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LHC © » The era of EFT

SMEFT: General parametrization of heavy new
physics under mild assumptions

Buchmuller, Wyler ‘85 , ... , Grzadkowski, Iskrzynski, Misiak, Rosiek, ‘10 2682 cit. each!

However... [see talk by Manuel Drees]

® Just a parametrization —— no obvious insight
® Lotfs of independent parameters

® Bad high-energy behaviour

e Limited range of validity

We need UV completions!
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® Look for perturbative completions
® Stay as general as possible

® But concentrate on leading effects
BSMEFT

e D.o.f.: SM plus spin 0, 1/2, 1

e Symmetries: Poincare + SM gauge SU(3)xSU(2)xU(1)



effects

New multiplets
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Renormalizable BSM interactions

(k)rSr T + (As)rsSrSs6T¢ + (ri53)rstSr SsSt

+ { (g rigST sionls; + hic. )

+ {(ygg)msgkéme%j + h.c.}

+ {(yfo)rij@iéRile + (YD) ri Pl driqry + (Ye)rijplioad] i,
+()r (¢h0) (00) + huc. |

+ (k2)r 6 =006 + (A2)rs (2122) (010)

502 (828) (810) + S0L ot (21121 ) (610%0)

+{ + (w2, ), 251 (810%0) +he. |

+{ 06 (¢10°0) CladsersOf, +hc.}

+{(eu)r

1

—aty a - c
rij =1l Lio wglL~

—~
<
LI]
~—r

(Aes <¢T a¢) aﬁ¢ﬁ€]]@3r + h.c. }
(W2 rijewl @5 sioaly + (Ya)rijwiy eaBcdryioadss
+(yzqf)rijw1rél}:%iuRj + (yﬁ?)mjwﬁ*emcc?%uﬁg + h.c.}
(ywz)mng EABcd dR? +h.c.}

(e rijwi €y + (Y rijwiy €ABCTRUGS + h.c.}
(yry )rig T ioal FidR; + hec. }

(?JH7)mJH7T102lLluRJ + (yle_ﬁ)rijﬂ%émqm + h.c,}

(W8 G5 020" s + (Y2 risGi T eaBodrioioaqs§ +hec. }

QABT c(A\d|B) ABt —c(A| . |B

(le)'f‘Z] (ygl)rmglr qu ZU qL ) + hC}
(yQQ)MJQABTdC(f”d‘B) + hC}
(v)rig 2 g o) + e |

TABTqL(Z ‘2020 q'LJ) + h.c. }

(yT)rzj
(Y& )iy @ ioa gt Taur; + (yo)rij @2 dpiTagqr; + h-C-}
SE)'I‘SS’I‘ES (¢To_a¢> (HS_)rstS Ha—'t

ks, )rstSyEUEY, + {(As_l)m 241 (¢T a¢) +h.c. }

<
o

N A A A A A A A A A A

—~
>

(’isw)rsSTSOE(ﬁ + (KEp)rsZr (
)rstfabc—* —'lljz:l{t + {( = E)rsfabc*—'lr —s <¢T c(b) + h.c. }

Clsdpers©,

A

X
[1]
I

+ 4+ + + + o+ o+ o+ o+ o+ o+ o+

+ o~~~

:a
)T‘Sh‘lrr

(k=104 )rsE?ICigé,eeu@gs + h.c. },

(KE@I)TSE?CC{BQBBGIJ@{S + (K’El@l

AN)riNRr &'l + ) riEredtiLi

+ (Aay)rilirder: + (Aay)ridsLrder;
(A2)riZh 0 oL + %()\El)rix%mwaalu
+ (ANa))rs N 0T Atrs + (Apa )rsELrd' At gs

