Effective Field Theories Across the Universe

The Standard Model Effective Field Theory

Instituto de Fisica — UNAM

Mexico City
Sep 30-Oct 4, 2024

Laura Reina
Physics Department

FSU | FLORIDASTATE




Outline

Introduction to EFT in particle physics

e Main ideas.
¢ Main strategies.
e Some examples: from Fermi theory to the SM to the SMEFT.

Constructing the SMEFT

e The SM: brief review, strengths and weaknesses.
e Adding SMEFT interactions, how and why.

The SMEFT hands on

e SMEFT effects on SM parameters and SM interactions.
e Calculating observables in the SMEFT.

. O 2 v = C .

e Global fits of collider observables (EW, Higgs, top), flavor
observables, low energy observables.

e Matching to UV models.
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EFT - Main idea

During this workshop you will be exposed to several EFT, in very different domains, all reflecting the
fundamental idea that the dynamics of a system at low energy (long distance) does not depend on the
details of the dynamics at the physics at high energy (short distance).

EFT ideal for physics problems involving multiple scales over a broad range.

EFT are full-fledged QFT, with a limited range of validity (in energy, distance, kinematic configurations,
etc.). Hence, they benefit of the formal properties of QFT and in their range of validity offer a complete
description of physical phenomena and a systematic approach to explore the UV regime.

EFT are therefore predictive, the uncertainty of their predictions is quantifiable, and their prediction can
be directly compared to experiments.

It is a fundamental approach to the study of physical systems.

Can you think of some examples?



Formally, in a nutshell

“Integrate out the heavy fields” =
averaging over ¢y configurations

Ay L(oH,dL)

O
N ' s = /DCbL exp [/d r(LerT(PL) + chJL)]

Z(JL) = /D¢HD¢L exp [/d4$(£(¢H,¢L)+¢LJL)]

(©.@) 1 ng
Lerr(dr) = Laca + ) = > Q" (o)
d=5

H =1

Coefficients (a.k.a. Wilson coefficients),
depends on M~Ay and couplings of UV theory:

RGE-evolved from Ay — A} Towers of higher-dimension (d > 4) operators =
contact interactions expressed in terms of ¢; and
suppressed by powers of Ay.

Wilson, K G (1983), “The renormalization group and critical
phenomena,” Rev. Mod. Phys. 55, 583-600

Systematic expansion, predictive power




Formally, in a nutshell

A L .
H (¢m, oL) Matching at Ay o4
d) ~(d
o4 EEFT:£d§4+ZFZC¢( )QE )
RGE running Ay = A d=5 "*H =1
A; Lerr(¢r) Predictions for observables, measured at 1\

EFT are order by order (in Ay) renormalizable and s.t. the Cl-(d)satisfy RGE (they are couplings)

d d d d
u@fl =0= o (Ci(w)(Qi(1))) = u@@(u)@z(u» + Cz(u)u@@zm»
i 4, dZ anomalous
i e~ (). d ] /YZZ 1d1nu dimension
h L Qi = —7i5Q; M@Cz'(ﬂ) = 7;C5 (1) ' Qi0=2.,0,

\Jrenormalization
Same as for any interaction in a renormalizable Lagrangian and its associated coupling constant



EFT - Main strategies

* The best use of EFT depends on how much is known of the UV theory
» Bottom-up vs Top-down

* Some examples
> “eV world” - QED
» Fermi theory — Standard Model (SM) (and back!) — Bottom-up
> SM — SMEFT ) )
» SM — Flavor Top-down

> ...




Bottom-up vs Top-down

o 1 ng
dtoov|\:/)n bottom ['EFT — £d§4 + Z —— Z Cz(d) di)
P d=5 AH 1 =1
A Lrrr(or)

Bottom-up: most common in exploring unknown physics.
Use the phenomenological knowledge of the A; scale
(local and global symmetries) to constrain the form of Lgpr.

Top-down: preserves only relevant interactions plus improves
accuracy through RGE evolution of Wilson coefficients.
Crucial for theories involving multiple scales with large scale gaps.

Let’s illustrate it with a few examples geared towards introducing the SM and the SM EFT




photon-photon scattering

Example 1:
> AH"’me!
A Y top-down
< ) bottom-up
() (b)
E=m, E K m,
(e,v) (v)
Bottom-up:

living in a world with only photons!

