2. EFT/NATURALNESS

Last lecturc

. SHM is succebul borl' ﬂrbﬂ'r@ry and incomg ld‘.&
. BSM is conskeaned ot only by exteqimtnt/obsonaton , bt also by
a«wre*i(ﬁl Coﬂﬁsfency.

This Lechure

I

. Fecmi Hhgory (E‘FT ot wean inPe/razb\an)

. LHC wo-loxe Hdeofm Frory Bniteness of aMpLH’WJ—U
. SM is an TFT
. Naruralness expedabtion (or EET cut-old scale

. B&%A - universsa L«‘}y of spin 2 (atrackions (_'.)Mw'ly)

Ferui theory

At lows enesgies E« /\, e A~ My, is the sale of Hw weouc bosons,
the wealkk ntevactions con be pacacehised b7 a Four - bermion operator in

e L/Lgraa]imf W ”

2’4'("60«'0/\, - 7\(:"‘(@ ){"k{)(-&[?b’”q{) = g>< < C//\"



We viow wnow tire H«eory at Lu’ybu encca'er is Ye SHM: W2/ 2 bosens as b
wedrators wi {—Hgg) )’IA7}49 a a'u&ML e .

N vegroducer Feom theory at lower enepies

LHC. no-lose Hiavem

As another axample of U power of theorebicy| consistenc,, we can shark
ad

with Feemi Weu;’(ve‘rf"bﬂw He sreachnce af Yang-Hills Yheovy and He

Higgs mednnism 5wt by cequaring fintteness of amplibadas -

¥ixk note Mgt 222 aeplibylis winst be Airaasionless (Follows fopem dinmension
o} cross-sezbion expression). Siace Yhe inkeradton erupling Nas djaevsion \//‘1.
) au'/vpl(,-nh mush A&-\M)»’onqlby be DF ‘l:ﬁt(, focen

“F.N- E ?v /}c du; al)-fe(j&n,’ apmylzll:uwu, witl Vfohte wm‘)-m"ty.

J
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We can adl an intermediate vedor bosen to mawe Hus oplible €inite . However,
Yois maces anotbur yeocess divesseat whith cequices another boson foc Finkenes.
Anour omylihide is Uen dicerst vhich vequines a scalar to be adled .

“The couplongs of 4(L Yuse vechoe boens and scalur veprodicer Yongy-Mills +Higs .

Y e
but
o
A e gF Vl{ ~ ml:e 73 v*
A <E"
Ve V-~ e+ V-
Ve VA
= but
Ve v¥ e vt
(/J(, < Linke \}4_ < C
et V-
= >-—-H—— <
e Yas
A « binite

Ni}'bmq\' Yhe Lliggs, o litindes divecse anld unﬂ—air#y is violated at LHC

eheegies. Yherelore eiller Yhe Higgs oc sometlung wmust show wep !



"

“\’lqe, SM S an 'EFT

01 undersbandine of QFT : “ Renormalisable “ LAgraasium ie- D yerottoss

we Lo vnss - merion 4 ave More fundamental . er. FED -

LQED - ¢ Y0 - ?QA/D Y-mry - f-‘(.F,wFN
— e e 2 e el
Aimm - 4 PEIE dion-4
km“ S = SAfXL s t'l'/“l&l-f;'on[ljs , e%sl Zs-l 0o D {1,] = M1'

Since. [J‘x} = M-* ih natural wts b =c =i .
ey

AL Ax Ay d2

Modomn undestanding of QFT (Wilson, Weinberg “105) : Mast geneal
Lagrangiam alloved by souge ond Lorentr symulbnces. Oue QFT's
ore hot [wmdamental | (:‘N,y ae thbective el Whoodies (ETT)

EFT Ce — _ c A
L&ép = j"QéP + //\‘7, yFhy ‘.D’r“f + %\A(E‘VFr> + ..
—
Airm -6 dim-8

"Wl&f'ﬁ 15 V\oulv(r\g S‘aeaﬂ[ Mbou\,’ LQ\"/D Y&S‘\’YI‘CU to of-&ro{t‘or J,“\/L _(4._
lhw WL Sdao t(/\al: H\z L‘—:jLM—owa'\Sfon/‘L D"?/fdtbfs (d.ln >{->
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oyt QW"m "’] LSM as a'ou—ev\.ex]7 Mnmxﬁ“""rb""”-

Yusk Uke RED and Fermi theon,, He SM is aldo an Y T.

