o CP-violation in SMEFT
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Dimension-6 Gauge-Higgs SMEFT operators

CP-odd
Qg \\»QOttngQOQW:QQnt
@Q mN%NmttQmS\NQES\%tS\th
Cra €uvap (HTH) GABGARY
Qv €uvap (HTH) WieBwIny
Cup €uvap (HTH) BB BrY
Quwn €uvap (HTo'H) wlaB guv

€ is the anti-symmetric (Levi-Civita) tensor.

S

% Heavy fermions :

q 1%
210 p5Ys = €uvpo0t

Grzadkowski JHEP10(2010)085

CP-even
@Q .N?»WQQW,EQWL\QW%
@/\/\4 m.NaN.NAq:\U\NIE\S\ML\%\WW,E
@EQ A.m.n.mv Q\\:\Q\QQ\L\L\

Quw | (HTH)W,,cwaen

QuB (HTH) By, B*¥

Quws | (H'T*H) W, *BH

Integrating out heavy fermions generates the CPV operators at 1-loop except Qw and Qg
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SM extended by heavy fermions

SDB, J Chakrabortty, C. Englert, M Spannowsky, P. Stylianou
PhyRevD 103.055008

/ H ! H
SpR— Asv (L2), g (LLY+2), &g (1LLY=3).
L.R

)

Lps = X(iDy, — mg)E + 1/ (iDy — my)n' + € (iDg — mge)E’

- AMNG\S PL+ Yy, Pr)n + SH(Ye, Pr+Ye, Pr)¢ + w.o.w
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CPV operator diagrams

SDB, J Chakrabortty, C. Englert, M Spannowsky, P. Stylianou
arXiv:2103.15861

CP-even effective CP-even effective
operators operators

CP-odd effective

operators CP-odd effective
’ operators
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I-loop matching result

: Operators Wilson Coefficients AQS. X H%ﬂmv @mm |WW® G\%Svuﬁ QWAT WHE AM\%Z%f ﬁzmﬁ n__nw\/E AM\%S%f Au\%gvﬁmﬁk
? u \T 1 uw\T| A U
Qup - ?+8\+Gu\mza?§ﬁt+G|8\+Su\3§?@ﬁ~; Qur | —3Re |(Y2)'| Cr — 3Im [ (Y2 )| Cr +2Am (Y2) ) Ckca
Qv ~Imlya, Vi +Ye, V) Qan | —3Re | (va)'| Cr+ 3im | (V)] Cr +22m (V4)' (V) Cra
Ruiwvs S Iy ?L&SHEE; Y, 14 (1= 6Y)Im[Ye M@m; Qiedq Tuxmzv (Ve +m§+w.ow
3 (1) w \T d\T
Quw g /180 Qo {(ve)" () erea+ e
Im‘m A_Qio,n.u_omm_@v._.wA_Q:_®+_\®m—@v QMC |ﬁmv\m v+ AM\@ VA.QNA%ITWOW
equ SM SM
+2 (Janl 168012 + ] 8e]2) + 2 (Jn| 18]+ ] ] ) oL L(ve )T (ve )
le -9 K4
Q| 4 (ol (o) 285+ 59)) el * ((o2) 282 + 02 (3) ) | i L) (02 G
* * * * qu 2
2 (11 (0303 (3)) 5[ ((o2) %2 -2 (5))) | 00 4 (0) () G
—2\gCr + wym A_Qm1w+_Q:_mv + mym A_mm,w.f_ms_mV g SM sM
Ime...Qmmlw_m_m.Tmmm 1
R R A l? = 5 (Vi P+ [¥in? ¥ ¥ig + Y2, 753)
Quo IwA_mm, |own| +_Qm1 B VIHA_Qd_ 1Byl .T_Qm_ _\Qm_ v MP
—3 (acBrogn + aBeanBy) + § (o (85) % + (o) 263) 1Bi* = 7 (Wir I* + [Yip|* = ¥} Vi, — Y3, Vi7)
4 2 2\ 2 2 2 2\ 2
=3 (Joe|® = lom[2) 2 = 3 (|B¢| > — 1841?)
2 2 2 2 2 —9 2 . 2 2 2 . . . .
Qb +3 (Bl ool + _wm_vﬁ_vv 2 (el Il 4 e _mmv_v Cr = = 2 (Jagl* ~ 4lag| ol + ol ) + 5 (181 + 13l 53] + 13l )
+=2 (az (BX) 2+ (af) #B2) + 3 |aeBialBy + afBeaynBE ) ) ) )
mmw AﬁdA dv n mi mwA EPe @nln 3 M n Jm +MA_Di:QiN+Emimgmimv+WQ,,®m_w_DiN+_Qm_m_Q:_wv
X [(=7 + 40Y — 80Y2)| g |2 + (=T — 40P — 80Y2) |y | 4
QHB 120 + - QQU 282 4+ o2 A,,,mwvm+ AQJ 282 4+ o? AEJ mv + = A; Béai By + afBea h*v ,
+Am\¢ou\+mou\m:mm_m+Am+%ou\+mou\mi\m3_ﬂ 3 7 n n \Fn 3 3 & \F¢ 3 §P¢Ann EPE Py
7 2 2
Qnw ok (ol + lowl?) + S5 (1862 +1801%) | |
b 0y 2 2 Crca = = (lacl® + lanf) + 5 (1812 + 18,1 ) .
5o (3 = 20))|ag|? + (3 + 201)|ewn | 5 3
Quws 5 1 2 2 * 2 2
+5(—1 4 4V)]Be? — 5(1 + 4) (8, 12] Cr =< Eﬁ_ + 1Y, | v:: T\@mL - ?\i +1Y,, | VE; :
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Phenomenology