Quite different conclusion if one assume U(1)qgp

or not

EEFT — _Z

1

FME,, + o (AFA,)?

Top-down:

convenient to calculate yy — yy at very low energy

. 1 1%
Loep = Yy Dy — me)p — ZFM Fiu

EEFT — =

1
4

|

D, =0, +ieA"
FHY = gF AY — 9¥ A

2

0%

|

—FMF, + 1 [Cl(FWFMV)2 + 02(FWFW)2}
me

(phase space)

&— EEY (E’Y)S ~ 10748 (1)

02 Me
(E,~1eV, m,~0.5 MeV)



Example 2: Fermi theory = SM (and back!)

> g Ay~My, Top-down:
W bottom-up
s . u top-down »C'SM -
Botton-up:
Fermi Theory (muon decay)
e 4G
_ Lerr = ——F=VusVyy
u _ V2
Ve -
Vu Cy

C

Purely phenomenological representation of weak charged currents

J—_ —“%”[m (1~ ) il[Eva(l — 75)7]

19

i
p? — M, v
Gr _ o
V2 8Mg,

Low-Energy Effective Theory — Flavor physics
75‘/1;3'@"7“(1 —Y5)g;WH + ...

1+ o)

[ayH (1 — 5)s] [Ci%u(l —5)u) + O (]\414 )

\

I

Q1

+ QCD+QED evolution — C; (i) entering meson decays

——

Found its UV

completion in the SM

_/



Example 3: SM = SMEFT

The SM as an effective low-energy realization of some UV completion.

Since the UV completion is unknown it is necessarily bottom-up,
although it can be very instructive to try top-down exercises with template models

© nd - ~(d) @ Y — fermions
»CSMEFT(waHa A) :£SM(¢7H7 A) +ZZWQ1 (¢,H7A) H — scalars
d=5 i=1 A — gauge bosons

where the Ql.(d)are functions of the fields of the SM (¥, H, A) and respect

» Lorentz invariance
» SU(3).XSU(2); XU(1)y SM gauge symmetry
» Global symmetry such as lepton (L) and barion (B) number conservation

We will analyze in detail the case of dim=6 operators, and discuss the validity of such approximation




The full picture

Connecting far apart scales (from BSM to flavor) naturally lends itself to the EFT framework

(SM)EFT
(W)

XEFT

AUV

(t,HW,Z)

A, (B)
A, (D)
A (K)

Heavy physics decouples and leaves
effective contact interactions of dim >4

EFT operators in
l RGE terms of SM fields

SMEFT
SMEFT

i,d
»CSMEFT — LSM + Z A2 i,d
i,d

WC depend on
l RGE mt) MW)MZIMHI IVI)(
LEFT

E : i,d LEFT
Ligrr = LQCD+QED+ 22 i,d
i,d

Calculate physical processes at each scale and
derive constraints on the UV theory



CO N St U Ctl N g * The SM: brief review, strengths and

weaknesses.

th e S I\/l E FT * Adding dim=6 SMEFT interactions.



The SM — main framework, strengths and weaknesses

lectron neutrino 0N neutring

Leptns |

A very minimal quantum field theory describing strong,
weak, and electromagnetic interactions, based on a local
(gauge) symmetry

SU3)e x SU(2), xU(1)y = SU(3). xU(1)g

Strong interactions: gluons - m, = 0
Electromagnetic interactions: photon — m, = 0
Weak interactions -

Due to the presence of a scalar field whose potential
spontaneously breaks the gauge symmetry of electroweak
interactions and gives origin to massive gauge bosons (W,Z)

The Higgs boson (H) is the physical particle
associated with such field



_____________________________________________________________________________________________________________________________
-~ SS

SM on a mug ... 1 1 1
; L= ta et e g,

— 1
et |+ (Dup) (D) + ' = ZX(p'p)°

Wi/Z masses
| +i (UL DU, + € gDy + ¢ | Py, + d' g Ddy) i
ot | (Pl Tl uTad) e

fermion masses

i with covariant derivative:

Dy =0y +1i9:G, T +igwW,T' +ig:B,Y

- | // ------------------------ / --------------------
- @ | SU(3), x SU(2)L x U(1)y

G, = 0,Gh —0,Gh + g3 PCGEG Y
. WL{V = 8MWVI — 8,,Wi +92€IJKW/;]WKV
B, = 0,B,—09,B,




SM Higgs mechanism: a very constrained pattern

Lgauge

{gs}
N

Lsyr = Loep

{gb g2, W, )‘} + {yf7 VCKM}

__ pgauge ferm Yukawa scalar
Lew = Lpw tLgw +Lpw  TLew

V()= u'd'o+ M9

¢ \sse 1 0
()3

v=(=pu*/N)"?

