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Physics Beyond the Standard Model

e Deficits of the Standard Model: EnerEy My ~ 101 GeV

- Cosmological observations: Mp;-

» dark matter

> baryon asymmetry

> dark energy 77
> gravity
- Theoretical shortcomings:
» No protection of Higgs mass (hierarchy problem) e @
my, ~ 80 GeV

»  No explanation of neutrino masses

> No explanation for flavor structure/hierarchies
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Physics Beyond the Standard Model

e Deficits of the Standard Model: EnerEy My ~ 101 GeV

- Cosmological observations: Mp;- Gravity

» dark matter

> baryon asymmetry A, - NP,
> dark energy
> gravity A - NP,

- Theoretical shortcomings:

:

» No protection of Higgs mass (hierarchy problem)
my, ~ 80 GeV
»  No explanation of neutrino masses

> No explanation for flavor structure/hierarchies

e Wide range of BSM theories (SUSY, composite Higgs, ...) proposed to address issues
o |If next layer (A,) is well above electroweak scale — out of reach for LHC

e Employ model independent EFT approach for determining next layer
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Hierarchy Problem and Supersymmetry (SUSY)

Hierarchy problem:

e Masses of fundamental scalars are radiatively unstable
e Radiative corrections to mass of fundamental scalar H

- In presence of fermion f and scalar § with mass scale hierarchy M, ~ Mg > my,

f S

R 1
Amflrv HQ + N ~ (/ISMSZ—/lszfz) >>m[3

H _ _~_ - ___ 1672

e Solutions: technicolor/composite Higgs, supersymmetry, ...

For a SUSY/MSSM review see, e.g.:
i | FONTHOACHEY From the MSSM to the SMEFT with Matchete | SMEFT-Tools | MITP
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Hierarchy Problem and Supersymmetry (SUSY)

Hierarchy problem:

e Masses of fundamental scalars are radiatively unstable
e Radiative corrections to mass of fundamental scalar H

- In presence of fermion f and scalar § with mass scale hierarchy M, ~ Mg > my,

f 2

RN 1
2 : . N 2 22242 2
Am} ~ HQ + 0 —— (AsM = 7M7) > m

e Solutions: technicolor/composite Higgs, supersymmetry, ...

Supersymmetry:

e Space-time symmetry between bosons ¢ and fermions

e SUSY transformations 55:
5«p = Ey and Sy = — ic"E7(0,) + EF

e Invariance of Lagrangian under these transformations
For a SUSY/MSSM review see, e.g.:
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Hierarchy Problem and Supersymmetry (SUSY)

Hierarchy problem:

e Masses of fundamental scalars are radiatively unstable

e Radiative corrections to mass of fundamental scalar H

- In presence of fermion f and scalar § with mass scale hierarchy M, ~ Mg > my,

f

2 4 - \
m o (),

1672

(AsMg — 27M7)

e Solutions: technicolor/composite Higgs, supersymmetry, ...

Supersymmetry:

Space-time symmetry between bosons ¢ and fermions

SUSY transformations 55:
5«p = Ey and Sy = — ic"E7(0,) + EF

Invariance of Lagrangian under these transformations

For a SUSY/MSSM review see, e.g.:
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Minimal Supersymmetric Standard Model

¢ Minimal Supersymmetric Standard Model (MSSM)
Standard particles SUSY particles

fermions | scalars

Quarks o Leptons 0 Force particles
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Minimal Supersymmetric Standard Model

¢ Minimal Supersymmetric Standard Model (MSSM)

Standard particles SUSY particles
fermions | scalars scalars | fermions

u ¢ t Y

[ 2" o

r » .

(o & { 8 g Higgsino
A ~~ 3 ~
WVl Ve Vel (£
e p t. W
Quarks o Leptons 0 Force particles Squarks . Sleptons SUSY force particles

e SUSY invariance: superpartners identical to particles except for spin

e SUSY breaking: allows for mgy < myqqmq  —  but myqqy Must be:

- large enough to evade LHC detection

- small enough to avoid severe fine tuning for Higgs mass
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Minimal Supersymmetric Standard Model

¢ Minimal Supersymmetric Standard Model (MSSM)

Standard particles SUSY particles
fermions | scalars scalars | fermions
| B oI 3 ’; 2nd Higgs doublet needed:
-V - ( ~ - for holomorphic super-
(o : ® Higgsino . .
9 potential with up- and
S el Tl Y- H down-type Yukawas
Ve Vo V. Z 2 yP
AN A A A - to avoid gauge anomalies
Quarks o Leptons 0 Force particles Squarks . Sleptons SUSY force particles

e SUSY invariance: superpartners identical to particles except for spin

e SUSY breaking: allows for mgy < myqqmq  —  but myqqy Must be:

- large enough to evade LHC detection

- small enough to avoid severe fine tuning for Higgs mass
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Minimal Supersymmetric Standard Model

¢ Minimal Supersymmetric Standard Model (MSSM)

Standard particles SUSY particles
fermions | scalars scalars | fermions
S I 3 ’; 2nd Higgs doublet needed:
> & ( ~ - for holomorphic super-
O & . Higgsino . .
9 2 potential with up- and
A~ A~ - H down-type Yukawas
Vo Voo V. Z 2 yP
AT A A A - to avoid gauge anomalies
e NN W from Higgsinos
Quarks 0 Leptons 0 Force particles Squarks . Sleptons SUSY force particles

e SUSY invariance: superpartners identical to particles except for spin

e SUSY breaking: allows for mgy < myqqmq  —  but myqqy Must be:

- large enough to evade LHC detection
- small enough to avoid severe fine tuning for Higgs mass

Nsm — t Msm )

o Features: impose R-parity to avoid B and L violation (similar to Z, where
Nsusy = — Hsusy

- lightest superpartner stable (DM candidate) — missing energy signatures

%
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LHC Constraints

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
July 2024 1 TeV V5 =13 TeV

. 1 -
Model Signature  [£ar[m™] Mass limit Reference
L] L] L] L] L] L] L] L] L] L] L] L] L]
g, qﬁqx? Oe,u 2-6 jets EE?” 140 4 [1x, 8x Degen.] 1.0 1.85 m(¥?)<400 GeV 2010.14293
@ mono-jet  1-3jets EFS 140 | [8x Degen.] 0.9 m(g)-m(¥})=5 GeV 2102.10874
S 25 5oq30) Oe,u 2-6jets  EMS 140 |g 2.3 m(%)=0 GeV 2010.14293
& g Forbidden 1.15-1.95 m(¥)=1000 GeV 2010.14293
B g2 goggWE Tepu 2-6 jets . 140 |2 2.2 m(¥})<600 GeV 2101.01629
o 3z g—qa(tOY) ee, up 2jets  EF™ 140 |2 2.2 m(¥})<700 GeV 2204.13072
D 33 goqqWZ) Oeu 7-11jets  EPS 140 g 1.97 m(/\7(|)) <600 GeV 2008.06032
2 SSe,u 6 jets 140 |z 115 m(z)-m(&})=200 GeV 2307.01094
= gz gt 0-1epu 3b Emss 440 |z 2.45 m()?g)<500 GeV 2211.08028
SSe,u 6 jets 140 |2 1.25 m(z)-m(t})=300 GeV 1909.08457
byb, Oe,u 2b ETS 140 | By 1.255 m(¥)<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
o biby, bi—bty — i) Oe,pu 6b Eif%ﬁ 140 |5 Forbidden 123-1.35 Am(¥5,7))=130 GeV, m(¥})=100 GeV 1908.03122
T‘E g 27 2b EP'S 140 b 0.13-0.85 AmM(YS,8))=130 GeV, m(¥})=0 GeV 2103.08189
o .
3-)—% i, ot 0-1e,u 21jet  EP™ 140 i 1.25 m(F))=1 GeV 2004.14060, 2012.03799
c g_ 717, [ —WhES 1eu Sjets/1b  EPS 140 i Forbidden 1.08 m(¥Y)=500 GeV 2012.03799, 2401.13430
S A, Li—Tiby, 116G 127 2jets b EFs 140 |7 Forbidden 1.4 m(#,)=800 GeV 2108.07665
s L [y, fiodh) /e, ik Oe,u 2c  Epe 361 |¢@ 0.85 m(¥))=0 GeV 1805.01649
SURS] Oe,u mono-jet  E 140 i 0.55 m(f,,&)-m(¥})=5 GeV 2102.10874
Qi1 [ oS, -7/ 1-2eu 14b  EPS 140 | & 0.067-1.18 m(F2)=500 GeV 2006.05880
fafs, hot + Z 3eu 1b EPs 40 | 5 Forbidden 0.86 m(¥7)=360 GeV, m(7,)-m(¥})= 40 GeV 2006.05880
XY via wz Multiple ¢/jets _ Eziff 140 | ¥ /)gg 0.96 i ~Om()z‘;):o, wino-bino 2106.01676, 2108.07586
ee, i >1ljet EPM 140 XX, 0.205 m(¥)-m(¥})=5 GeV, wino-bino 1911.12606
X1XT via ww 2e,u Epmiss 140 | i 0.42 m(¥})=0, wino-bino 1908.08215
XX via Wh Multiple ¢/jets Es 140 | ¥;/¥; Forbidden 1.05 m(E})=70 GeV, wino-bino 2004.10894, 2108.07586
o XX vialp/v 2e,u EP™ 140 | ¥} 1.0 m(Z,7)=0.5(m(¥7)+m(t})) 1908.08215
= § ol 27 EPs 440 [ENIERER] 0.35 0.5 m(EY)=0 2402.00603
W= 7 olg, It 2e,u Ojets  Ep™ 140 |7 0.7 o mE)=0 1908.08215
ee, up >1ljet EP 140 I 0.26 m(?)-m(t7)=10 GeV 1911.12606
HH, H->hG|ZG Oe,u >3b Ei‘?” 140 | & 0.94 BRW] — hG)=1 2401.14922
dep 0jets E?;f“ 140 H 0.55 BR(Y) — ZG)=1 2103.11684
Oe,u =>2large jets E 140 )ii 0.45-0.93 BR(Y, — ZG)=1 2108.07586
2e,p >2jets EMS 140 | g 0.77 BR(¥! — ZG)=BR(¥! - hG)=0.5 2204.13072
Direct )2;’,\71_ prod., long-lived ,\7T Disapp. trk 1 jet E;‘?iss 140 /\:/; 0.66 Pure Wino 2201.02472
S X 0.21 Pure higgsino 2201.02472
(%] .
_GE’ % Stable g R-hadron pixel dE/dx ET' 140 g 2.05 2205.06013
&E Metastable g R-hadron, [ pixel dE/dx Ep 140 | & [7(®) =10ns] 2.2 m(¥)=100 GeV 2205.06013
S g 0, —tG Displ. lep EPs 140 &,ji 0.74 (%) =0.1ns ATLAS-CONF-2024-011
~ , 7 0.36 () =0.1ns ATLAS-CONF-2024-011
pixel dE/dx EPSS 140 G 0.36 7(f)=10ns 2205.06013
XTI s ze—seee 3e,u _ 140 | ¥{/%) [BR(Z1)=1, BR(Ze)=1] 0.625 1.08 Pure Wino 2011.10543
TR0 0 — WW/zZeettvy 4epu Ojets  EMS 140 |7 s #0520 0] 0.95 1.55 m(¥1)=200 GeV 2103.11684
22, 5990, ) > qqq >8 jets 140 |2 [m(¥))=50 GeV, 1250 GeV] 1.6 2.34 Large 17, 2401.16333
S 7T i), ) s tbs Multiple 36.1 t (X, =2e-4,1e-2] 0.55 1.05 m(¥?)=200 GeV, bino-like ATLAS-CONF-2018-003
% i, i>bX1, X7 — bbs > 4b 140 |7 Forbidden 0.95 m¥T)=500 GeV 2010.01015
iy, i—bs 2jets+2b 36.7 f1 [qq, bs) 0.42 0.61 1710.07171
/171, iioql 2e,u 25 140 |7 0.4-1.85 BR(f, —be/by)>20% 2406.18367
1u DV 136 fi [1e-10< 2}, <1e-8,8e-10< A}, <3e-9] 1.0 1.6 BR(7| —>qu)=100%, cos,=1 2003.11956
)?f /)?(2)/)?(1), )”((]]Yz—nbs, )?T—)bbs 1-2e,u >6 jets 140 /\7(1] 0.2-0.32 Pure higgsino 2106.09609
L L L L L L L L L L L L L
*Only a selection of the available mass limits on new states or 10! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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High(er)-Scale SUSY with Effective Field Theory

e Low-scale MSSM:

Energy M, 5501 = myy
A

- Probably best explored BSM theory m
- Probed by many direct searches  enn
mwy| M

