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Intro to Scalar-Tensor theories

Gravitational action that has couplings between the metric and a scalar field

Lots of candidates (Horndeski, Beyond Horndeski, DHOST..)

1
ﬁ d'zy/—g [H-R = 59" 0u X0 X + F(X)R + ¢R® + dR,, R" + ...

Usually studied at cosmological/solar system scales
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Intro to Scalar-Tensor theories

Every theory that introduces a new scalar degree of freedom should be also treated as a particle
theory

Qur plan:

1. Start with a Scalar-Tensor theory and a matter sector
2. Split pure gravitational interactions from new fifth forces using field theory

3. Get an effective theory out of scalar-tensor theories, equivalent to Beyond Standard Model
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Effective theories

1. We will work with a Brans-Dicke theory and a matter sector Important:
T2
F(uy) = M2

5= [y [LFOOR - 120009, X0,X - UX)

QED+Higgs toy model in flat spacetime:

1 1
Smiguw} :/d4$ {—_F}WFP’JV + _8;13@58#?35

3 4
AT — g — 20+ !as‘*—%]
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Effective theories

1 1
Sm{guu} :/d4$ {—ZFMMF*"V + —@ﬂgb@“gb
o Aoy 3
+ ?/w’\/ﬁ ,u,?vb ngbw - —M2(£5 E ‘- %]

Add explicit sources of gravity l

1
Sm{g”y} /d45.|: “ Fu/ + _gﬂyapqﬁay(b
3
IV, — ybov — i°6 + 5 4—%]
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Effective theories

1
Sm{gﬂu} /d43§v |:__ga“gﬁyFaﬁF;w + _gﬂua,uqsaud)
SRSV} n 3“
+ W%’Y v,u,"vb - yw(i)w o _)UJ Cb n T oy

Derivatives—— Covariant derivatives

V.Y, =8V, +T0,Y,

Vo = 0y — qAp — ,uw
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Effective theories

Our theory:

F(X) . Z(X)

S = / d*zv/—g {—TR + 50" 9,X0,X ~ U(X)
1

4
+ ?:1565’}’& ,u,w _ 7,/}6 ’YQQ;Lw T qweg/yaAﬂw

1
ga#gBVFaﬁFW ‘I_ Nya,uﬁbau(b

_ 3#
g — 26+ ot - O
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Effective theories

2. Split pure gravitational interactions from new fifth forces using field theory

5= [y [LFOOR - 120009, X0,X - UX)

Go to the Einstein frame Stay in the Jordan frame

(Only for Brans-Dicke like)

10
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Effective theories

Einstein Frame;

Perform a Weyl transformation such that gravity eats the coupling to the scalar

A[ nx _>F(X)
g,m/ F(X) g,m/ g A"'[gl

~ LV

F M?l _ BMAF(X)?
/— v/ — _ o Xo. X

VX - 3 F(X) )
. eh Q, ——0, X
a’V I A[pl Y ( + = 9 F(X) f

11
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Effective theories

Einstein Frame;

Perform a Weyl transformation such that gravity eats the coupling to the scalar
W LM [Z(X) 3E(X)?)

1-05,u ~ B AYI%I ~ LV & o AIS 2 A
— 4: FC![BF,UV —I_ ‘)F(X)g dp(f)dy() — WHJGG") P‘u)

My 1M ~ 31 F'(X)
;o el 7 et LA R L+ Upl 7 2 -
+ Z'F(X)3/2 ey d,uw 2F(X)3/2?’L ta’} t; (Q -+ 5 F(X) de)

MA
] G 9,X0,X — U(X)

ME

- 3,4
— Yyt — ,u 202 + A —p* — 3 \
F(X)? 2 4! 2\
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Effective theories

Einstein Frame;

