2. (B)sSM EFT

Dofs & Symmetdes D Most general & = Bd-y +Ly-gt+ .-

o&diq : Sﬁmme“’ﬁes od nwotvuralness ?ro\:\em
OCJ)Ll :What s A7  Newteino masses and aw.\m.-hj

Mwax ian EFT

Zi=c ops. (9, I/,; , FONCs, Custodial,...) Bounds
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D.ofis & Symmetnes Most qenemal D = Ld-y +Ly-g+---

The modern view on the sM is dhal & is o low- enaryy EFT

with o Lwited cauge of applicabilihy iw enemy . Tts £

is made of all pessible local opevotors coustwebed with the Liguk

degrees of freedom :
quarks: Q= (j:)~(3,z,|[,,) Ug~(3,%5) dp~ (3.,-13) (x3families)
leptous : | = (::)N(.lz,.,,_) er~ (1,1,-1) (x3 fossilies)
Waqs M= (B )~ (h2k)

and res?e.c.'tiuﬂ Yoincare and qovge invasiosce vnder
Ggy = Su(@), * So(2), » U(l).,(
The acwﬂe. Lom assoc ated {0 +his 8WOP axe. aluou-s and EW
. a e
aawf-hokus Gl..., WP,B‘»
We can Juoufese, ‘he %e.\wl'v-\ La.a«w%m 'F’r' the SM EFT as
\
& = I\‘L;B,hz + Ly=o + K'°£4=5 + l-‘\—z.{dgc ...

mo«\a:u.s-kv Fre Scaliing diwension 3 of 4he eperodors. lere N
represemts the mass scole where new physies BSM eukers aud
He SH deseriphiow foils. THs +he OV outtoff of our EFT.
Relevaut and mowginal ops. (fh=z and Y=y ) wold be deter-
mined by Some vnknown LV physics lerjoud A bt we con do by
measuring them evperimeutally.
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The iwpoct of the fower of irelevast ops.(Ldry) wil be
suppressed by Egy /N . Findiug oot what is the valee of A is
the siugle must Cuportosd gueshiow the LHC tries o auswer:
ofasy  Symmetnes amd natucalmss pecblem

Dycy deseibes low- enaxgy physies with greal precisiow. The d=2
‘xu—t is siwply P Uigas wuass lerm
Ndi=g == m* ™
The. notural valoe of Hhis mass is D(A) P N sds Ihe scde of
mosses iw the UV BSM theory. Howing mPa« N> sothok H
is i the low-E EFT o begin wi.-\-\';,veqoc«..s on explonatiow .
This is the oot of Yo ™M Wiexaxrchy pedolem to be discosied
latex on. Thare axe no woss Yerms for govge bosous (forbidden
by He gaoge symmetry ) or for fermiows (forbiddew by chical
symmetey): gauge bosous aud Lenious oxe nadvral dofs Yo have
a low-g EFT.
There's no d=3 term alowed by e a..(mm:k ves and ot d= ¥ we
hawe. , schemadically :
Li=y = %&w*“’-; il?:.w\» - |1>,,.u|‘ - %|HI*
+ Y@ Hup+ YQHdg + Ye L Heg +he.
This Ld=4 has some symmetries beyoud Poincard, qaige asd
chivol s1mm+r<es that resvlt from the restrichiow 4o d=4.
The.-d axe
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rﬁwﬂjoh numbexr . A U(_\)B vnder which qoaxks hove
charge 1[3 . The P"O'l'-on is the lis\\'\e.s'l' choxged (B=1) state and
s Hurefre slable (i the SM7). Experimendaly
po€fn: Tp>BaxlOyr » Tp= .1-1_; <25x10 “Gev (1)
P Le_F"on nvmbers . A U(_l)L pex -Fauu.-.lj ondec which ‘eF\‘M\S
hone dr\ax%z_ L . Forbids e gq. psey . Ex‘aeximwtj

BR"“-’&Y) < 2."|xl0—n'
We know that {uese are vio\a:\'cd,-\housh, i nevtrino oscila-
tious , which 4horefore tusply L=y cannot be tha whole
54'0\"8. Either there ace vls\r\'\'- hamded nevtrinos ua the EFT
or \'\is‘ne.\' ovrdex ops induee soch oscillotious (see below).
r(ﬂsplaroximadz}‘? lawor .sc.'mme:trs. This is a_
o) = L)(.B)QLx U(&)ug % U(3)4R xU(3>LLx D(&)e‘z y