- Largely excluded by LHC data
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High(er)-Scale SUSY with Effective Field Theory

e Low-scale MSSM:

Energy M, 5501 = myy
A

- Probably best explored BSM theory m
- Probed by many direct searches  enn
mwy| M

- Largely excluded by LHC data

e No observation of superpartners at LHC so far
- SUSY must be broken above electroweak scale with Mqqy 2 1 TeV
> Scale separation: my, < Mgy

- BUT: solutions to Hierarchy problem require Mqyqy to not exceed a few TeV
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High(er)-Scale SUSY with Effective Field Theory

e Low-scale MSSM:

- Probably best explored BSM theory
- Probed by many direct searches

- Largely excluded by LHC data

e No observation of superpartners at LHC so far
- SUSY must be broken above electroweak scale with Mqqy 2 1 TeV
> Scale separation: my, < Mgy

- BUT: solutions to Hierarchy problem require Mqyqy to not exceed a few TeV

e High(er)-scale MSSM: Enirgy

- Less explored Myssm ~

- More compatible with LHC data

_ _ my 4| SM—-SMEFT
- Can exploit EFT methods and tools for studies
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- SUSY must be broken above electroweak scale with Mqqy 2 1 TeV
> Scale separation: my, < Mgy

- BUT: solutions to Hierarchy problem require Mqyqy to not exceed a few TeV

e High(er)-scale MSSM: Enirgy

- Less explored Myssm ~

> matching

- More compatible with LHC data

_ _ my 4| SM—-SMEFT
- Can exploit EFT methods and tools for studies

Felix Wilsch UNIVERSI% From the MSSM to the SMEFT with Matchete | SMEFT-Tools | MITP



Minimal Supersymmetric
Standard Model




Supersymmetric Lagrangians

e General supersymmetric Lagrangian: Lsusy = Lechiral + Lgauge

| | | 1
Lehiral = (D)1 (DFe;) + """ D p; + FVF; + (Wze' — §W”¢z‘ - + H-C-> :

1 1
Loange = = Fi, F** +iAG" DyA® — V2g[(¢'T*9) - A* + He] + g(¢'T*¢) D" + S D*D"
e Fields: ¢-y : scalar-fermion partners, F,~A% : gauge field-gaugino partners
e Auxiliary fields set to EoM: D = —g(¢'T*¢), Fy=-W/, F' = W’
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Supersymmetric Lagrangians

e General supersymmetric Lagrangian: Lsusy = Lechiral + Lgauge

| | | 1
Lehiral = (D)1 (DFe;) + """ D p; + FVF; + (Wze' — §W”¢z‘ - + H-C-> :

1

1
Loange = = Fi, F** +iAG" DyA® — V2g[(¢'T*9) - A* + He] + g(¢'T*¢) D" + S D*D"

e Fields: ¢-y : scalar-fermion partners, F,~A% : gauge field-gaugino partners

e Auxiliary fields set to EoM: D = —g(¢'T*¢), F,=-W!, F' = W’

e Superpotential: W () = M”¢z¢g + 1

6
ow . 1 ..
— MYdb: + —y¥%4. i

—y" kb,
oW
8¢za¢9
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Supersymmetric Lagrangians

e General supersymmetric Lagrangian: Lsusy = Lechiral + Lgauge

| | | 1
Lehiral = (D)1 (DFe;) + """ D p; + FVF; + (Wze' — §W”¢z‘ - + H-C-) :

1 1
Loange = = Fi, F** +iAG" DyA® — V2g[(¢'T*9) - A* + He] + g(¢'T*¢) D" + S D*D"
e Fields: ¢-y : scalar-fermion partners, F,~A% : gauge field-gaugino partners
e Auxiliary fields set to EoM: D = —g(¢'T*¢), Fy=-W/, F' = W’
- 1
e Superpotential: W(¢) = MZ]¢7,¢J 4 Gymkd)z%cbk,
. OW g 1 .. O*W g g
T _ — MY, + = 17k o . 1 — MY 17k
- 1 a a 1 ik 1 1] 2\1 %]
e Soft SUSY breaklng: Looft = — QM)\ A+ ECL J ¢z¢]¢k + §b7 ¢z¢3 +H.c.| — (m )j o @;
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Field Content of the MSSM

For a SUSY/MSSM review see, e.g.:

e Field content: Chiral supermultiplets
SM Names spin 0 spin 1/2 | SU(3)¢, SU(2), U(1)y

s remain in EFT squarks, quarks | Q | (up dr) | (ur dr) (3,2, %)
(x3 families) u Up u}z (3,1, -2
- Superpartners d d, d, (3,1, 1)
— integrated out sleptons, leptons | L | (¥ ér) (v er) (1,2, 1)
oo doubl (x3 families) | e &, el (1,1, 1)

- Higgs doublets — =
e tiaton of oy | e biessinos |, | o ) () (1,2, +3)

— 1dentification o _ ~0 =
Hy | (Hq Hy) | (Hy Hy) (1,2, —3)

doublet required

Gauge supermultiplets

Names spin 1/2 | spinl | SU3)¢, SU(2)r, U(l)y
gluino, gluon g g (8,1,0)
winos, W bosons | W* W0 | w* W? (1,3,0)
bino, B boson BY B (1,1,0)
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Field Content of the MSSM

For a SUSY/MSSM review see, e.g.:

e Field content: Chiral supermultiplets
SM Names spin 0 spin 1/2 | SU(3)¢, SU(2), U(1)y

s remain in EFT squarks, quarks | Q | (up dr) | (ur dp) (3,2, %)
(x3 families) U Up u}z (3,1, —%)
- Superpartners d d, d, (3,1, 1)
— integrated out sleptons, leptons | L | (¥ ér) (v er) (1,2, 1)
oo doubl (x3 families) | e & | ek (1,1, 1)

- Higgs doublets =
e tiaton of oy | e biessinos | | 1 ) | () (1,2, +3)

— 1dentification o _ ~0 =
Hy | (H Hy) | (H Hy) (1,2, —3)

doublet required

Gauge supermultiplets

Names spin 1/2 | spinl | SU3)¢, SU(2)r, U(l)y
gluino, gluon g ( g | (8,1,0)
winos, W bosons | W* W0 | w* W? (1,3,0)
bino, B boson BY ] B ] (1,1,0)
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Field Content of the MSSM

e Field content:

For a SUSY/MSSM review see, e.g.:

Chiral supermultiplets

f

SM
— remain in EFT

Superpartners

— integrated out

Felix Wilsch

Higgs doublets

— identification of SM
doublet required

RWTHAACHEN
UNIVERSITY

Names spin 0 spin 1/2 | SU(3)¢, SU(2)r, U(1)y

squarks, quarks | Q ( (g, JL) 1 (ur dr) ] (3,2, %)
(x3 families) U Uph UE (3,1, —%)
d | dp dp (3,1, 3)

sleptons, leptons | L (v er) (v er) (1, 2, _%)
(x3 families) | & | & el (1,1, 1)
Higgs, higgsinos | H, | (H H?) | (H HO) (1,2, +3

Hy | (HY Hy) | (HY Hy) (1,2, -3)

Gauge supermultiplets

Names spin 1/2 | spinl | SU3)¢, SU(2)r, U(l)y
gluino, gluon [ g g ] (8,1,0)
winos, W bosons | W* W0 | w* Ww? (1,3,0)
bino, B boson | BY B ) (1,1,0)
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Field Content of the MSSM

For a SUSY/MSSM review see, e.g.:

e Field content: Chiral supermultiplets
( SM ) Names spin 0 spin 1/2 | SU(3)¢, SU(2)L, U(1)y
- =l . ~ . Y )
s remain in EFT squarks, quarks | @ | (ur dr) | (ur dp) (3,2, %)
- . (x 3 families) u g u}z (3,1, -2
- Superpartners d (3,1, 1)
L — integrated out | sleptons, leptons | L (1, 2, —%)
- " Toubl 2 (x 3 families) € (1,1,1)
- Iggs doublets
g_g » _ Higgs, higgsinos | H,, (1, 2, —I—%)
— identification of SM )
. Hd (17 27 _§)
doublet required
. J
Gauge supermultiplets
Names spin 1/2 | spinl | SU3)¢, SU(2)r, U(l)y
gluino, gluon [ g g | (8,1,0)
winos, W bosons | W* W0 | w* Ww? (1,3,0)
bino, B boson | B B ] (1,1,0)
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Symmetries and Lagrangian of the MSSM

e Symmetries:

- Gauge: SU(3),.xSU2); x U(1)y
- Global:

» Lorentz invariance

> R-parity (B and L conservation)

> Supersymmetry (softly broken)

Je-
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Symmetries and Lagrangian of the MSSM

e Symmetries:

- Gauge: SU(3),.xSU2); x U(1)y
- Global:

» Lorentz invariance

> R-parity (B and L conservation)

> Supersymmetry (softly broken)

e Superpotential: Wiissm = / d%¢ [NHﬁugﬁd + (uyu§)eH, — (dygd)eHy — (éyeé)eﬁd]

Je-
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Symmetries and Lagrangian of the MSSM

e Symmetries:
- Gauge: SUQ3).xSU2); xU(1)y
- Global:
>~ Lorentz invariance
» R-parity (B and L conservation)

> Supersymmetry (softly broken)

e Superpotential: Whssm = / d%¢ [UHﬁugﬁd + (uyu§)eH, — (dygd)eHy — (éyeé)eﬁd]

: e 1 ~4 = ~r ~ ~
e Soft SUSY breaking: Lgegll( = 5 [m G G+ meW!L- W/ +m;B-B —I—H.c.]

. (?ﬁauu)sH* (7! adi)sH;—(ZTaea)sH;+H.c.]

— (Tf —I—ET €—|—'LLT777,2u—i—dJr 2al—I—’eerm e]
m3, HiH, —m% H)Hy— bH]eH,+ Hecl],
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Symmetries and Lagrangian of the MSSM

e Symmetries:

_ Gauge: SUQ3), x SU2), x U(1),

( h
_  Global: = Fully general R-parity conserving MSSM

» Lorentz invariance = Free parameters: 124
- J

> R-parity (B and L conservation)

> Supersymmetry (softly broken)

e Superpotential: Whssm = / d%¢ [UHﬁugﬁd + (uyu§)eH, — (dygd)eHy — (éyeé)eﬁd]

: e 1 ~4 = ~r ~ ~
e Soft SUSY breaking: Lgegll( = 5 [m G G+ meW!L- W/ +m;B-B —I—H.c.]

. (?ﬁauu)sH* (7! adi)sH;—(ZTaea)sH;+H.c.]

— (Tf —I—ET €—|—'LLT777,2u—i—dJr 2al—I—’eerm e]
m3, HiH, —m% H)Hy— bH]eH,+ Hecl],
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Two Higgs Doublet Model (2HDM) — Type-II

Vitiges(H1, H2) = (|u)® + m%{u)HJLHu + (|| + m%{d)H:ng + [bHleHy + H.c.]

e Higgs potential: 1 2 9
+ 3 (6 + ¢2) (H;LHu - H:;Hd) + %(Hiﬂd)(ﬂiﬂu) :

r

HY HY
¢ MSSM contains 2HDM: | H, = HL:) ~1,2),, and H,= Hcf ~(1,2)_ip
u d

~

— physical Higgs h° is superposition of CP-even parts of HY and H((,)

Je-
%
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Two Higgs Doublet Model (2HDM) — Type-II

VHiggs(H17 H2) - (l,U|2 + m%{u)HiHu + (|,U:|2 + m%{d)HC];Hd + [bHJ&Hd + HC]
e Higgs potential:

1 2 9
+ 5 (6 +93) (H;LHu - H:ng) + %(Hiﬂd)(ﬂiﬂu) :

( )

HY HY
¢ MSSM contains 2HDM: | H, = HL:) ~1,2),, and H,= Hcf ~(1,2)_ip
u d

— physical Higgs h° is superposition of CP-even parts of HY and H((/)

e Most general decomposition of Higgs doublets:

“]l=—|R + R +iR “]=R
0 p a | 770 Bo\ 0| - B | g+
(Hd V2 0 H 4 H, H f: rotation to Higgs basis,

o —c o g s c o o with only one VEV
Rﬂ — B B : Ra — o o : Rﬂo — Bo Bo , R,B:t — B+ B+
g Sp —Sa Ca —CBo Spo —CB1 SB+
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Two Higgs Doublet Model (2HDM) — Type-ll

VHiggs(Hla H2) - (l,U|2 + m%{u)HiHu + (|,U:|2 + m%{d)HC];Hd + [bHJ&Hd + HC]
e Higgs potential:

