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Minimal Supersymmetric Standard Model (MSSM)

f 5
e Hierarchy problem: Am? ~ HQ + N 1 (,15M§ — ,12M2) > m?

T

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

For a SUSY/MSSM review see, e.g.:
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e Supersymmetry (SUSY): space-time symmetry between scalars and fermions
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e No observation of super-partners - SUSY must be broken above electroweak scale

e To solve Hierarchy problem SUSY breaking scale Mgy should not exceed a few TeV

e MSSM: best explored BSM theory (direct searches) — use also EFT methods (Mqygy > my)

For a SUSY/MSSM review see, e.g.:
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Effective Field Theory scenarios for the MSSM

e So far: mostly model specific searches for MSSM superpartners
e Major developments in EFT community — exploit EFT toolbox for the MSSM analyses

e Consider R-parity conserving MSSM: even powers of superpartners in all interaction terms

- Leading MSSM-to-SMEFT matching contribution is at one loop (except for 2n Higgs)

e Automatic one-loop matching of full MSSM onto SMEFT using MATCHETE
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Effective Field Theory scenarios for the MSSM

So far: mostly model specific searches for MSSM superpartners

Major developments in EFT community — exploit EFT toolbox for the MSSM analyses

Consider R-parity conserving MSSM: even powers of superpartners in all interaction terms

- Leading MSSM-to-SMEFT matching contribution is at one loop (except for 2n Higgs)

Automatic one-loop matching of full MSSM onto SMEFT using MATCHETE

Possible scenarios:

- Integrate out all superpartners at a single scale[mw < MlsggY]

- Integrate out only 3rd gen. of sfermions[mw < M3SUSY < MISBSY — oo]

- Retain 3" gen. of sfermions in spectrum and integrate out 1st and 2d gen.
|y S M5YSY < MPSSY]
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Effective Field Theory scenarios for the MSSM

e So far: mostly model specific searches for MSSM superpartners
e Major developments in EFT community — exploit EFT toolbox for the MSSM analyses

e Consider R-parity conserving MSSM: even powers of superpartners in all interaction terms

- Leading MSSM-to-SMEFT matching contribution is at one loop (except for 2n Higgs)

e Automatic one-loop matching of full MSSM onto SMEFT using MATCAETE

e Possible scenarios:

- Integrate out all superpartners at a single scale[mw < MlsggY]

- Integrate out only 3rd gen. of sfermions[mw < M3SUSY < MISBSY — oo]

- Retain 3" gen. of sfermions in spectrum and integrate out 1st and 2d gen.
|y S M5YSY < MPSSY]

e Subtleties & challenges:

- Many interactions in MSSM complicate matching (partially unknown EFT basis)
- Lengthy matching conditions complicating mapping to Warsaw basis

- Higgs sector: 2HDM — SM Higgs doublets needs to be identified
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MSSM Lagrangian

Names spin 0 spin 1/2 | SU(3)¢, SU(2)L, U(1)y
e Field content: » | squarks, quarks | @ | (uL dr) | (ur dp) (3,2, %)
(x3 families) u Uk uly (3,1, —2)
e Gauge symmetry: d ds d, (3,1, 1)
SU(3)C X SU(2)L X U(I)Y sleptons, leptons | L (v er) (v er) (1, 2 —%)
. (x 3 families) € €x eTR (1,1,1)
¢ Global symmetries: Higgs, higgsinos | H, | (H HY) | (H} HO) (1,2, +3)
Lorentz invariance, R-parity Hy | (HY H7) | (B #7) (1,2, -1
Names spin 1/2 | spinl | SU3)c, SU(2)L, U(l)y
gluino, gluon g g (8,1,0)
winos, W bosons | W W0 | w* wo° (1, 3,0)
bino, B boson B B (1,1, 0)
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MSSM Lagrangian

