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Part 11

@ Effective Lagrangian for physics beyond the SM

@ From D=6 operators to collider observables
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Effectlve Ldgrdngldn
. for phy51cs_'_ -
beyond the Standard Model




: Standard Model
Assumptions:
- QM + Poincare invariance = QFT
- Local symmetry SU(3)xSU(2)xU(1)
- Matter content and its quantum numbers

- Brout-Englert-Higgs mechanism of
electroweak symmetry breaking via a single

1

s __W2 __B2
SM 492 uv,a 49 [77%) 49

+"Zf‘7uDuf+z Z feouD ufc

f=q,£ f=u,d,e
—HqY,u® — H'qYyd® — H'Y e +hec.

SU(2) doublet field - _L( L) +D,H'D,H +miH'H — \(H'H)’
- Renormalizability XK F
Consequences:

@ Operators up to dimension 4
@ Has 18 free parameters (19 with Oqcd), all measured (constrained)

@ Fits in T-shirt
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Completely defined by:
- QM + Poincare invariance = QFT SM = —

Standard Model

1

G2

v,a
- Local symmetry SU(3)xSU(2)xU(1) 49 ) ’ )
- Matter content and its quantum numbers +17 Z Jo.D.f+1 Z [CouDyf°
- Brout-Englert-Higgs mechanism of J=q,t f=u,d,e
electroweak symmetry breaking via a single —HqY,u® — H'qYyd® — H'Y e +hec.
SU(2) doublet field H . +DMHTDNH + m%{HTH _ /\(HTH)z
- Renormalizability oo ( v+h+ )

Some predictions at lowest order

d

Couplings of gauge bosons to fermions universal and
fixed by fermions quantum numbers

Z and W boson mass ratio related to Weinberg angle

Higgs coupling to gauge bosons proportional to their b ih? , i g
mc?sgs squaF:“edg 9443 PIoR ( 21 ) (Qmu Wi H'““ +m% Z,,A',,)
Higgs coupling to fermions proportional to their mass _/.z" S mff

Triple and quartic vector boson couplings proportional
to gauge couplings
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EFT approach to BSM

@ SM is probably a correct theory the weak scale, at least as the lowest order ferm
in an effective theory expansion

@ If new particles are heavy, their effects can be parametrized by higher-
dimensional operators added to the SM Lagrangian

@ EFT framework offers a systematic expansion around the SM organized in terms of
operator dimensions, with higher dimensional operator suppressed by the mass scale
A\ of new physics
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EFT Approach to BSM

Basic assumptions

- QM + Poincare invariance = QFT
- Local symmetry SU(3)xSU(2)xU(1)
- Matter content and its quantum numbers

- Brout-Englert-Higgs mechanism of Alternadively,
electroweak symmetry breaking via non-linear Lagrangians
a single SU(2) doublet field H B oo

NDaAanaAarmaalioallilid,
INTIIV 1Al y

-
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EFT Approach to BSM

@ As in Fermi theory of muon decay, EFT should give a perfectly
adequate description of certain physics processes (e.g. Higgs decays)
though application range may be limited (for example, associated V
+H production)

@ As in weak meson decays, EFT may be superior to concrete UV
models as a calculation foo, at least if new physics scale is well
above TeV

@ As in chiral perturbation theory, we will parametrize our ignorance
by allowing all higher-order operators with arbitrary coefficients,
and trying fo determine these coefficients from experiment
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Effective Theory Approach to BSM

Building effective Lagrangian

@ Start with SM Lagrangian as lowest order ferm

@ Add higher-dimensional operators with D=5,6.... in expansion in 1/A where A is
a high scale of new physics

@ At each level D, include *all* non-redundant operators consistent SM field
content and local symmetry
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Dimension 5 Lagrangian

@ At dimension 5, the only operators one can construct are
so-called Weinberg operators who break the lepton number

@ After EW breaking they give rise fo Majorana mass termspy,i: 1 2
= ——(v + h)“vicijv
for SM (left-handed) neutrinos (v + h)"viciiv;

@ Neutrino oscillation experiments suggest that these
operators are present (unless right-handed neutrinos are
light or neutrinos are Dirac)

® However, to match the measurements, their coefficients
have to be extremely small, ¢ ~ 10”-11