L 1 o
+ (AE Ag)TSELT¢TA3Rs + §(A2Al)rsz%fa¢TaaAle

_|_

N | —

(A21A1 )TszlLr¢T Ale

1
2
(/\U)riUqugTQLi + ()‘D)riDRTQbTQLi
+ (A )riQ1rrdur: + (N, )riQ1Lrdd s
+ (AQs)riQs1rddRi + (AQy )riQrLrdUR]
1 _ 1 _ -
+ 5()\T1)riT1aRr¢TUGQLi + 5()\T2)riT2aRr¢TO-GQLi
+ (Av0y)rsUrrd'Qirs + Avg:)rsUrréd' Q7 rs
+ ()\DQl)rsDLr(ZﬁTQle + (ADQ5>TSDLT'$TQ5RS
1 a a 1 ma It _a
+ §(>‘T1Q1)7’ST1LT¢TU Qle + §(>‘T1Q5)TST1Lr¢TU Q5Rs

1 - ~ 1 —
+ §(>‘T2Q1)TST2CLLT¢TUGQ1RS + 5()\T2Q7)T8T2(1Lr¢TaaQ7Rs + h.c.

0"6) + (rzp)rsZil (#l0%0) + b}

1 _ N
+ §(A21A3)T52%LT¢T0.GA3RS + h.c.

(98)rig Bl lLivules + (98)rigBrarivuar; + (95)rijBreriver;

+ (98)ri Bl drivudr; + (98)rij BrarivuLy + {(gg)rBﬁ&iDuqﬁ +h
+ {(Q%Qf)mjlgﬂdm’mum + (ggl)rBﬁTiDungioggb + h.c.}
%(93\;%7;9')/\7#&61/:10“%(1/:]’

90 WH G 69D ¢ + h.c.}

1 _
+ 5(95\;)7«@'ij&%an% +
{ 1

(g )TijgﬂACjLi’Y,uTAQLj + (gé)rijngaLi’YuTAuRj + (gg)rijgﬂAJRa
A —
(991)Tijg1TquRiTA7uuRj + h-C-}

_|_

5(ow)

1 uat . T, a
+ 2(9W1)7’Wl7« iD,¢" ioe0¢p + h.c.
q
g

+ o+

+ %(QH)rinﬁaA(?Li’maaTAQLj
+{(e)nel, "6 + e}
+ i(gg)mﬁuuﬁlszW + ’i(ggi)rs 1ip0 L1y W
+ z‘(g?l)rsciwﬁlsyéﬂ” + i(gZ)m WU%ISVW“W
+ (W) @mt)(wﬂ+w9>@mw)@w@

(hc )7’8( 17‘# ) (‘CJ{{:QZ)) +h.c.}

(gE3 rzy eRz’VMle + h.c. }

)
l —

)”JMZT eRZ’YMdR] (gz/z)rijuél:lLi’YMQLj + hC}

(g?/{5)rijug7- ERiVuUR; + h.c.}

(ggl)rijgﬁ@%ﬂuhj ( €ABC’dRz /ﬂUQQL] +h.c. }

 Irij
(ng)m Qs dRﬂ“lLﬂ (ggs)maQw@Rﬂquy
+(gg§))rij Q5TMT€ABC11]}%’YMQEJ' + h.c.}
(9)ris X Lo quy + hc. }

AB A B
(9y1 )rij iy “TJ( |7,ﬂa qgj ) 4+ h.c.}

+

AB

(CciB)rs ( 1m¢) BY + (CeyBy )rsLl,, 0B
+(€£1W)TS ( 17‘,uo- ¢) Waﬂ + (Cﬁlwl)rsﬁlr,uo- ¢WGML + hC} )

+

{
A
{
{



(ASE)rsiSrELseRi + ()\SAl)TsiSrﬁlelLi (ZNﬁl)TSZNRT/Y ﬁlS“lLi <ZE£1)TSZELT7 Elslul

+ (Asv)rsiSrULsuri + (AsD)rsiSrDLsdri + (AsQy )rsiSrQ1RsqLi (@t sy Lasperi + (o )rsibare " Liser
)\EA1>TsiE'?AlRSO'alLi + (AEZh)rsiE?i(llLs@Rz' - ZZEl)T‘% Rr ’}/M/:J{SN aZLi (Zzlﬁl)mlElLrv Els,u alLi