Canonically normalise the theory through




YTF 2022 Based on arXiv:2111.06357 and arXiv:2211.14300

Effective theories

Einstein Frame: e 1

]\/Ipl ~,_1,]/ ~ UL “’BV
,C:——R+§ a,uXa X — _g 9 FCV/BFHV

+ ”“,D@ /Yaa,uw - —¢€ “/G“Qp,lb - WG ”YQAMD

Lost simplicity of our theory

Mass and kinetic mixings from Higgs

.
producing the fifth forces 1 ~ [ 11;: ({() T~ 7 X
+59 0,00, 0 + SRR """ 0,90,
1 [(F/(X
e )) 32 0,X0,% — yio
Infinite many couplings appearing out of 8 F(X)
'nowhere’ M?2 ~ 4 A MY
4 pt L u2d? — ¢4_|_3M el 7(X)
F(X)2 4! 2\ F(X)2  F(X)?

We can ignore gravity and just do QF T

14
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Effective theories

Jordan Frame: Stay where we are, and deal with it.

Usefulness: Some theories do not have an Einstein frame.

Gravity itself will be the source of fifth forces, therefore..

uv =1 + hp,r/ + -
gp,r/ :np,y o hp,z/’

15
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Effective theories

Jordan Frame;

Recall the action:

F(X Z(X) o o
= / d*sv/—g { (ﬁ) R+ (T)g#“aanpX— U(X)

1 1
— 19 gﬂVFaﬁFp,,Jr g'“ OOy ¢
_ 1
- igf;eﬁfy”"pyf; — izpe“‘f}aﬂp}w — qipet A )

- 1
— ypih — 5#-2@52 +
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Effective theories

Jordan Frame;

Linearizing gravity is tedious, and | won't make you go through to this.

' | 1., . F'(X). .
Result. oL (f ) Gapha#h - rapf?,ppaﬂflﬁ*f“) + B xom,
L (X) | F(X)* . I
—— I HY ‘ A = AAH 4
4Fqu + [ 9 + —1F(X) deU] X—|— de(,?r() QO
17
iy — SRR LT — quy" A

- 1 ) 3 1
— ) — 5 p2o* + Ff* — ;—‘/\ ~UX) + QhWT“”] +
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Effective theories

Jordan Frame: X - (X2
X(X):/ dX\/z(X)JrF(X) :
x4 2F(X)
FO) (L, Lo ) F00,
L = (40}#?10}*”’?1 — Edph#yd‘oh,“ ) o 1 Iux*h
] T 1
_leva - 50‘#)((9”}( - Edpqﬁd“(f)

- AN 1~ n /
+ibyF O, — 3 Uy Qb — quyH Ay
4

- 1 A 3ut 1 )
—yUt — Spto” + F/fl — ;—i\ U + 5huw T ] +-
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Effective theories

Jordan Frame;

F 1. 1
L :ﬁ <ii)pflf)“h — 53,0}1#;,8"’?1“1’) +

F'(x)

1 Oux ' h

1. Expand around vevs

2
~ ~ -~ X ~
F(x) = F(X)|x=v, + XF' () x=v, + 57 F" (X)x=v, + -

_ . _ . _ 2 2 ﬁ”(tfx]
2. Diagonalize the kinetic matrix  fuw = 37-hw + 3 ————=0"u
: P \/Mpl + Fr(vy)2
1
X — a,

V1+ F(0)2/M3

19
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Effective theories

Jordan Frame;

1 1 1
n i ]- N " T ' T o
Fi B, — SR — gl A~y
1 i i 1 i I E [ 1 n }\ 3‘ 4
—|—§()ﬁad“a - —ﬁ#md“qb — 5,{52@52 - 5(;’)4 %
,,, F(v,)
N T Ty

Tllfpl \/?II- _I_ F.f(,v

T}o for scale invariant terms

Fifth forces!

20
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Based on arXiv:2111.06357 and arXiv:2211.14300

Effective theories

Both frames give the same observables (as expected)

Fifth forces couple to every scale dependent part of the theory

The results are very model dependent!!!