We bix Ha exerioetally wuoon yarticle conrnt avd Heic quaatun
numbers , Lluch debass He EFT anld bixes +he Lagmng}m_ :

{ QL, L-L. . Ay dy\ ! éﬁk x 3 90}’!6(4,{7"0(7)' - l""‘

IV N N TN /

(3’1’ \z) / ("2’-%)/(3"'%3/(31‘1-(331 (,'(l '()1 (’/zll",)

quantam numbers under SU(3)_ x SU(), x L)y

Upto Mass -ddeension 4, toe operators we can wribk down are

Z'SM =L, + Le r Ly, 4+ L,
Ly = RV Do, +4,:¥"Dr4, + L yrD- ), + Lavsg,
Loz -2BnB -3WL W - 56,6 + £6,.67

Lu - (D/é "‘)T(Dﬁ H) « p 1THT - > (W)
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Ly - YAQLHMK +* yu@_LchF * yLZLH’eK + h.c.
LD,&’:D,A ioWAT"- Yo'B.  DF=d-iYa'B. }

Note that Hee are global symmebeies of Ly (they ace Spacetinre
indenenldent, unlike Hee local symmebnes SU(Z), > SUG), xUMy) .
For examyple ve can assiyn a le/pfon number L to Y leptons an
A bacyon nunbss B to be barpns . None of He ogucali

‘n Asm violals thic. be did aoY impose Huis global Symemeh ;

F s an accldedal consequance of impesiag Y gauwse and Lovenky
symeekdes. B and L ace sacd to be acccduul someehries,

Thys is oql,y an acedent that \40\)5 L-mr Q»sm, Uy to dim 4.
At Am-§ we con write down the LJeinbe9 ederatoc that violates

legton wumber L -
dim-3 C - . c
fvmew = ’/% (LLH >(LL HC)

At Am-6, e can wrile down Many “ore operators.
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] i~ _ — 1
e.9. c"% ;HTD,«HQKY%R - 2/~2nyr£n 2"““’<£

L —
T W BHLN S DL6LE" g
3

“/"\4 4440 vioats Band L (B-L conservel)
" r
C
.//\7, M,ILL ; ></~' Ha_vow( anoralies
Nafuralness

Different notwas of nakucqlness -
) Arb”’fdwt’n&)-‘ in S‘TV&“'WC €.7. Yakawas, vvinech<l = "l'gmw}y
. Stiange patkerns or numberz (Dicac- GO natural)

. Fine-tuned cancellations

Fine-huned cancellativns qre a sharp quantbabive statement. Hou
we v‘nflq/\l’ Hem is subjectie.

ve've Seen Mt gn EFT corer vith a cub-olf seala N\
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This gives a nahural expeckabion for the sizes of paramelern
accocdiny te the Sgmmenes of Xe Wieory . For examele B aad L - violatng
effecs are nakwmlly swall  due to beay (aca’dp,.\q,ly) onsereed al

Yhe dim < 4 level, whale Wighar-dimensional (dim>4) opecqbors dre supmessed

by sone inverse gower of a Mass Scolle.

Sdani«iuu}/, tHe EFT lagragian has a cutoff Scae Yhat sots e nahusal
scale where one 15 nesded al,f'n«e/z)ionq)by fos ogecatocs o of dim-n -

QJEFT =N\ /\10’(0 AT, (9(4)1- Ifb (9’(6) + /'/\ [9(9)4—...
O, dimens; onkby| 9araraekent sewllles thom /L, such as Masses o
diresionful couplings, can set Y scale insteald <. m&(’) i {
O = BY & o fecmion mass term. Howener, duattusm correchins will
correet ony dimensitnhal earamelts and dominaly | sethay /L ssaia as €
velevant daensionful quanbity, unless Yhe dinenionh, gasmetar i

frbte(b?dl 5/ sorme SyMMeJ'ry ,Fn,m quow)'ubl carrections.