20, )rsiZrQ1rs0%qri + (Aar )rsiZe Ty sdri + (Aamy )rsiZe Ty JUR

+ (

+ (

+ (A2, 05)rsiZ11 Aars0lLi + (Mg, 3)ra S S50 R

+ (A2,05)rsiZN Qsrs0%qLi + (A2,0x)rsiZh Q7Rs0qL:
+ (

—{
)‘E1T1)T‘SZH1IT1L3URZ' -+ ()‘E1T2)rszH1rT2Lstz + h.c.

(588)7“587“”1)“8 + (5WE)7"SWT,,LLD'MES

Renormalizable BSM interactions

+ {011, D s + (Brz, )W, DI E1 + e |
+ (5851)7‘8758 ﬁlsuﬁ + (e uﬁl)rstu ﬁls,u let

+ {( 151)rst~1@£1w “ofF +hc. }

+ ...

+{ (s )rs0! (DuS)) L1, + (G, )rs (D) SHL1,
+ (gEﬁl)rs¢TU ( )ﬁ ( Hﬁl)m( uqb)T

+ (9220 (D,E5,)1 L1, + (9, (D m) e, i+ )

202 )rsiUe v L, a0 + (202 )rsi Doy L1 v

(
(
(28, £, )rsiQ1rr Y Lrsptiri + (2, £, )rsiQ1Rr V" L1spdri
(20521 )rsiQsRrV" L1spdRri + (20721 )rsiQrRrY" L1sutRi
(

ZT1£1>7“31'T16LLT7M£ISMOGQLZ' + (ZTQL’l)rszTQLT’Y Els,ua qr; + h.c..



BSMEFT

de Blas, Criado, MPV, Santiago ‘17

Dictionar
7 Guedes, Olgoso 24 SOLD

SMEFT

Bottom-up (outdated) example
LHCb anomalies w7 O = (5y*Pb)({v,P;0)

(3,3)_1 (L,1)o (1,3)o (3,1)2 (3,3)2
{ C? Ba Wa Z/{Za X }

0] 1 | 1 1

We can also use BSMEFT without any reference to SMEFT

7



New spin 1 particles represented by Proca fields

gBSMEFT is an effective theory also at D < 4 level

My,
It breaks down at £ ~ —
Ag

This talk: UV completion of ZLgonviprt



Outline

® High-energy limit and the emergence of gauge invariance

Cornwall, Levin, Tiktopoulos ‘74

Benincasa, Cachazo 07, Arkani-Hamed, Huang, Huang, “17

® Building the SM from the bottom up

® (Next-to) Minimal UV completions
- Examples

- The landscape of UV completions
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Perturbativity at high energies (HE): .Z"* < E*™"

Scattering amplitudes with massive particles:
good HE behaviour = well-defined massless limit

HE
+ - h = +]’ W . 7
Massive spin 1 { _ h = -1 } CPT "massless spin 1
L —— h=0  scalar:)

Match amplitudes -> couplings of massive spin 1
directly related to couplings of massless spin 1 and Goldstones



Scattering amplitudes of massless spin 1 particles

e Hilbert space inner product . Positive-definite bilinear form
+ factorization (metric) 8ap

2P
Y 113]123]

e Poincare o CPT

= Coupling f,z, totally antisymmetric

o Define generators f; := g% [, 5, that transform amplitudes as

npy

tensors: 6,45 A +f;7ﬂAm7”_ + ...