Hint For New Physics

There are a few unanswered questions which hint towards presence of New Physics:
Neutrino mass, dark matter, matter- antimatter asymmetry...etc.

Experimental Data : Linear electron positron collider (LEP I+l ) and Large Hadron Collider (LHC)

Electroweak

Higgs Data
Precision Data 99

Deviations from SM
predictions

y

m Presence for New Physics u
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Searching for New Physics

Theoretical ways
$*Adding new particle(s)
« With the same SM gauge symmetry.

« Enlarge the SM gauge symmetry.

Experimental ways

*3* Detection of a new physics particle

either directly or indirectly.

h Theory + Experiment u

A

y

*$*Full theory to be known - to study different processes.

$*Energy scale of colliders should be sufficient to detect new particle .
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Searching for New Physics

Theoretical ways Experimental ways
¥*Adding new particle(s) o3 Detection of a new physics particle
« With the same SM gauge symmetry. either directly or indirectly.

« Enlarge the SM gauge symmetry.

h Theory + Experiment u

Problems

a )
*$*No clue information about the full theory.
®*Energy scale in order to detect new particle is beyond the reach of

ongoing colliders (LHC, etc.) .
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Effective Field Theory: Solution to problems

EFT - Describe new physics in terms of Higher Dimensional Operators (HDO) each supplemented

with Wilson Coefficients.

A —T— High scale theory

Describing high scale theory in terms of low

scale theory
Scale
\ 4
EW scale ——— Low energy theory &£,
LS c6)p6) 1 (6))(6)
Loir=<L,+— ) C. M +— > C. A
EFT v A “ i QN A2 . i QN

0™ = effective operators

C™ = Wilson coefficients

64



EFT path to New Physics

High energy theory (new physics) Q

A

1 1
Lorr =Lyt — D, clol) 4 =2 c®o® 4.

0™ = effective operators C™ = Wilson coefficients

Advantages of EFT
¥* There is no need to know full theory.

$*Explicit way of connecting with different mass scales.

Low energy theory
(known)

*$*NP information is encapsulated in HDO and their corresponding

WCs (free parameters).

e$*Effective operators are invariant under the gauge symmetry of low
energy theory.
e$*Efficient way to probe NP which is beyond the reach of current

collider.
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EFT path to New Physics

A High energy theory (new physics) g
A

1 1
mmﬁﬂ = oﬂ\\< + N M QN.AMVQN.@V + m M QN.AQVQN.AQV + .

0™ = effective operators C™ = Wilson coefficients

[ N

Modification in the observables is written ina

model independent manner are written as:

Low energy theory 1

_ by heory __ 6 6
(known) Aobs = obs™P — obs"*" = A2 S.A VQM ) U oo

1

Thus can affect as an efficient way for data
interpretation.
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Standard Model Effective Field Theory

» Using SM as low energy theory, the high energy theory is expressed in terms of effective
operators constructed with SM fields and symmetry.