Go to the Einstein frame

Conformal Transformation
Canonical hormalization
Expansion around non-trivial vevs
Kinetic mixings
Mass mixings

21

Stay in the Jordan frame

Expansion of gravity
Canonical normalization
Expansion around non-trivial vevs
Kinetic mixings to graviton
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Effective theories

Both frames give the same observables (as expected)
Fifth forces couple to every scale dependent part of the theory
The results are very model dependent!!!

Go to the Einstein frame Stay in the Jordan frame
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Can we get a computer to do it?

How do particle phenomenologists test modifications to the SM?

Use FeynRules:

-Input a ModelFile with a flat spacetime Lagrangian
-Mathematica Package that generates its Feynman rules
-Use compatible packages to perform advanced analysis

-Compare results with data from colliders, such as LHC, Fermilab etc..

23
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FeynRules

“
m

Lagrangianin _ Pheno!

24
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Lagrangian in
flat spacetime

In[1]:= << FeynRules~
<< FeynMG~

25
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What can FeynMG do?

-Take any Lagrangian defined in flat space-time (same Model Files as for FeynRules) and

insert all the gravitational couplings

LCurv=InsertCurv [LQED]
1 , 1 .
LQED = — —F,, F" + =8,060"$ — ad" A, 0" A, _3p  pfpni®  lam phif - i
4 2 211a.m 2 24 P f‘ i1,12P8154 42
+ iypyH Aty — gyt Apyh — o) + = a2 [phi] da [phil gUp[a2,m] - EDGm““ [Aa31D%% 4 [Anu]
1 2,9 A " 3“-1 gUp[a3,mu] gUplad,nu] + 7% 'BA.mPéiil.i:.]}Sijilj_gﬂl"il.jlvi
+ i.“ @ = ?‘-’P T VUp[mu,vi] +ipsiy, - Faulpsiyy 5] ¥4y, 54" VU [mu, v2]

11,12 P81y ;5 VDownlc2, cl]

1_. -
+ Eiﬂmu [VUp[dl,c1]]lpsi
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What can FeynMG do?

-Allows the user to insert new scalar degrees of freedom and any gravitational theory

In[4]= LJordan= LCurv + chi RScalar/2 + (w/(2chi))
gUp[Index[Lorentz,mu] ,Index[Lorentz,nu]]
del[chi,Index[Lorentz,mu]] del[chi,Index[Lorentz,nul]
+ (muC~2chi)/2 - (1lamC(chi~2))/(4!)

- (3muC~4)/(21amC) ;

27
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What can FeynMG do?

-Perform all the necessary operations to calculate the Effective Theory

Go to the Einstein frame Stay in the Jordan frame
Conformal Transformation ToEinsteinFrame Expansion of gravity ~ LinearizeGravity
Canonical normalization CanonScalar Canonical normalization
Expansion around non-trivial vevs VevExpand Expansion around non-trivial vevs
Kinetic mixings KineticDiagMG Kinetic mixings to graviton ~ GravKinMixing
Mass mixings MassDiagMG

And much more! See appendix C in arXiv.2211.14300

28
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What can FeynMG do?

-Output a Model File that can be directly used in FeynRules and all compatible packages

In[1e]:= OutputModelMG[0ldModelFile,NewModelFile,Lagrangian]

29
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What can FeynMG do?

-Take any Lagrangian defined in flat space-time (same Model Files as for FeynRules) and

insert all the gravitational couplings
-Allows the user to insert new scalar degrees of freedom and any gravitational theory
-Perform all the necessary operations to calculate the Effective Theory

-Output a Model File that can be directly used in FeynRules and all compatible packages

Test Scalar-Tensor theories in the lab!

30
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Thank yvou for listening

Any questions?

s.sevillano@nottingham.ac.uk

SCAN ME

https://gitlab.com/feynmg/FeynMG

31
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