Names spin 0 spin 1/2 | SU(3)¢, SU(2)L, U(1)y
e Field content: » | squarks, quarks | Q | (dr dp) | (ur dp) (3,2, %)
(x 3 families) u Uk uly (3,1, —2)
e Gauge symmetry: d ds d, (3,1, 1)
SU(3)C X SU(2)L X U(l)Y sleptons, leptons | L (v er) (v er) (1,2 —%)
. (x 3 families) € €x eTR (1,1,1)
o Global symmetries: Higgs, higgsinos | H, | (H HY) | (H} HO) (1,2, +3)
Lorentz invariance, R-parity Hy | (1 Hy) | (89 By (1,2, -1)
e Lagrangian: Names spin 1/2 | spinl | SU3)c, SU(2)L, U(l)y
Conventionally written in gluino, gluon J g (8,1,0)
terms of supermultiplets winos, W bosons | W+ WO | W= Wo (1, 3, 0)
(containing Weyl spinors) bino, B boson 70 RO (1,1, 0)
£ = Lauge + Leniral — V29 [($"T%) Aq + h.c.] + g (¢*T%) D
Leauge = Lgauge, kin T ;D D* Lok = ;:(M?’?vg*MiW?f leg f"'c')
—(uauQHu—dadQHd—eaeLHd-l—cc)
Lecniral = Lehiral, kin — % (W¥4iap; + h.c.) — WiW* Q' wd Q- L} - amdd' - am2d - Em2e
. —my, HiH, — mi HjHy — (bH,Hy + c.c.).
Da=-9 (¢"Tad)  Wwmssm = GyuQHy — dyaQHy — ey LHy + pH, Hy

e Express in terms of Dirac & Majorana spinors to match onto SMEFT

Felix Wilsch [hiakkt
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u

Ht 0
e MSSM contains 2 Higgs doublets: H, = <HL:)> ~(1,2);,, and H,;= <5d> ~(1,2)_yp

o Higgs potential:  Visiges(H1, Ho) = (| + m% VHHy + (|p> + m3; )H Hy + [bHIeHy + Hec.]

1 2, 95
+ 5 (gt +93) (Hg;Hu - H};Hd) + SH(HHy) (H}Hu).
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H+ 0
MSSM contains 2 Higgs doublets: H, = <HL:)> ~(1,2);, and H,= <gd> ~(1,2)_yp

Higgs potential:  Visiges(H1, Ho) = (|uf* + m¥%, ) HIHy + (|uf? + m%,)H Hy + [bHIeHy + H.c.]

1 2 %
+ 5 (6 +93) (HIH. - H{H,) + Z(HLH) ().

Physical Higgs bosons h": superposition of CP-even components of HY and Hg

Most general decomposition of Higgs doublets:

HY 1 v hO GO Ht Gt
Yl=—|R R, L R , “1=R
(H3> va | (0) " (H) T (A) (H:) - (H)
R,B — Sﬁ _Cﬁ : Ra — Co Sa : R,Bo — 8,80 CBO : R,B;t — S,B:l: Cﬂ:l:
Cg Sp —Sa Ca —CBy SBo —CBt SB+
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H+ 0
MSSM contains 2 Higgs doublets: H, = <HL:)> ~(1,2);, and H,= <gd> ~(1,2)_yp

Higgs potential:  Visiges(H1, Ho) = (|uf* + m¥%, ) HIHy + (|uf? + m%,)H Hy + [bHIeHy + H.c.]

9

5 HiH,)(H H,).

1 2
+ 3 (91 + 93) (H;;Hu - H(];Hd) +

Physical Higgs bosons h": superposition of CP-even components of HY and Hg

Most general decomposition of Higgs doublets:

HS 1 v h9 . GY HJL B Gt
() = 5) + () o (2)] - () (i)
R,B — (Sﬁ _Cﬁ) : Ra — ( Ca SO‘) : R,Bo — ( SBo CBO) : R,B;t — ( SB+ Cﬂ:l:)
Cg Sp —Sa Ca —CBo Spo —CB1 SB+
EWSB conditions: = f, =/, but a # [, where tanf = vu/vd with (H, ;) = vu’d/\/z

2 2 2
sin 28 = tan2a My +my

2|p2 4+ my + m%,d tan28 mio — m2Z
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Ht 0
e MSSM contains 2 Higgs doublets: H, = <HL:)> ~(1,2);, and H,= <gd> ~ (1,2)_y

o Higgs potential: Visiges(H1, Ho) = (> + m% VHIHy + (> +m% ) HIHy + bHIeHy + Hec]

95

5 (H{Ha) (H}H.)