@ Therefore dimension 5 operators have no observable impact
on collider phenomenology
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Dimension 6 Lagrangian

@ First attempts to classify dimension-6 o
re-arxiv (19
operators back in 1986 P

@ First complete and non-redundant set of i g
operators explicitly written down only in 2010 1008.4884

@ Operators can be traded for other operators
using integration by parts, field redefinition,
equations of motion, Fierz transformation, etfc

@ Because of that, one can choose many
different bases == non-redundant sets of
operators
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http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876

For D=6 Lagrangian several
complete nogn-regdundan’r set D=6 Bases
of opera’rors Giudice et al hep-ph/0703164
(so-called basis) SILH Contino et al 1303.3876
proposed in the literature basis
Hagiwara et al (1993) HIS.Z Higgs
basis Wi LHCHXSWG-INT-2015-001

Srzadkowski eh ald0DBKREs & |
rzadkowski et al. : ; .
Basis Prlmcflry Gupta et al 1405.0181
basis

@ All bases are equivalent, but some may be more
equivalent convenient for specific applications

@ Physics description (EWPT, Higgs, RG running) in any of
these bases contains the same information, provided all
operators contributing to that process are taken into
account
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http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/hep-ph/0703164
http://arxiv.org/abs/hep-ph/0703164
http://arxiv.org/abs/arXiv:1303.3876
http://arxiv.org/abs/arXiv:1303.3876

Example of a basis: Warsaw Basis

Grzadkowski et al.
1008.4884

Assuming baryon and lepton
number conservation,
, 59 different
(HTEH) kinds of operators,
(HTH)3 of which 17 are complex

Bosonic CP-even Bosonic CP-odd
[0, (' H))?

g2H'H G2,Ga, g:H'H G, Ge,

2499 distinct operators,
K including flavor structure
93 H'H B, By, T and CP conjugates
ngyHTO'iH Wﬁ,/BW ' ' Alonso et al 1312.2014

g3 IR WE W, Wk, g3 W W, W,
3 pabc Y b
gsfeeGe,Gb G gs f°Gs, G LGS,

vp pp

G HIHW, Wi, G HIHW!, Wi,

Table 2: Bosonic d = 6 operators in the Warsaw basis.
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http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876

Example of a basis: Warsaw Basis

Grzadkowski et al.

Yukawa 1008.4884
C(HTH — %) e g :
[Ocl1s | —(H'H 22> e Assuming baryon and lepton
[Ou]IJ _(HTH - %) mémju(]:HTQJ b 1_°
s number conservation,
[Odlry | —(HTH — %) ¥ d5 Hgy ;
59 different

Vertex i Kinds of operators,

Z[[&lufHTﬁ'uH I qr,~ UL AL GIO'MVHTUzEJWi

v

of which 17 are complex

ili0ia, LH o' D, H gy LTI e T B,

ieo, e H1 D, H 1| g ey Te g, GO,

2499 distinct operators,
b including flavor structure
and CP conjugates

ifi[@QJHTEH 17 | 9L @U?UuuﬁTaiQJ Wi

i(j[Ui5MQJHTUiE>H gy @u%awfﬁqj B,
iuco,aS Hi D, H gs ™™ d5 g, T Hi gy GO,
idfaMJCJHTE)H @dcangaz’qJ Wi, Alonso et al 1312.2014
iuso,dsHI D, H y Y ge s HYqy By,

v

Table 3: Two-fermion d=6 operators in the Warsaw basis. Here, I,.J are the flavor
indices. For complex operators the complex conjugate operator is implicit.
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http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876

Example of a basis: Warsaw Basis

Grzadkowski et al.
1008.4884

Assuming baryon and lepton
number conservation,
59 different
Kinds of operators,
of which 17 are complex

2499 distinct operators,
including flavor structure
and CP conjugates

Oquqd e Alonso et al 1312.2014
O;uqd

Ofequ
/
Oﬂequ

Oéedq

Table 4: Four-fermion d=6 operators in the Warsaw basis. Flavor indices are implicit.
For complex operators the complex conjugate operator is implicit.
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Matching new physics to D=6 lLagrangian
Example #1: Type-1I Two Higgs Doublet Model