Toc fermion masses , Yus 18 ndeed H case, Quartum arcections Sm
o WM ic proportiondl to m izelf -
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— v
Siv —( o)
So if M &K /N 1o begiawith, it cennias seall undesr quanhws corcections .
The reason is that He M—:ﬂ:i_’_ berm breals o Symereky, -

W, Yo ¢ Lo
without it, ie.if M=o, a chical symeaehy is veshored where Ho left and
vight dearees of freedom can Hreosform iadepeadently uods Sefacalely conseried
slobal symmebries . If m is the oaly pacameter in e Heory Hak breis
His clisal symmebry, tha i+ follows Hat any quankurs conkibutions o the
&B) =y optrottr Mt be progoctional Lo M dtself, since 1a the Limit
M—=>0 the kl/uoyy vesech Hu claral Symmetry ; ouantum coweckions

calenlatid in g Mm/17 Syrmehric HwDVy con't vioake cliical Sy\m«vzeh\yl

Fov scalar masses Mchb, Yhe same s trpe if bt is 10 sywimetry Yhat s

cedYoced as m—po . The Higos ecesves quum*um. covrections -

3 N\
sz/v - ~-O—- - = /\/
H Y Vs, 472

(N
e bominy ~ ol T 5 )
AP!”&",'V\M/!D mﬁ 4ﬂ"’ MH 4'50 GCV
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Note Hal 4his 5 o o aukelack of usiay o viomenturm cut-of¢, for those
Familioe will loop integrals. .9. using dim. ¥29., w it heavy fermion P
at cat-off of EFT, N~ My, contling to ¢ +hrough L D -ys¥Y :

S‘M:f Y (l—?locbrj/)M%

ww-eoﬁ.o!/\ i$ $"l“ ?I»Yo(ﬁ,‘gnal (723 A .

Note alse that in e SM the Higys mass is simyly on iaput pacanmeter
and Mot calenldbe. Ther ore o quankum conesbions bv il mass Sicce i#'s
Just o numer thab Lo Messive,  Houwtver we extest to M and Y
Hhsgs sector B erecge fopor sone deeper wnhaclying *ﬁ\eary i dudh
elechoeak symaetes brealing can be wodesshood wore satistacont,
and Mo vmeroscopic origins of Yo Mings will lead B a caleuldble
Hi49s v1ass and fofaqt'wl(, T Mus case Hrore will be avery veal
tiae Tuniny behoean Aifferent contribetions To Ylis calculation of
the Higys.

Tis Yeasoning is nok new — it weris | the Dvecsant self - enecyy
of tle 2leckmn’s -e,ez)wf"'/\yrw)—{c hell s e Rt example . clauicq)l«y,
we howe the conkibution to the €lechon’s veork wmass enegy -
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e?..

M ¢t - St +
¢ e R

The Coulomb Eeld enecsy contabution AONS aS Yhe 5i2e of Hle
elehon beconsn smaller, ¢, = ©. Ue can oblata the UPCCIMM)*»ILy
Measued valne Mf’x’z 0.511 GeV by fixim tle pacaweter m
wyymy/}.ﬂ\pcly. If @ < 107 Hen we hawe a rather Shacgs
cancelldion Yhat is necessacy to ged Y expesivabsl volue . As /#
happens, new pagsics Kidkes in ot a distance scale o6 167" 1 : Quanham
mednnics | The conkreibution of 2lechvon - positron pairs | hackoabing
in and ouk of Elu Aantium vacuum comhibites o the caledation
of the self -~y ia Such & Loy as bo cancel the Coulormb
conkribbton . e bine -l'wu'nj in thes case is Hetfore avoided 1,7

vequiring the existene sf an abpacticly (or enery le:fcl.e,.

Another examile is the pion . This is a scalac Feiplet conssting of
o nenbral T2 and C(M@UL i the quantun correction to He damgel
pion MaS con be cAlculaled a3 for the Higps. To avoid Fae- taning
sometleny should mokif, the calcalabion acou-d /A < 350 MeV.
Tnded  this is uhere obler @CD vesommerr such as He p ond a,
agpens . The cot-off of B lov-erecyy yion theony % vhiicl, The



(Anal.br'\y'/o_g QRCH ‘E‘Luory talces ovex |5 se} 57 c onsidosatsons o-,[

dhralness |

The szoe argumens applied Yo Kaons led bo =" prediction of e
Charm quaric.  Cleasly thee is soruthing to this ceasoning
of Ava‘ulinj Fine -Yuned cocelations. The Higs being a scalar,
F was Harefoce widaly, exgectid % dlso come vty a nahwal
cabeoft at whidh sore o vhysics would entar to contol 1
Auadsatically dvergent vaass Corredaon .

