High Energy
Theory

Top-Down

Low Energy Theory

34

Integrating Out




Top-Down approach: SMEFT

%  The Wilson coefficients known in terms of BSM parameters

< The UV complete Lagrangian must be known

+ pure NP processes
UV theory L +
BSM
+( pure SM processes

de Out

v sm
cv oo SM
Loy + L0 wlly
SMEFT SM \uMmUM AT
L J SM

Yy

_mmmo:<m ovm-.mﬁo_‘w_ L y
Yy

35 |Effective operators|




Integrating out heavy field

O - Heavy field ¢ - Light field
(¢ % @)ine =B(¢) *  + U(¢) * 2> + O(9?)

0 0 .
Ut%hA%u D) |®|@hﬁﬂu D) Euler - Lagrange equation

Example - Scalar heavy field —

(D? .NS% xmﬁ Iveh B(¢ WQA , (¢)  (leading order)
BSM,e - Y ce

: cut-off scal
»\W@wc* %o Scae 8) w Dependent only

on light fields

coefficients operators

36



Model with Extra Scalar Doublet

Heavy field ¢ ——— Color singlet, isospin doublet & hypercharge IW

m”&Q.wm* H : SM Higgs

A - . _
Losm =Lsu + Dy o' = mi [o* = ZFlel" + ([ HI* + ngle|) (H o + o H)

Term quadratic o 2012 7t 2 1 \2 T 77\2
in heavy field A \/H_N'i ?& \/im ﬁ_ A3 Am ﬁv ATAS mv g 7

1 1

QY. =—B-— |Abm ~U)B Term linear in
. m? mt heavy field
Lpsm(H,¢) = Lsm.err(H, ¢c)
~ o Effective operator
~ o = . H|?H 2 N P
ng|HIPHYo — ng|H|?H' x §3|m_ = w |H|® of mass

dimension = 6

Wilson
coefficients
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Feynman Diagrams

AE E = = - - -

nu|H[?H o

m+ ﬂ+

| |

| |

| |

| ﬂ |

| |

‘lllll - O O W O W ] A~
1M -".31 A
| |

| |

| |

H A

1
p? —mg

Non-local

38

Local

Loop diagrams?



Wilson Coefficients generated from 1 loop process

Action . g loop
; ree 0 iagrams
iagrams ———
—
55 (¢ 2 625(5, ®
Slg,@c+n] = S[6,P] + 7 Ae V_eneo + W%_eueo + O(’)
Euler-Lagrange
equation b = man + Ui

Summing over all configurations :

piSertld] \ PP ¢iS[6:®]

i 525 (¢, @) Dependent only
rmiﬁnlm\f AHVL - Vm;%u AHVL + -Tr Hom A|\ _Glmvmv W . .
2 592 « on light fields
Idea proposed by Gaillard (1986) and Cheyette (1988) Mmmb-_oov =1 c 'Ir log A@w +m? + Qv
and later adapted by Henning et. al. (2016) a a a a
Numerical factor Covariant _um_‘?m»?m‘ mass and Gaillard M.K. Nucl.Phys. B268 (1986) 669-692
dependent on quadratic terms in the
heavy field property Lagrangian for the heavy field Cheyette O. Nucl. Phys. B 297 (1988) 183

Henning et. al. JHEP01(2016)023
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SM SM

T — Tree-level effective operators
v NP
77 sMm SM
7
7
7
7
7
s SM NP SM
|||||| > NP NP HH — Only heavy field propagator in the loop
N SM SM
N NP
N
N
N
N
Na SM NP SM
SM SM HL — Both heavy and light field propagators
in the loop
sm SM

NP
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8 H CoDEx : Wilson coefficient calculator H

Complete 1-loop Wilson coefficients within seconds !
Manually matching BSMs to SMEFT is involved.
Package for automization is much needed.