1 2 9
.%@%gwﬂm—@m)#%ﬂmMWM-

( )

HY HY
¢ MSSM contains 2HDM: | H, = HL:) ~1,2),, and H,= Hf ~(1,2)_ip
u d

— physical Higgs h° is superposition of CP-even parts of HY and H((,)

e Most general decomposition of Higgs doublets:

1 =— R +R +iR S =R
0 p a | 770 Bo\ 0| - B | g+
(Hd V2 0 H 4 H, H f: rotation to Higgs basis,

o e o cr c o o with only one VEV
Rﬁ — B B : Ra — o o : Rﬂo — Bo Bo , R,B:t — B+ B+
g Sp —Sa Ca —CBo Spo —CB1 SB+

e EWSB conditions: = f,=p,, butindependent a (wheretanp=v, /v,

. 2b tan 2o m20 + m?
sin 23 2 +ml +m.| tan2s - = a and f not aligned: a # [ — x/2

— cannot write the SM doublet H as linear combination of H, ,
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MSSM Matching in Decoupling Limit

e In alignment limit (a ~ f — n/2) we can write: Hy~ L2

H,\ (H,\ [ siny cosvy\ (H
Hj B eHj - — cos 7y sinvy d

Je-
%
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MSSM Matching in Decoupling Limit

¢ In alignment limit (@ ~ f# — 7/2) we can write: Hy~ L2

eHj — Cos 7y sinvy

(Hu) - (Hu) B ( sin 7y cosv) H[\+—> SM Higgs doublet: dynamic in SMEFT spectrum

® |/ > heavy Higgs doublet: integrated out

Je-
%
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MSSM Matching in Decoupling Limit

e In alignment limit (a ~ f — n/2) we can write: Hy~ L2

Hj eHj — Cos 7y sinvy

(Hu) - (Hu) B ( sin 7y cosv) H[\+—> SM Higgs doublet: dynamic in SMEFT spectrum

® |/ > heavy Higgs doublet: integrated out

£Higgs — (DuH)T(D“H) + (DMQ)T(D“(I)) )
—mZ(H H) — m2(®1®) — A(HT®) — A(@TH)+...| = "2 4  power suppressed

sin4f  Mass mixing:

Je-
%
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MSSM Matching in Decoupling Limit

® In alignment limit (a ~ f — 7/2) we can write: Hy~ (21

H,\ (H,\ [ siny cosv\ ((HJ\—>SM Higgs doublet: dynamic in SMEFT spectrum
HS) \eH:)

—cos~y siny ) \|®|/T> heavy Higgs doublet: integrated out

sin4f  Mass mixing:

£Higgs — (DMH)T(D“H) + (DMQ))T(DMQ)) )
—mZ(H H) — m2(®1®) — A(HT®) — A(@TH)+...| = "2 4  power suppressed

— rotate directly to the mass basis (before EWSB) where A =0

Je-
%

Felix Wilsch K | FWIRACHEN From the MSSM to the SMEFT with Matchete | SMEFT-Tools | MITP



MSSM Matching in Decoupling Limit

® In alignment limit (a ~ f — 7/2) we can write: Hy~ (21

H,\ (H,\ [ siny cosv\ ((HJ\—>SM Higgs doublet: dynamic in SMEFT spectrum
HS) \eH:) ® |/ 7> heavy Higgs doublet: integrated out

— COS7y sinvy

£Higgs — (DMH)T(D“H) + (DMQ))T(DMQ)) )
—mZ(H H) — m2(®1®) — A(HT®) — A(@TH)+...| = "2 4  power suppressed

sin4f  Mass mixing:

— rotate directly to the mass basis (before EWSB) where A =0

e How far are we off from the alignment limit?

e Departure from alignment:

e > . 4 )
n  m; sin4 m

S=a-f+==— ﬂ+@<—f>

. J

Alignment /Decoupling limit:

- Natural alignment in decoupling limit m, << myo
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MSSM Matching in Decoupling Limit

¢ In alignment limit (@ ~ f# — 7/2) we can write:

(Hu) B (Hu) B ( sin 7y Cos'y) H[\+—> SM Higgs doublet: dynamic in SMEFT spectrum

HS) \eH;

—cos~y siny ) \|®|/T> heavy Higgs doublet: integrated out

Liiggs = (D, H)'(D*H) + (D,®)"(D*®) , sin4f = Mass mixing:
—mZ(H H) — m2(®1®) — A(HT®) — A(@TH)+...| = "2 4  power suppressed

— rotate directly to the mass basis (before EWSB) where A =0

125

. . . M.~ scenario (h,H,A—tt) 138 b1 (13 TeV
e How far are we off from the alighment limit? "C : S
- MS 95% CL excluded:
[ ]Observed 68% expected
---- Expected 95% expected
oo T -1 o o e s B B S .
. c ! '
e Departure from alignment: s |
~ ~ | Alignment/Decoupling limit: 507 ]
2 4 :
s=a—pil= LI (72 | :
2 m2, 2 m4, 5 509 GeV < myo
5 A A ) 30£ 1
- Natural alignment in decoupling limit m, << myo 20f ’ ]
. . 10§ ___________ N ;
- With bound 500 GeV < my,o we find 6 < 0.015 \;;kgﬁ L Im125-3Gev.

TB00 1000 1500 2000 2500
m, (GeV)
= general feature of type-1l 2HDMs

%
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Diagonalizing the Higgsino Mass Term

F[u - (F[: F]2>T ~ (1,2),,

~

e Higgsinos I:Iu,d: H,; = (ﬁ?[ ~¢_1)T ~1,2)_yp

¢

chiral fermions chosen as left-handed

\. J

- Heavy chiral fermions with mixed mass term:

%n> H,y'P,D,H,+H,;y"P,D, H,+ </,t AeH, + H.c.>

- Mass term cannot be diagonalized (chiral fermions cannot be massive)

Je-
%
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Diagonalizing the Higgsino Mass Term

[:[u - (F[: F[S)T ~ (1,2),
e Higgsinos I:Iu,d: H,= (H), ~¢_1>T ~(1L2)_p
_ _ _ _ chiral fermions chosen as left-handed
- Heavy chiral fermions with mixed mass term: i )

%n> H,y'P,D,H,+H,;y"P,D, H,+ </,¢ AeH, + H.c.>
- Mass term cannot be diagonalized (chiral fermions cannot be massive)

e Combine both Higgsinos into a vectorlike fermion X
- Use that 8ﬁ2 ~ (1,2),), is right-handed
- Define vectorlike fermion by £ = P, H, + € P, I:Ifl
- H,=P,X and H;= — &P, 3¢

e Free part of Higgsino Lagrangian can be written as

~

Integrating out chiral Higgsinos ﬁu,d

. S H —yy >
LDy D2 —p2k or vectorlike 2 is equivalent.

\_ v,
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One-Loop Matching



Automatic One-Loop Matching

e Tools for automatic one-loop matching:

- CoDEx (UOLEA) CO"

- MatchMakerEFT (diagrammatic)

- Matchete (functional) —QZQYEE 7NN

Je-
%
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Automatic One-Loop Matching

e Tools for automatic one-loop matching:

- CoDEx (UOLEA) CO"

- MatchMakerEFT (diagrammatic)

- Matchete (functional) —QZQYEE 7NN

e Automatic matching of UV theories containing heavy scalars and fermions

e Heavy vectors more challenging and not yet available

see e.g.

- Implementation of semi-automatic spontaneous symmetry breaking required /beneficial

Je-
%
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Automatic One-Loop Matching

e Tools for automatic one-loop matching:

- CoDEx (UOLEA) CO"

- MatchMakerEFT (diagrammatic)

- Matchete (functional) —QZQYEE 7NN

e Automatic matching of UV theories containing heavy scalars and fermions

e Heavy vectors more challenging and not yet available

see e.g.

- Implementation of semi-automatic spontaneous symmetry breaking required /beneficial

e MSSM ideal test case for automatic one-loop matching tools:
- Only scalars (squarks & sleptons) and fermions (Higgsinos & gauginos)

- R-parity acts as Z, symmetry, which forbids tree-level matching contribution from all
BSM states in MSSM, except for second Higgs doublet

» Leading matching contributions mostly one-loop

Je-
%
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Automatic One-Loop Matching with FIATCAETE

Je-
%
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Automatic One-Loop Matching with FIATCAETE

\ FIATCHETE L\

( N

[ Lisiflie [igeuige) ]—) Define fields [ Define couplings ]

groups
- \
=]
Q.
=

[ Write down EUV ]

( N
o0 functional derivatives,
8= EOMs Wilson lines, STr
=
o
®
e Tree-level, unsimplified: Field redefs. 1-loop, unsimplified:

E’(O) TN El(l)

B EFT R¢ / EFT
o ’ \
g ¢ :‘/':
@) / . ’
"5' Full, unsimplified: ‘A L’ > Full, simplified:
< e Simplifications Lerr

\, J
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Automatic One-Loop Matching with

\ FIATCHE TE |\

rmiIunLE I =

|

Define (gauge)

]—) Define fields [
groups

Define couplings ]

~ | /

\

( )
Model implementation input:
- Symmetries ’
: >
- Fields
. H
- Couplings £
- Lagrangian
. J \
o0
£
=
bt
S
£
©
Q
®
£
o
E
<

[ Write down EUV ]
functional derivatives,

y Wilson lines, STr

Tree-level, unsimplified: Field redefs. 1-loop, unsimplified:
E’(O) N El(l)
EFT R¢ / EFT
’ \
« \ N
\A "'

Full, unsimplified:
/
LEFT

Simplifications

Full, simplified:
)[ Lerr ]

CHEN
UNIVERSITY

K | PIhA
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Automatic One-Loop Matching with

NIATCHETE

rmiIunLE I =

J

Model implementation mput
- Symmetries ’ N
. > [ Lisiflie [igeuige) ]—) Define fields [ Define couplings ]

_ groups

Fields .

: a

- Couplings E \ l /
_ Lagrangian [ Write down EUV ]

L . \ / J
—_———me e _—_— N —_ O Ny \
Automatic calculation: %ﬂ EV (hctional derlvatives,

Q
. -
- Tree—level and One—loop matCh|ng g [Tree—level, u(n?lmphfled. J Field redefs. 1-loop, un(sn)npllfled ]
. © El 0 RS AN "L
- Redundant operator reduction: 2 0 -"/\,/ fo
E ¢ 1 1
/‘\ I'
> Oﬂ:_She” (IbP1 . ) "g Full, unsimplified: ‘a L’ > Full, simplified
] < L/EFT Simplifications Leer
> On-shell (field redef.) : /
» Evanescent operators
\_ _J

'-----------‘

CHEN
UNIVERSITY

K | PIhA
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Automatic One-Loop Matching with FIATCAETE

NIATCHETE

Model implementation mput
- Symmetries ] .
_ F|e|dS > [ Deﬂ;fougpasuge ]—) Define fields [ Define couplings ]
H
- Couplings £
_ Lagra ngian [ Write down EUV ]

. ) L )
4mmmererrsieciroririeiiciririiccccemeemeesTToITIosTs————=== T YT T T TTTTTTTTTTT T .
i ) ( \ 1
'Automatic calculation: éﬂ EV functional derivatives E
|
1 . S 1
: - Tree—level and One—|oop matCh|ng g [ Tree-level, u(n;lmphfled. J Field redefs. 1-loop, unsimplified: :
1 . ) El 0 R N ,(1) |
'l - Redundant operator reduction: g = // = :
1 E ¢ 1 1 1
) /‘\ . i
: > Off-shell (IbP1 ) % Full, unsimplified: P Full, simplified: :
' i < Lerr Simplifications > Leer '
: > On-shell (field redef.) L Jn
| |
: » Evanescent operators :
(A ) 1

Matching conditions in
Warsaw basis
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Redundant Operator Reduction

e Functional methods directly provide full EFT Lagrangian (operators & coefficients),
but L gpr contains redundancies among the operators and is in a D-dimensional space

= For phenomenological analysis:
Need to reduce redundancies and projection on a 4-dimensional basis

Je-
%
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Redundant Operator Reduction

e Functional methods directly provide full EFT Lagrangian (operators & coefficients),
but L gpr contains redundancies among the operators and is in a D-dimensional space

= For phenomenological analysis:

Need to reduce redundancies and projection on a 4-dimensional basis

® Goal: bring ZLgpr to minimal form by using:
- Integration by parts identities
- Canonic normalization of gauge kinetic terms
- Field redefinitions
- Reduction of Dirac algebra

- Fierz identities

= Zcer in minimal basis (e.g. Warsaw basis for the SMEFT)

Je-
%
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Redundant Operator Reduction

e Functional methods directly provide full EFT Lagrangian (operators & coefficients),
but L gpr contains redundancies among the operators and is in a D-dimensional space