Why 2 Higgs doublets

@ We've already had one, so why not 2 ;)
@ Appears in almost all supersymmetric models

@ A nice and fairly simple model with a
reasonable number of parameters that
affect LHC physics in a non-trivial way
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Example #1: Type-1I Two Higgs Doublet Model

Z2 basis: doublets @1 and P2,
both of which can have VEVs

Scalar potential has softly broken
Z2 symmeftry under which
®1 has eigenvalue +1
and P2 has eigenvalue -1

Yukawa couplings also respect
Z2 symmetry where
uc has eigenvalue -1
and dc and ec have eigenvalue +1
This is 1 out of 4 possible choices
where absence of FCNC is automatic
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Example #1: Type-1I Two Higgs Doublet Model

To derive EFT, it is better to
rotate to VEV basis with

doublets H1 and H2 where only
Hl has a VEV

VEVless Higgs contains physical
charged scalars and pseudoscalar

while one with VEV hosts Goldstone
bosons eaten by W and Z

4 (HIH )? + T2 (HYHa)? + Zs(HHy)(HHy)

+Z4(H{' H,)(HIH,) + % [(H{H2) + h.c.]

HIH, + h.c.| + Z;H]H,

Scalar potential looks a fad
more complicated, but only 5 out
7 couplings Z are independent

S
In VEV basis, both Higgs doublet +HIdYaq — —BHJdCqu

couple to fermions -

+HeY.L — cﬂ HleY L +h.c.
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Example #1: Type-1I Two Higgs Doublet Model

%21’02 for Y2>>V 72

Masses of
scalar eigenstates Z3+ 24+ Zs 2
< Lt |8 +

For Y2>>v" 2, all extra scalars are heavy, while our Higgs boson is light.
This is a limit where EFT must be valid.
We identify Y2= A" 2 and derive EFT for SM degrees of freedom
to leading order in 1/A expansion by integrating out H2,
where Hl is identified with SM Higgs doublet
This can be achieved by solving equations of motion to leading order in 1/A
and putting solution back info 2HDM Lagrangian
(the same result can be obtained by matching scattering amplitudes of light
particles, as we did before for the Fermi theory )

2
[ZGHI (HIHI — ”-) — Baviue - gyl -

2 85 Cﬁ

— Bucy,i— 2Bacy,q - S—ﬂeCYee]
SB Ca Cp
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Example #1: Type-1I Two Higgs Doublet Model

Yukawa

Bosonic CP-even Bosonic CP-odd —(H'H — &) e prig

_ trr _ v\yVmimg e oyt
[0, (HH))? (1H 5
YV 4 H g

(1~ )
(HTE)H 2 2

@ Vertex Dipole
. Z'Z[&,_LEHTFZH [OeW][J gL—‘mémjeﬁam,HTaiEJWliV

2 o 2 'l' a a = s . vJmrm
gS HTH GZVGZV OGG gSH HG,J,I/G/JJ/ ’I,EIO',LO'HEHTOJB;H [OeB]]J gy ,5 Je?o-'uyHTEJBul/
2 i T o 2 it Iy 6 ieSo, e HiD, H O NI e ot GO
gt HTHW! W}, Omwr | gt H'HW, W, foueH' Dy (Ouglis | 9375 o T*H s G,

Z'CYI&;LQJHTHzH [OuW]IJ QLMU?U;WFITOJQJ W;;,l/

v

iqro'o,q Hio' D, H Ouslry | 9y Y™ ™o, Hiqs By,

v

grgy H'o"H W}, By, Owp | gLgvH fo'H W By iu§o,usHI D, H [Oacl1s | 95> djo T Hlqs Gy,

g2 H'H B, B,, Os5 g2 H'H B, B,,

y _ . o , , _ T re 2} i
3 ijkyrsi J ik . 3 ki W Wk zdfa,‘df,HTﬁiH Oawlrs | gr "™ dso,, Hiolqy Wi,
g€ W WopWo, Oz | 9re pv VY epVVpp . 8

3 b b 3 pabca b c iugaﬂjfiﬁTD#H [OdB]IJ gy m—émJ dga;wHTQJ B;w
aocrya C —~
g5 f°Gy, Gy ,GY, Oz g5 f°Gy, Gy, Gy,

Table 3: Two-fermion d=6 operators in the Warsaw basis. Here, I, J are the flavor

Table 2: Bosonic d = 6 operators in the Warsaw basis. indices. For complex operators the complex conjugate operator is implicit.