£

under which fermions vstode as 4’-)04’ ) U€UC£)’J.-. I+
is oul:j broken by the. Yuka.\»o.sl'('ﬂp\'@llb swall except 5‘.').
I+ exf\aixss a {?cw concellodions iw {E\a.oeo\— ?hﬂsccs (the N
-Flo.uw stwcdvre s {ox' -F-vm “SMC"). Il s o‘:‘\'ev.. excteuded
"'o BSHM heocces where i aees onder +he name " Minimal
Flavor Violation” with dhe Yokawas as ev\\‘j sovrce of L\-ea.k.o.uﬂ
P (ﬂwroximie.) Costodial St‘mmdfﬂ This s {he So(4) sywn-
me’CrS DF votatious of the 4 veal cow?ow&'\-s oF dhe ‘“\'ﬂ&‘

3 . . . \ n 2 . =\ ‘ﬂ*':-“’z
Fdé (\CMUA-S anvasriant \“lzf--ziZ:llP; \Nt“’\‘) “—J—‘i (‘%i-i‘ﬂ' )
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[In more detoil, we can check costodial invomtamee by re.w\-i-\\‘.u.é the
Lograngian L Yerms of a thiqgs bidovblet, de-F\:m.J o3
H = (l‘:::> oy n¥

which under the 3lobal wstodial Su(2), x Su@g ~ so(W)
teausforms as L >0 HUY  ie H~(2,2)
while W = o-*wi‘}_ = O W U e Wuw~(3,1).
Then, for g'=0, DuH — O D3I oF

. . t .
and the kinetic term ~£u“ z é. Tr[(b{a.H) (D"I—I)] LS
ws‘l:cablwu.cj invax lant (up +o 9’ t?xms)

Scmi)aﬂﬂ ..
_ Yoo O ) [Urj
'f; =2 &. H i ) +he. +leptons
5o 0 a') \%;
(2,1) L (4,2)

woold be cstodial invariant vp o 1% U1 ebPects, with
Yo # Yb qiving the laxqest breaking effect .

The Hgqs poteutial is, of course, custodial avariant as ¥
is o Prctow of WP = 1w [HTH].

EWSD corvesponds Lo <EI>= = T which vealizes the
l:\-eala’m.s Sv(@), x Sv), -930(2.)4;“3 and leads to p=4. This
bolds becawse the Wi form a custodial tript and the
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tass term for gage bosous should be dn "3,;,%1 w‘tw“ 1+ og'e).
Using 2 = 6 \Wap = Suy By~ ond M, =0, it must follow thot
M3 = M3-c3 ]
These axe accidevtal [or w«sm{,) 51MM¢\60 Yot ha\d
i the IR bot could be vidoted Ly higher order opersdors
(if Fhey axe vt twe n the fudamerdal BSM Hrenny ).
Ldsy :What is A7 Newkrino masses aud qrewihy
Beyoud the well fested -y we enter the unknown territory of
highar ovder orcxa.'.tors. The key Tow-'t here o what is the Suppre~
sion Scale A ,which is reloted 4o he presemca of new physies
bu.(oho‘ what we know. Of covese, mest I;.\-ce\ﬂ dhere will be
severa) such scalss (with e lowest bedug the twe cstoff <P
Yhe SH) So fax, we only have indicect hads abovt sudh

,Sc_..ln_s, &ovvu‘.wj {-’wm vwwlteino qsd.“oi‘ions and %mm:\-ﬂ
At 4=5 thexre ¢s only one ireelevost cPeon:or (wegL ferw. noldion)

%(thH)(Llj H) +h.c. (D
L farady index
Tt violates ‘Fa.milvj (a.u-J 81-\:@‘ ) Lr.‘:'\‘ou.-nunber (AL=?.> . APter
EWSD it 3exwm'.tes Ha.‘ofo.na. nevtrino masses, with

|, 4 2
m o~ ——-\,’
v A

ond +he flavor shuclore of Ky can desevbe the observed v
oscillakions. Assuming k~o (1) ondm ~O(0leV) ey Aw 10" GeV.