= For phenomenological analysis:
Need to reduce redundancies and projection on a 4-dimensional basis

® Goal: bring ZLgpr to minimal form by using:

- Integration by parts identities

[ - Canonic normalization of gauge kinetic termsJ

- Field redefinitions
- Reduction of Dirac algebra

- Fierz identities

= Zcer in minimal basis (e.g. Warsaw basis for the SMEFT)

Je-
%
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Redundant Operator Reduction

e Functional methods directly provide full EFT Lagrangian (operators & coefficients),
but L gpr contains redundancies among the operators and is in a D-dimensional space

= For phenomenological analysis:
Need to reduce redundancies and projection on a 4-dimensional basis

® Goal: bring ZLgpr to minimal form by using:

- Integration by parts identities

[ - Canonic normalization of gauge kinetic terms]

- Field redefinitions

- Reduction of Dirac algebra — evanescent operators

_ Fierz identities (from tree-level operators)

= Zcer in minimal basis (e.g. Warsaw basis for the SMEFT)

Je-
%
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Redundant Operator Reduction

e Functional methods directly provide full EFT Lagrangian (operators & coefficients),
but L gpr contains redundancies among the operators and is in a D-dimensional space

= For phenomenological analysis:
Need to reduce redundancies and projection on a 4-dimensional basis

® Goal: bring ZLgpr to minimal form by using:

- Integration by parts identities

[ - Canonic normalization of gauge kinetic terms]

- Field redefinitions

(from tree-level operators)

- Fierz identities

4 )

Full reduction to Warsaw basis
= Zcrr in minimal basis (e.g. Warsaw basis for the SMEFT) |, iomated in MATCHE TS

\_ _J

Je-
%
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Evanescent Operators

e Intrinsically 4-dimensional identities do not hold in D = 4 — 2¢ dimensions:
- Projections onto 4-dimensional Dirac basis {I'y} = {P;, Pg, y*P;, y"Pg, 6/"*'}

> Dirac reduction XQ®Y= 2 b, (X, VI fn

1 ~ o~
> Fierz identities Q)@ Y] =X, YT, T @ LI7)

- Contractions of Levi-Civita tensors only in D =4

Je-
%
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Evanescent Operators

e Intrinsically 4-dimensional identities do not hold in D = 4 — 2¢ dimensions:

- Projections onto 4-dimensional Dirac basis {I'y} = {P;, Pg, y*P;, y"Pg, 6/"*'}

> Dirac reduction XQ®Y= 2 b, (X, VI fn

1 ~ o~
> Fierz identities )@ 1Y] =X, YT, 7] @ L7

- Contractions of Levi-Civita tensors only in D =4

e Introducing evanescent operators E allows us to keep using the 4-dimensional identities

R D=4 identitieg Q
T
D = 4 basis

Je-
o
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Evanescent Operators

e Intrinsically 4-dimensional identities do not hold in D = 4 — 2¢ dimensions:

- Projections onto 4-dimensional Dirac basis {I'y} = {P;, Pg, y*P;, y"Pg, 6/"*'}

> Dirac reduction XQY= 2 b, (X, VI fn + E(X,Y)

| - -
. Fiers identities @3®uq:ZMXRJQJ¢m@WW)+HXY)

- Contractions of Levi-Civita tensors

e Introducing evanescent operators E allows us to keep using the 4-dimensional identities

D=4 identities
R > 0 E=R—-0Q ~ O(c)
T
D = 4 basis evanescent

Je-
o
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Evanescent Operators

e Intrinsically 4-dimensional identities do not hold in D = 4 — 2¢ dimensions:

- Projections onto 4-dimensional Dirac basis {I'y} = {P;, Pg, y*P;, y"Pg, 6/"*'}

> Dirac reduction XQ®Y= Z b, (X, VI fn

1 ~ o~
> Fierz identities )@ 1Y] =X, YT, 7] @ L7

- Contractions of Levi-Civita tensors

e Introducing evanescent operators E allows us to keep using the 4-dimensional identities
D=4 identities
> 0 E=R—-0Q ~ O(e)

T
D = 4 basis

R

e Change to evanescent-free scheme:
- Compute all one-loop insertions of evanescent operators

- Shift physical coefficients accordingly to drop evanescent operators from EFT

Je-
%
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Gauge Field and Coupling Redefinitions

e Matching contribution to gauge boson self-energy

1
MQW > Piee D =7 (1 + M, P

Je-
%
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Gauge Field and Coupling Redefinitions

e Matching contribution to gauge boson self-energy

1
MQW > Piee D =7 (1 + M, P

* Gauge field redefinition A, — (1 + ) A, to absorb A

- Breaking of gauge covariance in D, =d, —igA,

- Requiring gauge coupling redefinition g — (1 — 8) g to keep D, covariant

Je-
%
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Gauge Field and Coupling Redefinitions

e Matching contribution to gauge boson self-energy

1
MQMW > Piee D =7 (1 + M, P

* Gauge field redefinition A, — (1 + ) A, to absorb A

- Breaking of gauge covariance in D, =d, —igA,

- Requiring gauge coupling redefinition g — (1 — 8) g to keep D, covariant
e Shift 0 is necessarily loop suppressed
tree

- Shift 6 needs to be applied to ZLEi; only

. . . . . tree
- Usually: no explicit gauge couplings present in Zgip

tree

- Exception: SUSY has gauge couplings outside Dﬂ = g is present in ZLgpy
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Gauge Field and Coupling Redefinitions

e Matching contribution to gauge boson self-energy

1
MQMW > Piee D =7 (1 + M, P

* Gauge field redefinition A, — (1 + ) A, to absorb A

- Breaking of gauge covariance in D, =d, —igA,

- Requiring gauge coupling redefinition g — (1 — 8) g to keep D, covariant

e Shift 0 is necessarily loop suppressed

- Shift 6 needs to be applied to Ly only

- Usually:  no explicit gauge couplings present in £l

tree

- Exception: SUSY has gauge couplings outside Dﬂ = g is present in ZLgpy

3 _9 _9 _9 - —9 9 9
SMEFT MSSM gy |1 H 2 M 1 M 1 M 1 U 1 [ 1 i
= _ 1 “1 1 1 -1 ~log P 4 Z10g

3 =2 —2 —2 —92 —9

SMEFT MSSM gL 1 M v 2 7 1 7 1 [
= - 1 1 “log — + —log — + = log —

gr gl 1672 4og 524—12 og lp2+3og 3V+12 og (%-I—?,og#2
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New rtATCAETE Features for MSSM Matching

e Improvements required in rIATCHETE for MSSM matching:

- Performance:

» Memory optimization for matching

» Computation time of operator reduction
(simplification routines applied to complicated operator coefficients)

- Flavor indices:

» Integrating out heavy flavored particles (squarks & sleptons)

» Consistent treatment of different flavor tensors
(e.g. ny X ny matrices Y, and diagonal matrices m,))

» Teaching a computer how to treat Einstein summation convention for:

Z D l/_jp)/'uDMl//p _ pl/_ijp — (Yerpl/jrqb +H.c. >

» Loop functions with up to 6 flavor indices for MSSM

(Improvements required for MSSM matching will be included in next Matchete version! )

From the MSSM to the SMEFT with Matchete | SMEFT-Tools | MITP

Felix Wilsch RWTRASCIEN



Further New riATCHAETE Features Employed

e Further new FIATCHETE features used for MSSM matching:

- More performance improvements in simplifications
- Automatic treatment of evanescent operators

» Results provided in evanescent-free scheme
- Mapping onto Warsaw basis

» Automatic redefinition of renormalizable SM couplings

Je-
%
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Further New riATCHAETE Features Employed

e Further new FIATCHETE features used for MSSM matching:

- More performance improvements in simplifications
- Automatic treatment of evanescent operators

» Results provided in evanescent-free scheme
- Mapping onto Warsaw basis

» Automatic redefinition of renormalizable SM couplings

e Matching corrections to renormalizable SM couplings
- Higgs mass mé Higgs quartic 4, Yukawas Y, ,,, (gauge couplings g ; ;)

e Phenomenology in Warsaw basis:
- Redefine the renormalizable couplings to absorb these threshold corrections
- Shits these contributions to d = 6 matching conditions

e Redefinition automatically performed by Matchete

Je-
o
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MSSM Implementation



Implementation of MSSM Lagrangian & Assumptions

e FMIATLHETE implementation of MSSM Lagrangian:

- Based on 4-component spinors
> Gauginos: Majorana fermions (3)
> Higgsinos: vectorlike fermion (1)

- Higgs doublets: mass basis (before EWSB) (1)

- Sfermions: complex scalars (5 types in 3 generations)

Je-
%

Felix Wilsch K | FWIRACHEN From the MSSM to the SMEFT with Matchete | SMEFT-Tools | MITP



Implementation of MSSM Lagrangian & Assumptions

e FMIATLHETE implementation of MSSM Lagrangian:

- Based on 4-component spinors
> Gauginos: Majorana fermions (3)
> Higgsinos: vectorlike fermion (1)

- Higgs doublets: mass basis (before EWSB) (1)

- Sfermions: complex scalars (5 types in 3 generations)

e Only assumption R-parity conservation, no other assumptions on flavor, CP, ...

- General MSSM with 124 parameters

Je-
%
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Implementation of MSSM Lagrangian & Assumptions

e FMIATLHETE implementation of MSSM Lagrangian:

- Based on 4-component spinors
> Gauginos: Majorana fermions (3)

> Higgsinos: vectorlike fermion (1)
- Higgs doublets: mass basis (before EWSB) (1)

- Sfermions: complex scalars (5 types in 3 generations)

e Only assumption R-parity conservation, no other assumptions on flavor, CP, ...

- General MSSM with 124 parameters

e All masses non-degenerate, but matching performed at a single scale ji (before EWSB)
- Integrate out all superpartners at single scale: my;, < M3SUSY ~ M2SUSY ~ MlSUSY

- Other scale hierarchies possible

Je-
%
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Matching Setup

, MSSM 1
SUSY intact
(dimensional reduction)
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Matching Setup

, MSSM 1
SUSY intact
(dimensional reduction)

soft SUSY breaking scale m

soft

( )

MSSM
SUSY softly broken

(dimensional regularization)
\. J

Je-
%
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Matching Setup

, MSSM 1
SUSY intact
(dimensional reduction)

soft SUSY breaking scale m

soft

( )

MSSM
SUSY softly broken

(dimensional regularization)
\. J

matching scale p, .

SMEFT
(dimensional regularization)

\. J
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Matching Setup

, MSSM 1
SUSY intact
(dimensional reduction)

soft SUSY breaking scale m g

( )

MSSM
SUSY softly broken

(dimensional regularization)
\. J

matching scale p, .

SMEFT
(dimensional regularization)

\. J

EWSB scale my,

Je-
%
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Matching Setup

, MSSM 1
SUSY intact
(dimensional reduction)

soft SUSY breaking scale m g

rf )
2 MSSM
2 SUSY softly broken
(dimensional regularization)
matching scale p, .
SMEFT
(dimensional regularization)
Kk J

Je-
%
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Matching Setup

, MSSM w
Starti oint: MSSM
FHRs_boin SUSY intact
e with soft breaking terms L (dimensional reduction) )
e in dimensional regularization (DimReg) soft SUSY breaking scale m
SO
- DimReg does not preserve SUSY, = (" ( )
would need dimensional reduction (DRED) ’ MSSM
— SUSY softly broken

matChing scale Hmatch

> regulator not required to preserve SUSY

e in unbroken electroweak phase SMEFT

(dimensional regularization)

\. J

- DRED not implemented, but we start after soft (dimensional regularization)
SUSY breaking ) ’

- matching onto SMEFT must be before EWSB

- matching in mass basis EWSB scale my,

> only soft but no EWSB mass terms [
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Effective Field Theory Scenarios for the MSSM

e Possible scale hierarchy scenarios:

- Integrate out all superpartners at a single scale

[mw < MSUSY ~ pSUSY MISUSY} ~ SMEET

- Integrate out only 3rd generation of sfermions

[mW < MY < MY ~ MUY — oo] — SMEFT

U(2)° flavor
- Retain 3rd gen. of sfermions in spectrum and integrate out 1st and 2nd gen. symmetry

[mW < M3SUSY < MZSUSY ~ MISUSY] — unknown EFT operator basis
(can be derived by Matchete)

e Similar different scale choices possible for gauginos & Higgsinos possible

Je-
%
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Effective Field Theory Scenarios for the MSSM

e Possible scale hierarchy scenarios:

a _ )
- | Integrate out all superpartners at a single scale

{mw < MSUSY ~ pSUSY MlsUSY] ~ SMEET
o

— this talk

_/

- Integrate out only 31 generation of sfermions
g y g

[mW < MY < MY ~ MUY — oo] — SMEFT

U(2)° flavor
- Retain 3rd gen. of sfermions in spectrum and integrate out 1st and 2nd gen. symmetry