19
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Weinberg s soft emisson amplitudes (weinbersy QFT vol. T Sec. 13.1)

Consider the mateix €lement for an arbibrany pogcess oL —>a UitL
amplitude :/4“4_‘/1 :

Ao JOEE

Attach a sott shobon emission with outgoing momentum 94 & an oukgoing
of/\argzzl—wbi()& Une with momeatuer p. We must tun add an

ad Litionsl dracged - paticle propagator wikth momentum piq . For

5tin -0 chacged parbicles with mass m, charge +2, Has popagator and
the chacged - yarkihe - puoton vertex gives the additisnal Factor

M *e (2pm +g{/ﬂ)\\ ! ' ;\

Gyt (pray-sme-i

> et "
Lim 4 o ?ﬂ- e (ere(—‘m;ng 905;‘5{\4 iafaskesion) 8)

(Cam shwow that tlus is ﬂld‘mlLy true for any spin ia Linit ﬂ_—a03.

A sobt ylﬂo'\fon. con be eputked {from My '\c\comfnj or outyoing CM}(A-FW‘BA.Q
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bne . The AMPKHAAO, ‘A,M (’{—) for tle process o plus a4 soft Jholon

oL-’.I/L-rY

emission of monwmtum 4 and polacisation index p can Herefore be wiitten

as
o
M 3 Zwe”'Fn-
M 2 Aer 2 hoa ik

wlere Y, 1en ac the 4-momeatum am chacge of tle nt partele an)
g, =+ (<) fpr Haal (fn/-b;ﬂm state .

The amplibude muwst be contiacted with photon polarisatioa veddor ﬁ,,.(f,t).
3(/!" e/"({'t) MRS Vbok a 4-V¢d-9( / Lo/o—.h, l;ra,\:}ocov oS /\hyev \’IMSI\
term « 0\'“ . . to et 5170;L Lerw‘}z vacionce , 'tl/q,amlﬁuh
contltactd will 01_’4 should vanish-

q,NAM (4—\ : L/Z{.MAIAZ‘Z,LQ,» = O

oL=>0 Y n

s condition is charge comsenation! Relativi by (Lorort IvArian o )

+ quaatum medanical amplibudes cequice dharge to be conservel.
We denved thas \'QW\AM% ot any assumpbons about DAL (OVASIANR,
\/15;07 aal/y vaisﬁmoy o{— SDH’, 1SS, on M‘)\dham with V‘clq't-'\}ltg )
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COV\S[.A.M hoy Hl\.e ﬂM?UEUllL -For iju.él;;nﬁ a .Sﬂ{'l: ﬂrmv;toa ol, 4 -ronentum

9 and &nsor indices m, v -

A"

L2p+6

) = L)(, 2 ‘2 '.‘: T’A?u.
X285 Vg -

where § is e cowpling constank of Hie sott graviten to te pachde n.
Lorm“% .'nuquAna v‘equ\;pe), 'l:Lq; to Vm;_)L LJLML (on:{:(a.ch) LJl(L 4%‘

Fv
q’t* o¢~>/$+cr 1“ Vq“oc-»/s 2‘ Z,,

Hert ‘fl/u, Sum %&A F: = © s conserved . Bul te onLy LAW combindty sn
of 4-rmomenta that can be conserved s b total 4-atomertunm, o pY=o,

oUasise scakteroy becoes tivial . Thurefore  for bhis sum to vanaish
we mask have S—n = consbamt for all n = J¥G,

Lornby invasimce cequures massloss pabicles of Spia 2 to couple iq tha
SAme vy 10 all enezy- Moreshum ! e Einsteinl yeiauple sf equvalenes
i§ 4 eSSy copseqience of LocenY 2 iavariance applied to mas lass

Spa 2 yartrcles.
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What abouk spin 32 3 ?

vp ... €
[Ar« P (43 S5 A Z7uf>nfn"u7’u--- -

X2 X L ¥ P-4 -74E

H‘W, nNe Sum niﬁ"?: ﬂ‘,,,, can be Conwmd, w;ﬁv\ah.{« MK“A.Q
Smbken'nj ériv,'oll =3 6!& = o) '.
Massless spia 32 3 particler wiay exist but tlnay cannot hane coeplings

Hhat sarvive in e Uout o€ low energy (i ae invene sSquart \qu forca).



