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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 QP + Z cOQO | (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 Euler Heisenberg, but in

practice, things become much more involved

e 3 gauge groups: SUc(3) x SUL(2) X Uy(1)

 Complicated matter sector

fermions scalars
J %} o Qo 17
field l1, €rp 4dr, Ur, dg, ©
1 1 2 1 1
hypercharge ¥ | —5 —1 ¢ - : ;




d = 5 operator

Only a single operator arises at d = 5

Qu = Epemn? P™(IE)TCL = (1,7 C@',),

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 ~1014 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), ...
e integration by part, classical EOM, ...

to reduce operators to a minimal set

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

e + 5 additional ones it B is violated

o flavor indices: 2499 parameters with B conserved



d = 06 operators

XB S06 and S041)2 ¢2903
Qc | [ABOGIGEGS | Q, (0Tp)? Qe, (") (lperep)

& | FAECGGEGSr | Quo | (ple)Olele) Qug (1) (Gpur )
Qw | KWW W Qup | (0'D*0)" (¢'Dup) | Quy (¢70) (@pdrep)
Qw | KWW oK

XQQOZ w2X90 ¢2¢2D
Qea | #oGAG™ | Quv | (Gome)roW! || QY | (oD, 9)(M,)
Q.é ploGAGY || Qs | (I,0"e) B QY | (D] o) (T,r""1,)
Qow | eWLWH | Qua | (G0 T4u)FCL, | Qp | (#'iD,¢)Ente,)
Qv | #eWLW™ | Quw | (@o™u)d WS, | Q% | (#'iD, o) (@n"a)
Qo | ©'9BwB” | Qus | (@0"™u)FBu | Q% | (¢'iD] )G a,)
Q5 | ¢eBuB” | Qe | (@G0T 4)0CL | Qo | (#1iDu@)untu,)
Quws | STeWLBY | Qav | (@o"d)T oW, | Qua | (#'iD,¢)(d,"d,)
Quip | o WLB™ || Qs | (40" d )¢ By | Quua | (@ Dup) (@ d,)

plus four-fermion operators




d = 06 operators

X3 0% and *D? 23
Qc | [ABOGIGEGS | Q, (0Tp)? Qe, (") (lperep)
G | FABCGRGEGSE | Quo | (plo)Olele) Qug (1) (Gpur )
Qw | KWW PWEr I Qup | (9T D))" (¢"Dpp) || Qap (#"0) (Gpdrep)

Qw | VKWIWIrWEs
X2¢2 ¢2X80 ¢2<)02D

Qch QDTSO GﬁyGAMV QE
Qe | eleGuat 1@ Zero In Euler-Helsenberg, but

Car | PV C there in non-abelian theories
O | LI | @

Qo5 ol By, B Qu | (g0"u.)¢ By vq | (@D o) (@ )
Q5 | ¢eBuB” | Qe | (@G0T 4)0CL | Qo | (#1iDu@)untu,)
Quws | STeWLBY | Qav | (@o"d)T oW, | Qua | (#'iD,¢)(d,"d,)
Quip | o WLB™ || Qs | (40" d )¢ By | Quua | (@ Dup) (@ d,)

plus four-fermion operators



d = o6 four fermion operators

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Yl ) (17" 1) Qee | (Eer)(Eier) Qe | (Lyvulr)(En"e:)
Q4 (TpVudr) (7" 1) Quu (v ) (Tsy"uy) Quu (Lpyule) (T uy)
QY (@™ @) (@' T a) || Quad (dpy,dy ) (dsy™dy) Qud (Lpyuly) (dsy*dy)
QL (Lpyule) (@7 1) Qeu (epyuer) (s ) Qqe (@pVuar)(Esy*er)
QY | Gt )@ ') | Qea | Een)([dyids) || QW | (Grugr) (T uy)
QN | @) drd) | Q% | (@I ar) (@ T )
Q) | (@ T ) (dyTAdy) | Q% | (Gyvuar) (diydy)
QW) | (@ T4a) (dy TAdy)
(LR)(RL) and (LR)(LR) B-violating
Qredg (Ber)(dogi) Qaug e*Mejy, [(dy)"Cul) (7)) Cly]
QW 1 (@u)ein(@dy) | Quau eMe . [(q29)TCqP¥] [(u))T Cey]
Qi <quAur>ejk< STAd) | Qbas eMe kemn [(¢27)TCP] [(q2m™)T O]
QU | @een@u) || Qb BN (rTE) (1) [(a57)T CalM] [(@7™)T Ly
Qo | Bowe)zn(@ o™ w) | Qau e [(d2)TCuf] [(u)TCey]

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 \ ~ 1014 TeV

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

e EW 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.




e Shou

Naturalness Problem

he SM contains a single relevant operator

u? o = CP A%pTp

with 2u2 = me# . Naturalness:

d protect t

contributions fro

* Expect New Physics at A ~ m#.

ne Higgs mass from

M higher scales (such as My)).

e SUSY, compositeness, ... 7

Naturalness problem: we do not see any effects
of the higher-dim. operators: A » my

* Important: A is scale of new physics, not
unphysical cutoff!