CoDEXx: Wilson coefficient calculator connecting SMEFT to UV theory Tree processes

SDB, J Chakrabortty, S K Patra

S

Eur.Phys.J.C 79 (2019) 1, 21 « e-Print: 1808.04403 Wilson coefficient
calculation
1-loop v..oommmmmw
CoDEXx
RG running of Low scale
Wilson coefficients Wilson coefficients

https://effexteam.qgithub.io/CoDEXx/

Y



SILH
g3 | _1H
O6|(H'H )| — =

Matching scale = mass of heavy field = mH2

Qn (HTH)? b
Qen |(HTH)(Te H)+hc. | —TX22
Qui |(HTH)(@u H)+hc, | Lt
Qun |(H'H)@d H)+he.| - T3S
Qe | Tyub(Eyue) | —22
Qu” | @Y @)@y, u) | -2
Qi | @yua)(dyud) | - 228
Quedq | (P e)(d gj)y+he. | X2
Qquaa"|(@ Wej(@k dy+h.c.|- L2
Qiequ™ |(F/ @)@ u)+h.c. | 22X

42




Warsaw basis

4 SM (d)
Qu™® wm»omw\‘m Q S Ya D B
T ,EM.&M dH Hmﬂmsimm wmﬁmsimm
1 9y (d) (d)
Quq™ T 115207 %mp.2 M Mg 1 Y, BNy A 2V
7y 2 Hmﬂmsimm Hmﬂmsi 2
@:aﬁv ToF— Aig,32YEM Apig,22Y7
432072 myy, 4+ 22, d_ 4 2> d
3) 1 %mﬁ.wﬁ:\imw meﬁmgimm
_ IW )
Qm 1020m2mzg, 2 Q __ gw* o MHp1T Mgty 2
® o HO 7680m2my, 2 96m2mag, 2 9672z, 2
___gw- 2 2
@nq 1920m2my, 2 4 Mg 2 n A1io,3
3) QS\» mm»ﬂw‘SImm @@abiﬁ&mw
Quq  384072myy, 2 0 w:imyimLM\M% n wsimyimhﬁmw " Aggg,22YSM
Quq® _ mm\» N uH 1672may, 2 H?ﬂmﬁimwv 19272may, 2
7680 M u M
. M:.S _ 3MHNH, Vi + B My Vi, —+ My,3° Yy
Q — gy 16m2myy, 2 32m2myy, 2 487m2myy, 2
dd 1728072 mpy, 2 2 2 7
T2 Q BNHNH, A 1 + 3NHMH A MY, 2  AHg, 1l
Q — gy H 8m2may., 2 8m2myy, 2 4872myy, 2
ed 28807 2m 2, 2 2 2 2
Ho ASM y 2y 23 N N 2
1 4 2H 5 iwhm _ 1w,w Immm _ im,w 1w,w
9y 96m2m 32mw2m 32m2m
H H H
@mm waoﬂmsimw ASM 2 2 \ N 2 5 N %
T LA Mp3T Mg My st Apo
Qeu Eo%wx‘m wfﬂmSimm 8m2myy, 2 wms.mseimm
T ﬂ:i
T2 T 3012 Ay, - BNH M, N _ Mig,22705,3°
Qua f 32m2myy, 2 8m2myy, 2 mﬁmgimw
T SM Bnga, YD Mg Ay 1Y)
mmxu @ |wd~.~diww\m _ MTHAH Y9y _ MHa A Ho 1 9y
QHe meodmﬂ:iwm eH 1672maqy, 2 32m2may, 2 16m2may, 2
T (e) 21,SM 2ySM
Qu _ 9y M Mg 2 Yy L A2 Ve Ay 3TV
v 288072 may, 2 167 2mspy, 2 19272mypy, 2 | 4872migy, 2
gway AL 4 Ao .2° Ao.3°
QuwWB T2y Qup - o — g7 + 50—
wwuﬂmgimn 192072 may 9674 may, 24m4myy,
4 By, Y2
Qua R v Q R — a2
576072 my, le waoﬂMSimw Hmm:mgimm
1 P P
9y 9y “Apq 1 9y "My .2
Q i 2 2 2
u 288072 may, Qus 38477 myy, 2 + 7687212, 2
4 EDY E5Y
Q 9y @ IwW " AHH,1 IW " AHH,2
qe 2 pi 2 2
5760 myy, Quw 384 %mag,? T 7687 7mag,”
4 I 1
9y
Quu - X > (1) 9y _ gw
432072 may, Qiq 115207 2myy, 2 38407 2mqy, 2
3 e GF
gw Ay, Yol 2
Qw 5760 2mpy, 2 Qg Sm» I LT
wv,imv\um%vv\%&mv a Hﬂwmoﬂ»w:\ln 1287 ‘\Hiw
2 “Ho
Qledq T Per— Qo™ gy — 9y
Ho aq 768072 magy, 2 69120m2myy, 2
1 8hay Yig) Vagy A 3ra, Y ()2
Qiequ? P Qqu® ____gy _ eV,
il Smmvm o au 8640m2my, 2 128w2myy, >
3, YV Y
Q (1) | _20H2 g THy Q _ gw? _ gy*
quqd 64m2myy, 2 1 7680m2my,2 | 7680m2may, 2