1 2
+ 3 (91 + 93) (H;;Hu - H(];Hd) +

e Physical Higgs bosons h': superposition of CP-even components of HY and Hg

e Most general decomposition of Higgs doublets:

HY 1 v hO GO Ht Gt
u —_ —F= R + Ra + ) R ’ u — R
(H3> va |’ (o) (H) o (A) (H) ﬂ* (H)
5= Sﬁ _Cﬁ : Ra — Co Sa : R,Bo — S,BO CBO : R,B;t — S,B:l: Cﬂ:l:
Cg Sp —Sa Ca —CBy SBo —CBt SB+

e EWSB conditions: f = f, = . but a # [, where tanf = vu/vd with (H, ;) = vu’d/\/z

2 2
sin 28 = 2b tan2a  mM%o + My

2|p2 4+ my + m%,d tan28 mio — m2Z

® In general we cannot write the SM doublet H as linear combination of H, ,

| T
Hy\ _ [ Ho) _ [ siny cos H possible only in alignment limit: ¢ = ——
HS eH? — Ccos~y sin~y P 2
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MSSM matching onto SMEFT and/or HEFT

See also:
e SMEFT formulated in terms of SM Higgs doublet H

- Matching onto SMEFT only possible in alignment limit, otherwise match onto HEFT

Felix Wilsch (bl Effective Field Theories of the MSSM — HEFT 2024 | Bologna
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MSSM matching onto SMEFT and/or HEFT

e SMEFT formulated in terms of SM Higgs doublet H

See also:

2 mg 2

Natural alignment in decoupling limit m, < m,o

Matching onto SMEFT only possible in alignment limit, otherwise match onto HEFT
-

mjo

2 . 4N
. _ r  m; sin4p m, general feature of
Departure from alignment: §=a—-f+— = + 0 type-1l 2HDMs

M. scenario (h,H,A—>)

Felix Wilsch [hiakkt
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MSSM matching onto SMEFT and/or HEFT

e SMEFT formulated in terms of SM Higgs doublet H

See also:

2 mg 2

Natural alignment in decoupling limit m, < m,o

- With bound 500 GeV < myo we find 6 $ 0.015 €——

Matching onto SMEFT only possible in alignment limit, otherwise match onto HEFT
-

: n  m3 sin4p my | general feature of
Departure from alignment: §=a—-f+— = + 0

e From now on consider only alignment limit a = f — 7/2

HN\ (H,\ [ sinp cosp\ (H
<H§> B <8HC}’<> B <—cosﬂ sinﬁ) (CI>>
LHiggs —

(D.H)'(D*H) + (D,2)"(D"®)

—m%(HTH) — m%(®'®) — A(H'®) — A(®TH) +...

Felix Wilsch [hiakkt
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MSSM matching onto SMEFT and/or HEFT

e SMEFT formulated in terms of SM Higgs doublet H

See also:

Matching onto SMEFT only possible in alignment limit, otherwise match onto HEFT

s 2 . 4N
® |Departure from alignment: §=a -+ T _ Mz smAp +o( 2z ~>[general feature Of]
. 2T 2 -y type-1l 2HDMs
- Natural alignment in decoupling limit m, < mq M*‘c;;‘;am (h’H’A%“)%%CLexclu::’iqu“”e")
[ ]Observed 68% expected
- With bound 500 GeV S myo we find 6 < 0.015 € oo oo
c i
© i
e From now on consider only alignment limit a = ff — n/2 50? ]
40 :
Hu Hu Sinﬂ COS,B (H) SO(A) GeV < Myo
Hc? B 8Hc>1k ~ \—cos f sinﬂ () 30;' ]
20} :
Lhiges = (D, H)"(D*H) + (D,®)"(D"®) L |
e Mass mixing A between H and ® m, (GeV)
! 2 2 |
sin4 . A~m m
A = (myy, — m%,d)sﬂ% + 5(8% — C%) = m; m4 b >(O(m,) mixing H<S