[mW < M3SUSY < MZSUSY ~ MISUSY] — unknown EFT operator basis
(can be derived by Matchete)

e Similar different scale choices possible for gauginos & Higgsinos possible

Je-
%
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Effective Field Theory Scenarios for the MSSM

e Possible scale hierarchy scenarios:

a _ )
- | Integrate out all superpartners at a single scale

[mw < MSUSY ~ pSUSY MlsUSY] ~ SMEET
o

— this talk

_/

- Integrate out only 31 generation of sfermions
g y g

[mW < MY < MY ~ MUY — oo] — SMEFT

U(2)° flavor
- Retain 3rd gen. of sfermions in spectrum and integrate out 1st and 2nd gen. symmetry

[mW < M3SUSY < MZSUSY ~ MISUSY] — unknown EFT operator basis
(can be derived by Matchete)

e Similar different scale choices possible for gauginos & Higgsinos possible

e Lightest superpartner stable due to R-parity / Z,-symmetry
- Dark Matter (DM) candidate [if neutral] — bino only neutral state before EWSB
- Keep bino in spectrum of EFT = SMEFT+bino (basis obtainable with Matchete)

- Allows to better study missing energy signatures at colliders

Je-
%
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MSSM Lagrangian in MATCAETE
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MSSM Lagrangian in MATCAETE (continued)

1
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Tree-Level Matching

LEFTO = Match[LMSSM, EFTOrder » 6, LoopOrder -» 0] ;

e Tree-level matching of ZLy\iqom 10 L smEET % // HeSimpLify // NiceForm
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e Contributions only by 2nd heavy Higgs ®, superpartner contributions forbidden by R-parity
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Tree-Level Matching

LEFTO = Match[LMSSM, EFTOrder -» 6, LoopOrder -» 0]

e Tree-level matching of ZLy\iqom 10 L smEET % // HeSimpLify // NiceForm
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e Contributions only by 2nd heavy Higgs ®, superpartner contributions forbidden by R-parity
e Only 3 operators not part of Warsaw basis

- Require Fierz identity (p; wp) W) = — Wy Wr'wg)/2  (only valid in D = 4)

- Generates evanescent operators in D =4 — 2¢

= Relevant at loop level only — absorbed by finite renormalization
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https://doi.org/10.1016/0550-3213(90)90223-Z
https://arxiv.org/abs/hep-ph/9412375

Tree-Level Matching Conditions for the Warsaw Basis

MapEffectiveCouplings| = Apply 4-dimensional Fierz

GreensSimplify[LEFTO, ReductionIdentities » FourDimensional], : ..
identities at tree level to

LoadModel ["SMEFT"] . .
1 // NiceForm project onto Warsaw basis
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Tree-Level Matching Conditions for the Warsaw Basis

MapEffectiveCouplings|

GreensSimplify[LEFTO, ReductionIdentities » FourDimensional],

LoadModel ["SMEFT"]
1 // NiceForm
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= Apply 4-dimensional Fierz
identities at tree level to
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Correction to
SM parameters
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Tree-Level Matching Conditions for the Warsaw Basis

MapEffectiveCouplings|

GreensSimplify[LEFTO, ReductionIdentities » FourDimensional],

LoadModel ["SMEFT"]
1 // NiceForm
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Cledq11_12_13_14_—>yd Ye

(1) . . . .
Clequ11_12_13_14_ Y Ye

(1)i1_i2_i3_i4
Cad il_i2 i3 i4_ _ _

- -Yyq

_———ﬁ__
qu 6

qu - —Yu

o
c(gu():{d11_12_13_14_ - -5 Y4

i1_i2

1112 Yu1314

1 i14i2
CuH — e S4BYu1 h Cs 8y

i s . 1
5 Ye1213 Ye1114 2

1 2
—s S
m§2 B

% W1213 Yd1114 1 2

8 . . . . RN 4 - - - 1
chd) il_i2_i3_i4_ 1213 Yyq ili4 2

N
n
>

1)il i2 i3 i 1 w213 i1i4 1 2
C( yil_i2_i3_i4 A Yu

— C
m§2 /3

C(S) 11_i2_i3_i4_ v 1213 Yu'ili4 1 2

Cs
3]

o2
'i3'i4Y 1142 1
L Al

Cs
ma

2 -1 1 i142
=93 0 Yu Cp 8L

mg

Correction to
SM parameters
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Warsaw basis
Wilson coefficients

(without one-loop contribution from
renormalizing evanescent operators)
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Tree-Level Matching Conditions for the Warsaw Basis

MapEffectiveCouplings| = Apply 4-dimensional Fierz

GreensSimplify[LEFTO, ReductionIdentities » FourDimensional], : ..
identities at tree level to

LoadModel ["SMEFT"]

| /7 NiceForm project onto Warsaw basis
Ydil_i2_ _)Yd'iliZ Cs
Yeil-i2- Ly 1112 ¢ .
i Correction to
A % gy2 C2 52 + % g|_2 CH 32 SM parameters
U2 - —mf,
Canll 2 5 L s, 55, ¥gi112 g2 B Yyili2 g 2 s
8 ma 8 mg

coll il s adliog 1 L il L )

: 8 5 mg? 8 ms 2 Warsaw basis

1 4 1 2 1 2 2 1 2 1 4 1 2

C — —s S —_— —5 S + — —s S . «

dniv A w0 T ey e e Wilson coefficients
Crell2idi4_ |, 1y i2izy i1i4 1 o 2

... (without one-loop contribution from

Cled il_i2_i3_i4__)ﬁ'l413v 1172 1 SBZ o

i, = Mg 2 renormalizing evanescent operators)
Clequl 2 i34 Sp Ye1 i Yu'l i s E
Céj)il_iZ_i3_i4_ L1y i2is3 y i1ia % 52 r \

° = - Only contributions from integrating out

cl®iliz B4,y i2i3y, ili4 1 2 -

] ng 2 2nd heavy Higgs doublet ®
Céj)il_iZ_i3_i4_ £ ol % Wi2i3 Yuil'i4 % C/32 . -

. . - R-parity acts like a Z, symmetry for

C(8) il_i2_i3_i4_ - _W12'I3 Yu'll14 1 C/32 .

i mg superpartners (even powers required)

(it Bd 314 192 . 1 _ _ _
Cauqd sy e — No tree-level matching contributions
Co'2- 5 - L s, s ¥ 12 cp g2 L - Ls,sv, 1 ti2 g2 L - )

8 mg 8 ma
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*approximate & preliminary values

One-Loop Matching for Apple M3

" e Automatic one-loop matching of Z\;qem
LEFT1 = Match[LMSSM, EFTOrder » 6, LoopOrder -» 1] /. el 03 — 15 min*
- Performs entire one-loop matching, integrating out all heavy fields at once
- Resulting SMEFT Lagrangian contains many redundancies
- Reduction to Warsaw basis required for phenomenological analyses
_
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*approximate & preliminary values

One-Loop Matching for Apple M3

( )
e Automatic one-loop matching of &\qom
LEFT1 = Match[£LMSSM, EFTOrder » 6, LoopOrder » 1] /. €™ » 0; — 15 min¥*
- Performs entire one-loop matching, integrating out all heavy fields at once
- Resulting SMEFT Lagrangian contains many redundancies
- Reduction to Warsaw basis required for phenomenological analyses
\_ _J
( - . . )
e Eliminating redundant operators:
- Automatic off-shell simplifications (incl. evanescent operators) of & quverT
LEFT1 = GreensSimplify [LEFT1, TypeofIdentities » Evanescent]; — 1 min*
- Automatic on-shell simplifications (field redefinitions) of &gt
LEFT1 = EOMSimplify[LEFT1]; — 8 min*
e Mapping resulting minimal SMEFT Lagrangian onto Warsaw basis
MatchingCondition = MapEffectiveCouplings[LEFT1, LoadModel["SMEFT"]1]1; — 10 min (50 |\/|B)>l<
. = Matching conditions in Warsaw basis )

Felix Wilsch
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Results & Validation

o | MSSM-to-SMEFT matching generates all B- and L-conserving operators of the

Warsaw basis that do not contain dual field-strength tensors )

Je-
%
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Results & Validation

o | MSSM-to-SMEFT matching generates all B- and L-conserving operators of the

Warsaw basis that do not contain dual field-strength tensors

- J
. —_— 1%
e Example: Oy = (H'H)G,,G* 2 el L1 1 1
H 167° Cr = 1,7 [289y (255 — oos — 7o
(My)™ (Mg)™  (Mg)
cHG[] /. MatchingCondition // RelabelIndices // NiceForm 1 1 1 1
+ B3 [YG P Y ( + ) + s3IV ( + )]
. . (Mp)*  (MB)? ' (M7)*  (ME)?
144 gs W [6 Wpr der W CBZ (mdr2 +qu2> + g§| [ *]pr [Y*]pr‘z 1 1 ggl [ *]pr [Y*]pr|2 1 1
q — Zleglaj]P" — spp —~5 — o |splag]”" — cpp -
. T 24P PR () (Mg)2 24P TR ()2 (M )2
6Y." Yu FSB (mq Zcmgv [1+mq ‘mdpz+zm]]]_ ‘I‘
%hgsz (Bfe 0™ e s Vi IE o alnd onh| —— I_F |OOp funCtlon evaluate
l r 7 Pr r r r [
r ngs® (@ cp-spYa" un) (ad® cp -5 YeP" pn) LF3,1,0[ma", mgP] + Leading terms cross checked with:

1 e
Z h g52 (apr Cg - Sp der [JH) (adpr Cp - Sp der /,lH) LF3,2,,1 [mdr, mqp] +

i -
20 gs® (3a° cs-s5Ya" un) (ad® cp-spYaP" un) LFa,1,-1[ma", mgP] -

1 -
S e (3" cs - s Ya®" un) (ad" cs - s5YaP" 1n) LF3,1,0[meP, ma" ] +
1 .

Z h g52 (apr Cg —Sp der [JH) (adpr Cz —Sp der /,lH) LF3,2’,1 [mqp, mdr] +

1 _
~ hgs’ (apr cs - sp V" UH) (adpr cs - sp YaP" UH) LFa,1,-1 [mqp, mdr] -

4
% ngs? (sgaa’ - YuP uncs) (ssau®" - YuP" uncs) LFa,2,0 [mP, my"] -
% ngs? (sgau” - YoP uncs) (ssau® - YuP" uncs) LF3 1,0 [mgP, m,"] +
% ngs® (spau - VP uncs) (span®” - VuP" uncs) LFs,o,1[meP, my" ] +
21{ ngs’® (spau® - VP wncs) (span®” - YuP" punce) LFa,1,-1[mgP, m"] -
zhgsz (553" - Va®" s ca) (S8 au®" —YuP" un €a) LFa,00 [, moP] +
%hgsz Er ma ) R e
‘1—1 e lssay Y i) (soan WP peg) LEad e, meP
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Results & Validation

o | MSSM-to-SMEFT matching generates all B- and L-conserving operators of the

Warsaw basis that do not contain dual field-strength tensors )

o Bxample: 0y = (H'H)G,,G" -

Y P R SR
PNz T (apy? T (zy?
+ GCg[Yd*]pr[Yd]pr( ! + ! >+65%[Y;]pr[yu]pr< . 7 T : 2)]

cHG[] /. MatchingCondition // RelabelIndices // NiceForm

1 1 1 (Mg)*  (MF)’ (M;)* " (ME)
—ngs [6 YaP' YaP" cs® (ma"? +mgP?) + 2 1 1 2 1 1
144 p2 mdr2 _ g_s *1pr Y X|Pr 2 _ g_s *1pr Y *|Pr 2

- b . 2 . . 24|c5[ad] 85“[ d] ‘ (M5)2 (M(}”)2 24|8ﬁ[a’u] cﬁru’[ u] | (M5)2 (M£)2
6 Yo" Y.P nr? S (m +my" ZCngy [ l+mq _mdpz +2m]]] - /

l . []

L (3% com 50 V2 ) (30” ca - 50 VP ) LFa, [, ] - — > | F: loop function J evaluate

l r 7 Pr r r r [

18’ (387 cp- 50 Vo n) (2" €5 - 56 Yo" wn) LF3,3,0[ma”, mgP] + Leading terms cross checked with:

1 -

Zﬁgsz (apr Cg - Sp der [JH) (adpr Cp - Sp der' /,lH) LF3,2’,1[mdr, mqp] + (

1 -

Zhgs2 (3a”" cs - 55 Yo" un) (ad®" c5 - s5YeP" un) LFa,1,-1[ma", mgP] -

1 .