43

SILH basis

2 2 2
On ey Magan o Chag g s
81 S\Iw 487 S\Im , 487 Siwm 1927 Siw 487 Sim
o Mgz Muys
T 192n2m7, ~ 48n%m3
2 2
On _ 3nHH, + Aty 2 + A3y .3
8mw2m?2 96m2m?2 247w2m?2
Ho Ho Ho
2 2
o BNHNHAHY 1 A3 n BNHMHG A MG, 2 Mg, 1 M H2,2  AHg,135, 0
6 8m2m3, . a8r2mZ, wmﬂmz&ﬁ . 82n2m%, 8277m3,
2
M2 MM, s Mg 22, 8 " 3% A2y
2,,2 2,,2 2.2 2.2
967 Siw 81 Sf.m 81 §Iw 327 Siw
22 315,1F A1y 2
2, 2,
Oww 76872m2
Ho
2
Iw
Oaw 9607m2m?2
Ho
2
Iw
Osw 9607m2m?2
Ho
Aq,2
2,
Ows 384m>mZ
o 225,11 15,2
BB 76872m2
Ho
2
9y
O25 96072 m2
Ho

Matching scale = heavy field mass

*1-loop processes involving
only heavy propagators in the loop.

Contributions from heavy-light diagrams?




HL Wilson coefficients - 2HDM

(A) Warsaw basis

Dim-6 Ops. Wilson coefficients
1 2 3
::mmyWZ wsmmymxw stmmyrw ﬂ:mm\/%&w
Qu 1672myy, 2 o 4m2may, 2 o 1672myy, 2 o 4m2may, 2
Q ___3ng®
HO wwﬂ.ms\lmw
(1) y-(e) (2) y-(e) (3) y-(e)
Q nu 2 YoM + SmHA ., Y, + MH A3, Yo, + SMHX 315 Yo,
eH 16m2mqy,, 2 16m2mqy,, 2 4m2my, 2 8m2myy, 2
(1) y(u) (2) y(u) (3) y(w)
Q nE Y — 3H A, Y, _ MH N3 Y, _ SMHA3, Yo,
uH 16m2myy,, 2 16m2my,, 2 4m2my, 2 8m2myy, 2
(1) y-(d) (2) y(d) (3) y-(d)
@ 3:N<%g n ...wimyiw M\\IN n dmyrw M\\Iw n wsmyiw M\\IM
dH Hmﬁ,ws\lmw HmﬁNSiwm »ﬁ.ws\lwm mﬁMSiww
(B) SILH basis
Dim-6 Ops. Wilson coefficients
5np”
On 1672myy, 2
g’
Or wﬂNSIwm
6 Hmﬁmsiww - Aﬂw.ﬂ\lmw - HmﬂNSimw - »s.mjgimm