Felix Wilsch [hiakkt
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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)

Felix Wilsch (bl Effective Field Theories of the MSSM — HEFT 2024 | Bologna




Diagonalizing the Higgsino mass term

A~

H,= (A}

u?

F[S)T ~ (1,2),
e Higgsinos H ;. H,= (H), ~¢_1>T ~(1L2)_p

4

_ _ _ _ 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)
- Define vectorlike fermion by £ = P, H + ePRIfIfZ
- H,=P,X and H;= — &P, 3¢

e Final Higgsino Lagrangian given by

%y D Zy*D,E — u’EE

Felix Wilsch (bl Effective Field Theories of the MSSM — HEFT 2024 | Bologna



Implementation in Matchete

see also:
e Implement MSSM Lagrangian in an automatic matching tool
Define (gauge) L . .
—_— Define fields Define couplings
groups
\ FIATCHE TE | \\\ ; ~__ l
-
Q
=
e Lagrangian implemented using:
( Write down L J
. . . \ 7z N J
- Dirac spinors for sfermions ) pa ~ .
. . . tE:D EOMs func(.:[;iéri\éalltives,
- Majorana spinors for gauginos 5
g Tree-level, unsimplified: Field Eedefs. 1-loop, unsimplified:
- Vectorlike fermion for Higgsinos - £ iy
8 " \‘/
H' b . f H. d bl g i /:‘/':
- Iggs asis for Iggs oublets % Full, unsimplified: “A ."' Full, simplified:
< Leer Simplifications Lerr

Felix Wilsch [hiakkt
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Implementation in Matchete

see also:

Implement MSSM Lagrangian in an automatic matching tool

\

[ Define (gauge) ]—)[ Define fields J [ Define couplings J
groups
\ FIATCHETE | \\\ : NG l
-
Q
=
e Lagrangian implemented using:
( Write down L J
. . . \ 7z N J
- Dirac spinors for sfermions ) ya < .
. . . tE:D EOMs func(.:[;iéri\éalltives,
- Majorana spinors for gauginos 5
g Tree-level, unsimplified: Field Eedefs. 1-loop, unsimplified:
- Vectorlike fermion for Higgsinos - £ iy
8 " \‘/
H. b . f H. d bl g i /:‘/':
- (@) . ’
Iggs asl|s Tor Iggs ou ets "5’ Full, unsimplified: ‘* _¢' > Full, simplified:
< Leer Simplifications Lerr

Automatic tree-level and one-loop matching

Automatic reduction of redundant EFT operators

Proper treatment of evanescent operators

Output: matching conditions in Warsaw basis

Felix Wilsch [hiakkt
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MSSM Lagrangian in Matchete (part 1)

1 1 1 e - . .
- B . G . w12 . p, dt; D, dt? 6P" - Md® dt} dt®P 6" + D, et D, etP 6" - Me? et" etP 6" + D, TE; D, 1t'P 6P - M1? TE] 1t"P 6P" +

D, qta; D, qt?'P 6P - Mq? gtL; qt?'P 6" + D, Ut D, ut® 6P" - Mu? UEL ut?® &P + DB D, ¢' -mp® Fi ' +D,F;D, @ -M&2F; @' +i (df -y, Pr-D,d®P) P+

i (e yuPr-DyeP) 6P wi (T§ . v, PL-D,1UP) 6P +i (Ghi - vuPL-D,q%"P) 6P +i (U5 -yuPr-D,uP) 6P +i (Ty-vu-D,2") - (m-5") +

i 1 i 1 i 1

. (5t 0y oD Bt S8 (Bt™.c-.Bt) + . (6t"T . Cy, - D, 6Gt") - S MG (6t*".c.6t") + . (Wt . Cy, - D, wtl) - S M (weI™. c-wel) -

