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Introduction

The Standard Model does not describe all physics up to
infinitely high energies (or down to infinitely small
distances).

At least, quantum gravity becomes important at the Planck
scale.

SM does not explain dark matter and baryon asymmetry of
the Universe.



Introduction

The Standard Model does not describe all physics up to
infinitely high energies (or down to infinitely small
distances).
At least, quantum gravity becomes important at the Planck
scale.
SM does not explain dark matter and baryon asymmetry of
the Universe.
What can appear at some very short distance scale?

» Supersymmetry

» Compositeness

» Extra dimensions

» Strings / supersyrings

» Something we cannot imagine at the moment



Introduction

We can construct scenarios for new physics searches based
on some known variants of the next theory (more
fundamental than SM).

I.e. we can investigate some finite number of directions of
departure from SM, but an infinite number of directions
which we cannot now imagine remain unexplored — this is
a set, of measure 0.

What we need is a systematic model-independent approach
for searching of some absolutely unknown new physics at

small distances. It produces new local interactions of the
SM fields.



SMEFT
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SM works well at the energy scale being investigated now
= the new physics scale A > the SM emergy scale.
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1 1
L=Lgi+ 52 07 + 53 000" + -

SM works well at the energy scale being investigated now
= the new physics scale A > the SM emergy scale.
A theory at scales > A
» SU(3) x SU(2) x U(1) is a subgroup of its gauge group
» Contains all SM degrees of freedom (either as
elementary or as composite particles)

» Reduces to SM at scales @) < A (unless couplings of
some fields to SM ones becomes very small)



Standard Model

Matter fields

1= (") e
er, R
Y —= -1




Standard Model

Matter fields

(VL _[ug _ 90+
= () e a=(Gp) o an o= (5)
I S W %

Indices:

» Weak isospin [: fundamental i, j; adjoint I, J
» Color: fundamental «, g; adjoint A, B
» Generation: not written
D, = 0, +igt' G} +igat' Wi + igiY B,
. ‘ g «
of =9 @ =epl ¢ Duo=(Dup)te

L2 4 — =gt I i
¢ Dup=9"(Dy=Dy)p ¢ D=9 (t'D,— Dt )y



Standard Model

4 1 , 1 , 1 )
Liy = — G GM = JWL, W — B, B"
1
+ (D) (D) +m*p o = SA(p" )
+ i (1Pl + elpe + ulpu + dpd)

— (ZFeegp + qlyup +qlydyp + h.c.)

All but 1 operators have dimension 4.



Standard Model

4 1 174 1 174 1 174
Liy = — G GM = JWL, W — B, B"
1
+ (D) (D) +m*p o = SA(p" )
+ i (1Pl + elpe + ulpu + dpd)

— (ZFeecp + qlyup +qlydyp + h.c.)

All but 1 operators have dimension 4.

We can add vi and I', — neutrino (dirac) masses and
mixings.



Standard Model

Full derivatives of gauge-invariant operators are irrelevant.
Gauge-invariant operators = full derivatives of
gauge-variant ones

Gl GAm = 407 (GiA9,G4 — Lo FAPCGAGEGY)

and W, W don’t affect Feynman rules and EOMs, but
lead to topological nonperturbative effects.



Dimension 5

Only 1 operator (Weinberg)
QL) = (@ D)TC(ET]) = (eie'V) Clemne™I")

T — transposition of the Dirac bispinor, C' — the charge
conjugation matrix, 2 generation indices. After spontaneous
symmetry breaking gives newtrino masses and mixings.



Dimension 6

B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek
(2010): Warsaw basis (M. Iskrzynski M. Sc. thesis) > 900
citations

Matter fields, X,, € {G,., W, B,v}, D,

EOM: 0 contribution to S-matrix elements (eliminated by
field redefinitions). EOMs at the leading order in 1/A

D*¢" =m?p' = Mpt )¢’ — el {1 + e’q;Tyu — dl jq
D"G), = g(ﬁvutAq i + dy,td)
D'W! = g,(g*iD! ot Dyt + gyt )
DBy = g1 (Yoo iDyp + 3 Yiily)



Bosonic

» SU(2): even number of ¢

» Lorentz: even number of D

X3

X2§02 X2D2

Xt XD'  Xp?D?