Zl"lgs2 (ﬁpr cs - sp Ya" IJH) (adpr cs - sp YaP" UH) LF3,1,e[mqp, mdr] +

l r 7 Pr r r r ] —

Zflgs2 (30" ¢ - 56 Yo" un) (ad®" cp - sp YaP" 1) LF3,2,-1[mg”, ma" | + ® Examp|e QH —_ (HTH)3

1 _

708" (307 co- V" u) (2a® €5 -9 YaP" pa) LFa,a,o0[mg, ma] - — ~4700 terms and ~12 MB

1 -

Zhgsz (5/3 apr _Yupr MUH CB) (SB aupr —Yupr HUH CB) LFz’z’e[mqp, mur] -

1 . . . ] . .. i )
2 P87 (somP - VP uca) (520" - YuP" o) LFs,1,0[me?, ma"] + e Matching conditions will be released in
E 2 —pr_—pr pr_ pr P r + - -

Al it printed and electronic form

1 .

Zhgs2 (spaa® - VP uncs) (spau® - YuP" uncs) LFa,1,-1[mg?, m." ] -

1 —pr ygpr r r r 1 1 .

T hee? (50 - Vo nca) (582 - Yo" wn ca) LFspe[m’, meP] + e Further validated leading terms of:

1 i
Zhgsz (spa® - VoP " uncs) (span®” - YoP" uwcp) LFs 2,1 me", mgP] + C’ G C(S) C

1 -

4—71gs2 (SB ETLEE LT CB) (SB au”" - YuP" iy CB) LF4,1,-1[mur, mqp]
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Matching of Higgs Mass at One-Loop

CHZ%
L 1
mﬁ+h (:1 mﬁ (gy2+3gL2) <C62+S/32) 3 chzfsgvz LFl,o[mdp] _3yd der C/32 LF1 o (mg"] + X chzﬁ
8y’ LF1,0[MeP] — VP YeP™ cp? LFy o [Me™] + -V YeP™ cp? = 3 3\ capgy® ) LF10[mP] +

N A N e O ISR Y- B R [mqp] - ) Cap gyt LFyolmP] -
3V VWP s LRy o[my"] + o (gv? (1+3Cap) +3 8% (-1+Cap)) LF1olms] +

gy? (Cﬁz + 552) LF1,1, 1[Ms, tu] +2 Mg Sp iy Cp 8y LF1, 1,0 [Mp, Lu] -

3 (%pr Cz—Sp W’r MH) (adpr Cz—Sp YqP" IJH) LF1,1,0 [mdr, mqp] -

(a_epr cs-spYe MH) (aepr Cp-Sp YeP' MH) LF1,1,0 [Me"y mP] +

m2 (3P cs - sp Yo' i) (aepr Cs—Sp YeP' MH) LFy,1,0[mP, Mc"] -

mﬁ (aepr CB—SBY_p /JH) (a Pl cp—sp YeP" /JH> LF3’1,_1[m1p, Me"] -

m2* (ae'or cp-Sp Ve tn) (@eP cp— 55 YeP" L) LF3,1,0[mP, Me] +
3 m (aepr Cp -~ 313 H) <aepr Cs-sp YeP' IJH) LF4,1,-2[mP, M"] -
2m3? (3P cp- 55 Ve i) (@eP" cp - 55 YeP" up) LFs 1, o [mP, M +
3md (3P cs-spVa" uH) (adP" cp - 55 YaP" ) LF2 1,0 [mgP, mg" | -
3m} (3P cs- s Vg~ ,UH) (adP" cp - 55 YaP" ) LF3 1, 1[mgP, mg"] -
3 m,_I (3aP" cs - 55 Y~ 1) (agP" cp - 55 YaP" 1) LF3 1,0 [mgP, mg" | +
2% (3gP" cp- 55 Ve " ) (adP" cs - 55 YaP" n) LF4 1,1 [mgP, mq"| -
6ma’ (adpr Cp-spYa HH) (adpr Cs-Sp YgP" ,UH) LFs,1,2 [mqp, mdr] -
3 (spagP - Yo" 1w cp) (sgauP™ - YoP" uncg) LF1 1,0 [mgP, my" ] +
3m (5,3 P -V Lk cg) (sgauP™ - YoP" uncp) LF2 10 [me", mgP] -

3m (spagP - Vo cp) (sgauP” - YoP" uncp) LF3 1, 1[my", mgP] -
(s5aaP" - Yo" 1w cg) (sgauP” - YoP" uncg) LFs 10 [me", mgP] +
om3? (spagP" - Yo" 1w cp) (sgauP” - YoP" uwcs) LFa 1, 1[my", mgP] -
(sBa_p AL CB> (SB aP’ - Y,P" oy CB> LF5,1,,2[mu , mqp] +
(C/sz + 5/32> LF1,1, 1 [My, tn] + 6 My Sg in € 82 LF1 1,0 [Mw, L] -
Cp” + 552) LF2,1, 1[Hns Mp] — 2 Mg M3 Sp by €5 8v2 LF2 1,0 [Hns Mp] +
m? gy? (CBZ + SBZ> LF3,1, 2 [Un, Mg] +2 M3 gy° <mﬁ (CBZ + sﬁz) + Mg Sg Uy CB> LF3,1, 1 [Mu, M) +
2 Mg Sp iy Cp gy2 3’ LF3,1,0[HH, Mg] - 4 gy° ma? (CBZ + 552> LF4,1, 2[n, M) -
6 Mg Sp 1y Cp gy2 M3’ LFa,1,-1[tu, Me] +2 8y° m2? (cs? +s52) LFs,1, 3 (1, mg] +
4mg Sp Uy Cp By° mﬁz LFs,1,-2[tu, Mg] — g mg g.° (C/32 + 5/32) LF2,1, -1 [uns Myl -
6 M My Sp L Cp 812 LF2 1,0 [Hs Myl +3 m§ g (Cﬁz + 5/32) LF3,1, 2 [, Myl +
6mfg? (mﬁ <C/32 + 552) + Mw Sg UH CB) LF3 1,21 [tHs Mw] + 6 My S5 1y Cp g2 mﬁz LF3 1,0 [ns Myl -
12 g%2mg’ (CBZ + 5/32) LFa,1,2[Hns Myl - 18 My Sp iy € 812 m3? LFa,1,-1[tu, Myl +
6 g 2 m2? (CBZ + 552) LFs,1, 3 [ty Myl + 12 My Sp 1y Cp 8L° m2? LFs,1, 2 [kHy My] )

Je-
o)
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Matching of d = 4 Yukawa Couplings

. )
3 My Yy 2Ty cp g 2 P (m3 + mg?) (CBZ*SBZ) LFi,1,0 [Mw, pn] +
3 oy i2il
u

e

chu117127 N ’SB yu'|211 N

Lo, L (18 Y, P (VP Y120 (2m2 g2 emg? (1+s Yo v 2 mg? (1 cg?)) - .
e | P W (amh e ome” (L 5% - S gv? (s +56°) LFa 1, 1 [k, me) +mg Yy 2™ 1y cp gv® —

Yuﬂﬂ- (mi2 (96 g52+27 ng (l+2652+2362) +gy ( +18 C[j +18 s >)
1

2 .2 2 2 2 1 211 5 2 2 2
o -m; Cg“ + S mg + m, LF mg] - = sgY Cz“+S LF , mg] +
216 m3 Y,PT VP ) ) - % Zpszﬁ Y121 ¢ gy o (md + my?) LFy 0[mgP] + (-mf ca 6 (e ma®) ) LF2,0,0 [ty M) 2 BT ev’ (s 5) LFa,1,-2 1w, Me)

i2il 5 2 1 2 2 2 2 2 .2 2 2 2
3 —or . . . s Y, 121 gy2 L (c2m2 spmy? (cp? + Sp2) + mg i s (MFcp? - 5% (m2+me?))) LFs,1, 1[iu, Ma] -
3 pry 9271 1 2 2 LF [ r] _ 1 Y i2i1 1 mg
5 S25Yd Ya© Yy Cs s (Mg +mg 1,0 Mg 5> 2p 528 Yu cs gy’ s by ioi1 y , 251 2 (9 o
> i21 q21

) ) pr 1 oy i2il 1 ) ) . 2 mgmy Yy UH C3 8y” Sp” LF3 1,0 [ny, M) +4myss Yy, gv (C/a +Sp ) LFa,1, 2 [tu, M) +
(Mg +ms?) LF10 [MeP] + 2 S5 Yo VP V12 ¢ = (md+ ms?) LFy o [Me"] + y 291 5 2

s u

12141
6mgmi Yy 2 Ly cpgy? sp? LFa, 1,1 [uw, M) -2 M s gy (552+S/32) LFs 1,-3[n, Mg] —

1 211 1 2 2\ (Y Pry pr 2 Py _ AU 1 r . .
2 S28Vu CB (mHer@ ) <Ye Ye +Zpgv ) LF1,0[mP] 4mgm? Y, 12T 1y cp gy? 552 LFs,1,-2[1ns mg] - 5 SBY_dp Y4120y, Pit LFy,1,-1[pn, mg"] -
1 291 12 2 TPry pr, 2V Py pr 2 1 ry pi i 1 ry pi .
HETAT o (mZ+mo2) (~3Vg"" YePT +3VPT VP +Zpgy ) LF1,0[mgP] + : 56 VP VP Y2 LRy [, me?] - z S Vo™ YoPIL VG2 L, L L, maT]
Zps v, 127 ¢, g2 m—lA (md +my?) LFy o[myP] - 3 S5 Va2 g2 (c? +5p2) LFa,p 1 [im, Myl +3 My Yy 2T by cp g =
. )1, P
3 1 R .
> Sap Yo VP Y, 121 ¢ o (Mm% +mg?) LFy olmy"] - (-m2 cp?+ 552 (mE+me2)) LFa, 1,0 [1ns Myl - > sp Y1211 g2 (cp? +542) LF3,1, 2 [1u, Ml +
3 24 1 i291 5 2 1 2 2 2 2 2 .2 2 2 2
3 S48 Y, 2 g e (gv2+gL2> (mﬁﬂ%z) LFie[Ms] + 3V ' P (-2mfssms® (cp?+sp ) + My b C (MG cs” = 567 (mF +mg ))) LF3,1, 1 (s Ml -
; ; — ; 2 12141 2.2 2 1291 5 2 (. 2 2
i sp YuPI (Va7 Y120 (4 ce? +542) + 3V, V127 ¢p2) Ly, [mg] - 6m2 My Yy 21t 1y cp g sp? LF3 10 [ns Myl +12m2 55 Y, 21 g2 (cp? + 552) LFa1, 2 [ns Mul +
N B ) ] . ) 2 291 2.2 _
: m2 sﬁﬁp v4i2r v, Pil CBZ LFy o [ms] + L Y, 1211 g2 LF1 10 [ms, mq‘z] _ 18 my My Y%J ‘ Hn €3 8L Sp” LFa, 1,1 [ny My] N
1 i291 - 2 i21 4 i291 - 2 i1 6misy Y, 2t g? (CBZ + 5/32) LFs,1, 3 (tus Myl - 12 m§ My Yo 2y cp g% s6° LFs,1, 2 [1u, Myl +
- S Yu gv2LFa,1, 1[mg, myi2] + 5 S8 Yu gy LFl,l,O[mB’ m, 1] - 2 2 i291 291 i2 i1
2 5 Me 8y (*5/3 ag Yy CB) LFl,l,l,E)[mB; mg'<, my' ] +

i2i1 5 2 il i291 2 1 2 2 2 2
5 S6 Y4 gy LFZ,l,—l[mBy my" ] +mg Yy M Ly Cp gy P (mH + My ) (CB -Sg ) LF1,1,0[MBs uu] + i 1241 1241 2 i1
i . . 2 o o . s o ] . & Me mH gy (755 ay +VYy UH CB) LFZ,Z,l,,l[mB, mg <, my ] +
3V e 5 (mi e ma?) (3P e -5 Vo ) (358077 + YoPT ki ) LFu,,0[ma”, mgP] + g, v,i2i g2 LF [ 12 ]+ dmg v, 120 2 F [ 2]
o gv 1,1,1,-1|MBy, Mg =y HUH| + P mg Yy HH Cp 8y 1,1,1,0 [MBy Mg =5 UH| +