1 2 2 2\ - — i j 2 — i rp —- r aip rp - (=r ip re ,j (—r aip) —

5 €28 (812 +g2%) B3 50" ¢ + [-528me* &5 6" - Yd™P cBF; (A5 - PL-q*P) —ve™ cpd; (@ - P -1P) —spyYu™ @3 (uh - PL-q*'P) &4

A . R : 1 .
(-ae™ cp+spYe™u) € 1tPF; + (-ad™ cp+sBYd™P u) dT, qt® P F; + (-sBau™ + Yu™P ucp) qt?P uE] ¢ Eij+ g s4B (g1® +g2°) &5 61 9" ¢ +

sBYd™P3; (d5-PL-q*™P) +vd™Pqt?P (5. cPL.5;T) +spYe™ s (8- pL-1P) +ve™ 1P (&7 . cPL- 5 T) - YuP sl (af - P q?'P)

™
-

j

Yu'™ qt?'P (uf - P 23) g5 + Ye™P @ (35 - PL- UP) +¥d"™P AT, (55 - PL-q?P) —g1sBd; (BT -CPL-5T) % _glcpd; (BtT-cPr-z)
2

-

YuP utg (q*'PT.cpL-33) Eiy-g28; (WeTT.cPL-29) V2 71 - g2 @i (WtlT.cPr-33) V2 71+ (sBae™ +Ye™ ucp) et 1t 5 «

: 1 . i . ) 1
(sgad™ +Yd™ ucg) dEL qt?P & - 5 s28? (g12+g22) 3356 03 + (~au™P cB-sBYUP u) qt? P GEL & 45 + g1 TR (BtT - cPL - UP) = 6P -

A2
1 -1 o1 1
§glq—;-(BtT-CPL-q"”'C’)ﬁapr-glc/s@(BtT-CPL-z‘)$-§gleﬁg(|3tT-CPR-da'°)\Ecs'“-glﬁr(BtT-CPR-e'f’)\/5(5'”%
2 o -
S LUt (BtT.CPr-u®) /2 6" +g1s83; (Bt -CPr-32') el  coqgtt Gt cp g™ P DT P ot (Gt cPe o) D T P
2

g3 U, (6tAT . cPr-uPP) V2 TR 6P - g2 T} (Wt'™ . cp - 13P) V2 1] 6P - g2 gEl; (Wt'™.cpL-q®P) V2 1T 6P - g2 3 (WelT-cp.-=9) V2 1+

g2s83; (WelT.cpe-33) 2 TH . % s2B (3VdPS vd"S - g126P") dtL dt®® &5 ¢ +sBcB (VePSve™s - g1?6P") et et &5 ¢ +
sBcB (Ve  YesP - g22 6P") TE; 1t7P 35 ¢" + sBcp (VA" Yd®P + Yus" Yu®P - g22 6P") qtL; qt?3P &5 ¢7 + % s28 (-3 VuPSyu™ +2g1%6P") GEL ut® 35 07 +
% (2 Ve®" ve®P (s28-2sBcB) +s28 (g1? +g2?) 6°7) TE; 1™ 35 ¢ + % (6 YdS" vd*P (s2B8-2sBcp) - s2B (6 Vus" YusP + (g1? - 3 g2?) sP"))

qth; qt?'P 35 ¢7 - % s4p (gl +g22) &85 @) ¢' - YAP® Yu"s dt®P Ut} a7 ¢’ £45 - VAPt Ye® dt?P et 1t' " gt +H.c. | +

1 o . i . :
~YdP® vd"® cp? + . c2Bgl? 5'”) dt, dt®” @5 ¢' + et etP @i 0" +

1
~-YePS ve"s c3?% + 3 c2pgl? sP"