The SM equations of motion

Gauge fields: Fermions:

(D%, Gap]”™ = 9s Amh Twaq, +u, Twuy, + @m T &mv iDq, = M\ @ H + M\Ei& H,
L R SM "R
ipl, = @w i,

1 1- 1.
[D* W] = gy, Aéw o'y + 5l ol + mm:imv -
ilPe, = Yail, HT,

2

a 1_ 1 =2 ~
D m&u”QM\ AWQBQ@QN|INNQ\®N +M.m+&@®m NNNQNHM\AH@NQBNHN.*U
2 1. i ipd, =Yg, H

U W Up — wgm Yodr — €x Vb Ex

H'i'DyH = iH'(DyH) — i(DyHH,
Y DIH = iH'o!(D,H) — i(DyH o H.

Scalars:
D?H + g |H]? + Ag(H H)H + ,i0°Y " u, + d, Y Pq, + 2, Y1, =0
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Operatoridentities

Gauge-invariant operators to SMEFT bases

Or = |H*|D,H|* = A\yQu + WQmD + AWM\%&V@:m + WM\%@@&Q + Ww\mﬁw@mm + w.n.v :
Or = w Ami@vtmvw = —2Qup — W@ﬁ?
05 = oy (87D utt) 0,5 = g2 (Quo + {Quo + 15085, ~ 10 + 3 Quma — §Qua — 5.
O = g (110 Butt) D = g, { N+ S0ms + S0 + Ll
+ AW&@V@& + Wﬁm@% + wﬁ@@& + w.ov W .

Fierz identities:

(&, T4%,) (9,174, M .y (0,0%,) (0,TP4,),  Cp,) = w: rerirre]
(17" 1h2) (Y3yuths) = @:5 ) (YT o), (17" 02) (V3vutha) = —2(19)a) (P3)2).
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Relations among different operator bases

aH\m

V2P X [

V232D
%

SILH

WARSAW
(5)

U2XD

(6)

(1) (YLPR)D*® =c; (VLURD) (B7®) + 2 (VL URD) (TR LD)

2) (D X")? = c5 (T, W) (Ty"¥) + 4(@'i D, @) (@' D*®) + c5 (T, ¥) (81 D)
(3) (D, X")? = cg (T, ¥) (D, X) + cz(@1'D , ®) (D, X")

(4) (@D ,®) (D, X") = cs(2"i D, ®)(®1i D) + co(®'i D, @) (T ¥)
(5) (DuX*) (Wr,rY” Yi,r) = c10¥] g/ VEYE + c11 VL VRD*D

(6) X* (Y, r YDy Yi,r) = c11 X" (YL, rOu YRL) D
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Paving the path to
Phenomenology



o BSM Classifications
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ﬁ BSM memmmmcmﬂob&

SM
I_l
Heavy Scalars

Color-singlets

BSMs nm. rWM D m{w DH M p
Qmw 2,1 ‘_~‘_~o ‘_~‘_~N ‘_~nw~o 1,2,1/2 ‘_~w~d d~b.~.-\N

BSMs mbu ﬁm ®H @w () X1 X2 Xs X4
meh 31,-1/3|31,-4/3|3,2,1/6|3,2,7/6|3.3,-1/3|6,3,1/3|6,1,4/3|6.1,-2/3| 6,1,1/3

50

Colored




BSMs 5 Ho | A ] P2 ©1 | O2 Xi| Xao | Xs | Xa

2.1] 1,1,0 | 11,2 | 1,3,0 11.2,-1/2| 1,31 |1.41/2|31,-1/3]31,-4/3]13,2,1/6|3,2,7/6|3,3,-1/3]6,3,1/3|6,1,4/3]61,-2/3| 6,1,1/3