1 TPr oy i i
=55 Vg™ Vg2 YPTLLF, 1 olmg”, upl +

’ i2i1 1 2 2\ (=—pr opr pr pr r p Tls ma m gv? (- a“1211+yu1211“H cs) LF2,2,1 fl[mB’ m, 1, mqiz] -
Yu s m* (mH+m§ ) (ae Cs-3p Ve “H) (SB 3e™ + Ve tn CB) LFl’l’O[Me s M7+ § Sg Y ‘z‘lgv LF1,1,1,—1[mB, mu ) HH} *g mg Yy 1211NH Cs gV LF1,1,1,0[mB: mu ) IJH} -

S M EFT i; sp Yo 2 g2 LFy 1 0[me, mgi2] - 2 sp Y 2 g2 LRy 1 g [mg, mg'2] + 1—12 md s Yo 2 g2 LFa 2,1, 2 [Me, 1ns mq’z} - 1—12 mg m3 V127 Ly cp gv2 Lo 0,1, 1 [Me, s mg'2] +
g S v 2 g’ LFl’l’o[mG’ m“u] 7% Ss (O g’ LFZ’l”l[mG’ m“u} - i mH ss Yy 211 gy? LFz,z,l,—z[mB, HH mu ] + é mg mH YuﬂﬂUH Cp 8y LF2,2,1,—1[mB: HH oy mu-I } +
2y 210 L (P e - s VP ) (SsacP” e (2mF e mg?) + YePT uy (2 mf cp? - mg? s52) )

2 1 —
Yai2r v Pit (adpr Co -5 Ya i) LF1,1,1,o[mdr, mgP, UH} +

N
3

up-type Yukawa:

LF2,1,0 [mP, Mc"] +§ v, 12 m%z (3P cp-s5 Ve un) m& Yo 2" Y PIL (-3 cp s Vg ) LFa2,1,1,0[Ma" 5 MgP, uy] +
(55 acP" cp (2 mﬁ+m®2) YeP" UH (2 mf cs? - my? s )) LF3,1,-1[mP, M"] + m3 Yai27 v, Pty (%’" C/sfs/sﬁpr MH) LF3,1,1,—1[mdr’ mg?, MH] +
mg s ¥y 12T (-3 cp e s VP ) (~2eP" cs+ 55 YeP" L) LF3,1,0[mP, Me"] ~ m3 Yo 2" YuPT Ly (3P cp - sp Vg ) LF2,2,1,-1[md" 5 s mgP] +
3md s Vo 21 (~aP cp v 55 Vb tn) (~@ePT cp+ sp YeP L) LFay1, 2 [mP, MeT] + Mo 862 (=55 3, 2 + Yy 1211 1y ¢4 LFy 11,0 Mo, mg'2, myit] +
2 241 i . .
an;H 'iszﬁ'ijul (ch‘:le Cg +j/a ) ) ( e &P Cﬁ2+ Sf YengxH)Ysz,l,,zz[mlzp, I\;Ie ] —2 i ) me m? ge? ( Sp Ay i2i1, y 201 C/s) LFZ,Z,l,—l[mG’ mqﬁz, mu“} .
5 Yu o2 \@dT Cp—SpYd [ (spad® s (2mf +mo?) + Yo" 1y (2mF cp% - mo? 557 me m? g2 (~spa, 210+ V1210 L c) LRy 0 [me, my T, mgi2] +

3 i2i1 1 (m—pr v.Pr
LFy,1,0 [MgP, ma"] + 2 Y4 = (3gP  cp-sp Ya' 2y 12 1
SRILLE J3 v ms? ( LG ) mi Yq' rYup1 pn (~38P" o+ 55 Vg ) LF2,1,1,0 [MgP, ma™ pn] +

(spadP cp (2mF+ma?) + YaP" wy (2 m2 cs? - me? s52) ) LF3,1,-1[mgP, md"} . M2 Yo 27 VP y (33P cp - 55 Vg ) LFs,0 0,0 Mgy ma”s n] +

3md s, Y, 121 (agP  cp s Vg wn) (—agP’ s+ sp YaP" LF3 1.0[mgP, mg" 5y 2 i1 —pr
2 ¢ u.2.1 (-3 ¢+ 55 dp,, ) (-a6P7 e+ 55 YT ) LFs 0 (M ma"] - m& Ya 2" VP iy (3P e - 55 Vo™ i) LF2,2,1, 1 [MPy i, ma" ] +
127 =Ppr AR r r
9 my sp Yy (-3a°" ¢+ 55 Ve 1n) (~adP’ €5+ 55 Yo" uw) LFa,n, 2 [mgP, ma' ] + me M2 g2 (sp @, 1211 - Yy 1211 1y cp) LF [mg12, mg, myi]
) 1241 =—pr —pr or or o - B Hgv u Hu Cp 2,1,1,0 [Mgq =, Mg, My +
6missY, (-3 cp+spVa" ) (-adP" cp+ 55 YaP ) LFs 1, 2 [mgP, mg"] + . . ) )
m mz ( 1211+Y 9211 c ) LF [m i2 m m 11} n
P21 1 ) ) —pr v v v B Hgv u MH Cp 3,1,1,-1[Mg =, Mg, My
3Y, c (m2 +mg?) (3P cs+ 54 Vg )(—s;ap+Yp cg) LF [mgP, m,"] +
u Bmgt \THT T u =B T=B H B u ut HHCp 1,1,0Ma > Tu 2 RESE i2i1 i2 i1
oor i1 e oy 3 1291 o 2 mg m3 gs2 (ss -Yu h €s) LF2,11,0 (Mg 2, mg, myiL] +
6 Vo YPTL YT LR 10 [meP s ] + 2 s VT2 g2 Ly 1,0 [mg 12, My] 4 X 21 ai1 0 0
mg m gs” ( Sg au + Yy U CE) LF3,1,1,—1[mq s Mg, My } -

3y, 211 L (ﬁpr (2 mi cs? - me? s52) + sp Yo' g (2 m2 + m;)) (5,3 aP" - Y P y cp)

1241 2 i2 3 i2i1 2 i2
5 5 —or sgYu' gL |—F1,1,1,71[mq-I s My, UH} -5 My Yo" un e gL |—F1,1,1,o[mq1 > M, HH} +
r 291 —pr 2 2 2.2 2 2
LF2,1,0[m s mgP] + 2V, = (B3P (2m2 cp?-ms? sp2) +55 V" wwcp (2 mf +mg?)) me m3 g2 (52,7210 - V1210 Ly co) LR, 1y o[myi, mg, mgi2]
s4sd, ) b

pr pr r p . . . .
-Spa +Y c LF -1 M m + 241 2491 i1 i2
(=s0 2 WPt o) L0, 0 [ma” mgP] + Yy i Cs) LF3,1,1, 1 [y, mg, mgi2] +

'iZ]

22
Mg My 8y (*5/3 ay

i291 i291 i1
-Yu HH C[S) LFZ,l,l,E)[mu s Mg, Mg +

211 +Yu'|2'|1

3mdss Yo 121 (s,agP - VPt cs) (spanP” - YoP" wy cg) LF my", m
H S Tu (Bu u  HH B)(Bu u HH /5) 3,1,0[\,!; qg meﬁgsz(sﬁau

amd sg Y, 21t (sﬁ EI AL c,j) (spauP" - YJP" 1y cp) LF4’1,,l[mur, mgP| +

} 2 2 il i2
. ) mg m, -Spa cg) LF _1|m mg, M
6miss v, 12t (SB A -V C/S) (5/3 aupr—Y P Ly CB) LF5,1,,z[mur, mqp} + 6 Mh Es ( 8 Cu H 5) 3,1,1, 1[ u 5 Me, Mg } +

2 s VP YR Y20 LR oy, ] - 2 se VP g 2 LR, o [ My, mg 2] 4

Mlwwlpwip0lr OlIRNIWWIMWIMOIROIRBIENIENIFWIMNWINWIORIENIENIR

2 i291 5 2 i2 3 2 i291 2 i2
mg s Yo' o' gL LF2,2,1,—2[MW: Uk Mq' ] + 5 Ma My Yo' e gL LF2,2,1,71[Mw, Uny Mg })
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Matching of d = 6 Yukawa Couplings

142 1 j21i1 11 2 2
Cun ™= 77 = 35 S45 CHau Cﬁps—ﬁ<gv rgl?) 4
D

h (i = = Ci (‘6mpr (6 Sa g CHqu®" CHqu-iz-il Cyz Cp° (gv2+gL2> +
S M €% (-8 Transt Cuae”™ s (Crau™ Crau 2 - 12 g™ Chou1271) -

(gv? +8.%) (12 cuguP" cuqu'®™ €5 C25° - 5545 S5 CuuP ™ Cugu ) ) ) +
i241 m.’ Cﬁz (6 CB3 <gyz N ng) (gy2 L3 gL2> ~3s455s (gy2 N gL2)2 N

2c (-38gy*-14g*+3s: (g2 +g?) (g2+3g2)))+

2 Crga™" (355 CqaP ™t (-S4 Chgu 2" chz cs® (gv2 + 812) + S5 Me? (2 Cugu 2" €252 2

SM EFT d = 6 YU kawa CuH: (ng . ng> + Sap Sp Chaui2” Cp (gyz . ng> + 8 Trag®t Chqa®" Crau 12t 552) ) s

8 Transt ma? (-3 CgeP ™ Chgu®" Crgu 2 Si1 0,120

(3ca*-3ss7cs?-s5%))))) +

1 i241 1 1 1 2 2 —or . ) 5
6 o2 <2 (gv + 8L ) (3 CHqd" ' CHqd" (525 S4p CH2 C3” + Mg
16 ms° sg? cp

<S2B 54/3 C/32+525 54/3 5/32+2SB C/3 (—52/3 <C262+C45> +S2B3+S45 SBZ)>> —Zpgyz Cﬁz

(s2p5a5Cs? (Che+mo?) —spcpme? (2525 (Cop®+Cap—Sys°) +SapCap) +Sap SapMs? S5°) )

te 202 t
Sp° Cg” + ChqdP " Chqu

1 j291 1 1 1 —pr o 2 2
LFy,0[mgP] + 4 CHau — - = (6 S25 CHad"' CHqdP' 8v <C2/3+2C/3 ) o
Mg Sz Cp
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Matching of d = 6 Yukawa Couplings

SMEFT d = 6 Yukawa C_:

Je-
%
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Matching of d = 6 Yukawa Couplings

SMEFT d = 6 Yukawa C_:

[ Can be further simplified? ]

Je-
%
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Phenomenological Example

e Toy model with right-handed top partner 7 and bino-like Dark Matter y
_{ . 1 ~9 27t 7 ot —
Lasyu =x | i@ — §M1 X + |[Dyt|” — mzt't — (yDMt Xtr + h.c.)

e EFT obtained by integrating out 7 and y, where x = Mlz/m;2

Je-
%
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Phenomenological Example

e Toy model with right-handed top partner 7 and bino-like Dark Matter y
1
Lesm =X (z@ — —M1> X + |D,t|? — m2tTt — (yDMthtR + h. c)

e EFT obtained by integrating out 7 and y, where x = Mlz/m;2

Lepr = mC, GA (t—TAauvt) +Cg fABCGAV GBr Ggﬂ Cy = —%sgf;f‘g nlz% a _lx)4 [1— 6z + 32° + 22° — 62°log(z)] ,
b OB (E,TAt2) (i Ay + AT N IS
n CRV (ERTA9PtR) (AT, + dT4+,d) @~ 576074r2 m2’
+ C’ RR (try"tr) (2uRY uR — dR’YudR) O = _969087r2 mif
LL (Fryttr) (EyPtr) + CFF (Try*tr) (EryHtR) orv _ _96%3 L 931/%)1\2/1 Ll 1o gn+4180% - 110° + 60° log(a)]
+ CtLR (Try*T4tR) (ELy*T4t1L) mm orr o)

RR __ yDM 1 1 _ 2 3 3
C, = 33042 m? (1 — 2 [2 — 92 + 18z — 11z° + 62° log(z)]

oLL — _ Js 1
t 5760 m?2’
1 gypy 11
CRR: gS sJDM 2_9 18 2_113 631 :
‘ 576072 m~ 7 + 172872 m (1 — ) [ T+ lox z° + 62° log(z)]
Yoy 1 1

—7 — 36z + 9922 — 5623 + 62 (—6 + 3z + 422) log(z)] ,
11527r2 m? (1 _:,;)4 [ ( ) log()]