806 S041)2 802D4
With 1 X — CP odd

X¢* — no scalar operators
XD*— always [D,,D,] = X,



992D4
» all D’s act on one ¢
> Eup0 leads to [D,, D,

» The ordering of D, is irrelevant = D?*p — EOM —
lower classes



992D4
» all D’s act on one ¢
> Eup0 leads to [D,, D,

» The ordering of D, is irrelevant = D?*p — EOM —
lower classes

Xp?D?
» X or X , o €
» each D acts on its own ¢ — by parts
» both D’s act on a single field: [D,, D,
» one D acts on X and the other one on ¢: EOM for X



X?D?

v

v

v

v

both D’s act on a single X
Xor X , N0 €
both D’s are contracted with a single X: [D,,, D, ]

one D is contracted with one X, the other D — with
the other X: reorder D's, EOM D, X"

the D’s are contracted with each other: D?X EOM



» X, Y, Z; 1 may be dual; X*,Y*,Z",

af v Q % %
> g Xa/_LX/gVZ” = O, g ﬁXa/_LX/gV = igw,XaﬁXaﬂ
» 3 different tensors — 8¢ or £l/K

_ fABC ~A v ~
QG _ f G )\MGBMVGC N Qé _ fABC’GA)\HGB;LVGCV)\
QW _ fIJKWI)\MWJuVWKV)\ QVV _ f]JKWI/\#WJ‘uVWKV)\



XQQOQ

Singlet or triplet: ¢ty or ttlp. Tt @ has a non-zero Y.
Qo= o GLGM™  Q.a=¢ pGhGM"
Qow =T WLW Qg = o oW, W
Qpp = ¢ ¢ B B" Qo =¢"¢ B,,B"
Quwp =9 oW, B Quip= ¢ tlpW,,B"



v

v

v

Y =0 = (p7)3¢3. Signlets and triplets.

0 triplets
2 triplets
SIS
tlijtlkl — % [515k 51514:
(pt'e)? = 1(p* 90)
» 3 triplets

MK (ot o) (Tt o) (pTt5p) = 0



9041)2
» YV =0 = (¢7)%p?% 2 D’s are contracted
» both D’s act on a single ¢ = EOM
» both D’s act on both ¢’s or both ¢p*’s = by parts

» one D acts on ¢, and the other one on p™: 2 isospin
structures

» (isospin Fierz)

(Tt @) [(Dug) Tt (D))
= 35( D) (9T D o) — (T o) [(Due) T (DH )]

» EOM
(et ) = 2(Dup) T (D) + ¢t Do + (D*p) T

Qoo = (¢T9)*(0T9)  Qup = (¢ D) (¢t DHy)



2-fermion

Left 'QZ) - {l, eca q7 uc7 dc}

2 3

U Yutha ¢D | XD, ¢*D, D®
WICY, | ?, D? | ¢ pD?
VI Cowips | X, D* | X, pD?




2-fermion

Left ¢ € {1, ¢, q,u, d°}

2 3
V17 ¢D | XD, ¢’D, D?
PICY | ?, D* | ¢ pD?

W1 Cowipy | X, D* | X, pD?

Dimension 5
> YTCTY: Y #0
> E17u¢23 Y # i%

V2X, P*D? *pD — empty

V2% Y2 = £1, only [?, a single isospin structure =

Weinberg operator




Dimension 6

» Scalar and tensor currents 1,1y, Elawwg: the number
of ¢ is odd = the current [ = %

> Eﬂ,ﬂ/}g: the number of ¢ is even = the current I = 0,
1. Both left or both right = no currents with C.



Dimension 6

» Scalar and tensor currents 1,1y, Elawwg: the number
of ¢ is odd = the current [ = %

> Eﬂ,ﬂ/}g: the number of ¢ is even = the current I = 0,
1. Both left or both right = no currents with C.

W2 D3
> El%ﬂb
» D acting on ¢y = by parts
» [D,D] - X
» D2 )rp = EOM



Vo D?

> Y or Yo,y

» D acts on ¢ = by parts

> Yoy DDy, 9ot Dy Dyb = * X
» 1p D*p = EOM

> oy D*): P* = D* — Lo [D,, D]

(D) ot Dyip = £(Dyp) (3P — Py )0
(Du) ¥ D" = 5(Dyp) (v + Py )0



Vo D?

