" (a) (b) (d)

The SM as an EFT



SM EFT

SM is not the ultimate theory of nature, so it must be
viewed as an EFT. We should add higher-dim operators
to its Lagrangian:

1 1
Loar = L8 + 1 Z O + Z cOQ | (F) |

* \We don’t know the value of A (and different new
ohysics could arise at different A’s),

e Naturalness Cx ~ 1

* Model independent way to search for New Physics



Operator basis

Conceptually, writing down the operators is not more
difficult than what we did for pure QED and QCD, but
In practice, things become much more involved

* 3 gauge groups: SU¢(3) x SUL(2) X Uy(1)

 Complicated matter sector

fermions scalars
J %} " Q 17
field l1, €rp qp, UR, dg, (©
1 1 2 1 1
hypercharge Y ; I - : ;

Q=Y+/5




d = 5 operator

Only a single operator arises at d = 5

Quuzgjkgmngijpm(lg)TCl? — (NTZ TC NTZ

V N

SU(2) indices p,r generation indices

* Violates lepton number

o After EW symmetry breaking, this term gives
Majorana masses to v's and causes v-mixing.

 Alis very large ~10' TeV, not relevant for LHC.



d = 6 operators

Buchmiuller and Wyler, Nucl.Phys. B268 (1986) 621
Grzadkowski, Iskrzynski, Misiak, Rosiek JHEP 1010 (2010) 085

Many operators at d=6! Construction of operator basis is
nontrivial, use

e Fierz identities (Dirac and Color), ...
 integration by part, classical EOM, ...

to reduce operators to a minimal set

e 59 operators (compared to 14 at d=4) which conserve
baryon number B

e + 5 additional ones it B is violated

e flavor indices: 2499 parameters with B conserved



d = 06 operators

X3 S06 and §04D2 ,¢2903
Qa | [APCGIGHrGo | Q, (0Tp)? Qey (#T0) (lperp)

& | FABCGGEGSr | Quo | (plo)Olele) Quy (1) (G, )
Qw | KWW IrwEr | Qup | (" D"0)" (¢' D) || Quy () (@pdrep)
QW gijwin;JprKu

X2g02 szSO ¢2QO2D
Qo | dloaaa™ | Qu | (Gome)roWl, | QY | (p'iD,0)(0n"L,)
Q. Pl GAGY™ || Qs | (L,0"e) B, QY | (oD} o) (T, "1,)
Quw | SeWLIWH | Qua | (G0 T )G, | Qpe | (11D, 0)(Enter)
Qv | #eWLW™ | Quv | (o™ u)r3 WL, | QW | (#'iD, @)@ )
Qo | @'¢BuB” | Qus | (@0"™u)FBu | Q% | (¢'iD] )G "a,)
Qi | ¢eBuB™ | Qi | (@G0T 4)9Cl | Qo | (#'iDu@)un"u,)
Quws | @TeWLBY | Qav | (@o"d)T oW, | Qua | (#'iD,¢)(d,y"d,)
Quvy | ¢'TeWLB"™ | Q| (40"d)¢Bu | Qua| i3 Dup)un"d,)

plus four-fermion operators




d = 06 operators

X3 0% and *D? 23
Qa | [APCGGHrGo | Q, (0Tp)? Qey (#T0) (lperp)
& | FABCGHGEGSr | Quo | (plo)Olele) Quy (1) (G, )
Qw | e"*WIW]W | Qup | (9T Do) (91 Dup) || Qug (') (qpddrep)

Qw | VKWWK
X2§02 77&2)('%0 ¢2¢2D

Que | ¢leGAG™ | @
Qe | eleGuet 1@ Zero In Euler-Helsenberg, but

Car PRI @ there in non-abelian theories
Qe | #loWu, Wi Q.

QuB p'¢ B, B" Qus | (00™u,)¢ By vq | (@1iDL ) (G V" gr)

Qi | ¢eBuB™ | Qi | (@G0T 4)9Cl | Qo | (#'iDu@)un"u,)
Quws | @TeWLBY | Qav | (@o"d)T oW, | Qua | (#'iD,¢)(d,y"d,)
Quvy | ¢'TeWLB"™ | Q| (40"d)¢Bu | Qua| i3 Dup)un"d,)

plus four-fermion operators



d = o6 four fermion operators

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (vl ) Lyl Qee (€pvuer)(Esyer) Qe (Lpyyulr) (E7er)
W | (@70) @ 'e) | Qu | @) (@) | Quo | (Grude) (@ )
i | (@)@ ) | Qaa | (dyud)(dyd) || Qu | (Bl (deydy)
Q) (Lpyule) (@7 q2) Qeu (epyuer) (s uy) Qqe (@pyuar)(sy™er)
D Gt 1)@ T ) || Qe (@pyuer) (dsydy) w | (@) (@)
QW | (Gyyeun)(diydy) o | (G T ) (@ TAu,)
Q4 | @ T4 ) (AP TAd) || Q%) | (Gvugr) (dsydy)
Qul | (@I q)(dA T d,)
(LR)(RL) and (LR)(LR) B-violating
Qedy (e, (dsq)) Quug cPey, [(d)TCull] [(g)7ClE)
Qquqd (@ur)e; (T dy) Qqqu Mg iy [( qy )Tquk} [(u})TC’et}
Qg | (BT u,)e (G Tdy) | Qb e juemn [(43)TC¥] [(q7m)TCly)
Qo | Beem(@u) || Qly (1) i (1€ ) [(a57)7C 2] [(@7™) L)
QD | Bowe )o@ u) | Qau e [(d)TCuf] [(u7)T Cey]

Flavor indices: 34= 81... Many couplings!



EFT for HIggs physics

Not all of the 59 operators are important for
Iggs physics, but a significant number of
them is.

e A lot of recent work to identify the most
important NP effects In Higgs physics
and to parameterize possible effects in a
model independent way.

e Deviations are often parameterized as
deviations from SM coupling strengths
to given particle type.




Value of A\

We have a plethora of SM measurements which
Impose constraints on A

e Neutrino masses A\ ~ 104 TeV

e FHlavor physics A =1 — 100 TeV
* Most stringent bounds: FCNC'’s

e E\VW precision physics A = 2 TeV

Absence of New Physics signals can indicate
either a high scale, or a special form which
suppresses (e.g. flavor physics) signals.




Naturalness Problem

The SM contains a single relevant operator
2 2) A2
p? ol = C A2ply

with 2u2 = mi? . Naturalness:

e Shou

contr

e Expect New

d protect

butions f

{

O

Physics around m4.

ne Higgs mass from

M higher scales (such as Mp).

e SUSY, compositeness, ... ?

Naturalness problem: where is everybody??