Tt s taudals aug thot this might be e Lot evidewce
of such remnants of BSM physics in irvelevasd operodors,
pertars to be expected as, at d=5 is dha lowest irrel. o
However, notice thal we cannct exchde Ught vp's as am
ex planation , throvgh the Lagramgian terrs

Lo =V iFavg + (WhiHvg + h.c.)
with m, ~ Y,w ,even (f m,~o0(0l)eV veguives Y, ~ o ">,
hordly appealing as an explanatiow for the swalness of my.
Howewver, as Vg s a qonge scuﬁlet, we can add o Majorara.
mass term (allowed by gavge .su\mme.trg) to cvr Lagraugian

Sdf,,a = ?'TMQ VE.TVR + h.c.
Su(2) oncluclt Lo,

Mp has nothing to do with Hhe €W scole and it's nadoral
to expeet it 1o be Mg Mgy Tulerestivgly, if we vemae
it Pom the low-€ €FT, it leoves behind the d=5 opem-
tor (1). This is the fa.w\ous “se2-Sa" wechanism, Diogram-

ma:‘\ca.u‘j : )
v, Vi L v
2,2
W = \,/f, iy D M, Y
K R F—‘\ E« MK R HR
K® e H° #°

This is the st.wflesl: exouuple of LV Pkﬁ.s\'c.s that covld
3¢xmxo:l:e. soch ofexa:.l:or exF\aalwiuﬁ na:\'umnj the swall valve
of m,, bt it's not the only one, see Ex.3
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The exauwple also Mostrates o generic diffrcotty in extrac -
ting from the effect of an irvelevast operokor the mass

of the heauy stoles thal genrerede tkb. In +his example.,
one 8:‘!;3 Mg ~ ﬂ%%z,w\«‘ch depends euw the onknown 4, 's.
For y,~0(4y) we recover our previous evhimodte How 10°GaV
bt this could be much lower (e3 Mo~ 4TV Br y, oy ).
Grovity shood also be cousidered as physics BSM. TIn the
lanquage. of particle physics the 3«wc-ha:\'-:o~w.l dtevackou

s dve to the exd-\a.uﬁe, of Spiw-2 wassless particles growi-
tous (Ypv) which couple to tha stress-eneqyy meuewdous
tensoc T (besically to wass, ok (ow enevgy). Soch wtevrachiow
is hon-renermalizoble , thot is, it correspouds do an irvelevant
opexator. In anelogy with the clectomagretic cuteraction

-\ A 4. S @@
JkM"‘I" ® Jl"‘iz“”h = Fem = &° —;_2.3

T Mﬂ TR o TR, TP P fE e
grasiton pepegeder
Newtow's coustaut &= -g-;;;_ with mg = 24x10°GeV sets the
huge scale thot suppresses tlhis ideraction.
In teros of Loagraugias, geawity is incorponded 4o dhe SH 5T
by adding the pore geavihy Yern A8 = [d% [GR, where

ggme;l: gpo and R ~323 is the Ricei Sealoc, and mod.‘.‘-'(d.:ua




S’J‘X £SH - qux]——g- qu"-‘
where sy is iosl: the L5y mode covariant so that
'ar.le‘*d) -> g\“'a‘;ba,tb, with 3‘”’3,,? = 8‘&? exd 30 on. This is
a. nonvenor ol zable theory and one can get the gawditouw

w.ker a.c":..cus L:‘ rewnt \.u..g Lthe N\e't.hc. aX}

: %\'adl.“'o\h- -F.e.\c\

o = O o = TP )

Yo b«ckﬂmuw\ diag (1,-1,-1,-1)
The kinetic term for v comes from R (s govge
freiug ! ) and the Ve eusoves the proper canowical norta-
Lactien: oJguan = B+ ,\,(97;3 +..
All uterachous of dhe grawitow with matter (couing from
\'-_3'°£ sn ) will carry dhis same Scale .s‘oppuuslon. This extended
Lagraugion is the guasitom theory of grasdy ot low- enargy .
This is an T dthek breaks down at o Scole fixed by Mg
beyoud which we no longer heawe coudw) over quauf\‘\'um smui-\-a
effects ard we do not know Jhe relevaut theory thek
tokes over. To be more precise , one can esthineate +the
regiwe n which growity becdues .s-l-\'ovsslﬂ coupled by
checking when do lop efPects become of Hhe same ocder as
tree lvel ones. Tor example, locking at g4-33

R & O



one gets for thok lomiting seale EvA gy = trmp ~ 107GeV.
This is the moximal Scale below which a Plly fledged
ﬁom‘bam -umﬂ\'j wost eutes and supersede dhe SN

Amax in EFT The same exertise we did-to estimoke dhe

UPFQ\- bom\d on -l:he. &:‘boFF -For 8\"0#&‘\'5 Coun be. done -@\" aJ\:‘
EFT. €q, for Fermi -\'\M.orcs :

R+ IO = G GBI

leads to  Ag 2 Un/lee = 4uv ~ few TeV ., Tn tulis cate,
we know the UV theory thod coumpleres the Texrmti EF T ard
A is not satorated: W™ and 2° appear wmuch below so that
the UV completion is i fact wealdy covgled.