> Y or Yo,y

» D acts on ¢ = by parts

> Yoy DDy, 9ot Dy Dyb = * X
» 1p D*p = EOM

> oy D*): P* = D* — Lo [D,, D]

(D) Yot Dyt = L(Dpp) (v Ip — Py )
(D) o D"p = 3(Dyup) Y(3" P + PAy*)y
(DuSO) E’Y”D?ﬂ EOM



Vo D?

> Y or Yo,y

» D acts on ¢ = by parts

> Yoy DDy, 9ot Dy Dyb = * X
» 1p D*p = EOM

> oy D*): P* = D* — Lo [D,, D]

" Dyip = §(Dup) (4" I — Py
D¥ip = 3(Dup) O (V1P + Py )
Py EOM

PA'p — —(Dyp) EJBVW — (Dy D) Yy "¢

-
=
S

D,y

S

=
\_/§/\_/\_/
IS ERSERS RS
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Vo D?

>y or Yo,

» D acts on ¢ = by parts

> oty D, Dyp, 0po* DDyt = > X
» 1p D*p = EOM

» oY D> P? = D? — %U”V[Du, D,]

Dy J’WDﬂ/) (D) v (Y — Py
Dy = 5(Du) V(YD + Py

(Dup) v

(Dug) oD*

(Dugp) 97" JW EOM
(

(

)
)
)
Dyp) WIyp — —(Dyp) Py — (D, Dyyp) v 4
DyDy,@) Yy b = (D*@) ¥t — 5([Dy, Dy ]) Yo'y



W2 X D
X may be dual, no €,,,¢
y*p = D contracted with X

D acts on X = EOM
D acts on 1) = by parts

v

v

v

v

XWE% W = lXW ('Yu%/lp"i"h@’yu)

= IX'W (%L’YVJD lpfyu%/)d} + XM 1/}’711 W
the last term is our LHS with —

= 1X!W (’Vu’)/ulp lp7u7y>
= X" (v P + m%)w + LDPXM) vy, DP)



W2 X D
X may be dual, no €,,,¢
y*p = D contracted with X

D acts on X = EOM
D acts on 1) = by parts

v

v

v

v

X E%L UES XW ('Yu%/lp + 7#@’71/)
= IX'W (%L’YVJD lpfyu%/)d} + XM 1/}’711 W
the last term is our LHS with —
=1 ij (’Vu’)/ulp lp7u7y>

S LX)+ D) + (DX By, DR
Yo VYo = Gou Vo = G Vi + G Vo — ©EpuvaV V5
(DPXIW) @Z)/Vp'YMVVDpw = 2(DVXMV) ¢%ﬂ/) - Qi(DVXMV) 1/)'7u'75¢



Wip?

> 11y with [ = % — the same as in Yukawa terms in
L(S@[. The number of ¢ and ¢ is given by Y.

» there are 2 ways to combine 3 isospins % to % One of
them is 0: @ = 9 o] =0, eyp'¢? = 0.

Yukawa terms in L( )

Qecp - (m+(/j) (7(399>
Quy = (07 0) (quyp) Qap = (97 p)(qdp)

times ot .



VX

> 1oy with T = 1
» Y = (0 = fermion-higgs combinations like in L( )
» W, G, contracted with ¢/, t* — unique way

v

Dual B, W, G — nothing new: €,,,00”° = Y50, V5
absorbed into

Qew = (lo"e )fltp Qep = (lo"€)pB,,
Quc = (C]UWtA )SDG,W Quw = (qo""u)t'eW,,
QuB = (go""u) ¢ By
= (qo"t' d)eGy,  Qaw = (qo™d)t' W},
(

QdB — qO-M ) %



W} D
Wy yMahy; D acts on ¢ = EOM

higgs part: I =0, 1; color-singlet = fermion part too
Y=0= the number of ¢,

T
v (D + D 2o, o (t' D, + Dt )e: by parts, EOM.