2
v CR ~
e T _BqYTﬁC

off =Lsym(H1, Vi, V) + — ZeHY | HTH, — 5 Ll

A2

28 e‘Y. .l

CB e, ~ SB 4
_ By, G- %Bacy,g —
S'U' u{ & dq

C
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Example #1: Type-1I Two Higgs Doublet Model

~ —~
Ql

Z_

qo

(€5,.0)(€5,,0)
(40,9)
(q0,.0'q)
(@
(@

(go,.q

(EO'l qoy, Q)

0)
)
(g0,0q)
0)
(€5,00)(q5,0'q)

Table 4: Four-fermion d=6 operators in the Warsaw basis. Flavor indices are implicit.
For complex operators the complex conjugate operator is implicit.

1
eff =ACSM(I{h V;MP) + p

fpr U
X Z6H1 HlHl_ —2~

What about the remaining
4 fermion operators?
E.g. why (lbar ecbar) (ec 1)
Is not in the Warsaw basis?
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Example #1: Type-1I Two Higgs Doublet Model

What about the remaining
4 fermion operators?
E.g. why (lbar ecbar) (ec 1)
Is not in the Warsaw basis?

Answer: it is there, but hiding...
Using Fierz identity

OM Oquqd
!/
Oq q Oquqd

, . L .

qu ! ! O@equ
)= o /

Oéq O@equ

o, | (o Oteda °)(d° one derives

Table 4: Four-fermion d=6 operators in the Warsaw basis. Flavor indices are implicit. — 1

For complex operators the complex conjugate operator is implicit. C ) T A ( e K 5-[1« £ J) (e? 0-# ei

1
eff =£SM(H1a V;MP) + A2

fpr U
X Z6H1 H1H1_7
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Example #1: Type-1I Two Higgs Doublet Model

Lessons learned:

@ A subset of all possible dimension-6 operators appear in the low-energy EFT
for 2HDM at tree-level

@ Note that 2HDM has more parameters than dimension-6 EFT, e.g. (A2-A5
quartic couplings vs only Z6 entering in EFT). EFT allows one to quickly
identify which combinations of coupling of UV theory can be constrained in
low-energy measurements.

@ Matching to dimension-6 operators in given basis is not always ftrivial. E.g.
intfegrating out scalars requires using Fierz idenftities to match to Warsaw
basis operators (this also means that Warsaw basis is not the most
convenient one from the point of view of 2HDM; one could construct an
equivalent basis where matching would be simpler)
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Matching new physics to D=6 lLagrangian
Example #2: Vector Triplet Resonance

Why vector friplet?

.
o
>

ATLAS —e— Observed 95% CL
\s =8 TeV, 20.3 fb™ Expected 95% CL
|:| = 1o uncertainty

|:] = 20 unceirtainty
—— EGM W', c=1

@ It was found this year ;)

.
o
w

@ Predicted by technicolor
and composite Higgs
models

o)
N
=
t

S
c
m
X
=
t

Q
=X

.

3.40 local significance
2.50 global significance

14 16 18 2 22 24 26 28 3

@ Nice simple model leading | e TeV
to higher-derivative Higgs
couplings at tree level
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Example #2: Vector Triplet Resonance

A new SU(2) triplet of heavy vector bosons,
coupled to SM SU(2) Higgs and fermionic currents:

| I : -
AL=—-VLVi +—LV:V;

1V Vw5

For, simplicity, couplings to fermions assumed universal.
Thus, model has 3 free parameters: mV, kH, and KF.
This time we identify mV with EFT expansion parameter A.
Solving equations of motions to leading order in 1/A:

i ; 1 = i
—_kyH'o E),,H e 5P feze fo'o.f
g

Effective Lagrangian

il‘&HHfo’iS:H—FK,F E f—'dia’uf

f€Lq
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Example #2: Vector Triplet Resonance

Effective Lagrangian can also be obtained another way by 1st shifting: —> Wz — K—FV