SM: unique pattern
of Higgs couplings
and particle masses

Higgs interactions particle masses



But the origin of such pattern escapes the SM

The Higgs is necessary to the consistency of the SM as a quantum theory,

W and Z have longitudinal components that can be problematlc without a Higgs:
» Loop corrections are not finite without a Higgs

WZ Ardnnanonn WZ

» Scattering amplitudes grows with energy: unitarity violation M 7777
of nd

But the origin of SSB and ultimately of the EW scale is unexplained by the SM
» Why the Higgs potential? Why n?<0?
» Dynamical origin? What induces it?

» Why M,,=125 GeV? — Hierarchy problem - Naturalness

» Mass of scalar not protected by symmetry, y)
h h 2 X 2
receives large quantum corrections - -—-- AMpjz < + M

—16m2 X




Yukawa couplings to fermions: an even deeper mystery

Ly = yijPLov} + h.c.

C ‘ Yukawa couplings

¢ >H+v

( fermion masses

» Why the hierarchy of fermion masses?
» Why the hierarchy of Yukawa couplings?
(arbitrary in the SM)

» Why flavor-diagonal scalar couplings? < Why one Higgs?

(With more than one Higgs mass and current eigenstates can be different)

Yij = —= 0ij =Yg

_ _ > Is this a new force all together??
» Intimately related to flavor dynamics



SM — weaknesses and strengths
Apart from not explaining nor including
» The nature of dark matter and dark energy
» The origin of the baryon asymmetry of the universe

» Gravity as a quantum theory

The scalar sector of the SM leaves lots of questions unexplained and mainly fails to explain
the origin of the EW scale itself.

This could also be the strength of the SM:

The incredible success of the SM theory in describing the EW scale phenomenology, all the
way to the discovery of the Higgs and the measurement of its properties, is giving us a unique
handle on physics beyond the SM (BSM) if we can identify and interpret its signals.




The LHC era: exploring the TeV scale

LHC / HL-LHC Plan

LHC HL-LHC >
} i+ —
Run 1 Run 2 ] | Run 3 Rund-5.

e | Ls2 13sTev_ [BGEN 136-14TeV

13 TeV

splce comoidation crpolmit LIU nezalation HL-
7Tev BTV iunios colimators Irderwcon it skl LHC
—_— R2E project raghone Civil Eng. P14 ot bean rackalon e installation

ATLAS - CMS
------- spgrade phase 1

ALICE - LHCb
wpgrade

HL-LHC CIVIL ENGINEERING:

DEFINTON EXCAVATION

We are only here

Run 2+3 delivery for Higgs
couplings outperformed
expectations

State-of-the-art precision
measurements of SM parameters

LHC will define top physics till the
next high-energy collider
» e*e” >500 GeV

Many years of HL running ahead of us

> pp@100 TeV
> u+p > 10 TeV

- 2-fold increase in statistics by the end of Run 3
- 20-fold increase in statistics by the end of HL-LHC!