D DI remaln

v

v

v

v

x4
oH(D, + Du)go =0, ¢*D,p = 2¢"D,p, the Hermitian
conjugate operator is independent

QY = (¢iDu) ") QY = (¢tiDle) Iy e'l)

v

<>

Qp = (i) @) QY = (" ?Dﬂw)(qv“#q)
A

Quu = (#1iDup) (@) Qua = (¢7iDup) (" d)
A xd

Quud = (97D ) (" d)



4-fermion

Left ¢ € {l, e q,u",d°}. Scalar products of the currents
17,02, YT Oy, WE Cothy never contain 131 or V.



4-fermion

Left ¢ € {l, e q,u",d°}. Scalar products of the currents
17,02, YT Oy, WE Cothy never contain 131 or V.
Search for all Y = 0 combinations (computer code)

» reduce to products of Y = 0 currents

>

le°dq qufqd® le‘qu’ (B conserving)

c, Cc_c

qqql duu‘e qqu‘e’ qlucd (B violating)

and their Hermitian conjugates



Products of Y = 0 currents

» Fierz

(L1ypLo)(LsyuLa) = (L1 La) (Lsy,Lo)

= Y = 0 currents

> to usual isospin singlets: (LL)(LL), (RR)(RR),
(LL)(RR)

» isospin: singlets, triplets; color: singlets, octets

Z-@E

(58" — Loi}]
510505 — 30505

=1
J 2



(LL)(ZL)

(ZPVMtllq)(ZTVMtIZS) = %(ZP’VMZS)(ZT/YMlq) - %(lp'Y,ulq)(ZTVMZS)



(LL)(ZL)

(Zp’yut[lq) (ZTVMtIZS) = %(ZPV;JS) (ZT’Yqu) - le(zp’Yulq) (ZTVMZS)
(@t 00) @Vt 0s) = — 2 (@ 7u) @ 45)
+ %(sz‘a%tqzﬁ) (@jﬁ’)’”qg%



(LL)(ZL)

(Zp’yutllq)(zr’YMtIZS) = %(ZPVNZS)(ZT’Y”q) - le(ZpPYulq)(zr'VMZS)
(@t 00) @Vt 0s) = — 2 (@ 7u) @ 45)
+ 5 (Tpia 1) @i q)



(LL)(ZL)

(pryutllq)(ZTVutIZS) = %(lp”)/ul )(lﬂ’#lq> - %‘(Zp”Yulq)(ZTVulQ
@t 00) (@7 as) = — (@ 7000) (@7 a5)
+ (@t as) (@t ag) + 1@ 000s) (@7 a0)



(LL)(ZL)

(Zp'Vutll )(Zﬂ/utll ) = %(Z l )(Zr'wlq) - %(ZPVMZQ)(ZT'YMZS)
(@t 40) @ 1 0s) = —§(T,790) (@7 05)

+ (@t as) (@7 40) + 1(T7005) (@7 dg)
(@t t4q) (@A 4 qs) = = 3@t a,) @At qs)

+ 2 @piorut" @) Gyt * 10



(LL)(LL)

Ut 1) 1A 1) = LTl 1ly) — S (ly) TP
(@00 @ "t 05) = — (@, 790 @7 05)

+ (qp’YMtqu)(qﬂuthq) + i(apVMQS)(arVMQq)

(@t ta0) (@' 4 4s) = —§( @t a0) @ 't a5)

- %@pia’hqzﬂ)(@jﬁ”yqua) + i(qpmq/”qgﬂ)(@jﬁfyuqia)



(LL)(LL)

Ut 1) 1A 1) = LTl 1ly) — S (ly) TP

(@00 @ "t 05) = — (@, 790 @7 05)

+ (qp’YMtqu)(qﬂuthq) + i(apVMQS)(arVMQq)

(@t ta0) (@' 4 4s) = —§( @t a0) @ 't a5)
%(qpia’yqua)@rjﬂ’yuf]éﬁ) + i@p’m%)(@’y”qq)



(LL)(ZL)

(Zp'yutllq)(zr’yutll ) = %(Z ul )(lﬂ’ul ) - %(Zp'ﬁth)(zr'yuls)
@7t 40) @1 ¢5) = —2(@,7.40) (@7 05)
(

6
+ (@7t as) @At 4q) + 2(@7045) (@7 qq)
(@t t ) @ "t ) = —g(qp'mthq)(m“ths)
— 2@t as) @A ag) + 2 (@74s) (@ q0)



(LL)(ZL)