1 gypy 1 1
T 960m2m + 57672 mZ (1 — z)° 292+ 182 2 + 62 log(z)] ,

(can be mapped to Warsaw basis)
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Phenomenological Example

e Toy model with right-handed top partner 7 and bino-like Dark Matter y
1
Lesm =X (z@ — —M1) X + |Dt|* — mtht — (yDMthtR + h. c)

e EFT obtained by integrating out 7 and y, where x = Mlz/m;2

Lepr = mC, GA (t—TAa/wt) +Cg fABCGAV GBr Ggu Cy = —%sé/f;f‘g nlz% a _1x)4 [1— 6z + 32° + 22° — 62°log(z)] ,
b OB (E,TAt2) (i Ay + AT N IS
n CRV (ERTA9PtR) (AT, + dT4+,d) @~ 5760:2 m2’
+ C’ RR (try"tr) (20RYuuR — dR’YudR) G = _969087r2 mi?
LL (Fryttr) (EyPtr) + CFF (Try*tr) (EryHtR) orv _ _96%3 L 933/%71\2/1 Ll 1o gn+4180% - 110° + 60° log(a)]
+ CtLR (Try*T4tR) (ELy*T4t1L) mm orr o)

RR __ yDM 1 1 _ 2 3 3
C, = 33042 m? (1 — 2 [2 — 92 + 18z — 11z° + 62° log(z)]

Matching of toy model agrees with: it = —57237?2%%,

- full MSSM matching and taking ol = e n}b~+f;g§7lr\4 1 (1_1.@)4 [2= 0w+ 1827 ~ 1o+ 6z log(x)]
appropriate limits +1?;5D§;[r2 nig 0 _1$)4 [~7 — 362 + 9922 — 5627 + 6 (—6 + 3z + 422) log(x)] ,

- partial results in CHR = - %ggﬂg 1 %fgjﬁ{ 1% (1_193)4 [2- 92+ 1822 — 112° + 62° log(s)] ,
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Conclusions & Outlook

. Full MSSM-to-SMEFT one-loop matching condition in Warsaw basis computed |
- No flavor assumptions, MSSM with 124 parameters, 8
- Single-scale matching, integrating out all superpartners and 2 Higgs at once é
- All Warsaw basis structures generated except operators with dual field-strength tenors §_
- Proper elimination of redundant operators (incl. evanescent operators) )
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Conclusions & Outlook

-

e Full MSSM-to-SMEFT one-loop matching condition in Warsaw basis computed
- No flavor assumptions, MSSM with 124 parameters,
- Single-scale matching, integrating out all superpartners and 2nd Higgs at once
- All Warsaw basis structures generated except operators with dual field-strength tenors

- Proper elimination of redundant operators (incl. evanescent operators)

\

~

e Link to codes for phenomenological analysis — e.g. SMEFiT

- Export matching conditions to C++ for faster evaluation

po3139|dwod

.d.!.M
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Conclusions & Outlook

e Full MSSM-to-SMEFT one-loop matching condition in Warsaw basis computed
- No flavor assumptions, MSSM with 124 parameters,
- Single-scale matching, integrating out all superpartners and 2nd Higgs at once
- All Warsaw basis structures generated except operators with dual field-strength ten

- Proper elimination of redundant operators (incl. evanescent operators)

OorsS

e Link to codes for phenomenological analysis — e.g. SMEFiT

- Export matching conditions to C++ for faster evaluation

e Compare different EFT scenarios — investigate EFT validity
e Longterm ideas/goals:

- Combine with further phenomenological codes (e.g.: smelli/flavio, SFitter, ..

- Global MSSM fit using SMEFT framework

)
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Conclusions & Outlook

e Full MSSM-to-SMEFT one-loop matching condition in Warsaw basis computed
- No flavor assumptions, MSSM with 124 parameters,
- Single-scale matching, integrating out all superpartners and 2nd Higgs at once
- All Warsaw basis structures generated except operators with dual field-strength ten

- Proper elimination of redundant operators (incl. evanescent operators)

OorsS

e Link to codes for phenomenological analysis — e.g. SMEFiT

- Export matching conditions to C++ for faster evaluation

e Compare different EFT scenarios — investigate EFT validity
e Longterm ideas/goals:

- Combine with further phenomenological codes (e.g.: smelli/flavio, SFitter, ..

- Global MSSM fit using SMEFT framework

)
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Size of Wilson Coefficients

e Toy model with right-handed top partner 7 and bino-like Dark Matter y

Lprr = mCy G, (IT40"t) + Cas fAPCGLY GIP GSH
1 3 o ) + GV (L TA vt (@T 4y + dT4y,d)
Lpsm =X (za — §M1) X + |Dut|> — m2t't — (yDMtT)ZtR + h.c.) n CRV (ErT A tR) (aT4y,u + dT,d)
+ C RR( trY'tr) (2urY.ur — drYudR)
FEEttn) (Epyie) + CF (Ery tr) (ErYtR)
A (

— check size of SMEFT Wilson coefficients Ry TAtR) (ELy"TAty)

ypym = 0.10, gs = 1.10 ypy = 0.10, g; = 1.10 ypym = 0.10, g5 = 1.10 ypy = 0.10, gs = 1.10
2000 - 10-5 & 2000 & 2000 10-3 A 2000 10-3 a0
- L 5 0> = > = -
&) = 2 SIS SIS =)
= 1000 // 10-6 : = 1000 3 = 1000 10-4 ';? = 1000 10 1;3
107° & > )
I
1000 2000 1000 2000 1000 2000 1000 2000
mj (GeV) m; (GeV) mj (GeV) m; (GeV)
YDM = ().1()._(}_,. = 1.10 YDM = 0.10, Js = 1.10 YDM = ().1().{]_,. = 1.10 YDM = ().1(),{],\. = 1.10
1077
2000 A a 2000 ~".‘\ 2000 a 2000 10-3 ~]T\
2 z % R ot % 2
) s 2 e D = o e
< 1000 c 51000 S = 1000 £ <1000 104 5
S 100 & 105 © 5]
1000 2000 1000 2000 1000 2000 1000 2000
m; (GeV) m; (GeV) mj (GeV) mj (GeV)
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Path Integral Methods for EFT Matching

® Lagrangian: & y(n) with fields n = (nH, nL)T and
hierarchy my > m;

¢ Background field method: shift all fields n — 77 + 7
/1: background fields (satisfy classical EOM)
1. pure quantum fluctuation

e Path integral representation of effective quantum action:

exp (ilCyy(®) = J@n exp (i[de ZLuvn + ﬁ))

- Perform path integral over 5y
(“integrating out” the heavy states)

- Expand in powers of mg,l

® Produces effective quantum action of EFT:

- I'gpr containing all higher-dimensional operators and coefficients
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Functional Matching at Tree Level & One Loop

e Saddle point approximation of the action: fluctuation operator @,
Yy

5°Syy

i + o)

577, on;
o | N

{higher loop orders}

1
Suv) = Syv(l + 1) = [SUV(’?) J"‘ 5’71'

® Tree-level matching: 3%2T = Zuv (ﬁL, ﬁH[ﬁLD

- Substitute #y by its EOM and expand in m{,l

1 > Evaluation using:

® One-loop matching: exp (lﬁ}i,) = [977 CXp <[ddx Eﬁi Q1 - Method of regions

- Wilson lines — covariance

t

sy (log @[7]) = + i[ e (k|tr (log @) | k)
2 2} QmP

- Gaussian path integral:

. AN\ 172
rg; = — ilog (SDet Q[7])

- Expressed through a superdeterminant (SDet) or supertrace (STr)

- Supertraces directly provide EFT Lagrangian: Jde ESEIET = FS%,
hard
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Physical Contributions by Evanescent Operators

e Evanescent operators E = R — Q formally of rank €

e Only physical contributions when inserted into UV-divergent one-loop diagrams

- Tree level: no physical contributions

- One loop: contributions from (local) UV poles = finite contribution to matrix elements

o Effect of evanescent operators can be absorbed by a finite renormalization

. . )
e We can drop all evanescent operators for the computation of one-loop matrix elements if:

- Projecting redundant operators R onto the physical basis O with D = 4 identities and

- Shifting coefficients of O by the appropriate finite renormalization constants

e For one-loop EFT action S we find (2 projection R = Q using D = 4 identities)

(D — (D ey (D = i _ 17
[@SQ = 7S+ A5V, where  ASD = o (T - T )]

- Fg): sum of one-loop diagrams with vertices from X contributing to effective action
- ASW: sum of one-loop diagrams with insertions of evanescent operators E =R — O

e Resulting renormalization scheme is an evanescent-free version of MS

Je-
o
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https://arxiv.org/abs/hep-ph/9412375
https://arxiv.org/abs/2211.09144
https://arxiv.org/abs/2202.01225
https://arxiv.org/abs/2208.10513
https://arxiv.org/abs/2211.01379

Evanescent-Free Schemes

e Match EFT Lagrangian containing redundant operators (R) onto EFT Lagrangian
containing only physical operators (Q), i.e., a 4-dimensional basis: T'x[7] = Lpln]

o For the one-loop EFT action S we find (2 projection R = Q using D = 4 identities)

(1 — (1) 1 ) = i _ 1
[@SQ = S0+ ASD, where  ASV =g (TP -TY) J

o Tg): sum of one-loop diagrams with vertices from X contributing to the effective action
e ASW: sum of all one-loop diagrams with the insertion of evanescent operators E = R — Q

e Compute AS!D using functional methods
r N

i~ 1 . "
ASD = _Enz:‘;;@ STr [(AXR) — (AXQ> ]

hard
\_

e Result: Sg) action containing only operators in physical basis (free of evanescent

operators), but reproducing the same physics as Sg) obtained from the matching

e Note: these tools also allow for extracting f functions

Je-
%
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Example: Evanescent Operators in the SMEFT

rst; - t 7S r Fierz |dent|ty / rst,; o r 75 1
Z D C;Z]de(fp}/”q )d Yu€ ) T) Z'D - 2Cll;de(fp€ d'q’)

o Tree-level: & & &’ lead to same physics

e One-loop: & & &£’ do not lead to same physics (in dimensional regularization D = 4 — 2¢)

[ ™)
' (_j") The one-loop effective action built from

y . <:> ) < and ' do not agree:
) ?51’*’(1)

b o € EFT 7~ © EFT
L _

* In D dimensions we have: CP"™"(ZPytq")(d’y,e") = = 2CP70 (£Pe”)(d'q") +CPT EPY

qde qde lgde qude
o Effective one-loop action: [FglzT = FE(}?T + ASg :] evanescent operator O(e)

e Absorb physical effect of evanescent operators by finite one-loop shift of action AS,
(depends on all UV poles ey of SMEFT one-loop integrals)

e Computed for the SMEFT in
e For LEFT:

Je-
%
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Example

e Term from the tree-level EFT Lagrangian that requires Fierzing to map onto Warsaw basis
%rs Yutp iz c:32 (qgi . Pg - uar) (UE SR qbip)
$

L. . . . 1 ) . o
o Fierz Identlty: ((11)'“7') (Usqe) =~ 6 (qlﬂ"/l. qr) (s ug) - ((]I,’}-"/,,TA qr) (s T4 Uy)

e Insert evanescent operator in all possible UV-divergent one-loop diagrams

7 T 1 1 vrpu
(Gpur)(Usqe) —> (2 O (i QL

qu qu 1672 2 Yqa Yu
1 ]- T 1 (8)vrpu
+ ng jla(z(l puvr [ th(t)utal + = j(fu jub(?( o ¥ o ] ]
- 4 Ty ! 2 ' pua - Finite renormalization to compensate
r PU T (l vstu - zs{u 2 (Dtsvu
4 n & +va ( Qquqd Qquqd Qquqd ) for evanescent operator
+ Qu ,,( 3y gty — —/\'z;j) ;y;“ y Qlig‘l‘l”* (loop suppressed — only relevant for
z uv, ts uvpr L — wv (8)puvr 3 pr uv ) (8)utsv tree_/eve/ EFT Lagranglan)
- Z/f Uu Q((q 21/1 (/u Qqu 2 S Yu Uu Qqu
1 + 3y T v Qi — ;uli’ v Qg — éu_ v - Renormalization scheme:
— e STUV  p— 5 i U v - I
7 - L QU — S Qe - L e evanescent-free version of MS
: e 3 —— 3 1
'y _ 9 s _ 2 tse tuy vs (1)prou .. . .
: gJ“’" W~ gILYe Quw — 5Yd Y Qyuga - All finite renormalization constants
1 DU Ursv 5 pr S r ts DT - -
q i - §z/L YUY — ggyyﬁ Qs — —gy Y Qs reqwred for SMEFT com puted N
pu. tu sruv 3— v . PT sSuv DT
a U - 7/51 Ya Qz(ii,) ) SYd" Yu Qf;i)qtd AUI wH
3 o - 3 uv . ts DT UV 3 ts Mypr
- 5/12 (/{l G lel - 9 S5Yd Yu (2 ((111)(5(1 - 2/1 Yu (2 {/u)
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