T | T T | T T T T | T T T | T T T T | T T T | T T T
ATLAS Preliminary Fe4  Total Stat. [ ] Syst. |  Combination
Run 1: /s =7-8 TeV, 25 fo—1, Run 2: /5 = 13 TeV, 140 fo—!
Total Stat.  Syst.
Run1 H — y F——=— 126.02.+0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4¢ e 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run?2 H — vy e 125.17 + 0.14 (+ 0.11 + 0.09) GeV
Run2 H — 4( e 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 142 H — vy | 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run 1+2 H — 4¢ [ o | 124.94 + 0.18 (+ 0.17 + 0.03) GeV
Run 1 Combined H—— 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined 125.10 £ 0.11 (x 0.09 = 0.07) GeV
Run 1+2 Combined 125.11 + 0.11 (= 0.09 + 0.06) GeV
| | | | | | | | | | | 1 | | | | | | | | | | | | | | | | | |
123 124 125 126 127 128
my [GeV]
wiVio
Run 1:5.1 fb™' (7 TeV) + 19.7 o™ (8 TeV) — Total |:| Stat. Only
2016: 35.9 fb™ (13 TeV)
Total (Stat. Only)
Run 1 H—yy —_— 124.70 = 0.34 (= 0.31) GeV
Run 1 H— ZZ— 4| ———— 125.59 = 0.46 ( = 0.42) GeV
Run 1 Combined — 125.07 = 0.28 ( = 0.26) GeV
2016 H—>yy —— 125.78 = 0.26 ( = 0.18) GeV
2016 H— ZZ— 4l 125.26 = 0.21 ( = 0.19) GeV
2016 Combined 125.46 £ 0.16 ( = 0.13) GeV
Run 1 + 2016 125.38 £ 0.14 (= 0.11) GeV
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
122 123 124 125 126 127 128 129
m,, (GeV)

m; [GeV]

240
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160

From discovery to precision physics

I~ 68% and 95% propability|contours

" [1_[] Fit without My, m,, and m,,

L[] Fit without M, and m,

— [0 Ful Fit De Blas et al.

measurements

i [E]] Experimental

[2204.04204]
(HEPfit collaboration)

AN

Nicer %- 190
- ‘80|.3‘ | I80|.4‘ ‘80|.5‘ (.2.
My [GeV] E

180

M, promoted to EW

170

precision observable

De Blas et al.
HL/HE-LHC Report

[1902.04070]

| 68% and 95% prob. contours§
| [TJ HL-LHC projections

[T_1] Fit w/o MW, m,

- [T Full Fit (Current)
| [T Full Fit (HL-LHC)

:
| 1My=280.379 = 0.007 GeV
)

80.35 80.4 80.45

Mw [GeV]



0.10 1~
0.08 - 30 bands in oy o
M, = 1733 5 08 GeV (eray) M, & My, the EW phase transition,
, @3(My) = 0.1184 = 0.0007(red) : _
- 006 o 250 %02 GeV (blao and the history of the universe
en
£
g 0.04}
£ i 180
5 002"
o L
% ,
T 0.00 - 178
~0.02 - K E e
I M, = 1756 Gé g I
—0.04 |- I I [ [ N N NN SO | :i + .
102 10* 10° 108 10 102 10 10'6 10' 10% g
RGE scale p in GeV <
o .
Buttazzo et al., arXiv:1307.3536 g 172
3 3 ° . . 1707,: :’z
Criticality (A = 0) condition reached for A=101°-10%? GeV. L o
. . tabilit
Is this a signal of NP below the Planck scale? B Y]
168 ——

L L L L L L L L L L L
120 122 124 126 128 130 132
Higgs pole mass M), in GeV



Zooming in on couplings to probe the TeV scale

CMS, arXiv:2207.00043

£k S A IR K= SM — 1+ ﬁ K CMS 138 b (13 TeV) CMS
z | ATLAS Preliminary ] —g g - 14 W z
% = Vs=13TeV, 24.5- 139 fb” 7.3 X/ oX ® Observed (=150 sty 12 . » B ]
LLCI’ C m,=12500GeV,ly |<25p, =84% & ' ] 5 5 = 18D (stat ® syst) [[] =1 SD (syst) SIS o ST (I L oW
1Slid B . W 1 A } 095 Foos E
T B - SM Higgs boson . | /\ — =2 SDs (stat ® syst) 0.6 E
2 107 E E K oc V / BSM - : Stat Syst 04
E ; Kw —*— 1.02:008 =005 =0.05 20F 7 g _
1072 = _.—"b = K| + 1.04:007 2005 =005 15 _ . [ B
c v 3 - 3 “ pof--ff---- g oo o “'”"l' E
- - ] () K -vi— 1.10:008 :0.06 =0.05 E HI =
P Y j 0.5 095 Foos
3 | — L ; E
ok 1 Precision on Ak |
= _,2 _ = Kg - 0.92:008 2005 =0.06 20F T T T 5 T 3
- M, (my;) used for quarks | 3 : |[I t
1 15F 105 F.05 B
1074 = — Ky ——— 1.01tg'::7 2007  =0.08 55
- = :_ | 3 ) b 1,0;— --------------- 4l- - too Wk 4-4--4Hf------------ {I- Fr.o0- T - {]
Ié 1.4 - Ky, —=— 09907 on2 1072 osf oss {[l s |4
] 12F E - : 0.0t . - - - - .
Mu_ e E } Ke —i— 0.92:008 =006 =0.06 14 T T T T II* T
e e e %o hf A - i i S B i)l
g { : reach Tor Aggw ) [—— 11298 90 e | 1D i ]
08E . . - - i 08 e
10~ 1 10 102 Kz | _'_'*'_I ) | 165598 ‘0% oos g:g
““““““““““ 0.0 . . . . : :
Particle mass [GeV] 6 o5 1 15 2 25 3 35 4 Disco, LMo This, My, [# Obs (stat@syst) | stat
Parameter value Overy ™ Run 7 Paper He [l Proj. (stat @ syst) | syst