1 5)H(5) , | 6) (6
Loprr = Ly + = M QN.A VQNA ) + — M QN.A VQNA ) 4
i i
0™ = SMEFT Warsaw Basis operators C™ = Wilson coefficients

» SMEFT describes any beyond SM physics lying at cutoff A .

» Atdim- 6, a total of 2499 independent and non-redundant operators are
constructed with SM fields in a basis called Warsaw Basis in the most general
case. Grzadkowski et. al. JHEP 10(2010)085
» These can be reduced
» assuming different flavor symmetries, CP.
p forinstance with single flavor and baryon no. conservation there are 59

operators.
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Capturing New Physics effects in Observables

In order to account for deviations in experimental observations of the observables :
_ , 1 (5) ), (6
_ Observabl | P < + C0" + C\Y
servable SMQHDM) T M i =i A2 M~“\~\.

A

8 different classes of
operators

% 6 % 2 XN
yrpX ¢*D?
% Ngw D Nw

4
oy? W
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¥*  Modifications induced to mass spectrum due to
dim-6 effective operators.



Modifications in mass spectrum

SMEFT
Redefining Kinetic terms e 2 Redefinitions of SM fields
a%h NVN
. . 1 Qmw% )
Ouyn = (H'H)O (H'H) ey | = | B = e SR 2Cyy
Oup = (H'D,H) (H'D"H)
e c )
- %
$2X2 Wr— Wi+ w/|sm ,
Oy = (H'H) (Wi W) |y I
N§ el N\s _H |_| |N>NN~ 5
Opp = Amd@v Aw\t\wtwv A
— T 1 1 _Ipuv 1 Nt
N J

Ay, = ((cos?6,)Chyv?* + (cos 0,,8in 0,) Cyyypv* + Cpyp(sin® 6,)v?),

Ay = AAoomN 0,)Cypv? — (cos 8, sin6,)Crypv* + Copy sin? m:ewv,

A, = Aﬁms\m<m (cos?6,, —sin*6,) + 2 cos
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Modifications in mass spectrum

Using redefinitions and operators

Redefinitions

1 15

%A@N W = %NN<N + %NNQESEA
w= )
4 2A2
= (H'H H'H
O = ( V_*H_A ) P & + g7 1 NS Copv* (@2 + 82)
Oup = Amsxmv (H'D*H) z= 4 + A2 722V (&1 +8) + 4
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Mass of charged fermions
—(HYdY,q; + HuY,q;+ HYeY, [+ h.c.)

I_I

Considering single family of fermions

a )

( ) vY, C, >

3 9 W VY
+h.c. ~ ;
ad ‘ N V2 2/2A2
= (H'H)(leH
Corg = (DD w={ude).

Q,n = (H'H)(quH) N )

O,y = (H'H)(gdH)
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&A.NUN - - N»\ P AL %NNN

D U
L= a%\ ................... T
‘ PN -.--.' ‘
CHO T
y\ P Ay
V(g) L
)
' :
’ L]
.
' ‘00’
' “‘0
* G A
Scalar || Fermion auge
. Mass Mass Boson 4
o’ Mass
‘ 0000
¢
¢
.
~ ‘I‘
’

6 243
¢ we
¢', A’ are redefined scalar and gauge fields
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* Modifications in low energy observables due to dim-6
effective operators.



Effect on Fermi Constant
SMEFT

2 1

Gy, =

82
Wamy 2

Modified vertex factor

B3] — rpt o 1y Tl
Q,, =iH D,H)(lo"y*])

Four point interactions

D

Q)= Am\xNXm\&v

_ qiﬁ .

Alonso, Jenkins, Manohar & Trott (JHEP04(2014)159)
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New Physics in Weak mixing angle

Low energy neutrino nucleon scatterings experiments define

NC vNC
—~ QL\ — 0 H .
R = - = — —sin? 0, .
cVCC — 5VCC 2
g
FCC = ﬂ&:thA:Mu\x&hv +h.c.,
Mg,
2
82 — — — = —
@R\o =— tt\tthAat\:gh + Ugytug + dpytd; + &&\:&wv .
cos? 6,,M3

Due to inclusion of dim- 6 operators, the couplings of gauge bosons to fermions are
redefined.