(Zp'YutIlq)(zr’VMtll ) = %(Z ul )(lw"l ) - %(Zp%th)(zr’yuls)
@7t 40) @1 ¢5) = —2(@,7.40) (@7 05)
(

6
+ (@7t as) @At 4q) + 2(@7045) (@7 qq)
(@t t ) @ "t ) = —g(qp'mthq)(m“thJ
— 2@t as) @A ag) + 2 (@74s) (@ q0)

Qu = () (In"1)
QW = @)@ QY = (@y.t'a)(@'t'q)
QL = (@) QY = (D)@t



(RR)(RR)

(ﬂp'YutAuq) (ﬂr’YutAUS) = % (up'YMUS) (Ur’muq) - %(up'Yuuq) (ur'YMUS)
(deutAdq)<dr7utAd ) = %(dpfyud )(dr')’udq) - %( )(dr’YudS)

= (evue)(eve)
Quu (@) (@ u)  Qua = (dyud)(dy"d)
Qeu = (evue)[Wu)  Qea = (Eyu€)(dr"d)
Q= (@yu)(dy'd) QL) = (@ytu)(dy't'd)



(LL)(RR)

Qi = (Iy,l) (ey™e)

Qu = () (@) Qua = (1) (dy"d)

Que = (T1u9)(@r"e)

Qu = @na)(@'n) Qg = @yt"q) (@)
Qui = @pa)(dy'd)  Qul = (@yt"q) (dr"t"d)



Exceptional I L2

» 1 scalar (Lv,L)(Ly*L)

» SU(2): 2 singlets, 2 doublets = 1 structure

> SU(3): 19y (B preserving) or ¢*¢¢?7 (B violating)
= 1 structure



Exceptional L*

» 2 scalars 1 x 1, 0, X ot

(%TCUMV%)(QP?TCUW@M) =
A(pf Ctha) (1hg Cipa) + 8(1h] Cta) (15 Cis)

(choose the rhs everywhere except le‘qu® where we
want color-singlet currents). qu®qd®, qqql, d°u‘ue®: 2
pairings — just permulations of generation indices.

» Isospin and color: 2 structures for qu®qd®, qqql; 1 for

d°ulue’



8 Iy _
QW | = (gt u)(g;td)

QY = (liue) (@0 u)



B violating

Quug = 2apneis [(47) Cu’] [(¢7) " CV]
Quon = 2apreij [(4°) Cq”]

Quay = €ameien[ () Ca?] [(¢7) C1']
ng = gaﬁvtl th [ qm)

T

7]
Qaun = £apy [ (@) Cu’} [(w7)



Summary

Not counting generations and Hermitian conjugated

operators

#
0 15
2 19
4 25
59




Summary

Not counting generations and Hermitian conjugated

operators
Y
0 15
2 19
4 2545
64




Higgs sector

Lit = (Dup) (D) + m(p*6) = 5(5" )" + Coli* )

+ Con(pt9)0* (1 0) + Cop( Dyup)* (¢t DH )

(I)-i-
v= <\/L§(v +H + i@0)>



Higgs sector

Lit = (Dup) (D) + m(p*6) = 5(5" )" + Coli* )

+ Con(pt9)0* (1 0) + Cop( Dyup)* (¢t DH )

P+
SOZ( U+H—|—2¢)0)>

”—thP+§ﬁ'}



Higgs sector

Ly = (Dup)t (D"o) +m? (¢t ) — é(sfso)2 + Coetp)?

9
+ Con(pt9)0* (1 0) + Cop( Dyup)* (¢t DH )

2 1
+ (m_ - §)\v2 + ;Cg,v‘l) H?
!
2

2
(1 + §C’¢Dv2> (0,0°)(0"®%) + (9,07 ) (0"d™)



Higgs sector

h=2H G°=_7,00" GF=0o*

1
Zh =1+ (ZCLPD - C@D) ’U2

1
Zgo =1+ ZC@DU2(I)O



Higgs sector

h=2H G°=_7,00" GF=0o*

1
Zh =1+ (ZCLPD - C@D) ’U2

1
Zgo =1+ ZC@DU2(I)O

1 M?
Ly = 500" h) — =0

2
L

M} = 2m? [ 32

(3C, + MCyup — 4C,0))



