@}Buea)Eren) fo the formion-2.
1)1 =4 _ 3)1 ion-
QU = (#]iDup1) @ ar) | QEat = (sDIID’ ©1)(@p7'v*ar) and fermion-W
()2 te ~ @2 ~ couplings after
Quq” = (31D pw2)(Gpy*ar) Qpg” = (992’ H<P2)(qp7' v*ar) EWSB
(‘P1’DM‘P1)(DPV’L“7)
= (¢}iD ) (@ ur)
T _ Crivellin, MG, Procura,
¢d = (gallDMgal)(dp’yy'dr) JHEP 1609 (2016) 160
Lpd = (¢ ’DMWZ)(‘?P’Y“dr)
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2HDM-EFT operators

W2pX
G w B
Qi = (@0 TAdr )1 G} Qly = (@po*vd )T 1 W), | Qlg = (Gpo*¥dr)o1Buy
Qle = (@0 Thdr)p2 Qi = (Gpordr)r!o2 Wi, | Qlg = (30 dr) 2By
Que = (@0 Thur)é1 Qiw = (@po* ur) 7! $1 W;’w Qg = (Gpo"” ur)B1Buv
Qi = (@t Tu )sozGW Q2 = (@ u )T B2 W, | Q2 = (@p0"” ur)@2Bus
Qly = (o e )T pr1 W, Qlz = (lbo"Ver)p1Buy
Q2 = (ot er) ! p2a W, Q% = (lbo"Ver)p2Buy

ot =iy, 4"]/2
@ Operators containing two fermion fields, one Higgs doublet and a field strength tensor

@ They give rise to dipole interactions after EWSB

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM-EFT operators

W23
e d u

QU = (herpr) (@] 1) | QUL = (Godron)(¢1ep1) | QI = (Gourdh1) (1)

Q2 = (herer)(#f2) om = (@pdro1)(P)2) | Q2 = (Gpurdr)(@}2)

Q22 = (Therp2)(#)2) 0222 = (Gpdrip2)(Phep2) | Q22 = (GpurB2)(hp2)

Q2L = (Toerp2) (] 1) om—(qursoz)(wm) Q2L = (Gourda) (] 1)

@ Operators with two fermion fields and three Higgs doublets

@ They modify the relation between fermion masses and Higgs-fermion couplings

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM-EFT: kinetic terms

11 11 12 12
T 2al al, AR Al
(e _ L[ G| | 1T
Hiin  ~ 2

22 2 A2 2A2 8#91
A2 Al a2 Ta%
Opup2 0, Zeb O —eb dpup2
A2 2A2 A2 2A2
11 12
T - ally A%
R FTET um
Al A22
2 Aun2 ZeD 14+ ZeD Aum2
2A2 2A2
t at,
+ L +
L[ 2ot oS Oudy
A+
oudy Zeb Oudy
2A2

Example: Oy = 0. (o ¢)0" (o1 ¢)

%Doqﬂ = B hd"h + ...
1
ALy, = 5(1 +2¢y0)9phdth+ ...

=  h=(142c,0)2h
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2HDM EFT

2HDM-EFT: kinetic terms

T 2l Al A2 Al
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2HDM-EFT: mass terms

@ _ L m "
Ly = 5( 77; ) (m$,+Am%)( n; )
— \T i
(o) (mevam) (3
1m \ 5 2\ [ P1
+5( p2 ) (m”+Am”)( P2 )

2 _ 2 2
Amy = Amypy,© + Am(pﬁn

Am? = Am 24 Am?
b pDp” T AM g,

2 _ 2 2
Am¢i = Am(quﬁi +Am¢6¢i
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2HDM EFT

Yukawa sector
The couplings of the Higgs doublets with fermions in the 2HDM

Ly =—Ylpie — Y5 lpse — Y Gord — Yy Good — Y Gp1u — Ys' G@au + h.c.
(Require Y{ =0 or Y4 =0 to avoid FCNQ)

Paschos-Glashow-Weinberg theorem: model ug | dr | er
If all right-handed fermions with the Typel w2 | @2 | 2
same quantum numbers couple to the Type I w2 | 1| 1
same Higgs multiplet, then FCNC are Lepton — specific | @2 | @2 | 1
absent. Flipped w2 | p1 | p2
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2HDM EFT

Yukawa sector
The couplings of the Higgs doublets with fermions in the 2HDM-EFT

L+ 2o, O ~ (fufadi) (efon)  ijsk=1,2 J

After the EW symmetry breaking:

@ new contributions to the fermion masses
%1 Y V2 Y 1
m = L. 2 (v13 Cf + w2 C122 T C222 y 1V2 C211)

V2 V2 2\/5/\2

@ Modifications to the Higgs-fermion-fermion and Higgs-Higgs-fermion-fermion
couplings

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

Application: Higgs pair production

9700000 — —h 9
t t
9700000 ——h g
SMEFT

O ~ (fifre) (¢70)

@ The same operator controls ffh
and ffhh couplings;

@ it contributes also to the ffZ
vertex

@ hence, it is strongly constrained
by the EWPT at LEP

~h 9 h
— g t -
h ~ ~
Sh 9 Sh
2HDM-EFT

O ~ (Rifasi) (#f6x) ijik=1,2

@ Many operators, that enter in
different combinations in the ffh
and ffhh vertices;

@ the ffhh vertex is not
constrained by EWPT;

@ enhancements of the gghh cross
section are possible.

v
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Summary and Outlook - 2HDM-EFT

Summary

@ We have discussed in which cases the EFT approach can be extended to include
new degrees of freedom.

@ We have built the effective Lagrangian for the dynamical degrees of freedom of the
2HDM.

@ We have shown that the rotations to the physical basis are affected by the dim-6
operators and tan 3 gets modifications.

Outlook
This is just the beginning:

@ Calculate contributions from the effective operators to the observables.
@ Set new bounds on the 2HDM and on (linear combination of) Wilson coefficients.

@ Study the impact of the Z, symmetry and of FCNC in the effective sector.

v
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