Higgs signal strengths + @y

EWPO-NLO-I

EWPO-LO

BSMs| Qup Q

le ¢ lu

Quws || Qu Qu | Qo | Que | Qenr | Quir | Qanr Qqe

Cee veu ¢ed

(1)
Qi | Qua | Que | Qg

S HL | X X X X X X X X HL T HL | HL T | X X HL | HL | HL X X X X X X X X X | x x| X X X X X X

Sz HH | HH | HH | HH | HH | HH | HH X X X HH | HH X HH | X X X X X HH X |HH | HH | HH | HH | T | HH | HH | HH | HH | HH | HH | HH X X X

A T |HH| X X X X X HH | HH HL T HL HH T X X T T T X HH | X X X X X X X X X X X X X HH | X

H2 HH |HH | HH | HH | HH | HH | HH | HH | HH HH HH | HH | HH T | X X T T T HH | HH | HH | HH | HH | HH |HH | HH [HH | T |HH |HH HH | T T | HH | HH

A T T | HH | HH | HH | HH | HH | HH | HH HH T HH HH T X X T T T HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH

z HH |HH | HH | HH | HH | HH | HH | HH | HH HH HH | HH | HH ||HH | X X HH | HH | HH || HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH

@1 HH |HH | HH | HH | HH | HH | HH | X X X HH | HH X HH | HH | HH X X X HH | HH | HH | HH | HH | HH |HH | T |HH |HH | HH |HH HH | HH | HH | T X

©2 HH | HH | HH | HH | HH | HH | HH X X X HH | HH X HH | HH | HH X X X HH | HH | HH | HH | HH | HH |HH | HH | T |HH HH |HH | HH | HH | HH | HH | X

6 HH |HH | HH | HH | HH | HH | HH | HH | HH X HH | HH HH || HH | HH | HH X X X HH | HH | HH | HH | HH | HH | HH | HH | HH |HH  HH | T | HH | HH | HH | HH | HH

e, HH |HH | HH | HH | HH | HH | HH | HH | HH X HH | HH | HH || HH | HH | HH X X X HH | HH | HH | HH | HH | HH | HH | HH | HH |HH | T |HH | T | HH | HH | HH | HH

0 HH |HH | HH | HH | HH | HH | HH | HH | HH X HH | HH HH || HH | HH | HH X X X HH | HH | HH | HH | HH T |HH | HH | HH |HH | HH | HH | HH | HH | HH | T | HH

HH |HH | HH | HH | HH | HH | HH | HH | HH X HH | HH HH || HH | HH | HH X X X T T |HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH

HH | HH | HH | HH | HH | HH | HH X X X HH | HH X HH | HH | HH X X X HH | HH | T | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH X X

HH | HH | HH | HH | HH | HH | HH X X X HH | HH X HH | HH | HH X X X HH | HH | HH | T | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH X X

HH | HH | HH | HH | HH | HH | HH X X X HH | HH X HH | HH | HH X X X T T |HH |HH | T | HH | HH | HH | HH | HH | HH | HH | HH | HH | HH X X

Tree-level (T

Heavy-light-loop (HL) 51



SM SM

T — Tree-level effective operators
v NP
77 sMm SM
7
7
7
7
7
s SM NP SM
|||||| > NP NP HH — Only heavy field propagator in the loop
N SM SM
N NP
S
N
N
S
Na SM NP SM
SM SM HL — Both heavy and light field propagators
in the loop
sm SM

NP



. . SDB, J Chakrabortty, M Spannowsky. PhysRevD 103.056019
BSM Classification based on Observables

Class-H1

Class-H2

Class-Il

Ha| Ay Class-H3
P1| P2
01| 0,

Xz| Xa

Class-lll

Class-H4

Class-IV

Class-H5

Class-V

Class-H6

B L

Class-J1
Class-J2

Class-J3
Class-J4

M|>| [o] =
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BSM Classification based on Observables