.=;/a

e f,p5, fotally antisymmetric = 0,8, =0 invariant metric
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Scattering amplitudes of massless spin 1 particles

o Oyfapy = Jfnatep, + ;lycﬁf axy TSy Japx
5 = S < —

Factorization channels of single A4, =

AN

Locality + Unitarity = 0, f,5, = 0 Jacobi identity

* So, f;, are the structure constants of a Lie algebra

e Invariant positive-definite metric = semisimple & abelian
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Scattering amplitudes of massless spin 1 particles
with spin O and spin 1/2 particles

e For scalars (similar for fermions)

| o2

ot . [12][13]
| — 7o
s 7 [23]
J 3 \/ antisymmetric under i <> J

o Use T;; as generators of transformations of amplitudes
with Scaldrs. 5}/Al] = T}/Ak] + Y;)I/CAlk + ...

o Locality + unitarity (factorization) = o, T“ =0

13



Scattering amplitudes of spin O and spin 1/2 particles

Also invariant in theories with spin 1 particles:

i“ss "'l k
Ajjr = Q = Ay + non local

[ ] ' ‘
b .
o A3
o “

o Locality + unitarity (factorization) = 0,43, = 0

14



Non local and beyond tree level

Generalized unitarity method

Ignoring kinematics, this is a tensor built out of invariant tensors.
Hence, all amplitudes are invariant.

The transformations 0, generate a

(point-like) symmetry group of the S matrix
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Notation: hatted indices -> massive spin 1 (or their HE incarnation)
otrdtion: unhatted (normal) indices -> massless spin 1
capital indices -> arbitrary
o =0 (Yangs theorem)

Hence, fs5, = 0

The generators associated to massless spin 1 particles
span a subalgebra

O 57’]M¢Qfg@=()

o 5ﬁ 074@ =0 may requireké{&,ﬂA,...

s
<
s
§ °

physical Higgses



From particles to fields

Introduce interpolating fields; in particular vector fields A

(a| A|0) = e? (I'm keeping Lorentz indices, space-time coordinates,
@ helicities and polarization vectors implicit)

g = (0] A“A?|0) = e™e(a| f) = g,e™e/”

LSZ: <O | Clﬂ}’ . > — eaaeﬂbey(:' - <O |AaAbAC' " | O> |0n—shell

8, Jape 1= eaaeﬂbeycfaﬂy and other couplings inherit
invariance properties of amplitudes

Choosing field basis with e;, = ¢4 = 0 we also have subalgebra
property for massless fields

Global symmetry must be promoted to local symmetry

17



Building the EW SM from the bottom up

eFermi theory of beta decay ﬁp_
eElectromagnetism P

n ™ oVe

e Intermediate vector bosons W= with mass

2
M2, =—5 < (120 GeV)?

44/2G;

Grreal, now we have a perturbative theory at energies
foreseen before the end of this century

Well, not quite: at HE we have e.qg. M(LEWTW™) ~ GE*

18



Keep going and impose good massless limit

ae {0} ——p Y

ae{+,-} (orae{l2} —p W
i€ {v,e} (andi€ {p,n})

® fo._ = —ie, antisymmetric (in {1,2} basis)

?
Opfigc =0 Yes (even if no freedom)

Spin 1 sector OK

1 0 § (0 1 __ 8 (00
TY = , TH=—— , T-=——
) e<0 0) ﬁ(o 0) ﬁ(l 0)

pT; = 0 Nol This is the reason for the bad HE behaviour

2
+1=8 (1 0 0
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Keep going and impose good massless limit

ae {0} ——p Y

ae{+,-} (orae{1,22} —p W
ie{v,e) (and i € {p,n})

® fo._ = —ie, antisymmetric (in {1,2} basis)

?
Opfigc =0 Yes (even if no freedom)

Spin 1 sector OK

1 0 g (0 1 g (0 0
0 0 5 \0 0 5 \1 0
, \/_ \/_

8;T; =0 No! Thisis the reason for the bad HE behaviour

2
17,171 = g? <(1) —01> 7 T’ + +if, aTa (00f4—a = 0)
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Minimal extension: one extra neutral vector boson Z
MW
(we need M, <—)
g

ae {0} ——p Y WiZ
ief{+,-,00 (orae{l120}) —PF

i€ {v,e} (and i€ {p,n})
?
® 0sfapc =0  vyes foranyif, 5=:f

0 b
g’ =2fa; g°=2e’~fb); a-b=f

? :
° 5&7’;;.‘ =0 vyesiff T = (a O) with the relations

defining cos @ := A we get the SM:
g

A o
g’ = e’ + f2, TY S > _ sin20Q
cosf \ 2
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So, in 1933 we could have already guessed the existence of the W
boson, the existence of the Z boson and the form of their
couplings to fermions. We could also have put bounds on the
boson masses by assuming perturbative couplings.