1 L
-Ye®" ve®P cp? + 5 €28 g2° 5'”) Te; 1P g5 0" +

1 . .
~Yd®" Yd®P cB? + Yu*" YuSP sB? + 28 g2? 5‘"] qta; qt®P @5 6" +
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MSSM Lagrangian in Matchete (part 2)

1
_YuPS yu's sp? - 5 C28 g1? 6‘") uth ut® @5 ¢ -

c2B (g1? + g2?) TE; 1t g5 ¢7 6°" +

l . .
VU YU sp7 v = c28 (g1” - 3g2°) 6‘") qta; qt®'P @5 67 +

MSSM Lagrangian:

(g1% (-1 +c4B) +g2° (3+c4B)) B33 61 ¢ +

r ) o 117 different terms
5 (g1% (1 +c4B) +g2% (-3+c4B)) 358 61 ¢ +

1 (2gaterters . 3get (s o™ - 300 o7Y)) AES AES e att? - (excluding Hermitian conjugates)
% 12 dt dt®P ettet" 5P 6" - % gl’et et etP et 6P 6"t +

% gl2deS dt®P TE 1t  6PS 6™t 4 (—VEpt YeS' 4 i g1? sPS 5”] et etP TEF 1t +

% (-g12 6Pt 6™ + g22 (6Pt 6™ —26P5s™Y)) TxS 1_t 1t 1P

( YdPt vdS" + i g3? &PS 5“) dts dtPP gEL; gt - c gl2 et etP GEL; qt?1 " sPS 6"t

% 2% TES 1t9P gty qt®' 6P 6" & % (g1 + 3 g2%) TE; 1P qts; qt?I " sP5 67" -

(g7 37 AR o an att T o 67 L (gt oo™ g2 6P ) e aehy ae o -

% (g1° - 9 g2° - 6 g3%) gt3; qts; qt?P qt®I" 6P 6" - % g3? dts dtPP UEf ut? sPS 5" 4

2

s 1 i
Zgl’ettetPutiut? 5P - 2 gl2 TES 1P Ut ut? sP5 6"t

1 - 1 o
YU yu'tP 4 . g32 6P 5 ) qts; qt® TP oEl ut? + % (-8 g12 6Pt 6™ +3g3% (sPT6™ —36P56™)) UES UEL ut?" utP

1 _ 1
1g (4817 +383%) AELALPUE U™ 67 6™ 4 1 (2617 -3g37) AT qtT P UEL Ut 670 6T

- ! 1 - .
-VAP Yd"® s - = c2pg1% 67 | ATt E B (‘VEPS ve™ sp® -~ c2pgl’ 5”] et etP 3 3" +

1 . . 1 . .
_YeS" veSP sp? - > c23 g22 P TS 1P 35 '+ (—Wsr YdSP sp? + YuS" YuSP ¢p? - > c2s3 g22 8P| gL qt?IP 35 '+

1 o .1 . .
~YuPS Yu"S cp? + 5 €28 gl? &P | uth ut® 35 8 + , 628 (g1 + g2?) TE; 1P 35 & 6P +

1 L . .1 .
~Yu®" YusP ¢p? - 5 28 (g1% - 3 g2?) 5"") gt qt?'P 35 & - 5 c2p” (gl +g2%) 3135 8" &
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Tree-level matching

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

o [ree-level matching of & to &£
& MSSM SMEFT % // HcSimplify // NiceForm

1 1 1 . - P
. BHY2 _ > G . W2 2D, B D, 0" + [-mp? + mp? 528 M—z) ¢3¢ +i (d5 - yuPr-D,d%) &P+
o
(e P D e"o" il P D LIS ilq. B D qPls i (Uh - yu Pr- D, u?P) &P" +

c2p® (g1? + g2°) - % s23 s4Bm¢’ é (g12 + g22) ] G0

i
- 54/32@% B ko' ¢ 0F (g1% +g2%)% +

. , i . 1
®i (7 -PL-q*P) + |-Ye™ cB - s28sB Ye™ mp? = (e" . P -1UP) + [s28Yu" cBmo? = Yu'P
) (3}

o U B g "l % s4Bsp Yd"™ Miz (61" 210,050 d. P glf) % s4BspYe™ Ml—z (g1% + g2%) 1 63 0" (& . P . 19P) -
® o}

g S4BYUPes = (g1®+g2?) Fr o 0" (ug - P q™IP) Epic s VAR Ve 57 5 (@ - P 1TT) (diy - Pr - d7F) -
€3]