Buchmuller & Wyler Nucl.Phys.B 268 (1986) 621-633
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. AlV —
Oy = IH'DH)Gr"y)
OB = i(H'D.H)(yo"y"w)

\ Hy
7
o p
+ " Wy WA
o@\a.s Example in case of SMEFT
v Y
e R
Q%:\N
Ty d, (W — 22 (14 ),
V2 A?
Cv?
mrte, Wt — == (142 ),
V2 A?
oyt — 2 mwm 1+ 8@\@ - G - s + 81 Ciu'v” + 8Cu”
0% B 82 N/\%_fm N/\%_f%w N/\%_Nf& N/\%T&
- J
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@I\w\tg».:vzu + q\v

Scattering matrix element gets redefined

2
82 — — — - =
o@w\% =— wt\xwhAm%S:hﬁ::h + Gty g + Cyeg dry"dy, + m&ﬁ&zw\x&wvu
cos- 0, M+
%N

FL

Y

3),,2 (3);,2 2 3
€ rrn = — H+QC H+Q W ad
For SMEFT viud)y A2 A2 g3A2 /

UNC _ O.mZG 1 /

~~ o
ovCC _ iCC 7 . 0 = (r,0'D(@r's'q)

\

modified weak mixing angle can be calculated.
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Overview of the modifications

bﬁ.
0,=0_+ M G
EWPO N

Using input parameter scheme {«, G, M,}, tree level contributions are calculated.

( G A
F
6Gr=— (2v2C3, —v2Cy),
2
Sq = 2a88v" Chyyp > 5
(B+8D) A + [ PP
%SN _ 1 SM me + N:n_.l\ NNQ\SN QQS\W
“ 22 Gr N G¥* A2
\_ J Assumed flavor independence
Higgs signal strength

Tree level contributions to the decay width and production cross-sections from
Murphy (Phys.Rev.D 97 (2018)). These results were given in SILH basis, using basis
translation, these were converted to Warsaw basis.
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Relevant SMEFT dimension-6 operators

4 A
\QA: c® C ) EWPO Higgs
m Cm CHws J
ch O ¢ Cow Cor || . |
Hg Hg HD C ['hird generation
HG li
uH couplings
C c C HB  Can |
H H
_ O i
. J
Qu (HH)®* Que | (HUH)Gu G | Qu. | (H'i'D,H) (eye)
Quo | (wmpw'H) | Q) | (HD,H) (") | Qu. | (H'D,.H) @)
Qup | (H'D,H)*(H'D'H) | Q%) Am:iwtmv ir'v1) | Qua | (HT iD, H) (dyd)
Qus (H'H) B, B"" O:a Amiﬁv:mv (Gv"q ) Qen | (HTH) (le H)+h.c.
Quw | (HUH)W,, wiw | Q¥ Am:ﬂ:my:mv (@) | Qu | (HTH)(qu H)+h.c.
Quwp | (HT'H)W,, B Qu (Iyul) (Iyml) Qan | (HTH)(q d H)+h.c.




Top-Down Approach

ﬁ BSM (with heavy particles) ; >

Matching by

integrating out Model Dependent

heavy particle

v

SMEFT
(subset of dim-6 operators and their

corresponding WCs in terms of BSM
parameters )

81

Bottom-Up Approach

High energy theory (NP unknown)

Model

Independent

A

SMEFT
(59 Dim-6 Operators)

Low energy theory

(known)




¢* Connecting Bottom-up approach with Top-down approach

Constraints on
ﬁ BSM theory EaJQ BSM
parameters
7}
Matching h Observables J Oo_:_umq.mmc: on
(CoDEXx) ; constraints on
4 4 the WCs
1
Model dependent " v
mapped WCs I
v N : Constraints on
ﬁmz_w_u‘_) ;|||||||||||||||" BSM matched
WCs
Model

independent
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11 BSM scenarios

Heavy | The SM Gauge | Qy | Quo | Qup | Qup | Quw | Quws | Qua | Qen | Quu | Qan
BSM | quantum nos.
fields | (Color, Isospin,