The ron-linear o wodel descrbiug pion interachons is an exau—
ple in which Yo cotofp is satoraded ,with an strougly covpled
LV completion : QCD.

Li=c ops. (B, , FENCS, Custodial,...) Bounds

At d=06 thee are mony irvel. operstors. Tt (s @ laberious
bot scuple exercise to build fhem oot of the sw ReMs

oxd wepechiug Poivcasd and qrvae sjmmei'ries. Amoug all ese
ops. Some viclate the acclideutal .Sv.'mw\e-'\'\'&e.s of -fdl_-q. we
ACM&A lpe,Fg«e Aavezw\e-ﬁt w&-\-\s exfe—\-ime»t \-eﬂu(xes -uua‘:\:
“:\'\e. So?f\'t.ssioug Scele. N "?v\‘ 'h\'\om %5 ¢S much ‘\Lg\ﬂ' +than



he &W scale. €xm‘>\c3 of svch ofS. axe -
'¢ Ops. For instounce , the Y - ferruion op-

% @Y TR (T vpde)
violates baxnou. nuwbex bg AB=1 . Tt coutrcbotes A..\-e.c.HAj
+.o fw’l‘ou. &ca.ju . q

F{ u>‘<j§m° > Lp= CM ‘5,’
d d

As P-ae""tr.’ X cx‘l‘re.melj well coustrained, with Tp 2 8.2x IDssgr,

one gets the lowec bound A 210GV «g; .

This s roughly cowpatible with the scale at which gasge
sevplings tend to vuify. GoTs would ‘l':m;;o.\\ﬂ preduce. such
P ops and obsecvatiow of P(b‘]'ow decay would qve a very
skroug boast te such ideas.

Note also thot Lhe above <p. has A(®-L)=0. A\ d=¢C ops.
saics(-’.j that cowstraiut. Ops thal vidate B orly (Lke those
\e.aola:u.j to n-T oscilladious) appear only ab kigher order
and | therefore, are exfcc“'d 1o be tmuch more suppressed.

Y; Ops. there are ops. dhot conserve L but vislobe individual
L nomber. €.

gA‘ LLG"’N iLR H+F1.nl

which leads to {.o.-ae,y c\e.c.w:s. Hexe bR.(r;-»c73 < 5.?::!0—'3
tromslotes tuto A2 |°‘G-€.Vx3;, .
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Notice thak nevtrino masses alveady viclsle L; as we See

in V- oseilladious. This viclatiow pepagates to sther sedfors
of the theoy via loops and iw foct thee is o condibuhion
+o poey decay, which is nevertheless edremely swall. €x 4.
Flavor chouging O®s for guarks.

Comsider o nevteol mesow (L‘d\i) type

q;_'j N Up of down

Mo:‘. q_.:é_d. D°
i -Faum-. wée&—c
) Lj €3 d \<°s Bs L
S~ 7

The anti-meson M° is %g; - s

T the m?h‘:\va\e. M°— M is nonzero, this acts as an
oFF-alCa.ﬂonal eubey in their mass modkrix indveing a mast-
splctting between the two wescus thal cou be probed experi-

mewtaly. Eg. Amy fay, © Txi0” "
fn op. ke 2 _
il %,:' (SR'Y]»-AR)(sR'YPdR)
6e.nera:l',e.s such tass splithing :

& d

u°§ »C S K
s s
And one con extract the lwer bound ANz IDG GeV. Smdear

bounds (a bit lower?) come from other wesous.
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Remember thatl the Plowor almme:l'.(s s alveody yicloted
b:) .‘ed.;q, . Tes Lu‘:kes thee C3 a condribohow ‘o AMK
even im the absence of d=6 oFc.radprs. At A-loop we have

: W : y—— Suppressiow Lactor
: :md 5 Mgl o (Ve
J i lemz My
W Ny o ?
10, 107"

The d=6 coukribution ~ g2 /At weold be cowparakle for AvIO Gey,
We see thal, (£ new physics BSM at A ™ few TeV had a
generic flowor strvdore we ghovld hawve seen ds effects alveady.
This is the So-called “flowor problem”. e shovld be arxefl
thovgh becanse Hhwre can be suppressiow effects iu the
coefRicients of the Lhuc ops. £3. they might be generated
ot looP-order only or flaver changing wight be supprestel,
as itis in the SH by He symieeteies of the LV theory
(e3 MFV).
Gustodial breaking
Some d=6 ops can affect the gqoed Rt of EWdata. achieved
bﬂ sfclr_,q. . One typical exawple is the. opexrator

o B WS
which viclates custodial symmeteyy and vpsets the velodion
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03 Huis operalor (after EwSR) coutribotes only to My as
M3= (g (4-crgh %)