1 : - 1

sBYeP yut g —— (&% .p. . 13P) (u: PP g £ij - sBYd®P Yut" ¢ e}

)

2
e (HZ-PL-qajF’> (UE-PL-qbir>€1j+H.C.)+
<}

YeP* ves" s M% (@ -pL- 1) (TF-Pr-eP) + VAPt vds" sp? é (@ -pPL-q*"") (gt - P - d®P) «

T vt L cp? (g3 - Pa-u) (af Py g®P)

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] ;

o [ree-level matching of & to &£
& MSSM SMEFT % // HcSimplify // NiceForm

1 1 1 . - P
. BHY2 _ > G . W2 2D, B D, 0" + [-mp? + mp? 528 M—z) ¢3¢ +i (d5 - yuPr-D,d%) &P+
o
(e P D e"o" il P D LIS ilq. B D qPls i (Uh - yu Pr- D, u?P) &P" +

c2p® (g1? + g2°) - % s23 s4Bm¢’ é (g12 + g22) ] G0

i
- 54/32@% B ko' ¢ 0F (g1% +g2%)% +

. , i . 1
®i (7 -PL-q*P) + |-Ye™ cB - s28sB Ye™ mp? = (e" . P -1UP) + [s28Yu" cBmo? = Yu'P
) (3}

o U B g "l % s4Bsp Yd"™ Miz (61" 210,050 d. P glf) % s4BspYe™ Ml—z (g1% + g2%) 1 63 0" (& . P . 19P) -
® o}

l l . . . l .
g S4BYUPes = (g1®+g2?) Fr o 0" (ug - P q™IP) Epic s VAR Ve 57 5 (@ - P 1TT) (diy - Pr - d7F) -
€3]
1 : - 1
sBYeP yut g —— (&% .p. . 13P) (u: PP g £ij - sBYd®P Yut" ¢ e}
)

2
e (HZ-PL-qajF’> (UE-PL-qbir>€1j+H.C.)+
<}

YeP* ve®" sp? M% (&%= PL- 1) (T5 - Pr- eP) + VdP*t vas" sp? é @ P g2 (g Pe - dR) -
s vut® L cp? a5y P sue) (5 - PLoa )

I
e Contributions only by 2nd heavy Higgs ®, superpartner contributions forbidden by R-parity

e Only 3 operators not part of Warsaw basis
- Fierz identity (@; wp) Wryr) = — @rrw7) Wpr*ws)/2  (only valid in D = 4)
LYR) VRV LYWL \WRYV WR

- (Generates evanescent operators in D =4 — 2¢

— need to be absorbed by finite renormalization at one loop

1 3 3 1 1 1 3 5 3 3 3
ptsr  ,ptsr Quvts otsuv_ otsvu_ vPT ot ot ot ots ots ts UVPr
"5 Oqui - Oqu8 +h [E WSVWO%Zq31 B E ﬂvwoqagél + (‘ E Oqiégl + E 02413531 + 5 02:13538] Yd W- 8 gL VExﬂ,rou\ls\l Y gy Woug - = )“Vgrouﬁ - = Nz WuﬂrOYz +3 Y:J/u Vgu—vz-rouﬁ + 5 Y:V YuS O'Lequl B
1 t 1 t 1 3 1
S i Vi ogal" - < YIS VAT 058" - - VEY VI OB+ 2 YR VAV O+ e VETORSEY - - iS VET oGl + — ER VAV R 4 o Vi VBT QSR - - vi vi® ofid: - > Vi YU® ofiga +
1
vrpu vrpu