We can also infer from the UV invariance the existence of at least
one physical Higgs, with couplings proportional to masses

Now lets follow the same procedure to find UV completions of
effective BSM theories. We work in the EW symmeftric phase, so
the 12 SM gauge fields play the role of the photon and the
hypothetical extra vector bosons play the role of the W

22



The general method

e Work in basis with antisymmetric structure constants (in this

basis we no longer distinguish upper and lower indices)

e In the vector sector we know f_,. and f, ;. =

e By the assumption of a certain collection of vector multiplets

with cerfain SM transformations we (almost) know f ;.
e The unkowns are then f.;,

a

e The invariance of f.;. gives rise to non-trivial Jacobi equations

23



f&(}éf&dé - f&ééfdgé + f&déff)éé =0 = LINEAL
f ai)ef ede T f &Béf cde T (perms.) =0 => QUADRATIC

In the cases in which the closure condition

JaroSog, + perms. =0
is satisfied, there is a trivial solution f,;. = 0, which

corresponds to a symmetric coset space.
This does not preclude the existence of non-trivial solutions.

Furthermore, the closure may not be satisfied.

® Solve the equations

e Proceed analogously with fermion and scalar couplings

24



Examples

Name B
Irrep (1,1),
Name L3 5
Irrep (1, 2)_% (6, )_g
K ° .
2 =S pTetDp +h.c. Similar
2 discussion

(contributes to the T parameter)

But T?: antisymmetric under i < j implies k = 0 and thus

W | irrelevant for phenomenology. Same for £,

Fonseca ‘22 de Blas, Criado, MPV, Santiago '17
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Name B
[rrep (1,1),

(1,1); |

Name L3
Irrep  (1,2)_

(V] [VV)

(37 1)%

g gl H ,Cl
B0, (81, (3, (12),
Qs X N1 Vs
(3,1)s (3,2)2 (3,2)_s (3,3)2 (6,2): (6,2)_s

WA

de Blas, Lizana, MPV, 2012

Pappadopulo, Thamm, Torre,
Wulzer, 2014

Charged W'+
Neutral Z'

ng [gll_Lv“’JalL—l—gchLv“aaqL + (gqbngO'aiD’u¢ -+ hC)}

I

dileptons

NN

ixing with Z and W

N parameter?)
dibosons

te, tb dibosons
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Name B B g g1 H L1
Irrep (17 1)0 (17 1)1 (87 1)0 (87 1)1 (87 3)0 (17 2)%
Name L U, Qs X V1 Vs
Irrep (172)—% (37 1)% (37 1)% (372)% (372)—% (373)% (672)% (672)—%

WA

WE [gll_Lv"aalL—l—gq(ij“aaqL + (ggbngO'aiD’uqb -+ hC)}

de Blas, Lizana, MPV, 2012

Pappadopulo, Thamm, Torre,
Wulzer, 2014

Charged W'+
Neutral 72’

L . — Obs ---Exp
— Leptonic —— Quarks+Bosons = Full Comb. /m = 5% = T/m = 10%
c,— 1T | L J_.. T T T | T 7 .>_|~ [T rrJrr7?
0.8 - ATLAS = - =
0.6 \'§=13TeV,139_f \ 3
TEm\V)=4TeV ]
0.4 gH=-0.56 3
0.2 —]
o E— a
-0.2 E
-0.4 -
-0.6 -
-0.8 : - \
_1 L1 1 I L1 1 I l- 1 11 1 l 11 l 1 1 L1 1 11 v"l I 1 I 11 ATLAS 24
-1 -08 -06 -04 -02 02 04 06 038 1