Hypercharge)
S (1,1,0) | v X X X X X X X X
S, (1,1,2) v X v X X X X X X
A (1,3,0) oV v X v X X | v | v
Ho | (1,2,-1) | v v v v v X | v | v
A | (1,30) oV v v v v X | v | v
X (1,4,3) | v v v v v X | v | v | v
®1 (3.1,—3) | v X v X X v X X X
©2 (3,1,-% | v X v X X v/ X X X
01 | (3.2} o v X v v/ X v/ X X X
O (3,2,5) o/ X v v/ X v/ X X X
Q (3,3,-1 | v X v v X v X X X

83
CoDEXx- Bakshi, Chakrabortty, Patra EPJC 79 (2019) 1, 21



Out of 59 SMEFT operators, 18 operators contribute to EWPO & Higgs signal strength.

(1,2,-1/2)

Operators
constrained by
the EWPO and
the Higgs data

/ (3,2[7/6)

@216/ @,

/ , BSM

VA - === .
O scenarios

O E) 0 0 Q °

QE QE o up| Crw| |Caws N

oy o (Ce|[@ osionh e
Oun a:;_s

(3,1,-1/3)

One Onu Ona Oeti Oup

Operators
generated upto
one-loopinthe — | 7 7

P2

eleven BSM
scenarios (s ) (3,1,-4/3)
(1,1,0)
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Model dependent analysis - Real singlet scalar

1 1 2w e Siape BAa A
LD —D,SDHS ——m2S2 —c |H|*S — =S| H|?S? — =253 — 554,
2 * 2 9 Sa 2 3! 4!
CoDEx Results Effective operator Wilson coefficient (SM + S)
Bakshi, Chakrabortty, Patra  CRaRsAs | CRaRsHE  csarips | Chadsks
3272mi + 3272mY 64m2mL + 4872mb,
EPJC 79 (2019) 1, 21 Qu NCE S s _ 5 5
. GWL—E‘W |+| ﬁ“«w.:?rw . m..uwb?..ﬁ . ?M
9672m%, 6m% 2mY 19272m?%
Q _ 9Csaksps S ats + 11 1§ _ S K%
HU 19272m 3272m, 38472m, N:N,um 384m2m%

Constraints on the Uniform priors
Csa (GeV)
model parameters «
Coa {—1,1} TeV 0.3(1518)
NAM ﬁ - h.uﬂuh.uﬂw
Ks
. — 0.1(11
Insensitive | Ms {(=L1} Tev ” \
parameters pm {—4ndr}
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WC space : SMEFT vs BSM

Using the samples of points generated for ¢, and «, the distributions for the ¢, and ¢, are
obtained. These correspond to the bounds from the model information.

n SM+S8
0.8 Model independent
0.6
0.4
o
T
Q
0.2
0.004 977 e 1
0.0 [t R ACTLTF U ERIEINE YW ....... w
~0.2
o027l W J
-0.015 0.014
-0.05 0.00 0.05 0.10 0.15
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CHB

0.015}

0.010

0.005

0.0001

—-0.005

-0.010

Comparison of the WC space for two classes

[
-meag_.r--r-
-0.005

O e

~3'model -
parameters

N SM + 5 (1,2,-1/2)
W sM+z (14172
W osM+a, (81
. Model Independent
-10 -05 00 05 10 15 20
Qm o

87

0.015

0.010

0.005

CHB

0.000

—-0.005

9 operators

-0.010-

5 operators

L ___

0.0006

1 model
parameter

L SM+6; (3,2,1/6)
B SM +0, (3,2,7/6)
o SM+0 (33,-1/3)

Model Independent

1.0 1.5




Theoretical constraints
D_ Al_ u@“._v

L5, D TrDA) (DA = m? TAAA] =, (H'io,A[H) + h.c.

2
_ i TAL) — i _ A 2] — AL AT
@E,_Q@ H) ﬂlDHDL »E,N ﬂ\ADHDL »»3 Tr Abﬂb_v »Ehm DHDHE.
Vacuum stability bounds
Param. Space
M Theory bounds
Aag2+Aas 20, F.i|wa >0, Aagat/AAr(Aa, 2+ Xa,8) 2 0, SN [ ss%cL
Aa T eswct
At AAm(Aa, e + %v 20, At Aaa+(4Au(Aa 2 +Aa,3) 20,
AAL3
A1+ Aaa /(A 2+ qv >0.