Gauge sector: QCD

1
—= G, G 1 Cua(pt )G, G

Lqcp = 1 G



Gauge sector: QCD

1 v v
- Z Gﬁy GAM + O<PG (S0+ SO) Gﬁu GA”

Gl =ZcGy  g=125'9g
ZG =1- C(pg?)z

Lqcp =

2 1 ~ ~ v
Loty = —;Gn,GM



Gauge sector: electroweak

1 1
Lew = —ngywﬂw — ZBWBW + (D)t (D*p)
+ Cow (0 )W, W + Coplp* ) B, BY
+ Cown(ptt )W, B* + Cop(p" Dup)* (9" Do)



Gauge sector: electroweak

Lgw = —iW;VW”“’ — ;lBWBW + (DHQO)JF(D”@)
+ Cow (¢ @) WLW'™ + Cp(¢" ¢) B B*
+ Cown(ptt )W, B* + Cop(p" Dup)* (9" Do)
Wﬁ = ZWWJ 9o = Zy' g0
B, = ZpB, G =250
Zw =1-Cunv®  Zp=1—C,pv’



Gauge sector: electroweak

Lgw = —iW;VW”“’ — ;lBWBW + (D#go)Jr(D”(p)
+ Cow (¢ @) WLW'™ + Cp(¢" ¢) B B*
+ Cown(ptt )W, B* + Cop(p" Dup)* (9" Do)
Wﬁ = ZWWJ 9o = Zy' g0
B, = ZpB, G =250
Zw =1-Cunv®  Zp=1—C,pv’

2 _ 1 1 w13 B 1 e\ (W3
Ly = =7 > W W™ =2 (W, Buw) (6 1)<BW

=12
9.9 2 g _ = s
gav = Ivirl V" 2 (1773 B 93 —Gg1G2\ (W=
+ = W Wt + —Z%, (W°B 72 7 _
8 121:2 " 8 o WiBy) (—9192 g ) (Bu



Gauge sector: electroweak

1, . 1
=+ . _
W, = 7 (WL FiW5) My = 5920



Gauge sector: electroweak

(WL 5i2) M2 = Lgu

2
1 =< cosf sinf
_ 2 _ _
X = (—g 1 ) (— sin 6 cos@)

=2
tane_@ﬁ(l_%_;)
g3




Gauge—glodstone mixing

(Dup)* (D ) + Cop (0" D) (9 Dhep) =

~g21)71 + — gQ’U*Q 4 _
—1——=W, 0"(®" — D7)+ —=W:0"(PT + P
o - o)+ 2ot o)

g;” Z2,W3 0100 + ;“ 720 B,0" 1"



Gauge—glodstone mixing

(D) (D"¢) + Cop(9™ Dyp) (9" Dlep) =
oV £ + - 92V (9 + -

— i WL — 07) + LW (et + @
W5 ( )+ NG ( )
g;” Z2W3949° + %Z%B 00

= iMy (WG~ — W, 0"G*) — M Z,0"G°



Fermion sector

Ly =i(I'Pl +€Pe +GTPg +u' Pu’ + d Pd)

— (I'Tee o +GT ' ¢ +qTyd p +h.c.)

+ (o (TTC(FH) + hoc.)

+ () (I'Cepe’p + T Cupt!' @ + 7 Capd o + h.c.)



Fermion sector

Ly =i(I'Dl +ePe +7Dq +u' Pu’ + d Ppd)
— (I'Tee o +GT ' ¢ +qTyd p +h.c.)
+ (O (PTHYEC(PTT) 4+ hoc.)
+ (0 ) (I'Cep€' o + G Coupt'p + G Capd o + h.c.)

1
L, =5 VECM!, — e, M!ey — ), My — d) Md), + h.c.

v V2
M =—-C, v* M’z—(re—c —)
14 e \/§
2

6(&2
2
, v v , v v
= — - ——(r, = -
M, ﬂ(ru C’WQ) M; \/5( J Cd@2)



Fermion sector

P = Uy ¥x vV=vrv,e u,d X=L R
UVTLMLU,,L = M, = diag(my,,, my,, M)
U;;MéUeR = M, = diag(me, m,, m;)

Us MU, = M, = diag(my, me, my)

U MjUq,, = My = diag(mg, ms, my)
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