0
27




e The antisymmetry of the coset generators implies Im(g,) = 0
Then, it does not contribute to the T parameter

e ac {123} W a4ae{l.2.3) y

e Invariance and antisymmetry imply (linear equations)
fabc = 8€abcs f&fpc = 8€abcs féf& — Ceabc

® Closure condition satisfied, so C=0 is a solution. But non-linear
equations are satisfied for any C

e Invariance of fermion and scalar generators imply

C =cotep —tang
88,85 € {—gtang, gcotp}

for some angle @

28



So, the parameter space of the model in the universal case is
reduced from four to two

— Obs ---Exp
I''m=5% =-TI/m=10%
| L :l~ I LI I LI

o]
(0,75,0.75)

— Leptonic —— Quarks+Bosons = Full Comb.

@— 1 LI l LI I ’l '
0.8 - ATLAS '

C Ve -1
o F /5= 13TeV, 139f

0.4 g =-0.56
0.2

--------------------------------------------------

....................

-0.2
-0.4
-0.6
-0.8

o .
(-0.56,-0.58)

o
Illllllllllllll'l'rf:]lllll T

AT TR B A L el v Ly vy

-08 -06 -04 -02 O 02 04 06 08 1
Preliminary 9,

I
I—L
- [T
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Name B g g1 H L4
Irrep (17 1)0 (87 1)0 (87 1)1 (87 3)0 (17 2)%
Name L3 Qs X V1 Vs
II‘I‘Gp (172)—% (37 2)—% (373)% (672)% (672)—%

9B, is a W' that couples to RH fermions. Its completion is

completely analogous to the completion of the W boson in the SM:
a Z' boson is required, the form of the fermion generators is fixed
and there are relations among couplings. At the end of the day, this
reduces to a LR model.

7, is a leptoquark. Its completion involves a partial unification.
Consistency of fermion couplings requires at least a Z' boson and
extending the fermions with a RH neutrino. In this way, we
rediscover Pati-Salam.

In all cases flavour strongly constrained
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The landscape of UV completions

In this approach, model building reduces to solving algebraic
equations.

This task is amenable to automation :)

But solving exactly a large system of quadratic equations can
take too much time and memory :(

So, brute force not sufficient

The only consistent minimal cases with only one vector irrep and
no extra fermions or scalars turn out to be the SM-like irreps:
B, W, &

So, we scan over non-minimal cases as well
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A glimpse at the scan in progress

U2 + BO + N

(aux data) Length[fabcToUse]: 1

[Vectors] There are solution.

. . = "% Specified elements: 51149 }
[Fermions] nullTensor: SparseArray| E2 =% Dimensions: {19, 19, 16, 16}

Data not saved. Save now 5

[Fermions] Linear part: done. (Length[sollLinear]=1)

[Fermions] Quadratic part: done. (Length[solLinearQuadratic]=24)

[Fermions] There are solutions.

. ==L Specified elements: 2832
[Scalars] nullTensor: SparseArray + =", Dimensions: {19, 19, 4, 4}

Data not saved. Save now 5

[Scalars] Linear part: done. (Length[sollLinear]=1)

[Scalars] Quadratic part: done. (Length[solLinearQuadratic]=1)

[Scalars] There are solutions.
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In conclusion,

e The existence of perturbative completions puts strong limits on
EFT with heavy vector bosons.

e Classical top-down gauge model building continuous to hold up
well. It can be used to find the UV completions. Knowing the
group offers many advantages. It involves embeddings, branching
rules, Slansky,...

e Bottom-up model building is an equivalent pheno-motivated work
flow. It involves algebraic equations, fast computers, Renato,...
(This approach can also be used for global symmetries not
involving vector bosons)

e A combination of both approaches (such as using group theory
once a group has been determined from the equations) seems
helpful
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