» Couplings to W/Z at 5-10 % » HL-LHC projections from partial Run 2 data (YR):
» 2-5% on most couplings
» < 50% on Higgs self-coupling.
» Full Run2 results drastically improve partial Run
2 results: better projections expected

> Couplings to 3" generation to 10-20%
> First measurements of 2" generation
couplings



Run 3 and , .
Beyond SM-coupling rescaling

Extend SM Lagrangian by effective interactions (ex. SM EFT)

e 1 1 1
'ng\f/[:LSM+ZAd—4’Cd:ESM+K'C5+F£6‘|‘"’

d>4 Under the assumption that new

Dol physics leaves at scales A > +/s
La=3y c0®, o] =d

‘*j Rescaling

Expansion in (v, E)/A: affects all SM observables at
both low and high energy

» SM masses and couplings — rescaling L etails

» Shapes of distributions — more visible in tails of distributions

[lustrative plot

pT(t,H)



The breadth of LHC measurements

Standard Model Total Production Cross Section Measurements

o 10t

2

b 106
10°
10*
103

102

10!

Status: June 2024

500 b T
oA o
40 bt 80 ub™"

ATLAS Preliminary
Vs =5,7,8,13,13.6 TeV

Theory

o
oo LHC pp V5 =13 TeV
Ao . 1
oo BBl Data 32-1401
*ov LHC pp V5 =8 TeV
Al  Data 202-2031b!
LHC pp Vs =7 TeV
BBl Data 45-46M!
oo
LHC pp Vs=5 TeV
Yo O BBl Data 0255-03fb!
. %o B 5
\4 AL
“g otat B “oon
2ot o -
O.VBF B
WH B
o wiww
o (n] e ==
ZH v '
o |
ttH -
(%0, 3)I wwz
(x02)g
PP w z tt t Wt H wz 7z t Wtz titt
Wwwv
t-chan s-chan

tot.

Standard Model Production Cross Section Measurements

r—

'8_ 1011 Dag "t
el 0

b

Literally hundreds of observables that all have

to agree on the same new physics pattern!