2
7 ) mV 1Y/
AL = — ZVIWV#V V V

YL

+;(K,H — K,F)V?'HTU FH+

Note that the new vector field does not couple to fermions anymore.
Solving equations of motions to leading order in 1/A, and plugging back,
we obtain the effective Lagrangian:

’ilﬁ:HHfO’iBZH-i-h‘,F E fdic_fuf
fe€lq

Which one is right? Answer: both!
The equivalence can be proven by using the SM equations of motion:
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Example #2: Vector Triplet Resonance

Yukawa

[Oelrs v VI ¢ g

[Oulry | —(HTH — $) Y™™ e[ty
(Odl1s | —(HTH — &) Y™™ e fig,

Vertex

[Onelrs Z'ZI&MHTE)H VI S o Hio W,

Oyl |Cibro'a, tHY o' D H gy €0 H L By,

Omelrs f g Y e TOH gy Gy

v

[Onglrs g uGo,, Hiolqy W)

Oy )1y |Qaro'o,q,H 0" H gy Y w$o,wH'qy B,
[OHu]]J iu?auﬂ‘jH MH gs™ m,jm‘] d?O'MVTaHTqJ GZV
[OHd][J ’L'd‘C,O'uJCJHTEzH gL—dgawjﬁTJiQJ W/iy
[OHud][J Z'u?O'MCZCJf{TDMH gy — mém‘] d?O"UJVHTq(] B,w/

Table 3: Two-fermion d=6 operators in the Warsaw basis. Here, I, J are the flavor
indices. For complex operators the complex conjugate operator is implicit.

Matching:

z'nHHTGiSZH-I-ﬂF Z faiﬁuf

f€ELq
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Example #2: Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd
[0, (HH)]”
()’
(HTH)?
g?H'H G, Ga, g?HTH G2,G2,
G HIHW] W}, g H HW. W},
g2 H'H B, B,, g H'H B,,B,,
grgy H'o'H WﬁyBuu grgyHio'H WZVBW
g e Wi Wi, wk, g3 IR WE Wi, Wk,

ggfachZbe Ge ggfabcéa Gt e

vp pp pv T vppp

Table 2: Bosonic d = 6 operators in the Warsaw basis.

z'nHHTUiE:H +kp Y fo'Guf
f€lq
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Example #2: Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd

(m1b11)
(H'H)?

g?H'H G4,G° g:H'H G%, G - 4(HTH) (DMHTDMH)

G ; G
GHIHW! Wi, GHIHW! Wi,
g2 H'H B, B,, g H'H B,,B,,

gLgy H'o'HW}, B, grgy Hio'H W, By,

g e Wi Wi, wk, g3 IR WE Wi, Wk,
gs feae, Gl G, gsfeeGe, GG,

Table 2: Bosonic d = 6 operators in the Warsaw basis.

z'nHHTUiE:H +kp Y fo'Guf
f€lq
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Example #2: Vector Triplet Resonance

Bosonic CP-even Bosonic CP-odd

(mbar)

g?H'H G, Ga, g?HTH G2,G2,
GHIHW! Wi, GHIHW! Wi,
g2 H'H B, B,, g H'H B,,B,,
grgyH'o'H WﬁVBW grgyHio'H /T/IV/ZVBW
g e Wi Wi, wk, g3 IR WE Wi, Wk,
g feGe, Gl G gsfeeGe, GG,

vp pp

Table 2: Bosonic d = 6 operators in the Warsaw basis.

inHHTaiB;H-Fﬁp Z fo'e,f

f€L,q
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Example #2: Vector Triplet Resonance