The i \mrmehcx- deviotes {from A ot the percent level due
to vadiative corvectious from pure SM loops (ddew) and is
known ex‘:exiu\c.u:('p.lb at Hhe per mile level. This allows {0
Yoond the opexator above  as

sier st/ % o)

[Tt is convenient 4o wrile Such bounds ag a. boond ow the
op. coefficient choosiug A=My (rether than, say, the ax\ni.-brar_-j
A= A.Te,V) as this allows a more straightforward cowrparc-
son with typiaal SM effects. That is, we will bound ¢ MG /N* ]
Such custodial betalking efPects can be deadly for BSM
dheovies ot the TeV swle and it is costomary to aupose
costo dial s..lmme'tr:j ow them to make them viable .

There are other ops. which ave well coustrained beconse they
coutribite to well measured guawtities, even if no violatiow
of LYoy Su.[mw\ci',n'e.s axe involved. Examples are coutribotious
to the muon g-2 anomaleus magnetic momedt or et U
LEP data, ele. We will discoss the Wierarchy of coustraiids
on d=06 ops. in +he next (ectore.

l-kmmhg ?voHexn

We have many %ooé reasous 1o think there wmust be new ‘;\\3&.':3




BS™, Lke the evideuce for dork mattec, the need to expain
inflation, the motter- antimotter asymmetey, and the very
existence of grovily. The scale for such new phuysics A, wheve
the SM daseription fails, is voknown and nl.so;U.ve. results at Hhe
LHC fus\-; o op to O(rev). The trovble with a very brge A,
A>> Mg, is thol in such theory it is nst ootural 1o have a
scalox Lke +the Higqs with moess moMe,, <A, as we discwssed
L°F°"e" This preblem is not an incousisteney of the SH but cadher
a. finetuning problem. To be wore precise, if we knew the
fll UV theory we covld ealevlote the Higgs mass, includiug
vadkiative corvections to ib. We can split the foral result
in two bieces
My = DogMi + g ML

whexe A ME includes corvectious frown Light modes below
the sM coloff A and Ak&gh M- from heavy tnodes. The furst

pieee (3 calwlable tw the SH, coming from loops of SH ‘ur'\'ic\e.s,
ard veads

Akwﬂﬁ ~ ‘-%1'-1(335 3"‘-!- H - Rh-t ) A*
The LV ?Ce.c.e_ is vnknown but, aSS‘omlv\g A \'e.?reSev:('.s the
'l'{]?tcaal BSM scale we Cx?e&t A\,\;Gs‘\‘\ﬁ = K.I\z.(In Sm\’al,
Kk will Je.‘wnal on LV canL‘mas nét even f\-esent in the IR EFT)
The \'\iexox'ch:j Fmblzm LS the frob\em of ocP\ou.ng dhe
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cancellation between these two coudribotiout to MZ and
it's harder to exphin the lorgec A s asthen AL, My,
A}.,:ﬂ\\ VR => M and the cancellation seewns move unlikely .
The degree of tuning involved (s conventionally weasvred as

Miow M5 Anidy M
= w1 o¥ =
A MZ 0y

and represeuts o towing of 4 paxt o B With A~ few Ty
this number correspouds to more than 1% -\-uwi.ns.

The wain two classes of models thot address this nodul-
ness P(oueh\ axre SuSY (thal makes My, wadural by linking
the Higgs to fermious, of wass potected by chiral symmetey )
and composite Higgs models (in which the Higgs is a cowpatite
with & fwite size, that cuts-off the daugerous A* corvectious
te M ). Tn both, however, A should nct be » 1 TeV. Nodural
explanations for the hiexrchy problem requive new physics
wot fox fromn the TeV range, hopefolly on the reach of e LHC.
Such physics should “talk” to the Hggs (a3 it fuxes the
Higgs hierarchy problem) and for A net too fox frow the Tev
should leave an impcint on the Higgs wace-'l:iesM we
could measore as o deviatiou from M predickions. This indi-
vect probe of BSM could reach higher ca € than direct Searches
and is an excellent ploce 4o lock fr Lop effedts.