Unitarity bounds

Aay 2+ 20a,3 < 4w, 4Xa 2+ 3Ma,3 < 4Am, 2Xa,2— Aa, 3 < 8,
A1+ A4 <81, [Aa, 1] €8T, 244,10 +3Aa, 4] < 167,

2001 — Aay 4] <87, [Aay 4| € ming/(4Ag £167)(Aa,2 + 224, 3 £47),

16
[2Aa,1 + Aag 4] <4/2(4A0 — Mi@»b_h +3Xa,3 — 4m).

Arhrib et al PRD 84 (2011) 095005
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A few queries:

Is D6 sufficient?
Decoupling!

What are beyond D6? EFT vs Full Theory!

EFT Truncation!

How to compute beyond D6?



Effect on Oblique parameters

Parameters representing oblique corrections to propagators of gauge bosons.

.
VAV  JVVAVVAV Vi
Vi Vi
: : p'p* p'p*
Nﬂﬁw\\@mv =i A%E — 2 v HSSQNV + AN 2 term |,

ViV, = {WW, ZZ,yy, yZ}or{ W, Wy, WyW,, W3Ws, W,B, BB} .

My (p?) = Mo+ ILp + Iyp* + 0Oy,

e )

4cos6,sing,,
S=- wwAOvv

a
1

ﬂn pocy AES\%AS - Ew%ovvv

=20 (11,0 - 0.

\. J

U

Peskin & Takeuchi (PhysRevlett.65.964)
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SMEFT ﬁ@% (4,) + 5 (0. 47) + ¢*D>+ 92X u

expanding in gauge fields

1 2wy L 202 Cyy 1 NI
ms\_s\_ = M 1y A|Q g + /0 v S\T\ H+# + AMS\QS\_V—M%Nf +N<HQES\_ .

A\ 4

ptp* 2 2
E@EQNVHNA%F P’ vuss@&u My (p%) = Ap™+ 4.
20,%\ 1 83 Crpyv*
n_ 2 HW 20202 2-HW
ES\_S\_AE v - E H + >N + A.%N< + N>N

oblique parameters

-
g 4Cpypv? sin @, cos 6,
al\? u

%N%

——— (28,Cywpv* + 8:Crpv?).
m9>w§m\A 81“Hwa 82%“HD v

Henning et.al. JHEP O1 (2016)023
N




A Sample Toy Example: SM + Real Singlet scalar

-50

-20

-10

-40

-10

0 ns =1TeV, cosé = 0.9607 g

W ns = 400 GeV, cos6 = 0.9949 |
m ns = 150 GeV, cosb = 0.9992

Mg =1TeV

Ons=1TeV,cosf =0.9659 |
B ns = 400 GeV, cos6 = 0.9949
H ns = 100 GeV, cosf = 0.9997

Ms =1TeV

EFT, Decoupling, Higgs Mixing and All That Jazz; arXiv:2303.05224

Ur Rahaman, Michael Spannowsky

Upalaparna Banerjee, JC, Christoph Englert, Wrishik Naskar, Shakeel

.| 9]

—150 - . dg correction

] 0 + (d)* + d correction |

) - -
ok

ns = Mg =700 GeV Ns=Mg=1TeV s = Mg = 5 TeV
~60 ‘ [l ¢ correction
I [T ds + (ds) + ds correction |
30 |
x -40+
= L
©
< T = L
! L
5 | <~ r
w
) ) -
O . e

Qw”—/\_,wnﬂooom< 3m"7\_,wﬂ,_._|®< Qw”—/\_,wnm

TeV




Impact of D8 on observables

(@, A, N,M,%L
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* Take home messages

Effective Field Theory connects physics of different scales

It’s a very effective ﬁoo_ specially when new physics is unknown

Top-Down and Bottom-Up are two complementary aspects of EFT

Different UV theories can be brought into same footing “SMEFT”
— platform for a comparative analysis

EWPO and Higgs Observables play crucial role to estimate
the room left for new physics

CP Violation may be the game changer: Scalar vs Fermion!

Precision calculation: Higher loops and RGs will be in high demand