Warsaw Basis

/ Yukawa \

Bosonic CP-even Bosonic CP-odd Oy | —(HTH — &)Y e iy,
On @(HTH)D Oulrs | —(HVH — $) Y5 g,
' 2 (Odlry | —(HVH — %)Y s Hig,
Or (HD.H)
Dipole
Oon Omelrs [Oewlrs | 90" eSo,, Hio W
~ € v 24 1224
2 a a — 2 T a a vymrm
OGG gs HTH GMVGLLV OGG gsH H GIU’VG/“/ [OII—M]IJ Q [OeB]IJ gY%egguuHTgJB;w
Oww | g¢iH'HW W', O gt HTHW! W], Onel1s Ouclts | 9™, T F gy G,
~ 1q10 D, H [Ouw] VI e, Holqy W
2 7t [Omgl1s iqr0,q7H wWl1s | 9L uGouw a7 W
Ognp 2H'H B,,B O—= gvH'H B, B,,, ; , — _
Iy By BB ' /ﬁv a [Of,117 € iQIUZ5MQJHTU’E>H [OuBlry | 9v ¥ uSo,,Hiqy By
. . - 7 1 R mrm
Ows | grgvH'o'H W}, By, Omrg | grgvHIo'HW], By, Ondis | uSo,a5H D, H Oaclis | s dsr,, T H gy GO,
. . . ; K M ] g~ Jc 17t miymg ;e 7t i i
Onw | GRWEWEWS, O | LW, Onies || DL Oarhs |0l ol
. C c mimyj jc
Osc | gifoeGa, Gt Ge O | g2feGa,Gh, G Outudlis | Gt KD Gaslts | av 55 diou Has B
s pwr~vop~ pu S Hy = vp T pr

Table 3: Two-fermion d=6 operators in the Warsaw basis. Here, I, J are the flavor

Table 2: Bosonic d = 6 operators 1n the Warsaw basis. indices. For complex operators the complex conjugate operator is implicit.

/ / v
CHE) T = [CHgls = — KHKF 15

Matching: v2K2,
318, REW, 7D

Org

+ 4 fermion operators

aimH-l-nF Z fo'a,f

f€ELq
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Example #2: Vector Triplet Resonance
SILH Basis

Bosonic CP-even Bosonic CP-odd

/ Yukawa \

[0, (H'H) )Y ety
(HTEH)Q —(HTH - )Y g Hig,

T
e

ggHTH GZI/G,ZV O@E QEHTH GZVGZV Vertex = Dipole
> 015 f Vmimy e f ot i
9 o 2 T [OHZ]IJ 'LEIU;LEH p,H [OeW]]J gr v BIU;J,VH g EJW/,LI/
Oyrr | o' lH o' D, H [OeBl1s gy Y——=ej0,H'(;B,,

t i ) i : VI i
@ g ﬁ“H DyWy Ondis | iesoesHIDLH [Ouclis | 9s¥"tuo,, T*Hlq; GY,

v

%gy (HTﬁHH> 0, B OHql1s i(jla'MQJHTE)H [Ouw]ry | gr ¥ uSo,, Hiolqy Wi,

igL (D HYo'D,H) W}, Omw | 9L (D, H'o'D,H) Wﬁu (Ohuglrs | i@r0'Guar o Dy OuBlrs | gy o H gy B,
/’l’ v v . — mrm

, g 0 . ( DotD H) 5 Ondlrs | iujo,uGH TB;H [Oaclis | 92 d50,, T Hiqs G,

) HB gy T mym i ;

igy (DuH'DyH) By, HB A Ondrs | ido,dsHID, H Oawlis | 90 ™ 46, Higiq, Wi,

Onudlrs | iufo,d;H Dy H [OaBlrs | gy d5o,H gy B

OuBw0pBpy

Table 3: Two-fermion d=6 operators in the Warsaw basis. Here, I, J are the flavor
DMGZVDPGZV indices. For complex operators the complex conjugate operator is implicit.

. : : . 3 _ijkyx/i J k
gt wi, wi,wk o Ogp | g e W, Wi, Wy,

g?f“ch“,,Gb Ge¢ Og‘é ggfabcéZVGngzu

pv v pp

Table 5: Bosonic d = 6 operators in the SILH basis.

Exercise: £ind wi/sSon coetficients in Zhe §IL>// AQ\S/‘S

(4

2(FoH — nF)HTaimH | ,;FD,,WﬁV
L
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Example #2: Vector Triplet Resonance

Lessons learned:

@ A subset of all possible dimension-6 operators appear in the low-energy EFT
for vector triplet model at tree-level

® These are very different operators than the ones appearing in 2HDM.
Therefore, to be model independent, one should simultaneously constrain
*all* dimension-6 operators

@ This approach is basis independent - results can always be transformed
from one basis to another, provided all operators are taken into account.
However, matching to particular models may simpler in particular bases, e.qg.
matching to composite Higgs models is more straightforward using SILH
rather than Warsaw basis
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