|deally suited for EFT approach

10°
10°
10*
103
102

10*

107!
1072

1073

Status: June 2024

OAQ total (x2)
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pr>100 GeV
o

pr>70 GeV
A
o
pr>T75 GeV 5
dijets Er>
O 25GeV
pr>100 GeV iy,

©OOn>0

ATLAS Preliminary
vs =5,7,8,13,13.6 TeV

Theory

°
LHC pp Vs =13 TeV

BBl Data 32- 140101
LHC pp V5 =8 TeV

BBl  Data 202-203107!
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pr> LHC pp Vs=7 TeV
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Ee g omEt op o on BBl Data 45-491!
125GV 100GV g A’o
e a ¥ LHC pp V5 =5 TeV
N 22 sew oo v PP Vs =
B.o > t-chan R .
et = - P waW BBl Da 003-03b
nz38 pr> we wz total
A B 100GeV, 5 » & W2z oA W2
njz2 n=1" o
A nx4 o pr 25 GeV z 7z L]
n>3 A n>3 nz4 I O total
a n=2 O 9 Q Howw
n=5 nj 205 s-chan Zy o n w8
O - WWW tot.
In "/s“ n/2°6 Zy Zy o H=bb Il:l o a
n26 =3 o Red B 1=} EbB K iz
= v . o Wjj
g s =7 » (<001 Ho ot . (x0.5) WWZ tot.
o (x0.01) w2 (x0.25) e e & & &2 Bg
Y
nes iz (x001) SO e (x0.5) 8 PN
_ H-22Z*
n=4n>6 o
o .
o B Ho>yy g Zij H Wyy Wyjj
. njz7 (x0.15) A o o total
n=
=7 U l o B B zi I wEw
o o o Hoyy M7y B o oo
B (05 =] Ww-
Ve . . 8
2 N wz
H -4t Y o g w2
H=yy 7z
g wwy Zyy o
(x0.2)
PP Jets Y w z tt t v H Hij VH ttv ttH _ wwv 7YY Vyy yyoWW
tty Vjj  titt Vyii VVijj
tot. tot. VBF tot. EWK ' tot. EWK EWK



The SM EFT framework

Lsyprr = /3( Mt Z A2 Qi +

o
—~
N
N—
[l

“Warsaw” basis

_____________________________________________________

1 I,uv
4WWW K

. —GA GAuV_

4

1 |
+ (Dup) (D) +m*plp — D\ (7)" ;
+i (ULl + € pPely + ¢ 1 Pq), + d rPdy)
- (l_/LFeelRSO + (?Lruu;z@ + (]_/erleQO) + h.c. E

with covariant derivative:

S

v

Higgs field and Mh

~

Grzadkowski, Iskrzynski,
Misiak, Rosiek, 1008.4884

Yukawa couplings }'\ Vf, HFF

gauge fields

and masses,

D, =0, +igGLTA +igwW.IT! +ig B,Y

-

» Obeying SM symmetries, CP even
» One Higgs doublet of SU(2),, SSB linearly realized.
» Assuming various flavor symmetries.

HVV, VVV %/

X3 806 and QO4D2 ’QZJQ 3
O | fAPCGGErGSH || O, (¥Tp)? Ocp (#To)(lpper)
Ow | eEWwlwewke || 0,0 (#T)O(pTp) Oug (') (gpPus)
Oup | (¢'D"0)" ('Dup) || Oup (o7 0) (@pepdr)
X2902 ¢2X90 ¢2902D
Opc Pl G, GAM Ouv | (poe)rToWl, || O (soTilH?u ©) (1)
Opw | elow Wi | O | (o' e)pBu | OF <wmf>@rwm
Oy SDTSOB;U/B“V Ouc (‘ij“VTAur)SZGﬁ‘u Oge (SOT%DM ©)(Epter)
Opwp | ¢'TloWL, B Ouw | (G u )T WL, || 0% (@TlDu ©) (@Y qT)
Oun | (G0"™u)3 B || O quf>@p a)
Ouac (%UWTAdr)QO Gﬁu Opu (‘PMDM o)(u p'Y“ur)
Oaw ((jpo'“udr)TISO W;{u Oga (SOTZDM ©)( p’V“d )
Oin | (30"dr)p B, || Opua | (§'iDye)(wp"d,)
(LL)(LL) (RR)(RR) (LL)(RR)
On (LpYuly ) (Ls7#1e) Oee (epyper)(€srter) Ote (Lpvulr) (Esy*er)
OI(I}J) (qP'YMQT)( 'Y#Qt> Ouu (UPVMUT)(US’Y”W) Ot (lp'Y;t )(usryuut)
0% | @ e) @ ) || Oaa | (dyyuds)(deyde) Oua (Il ) (dsy¥dy)
O | Gl) @ a) || Oew | (@yues) @y ur) Oye (@ 7uar) (Es"ey)
O | U )@ ') || Oea | (Epyuen)(dindy) 0N | (@vuar) (" ur)
O | (@pyuun)(diyds) || O%) | (@ Tar) (@ Thuy)
OI(LSCl) (up’)/uT “T)(‘is’YMTAdt) 0(}1) (‘jp’Yu‘Jr)( s’)’“dt)
08) | (@ T a)(dir"Td,)

4-fermion interactions: tt, ttH,