1 5 1 3 1 3 3
VY VI O + VA VY O3Bl T gy VP ol - 1 VA VI oY - VI VO + - vER A+ 3V v VIR ol - v VO - s vt o - - ViR o)
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Tree-level matching conditions for the Warsaw basis

MapEffectiveCouplings : : :
. e = Apply 4-dimensional Fierz

identities at tree level to
project onto Warsaw basis

GreensSimplify[LEFTO, TypeofIdentities -» FourDimensional],
LoadModel ["SMEFT"]
1] // NiceForm

mH - \/—mcpz + mop? s232 Mé%

vdil 2., vd1211 cg 4 52858 VA 2\ mp? L,

=

Correction to

@
@

Yuil-i2- 5 _s28 VU2 cpmp? L + spYu'2'd
M2

1 2 2 1 2 2 1 2 2 1 1 2 2 1
A->-2 —ggl c2f3 —ggz c2f3 —ZSZBs4Bg1 mo @—252554Bg2 mo @)

SM parameters

€4 p¥d” 0 =

52

<)
ceHil-i2- % s4Bsp Ye 211 g12 Mé% + 2 S4B'SB Ye'! ‘oo %
1 4 2 1 1 2 2 2 1 1 4 2 1
cH—>ag1 s4.3 @+5g1 g2° s4p3 E+ag2 s4.3

= oM
=

=

M2
cleil-i2.B34_ , _ % Ye ! Ve © cpf M%

D
cledqil-i2-B-4_ _, yqi314 ygi2il g2 é Warsaw basis
clequlil- 284, 53 ygizil ygi4is cg L

Wilson coefficients

qulil_iZ_i3_i4_ . 1 Y—Cri4'il Ydi31’2 5/32 1
i without one-loop contribution from

M3
qu8i1_i2_i3_i4_ = _W1411 Yd1312 SBZ Ml2
D
®
Cqu8i1_i2_i3_i4_ = _VU1411 Yu'l3'|2 M% CBZ
7]

cquqd1il-2B.#4 _, _spyqi4i3 yyi2il o M%
)

cuHil-i2- _, —% s4BYu'2'! cp g1? é . % s4BYu'2' B g2? é

renormalizing evanescent operators
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One-loop matching

*approximate & preliminary values

e Automatic one-loop matching of gMSSM for the case of mass degenerate sfermions

LEFT1 = Match[LMSSM, EFTOrder -» 6, LoopOrder » 1] /. e * - 03 — 10 min, 93 MB*
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One-loop matching

*approximate & preliminary values

e Automatic one-loop matching of gMSSM for the case of mass degenerate sfermions

LEFT1 = Match[LMSSM, EFTOrder -» 6, LoopOrder » 1] /. e * - 03 — 10 min, 93 MB*

e Automatic off-shell simplifications (incl. evanescent operators) of £ q\gpr

LEFT1 = GreensSimplify[LEFT1, TypeofIdentities » Evanescent]; — 3 min, 12 M B*
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One-loop matching

*approximate & preliminary values

e Automatic one-loop matching of gMSSM for the case of mass degenerate sfermions

LEFT1 = Match[LMSSM, EFTOrder -» 6, LoopOrder » 1] /. e * - 03 — 10 min, 93 MB*

e Automatic off-shell simplifications (incl. evanescent operators) of £ q\gpr

LEFT1 = GreensSimplify [ LEFT1l, TypeofIdentities » Evanescent]; — 3 min, 12 M B*

e Automatic on-shell simplifications (field redefinitions) of £ q\gpr

LEFT1 = EOMSimplify [ LEFT1]; — 35 min, 28 MB*
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One-loop matching

*approximate & preliminary values

e Automatic one-loop matching of gMSSM for the case of mass degenerate sfermions

LEFT1 = Match[LMSSM, EFTOrder -» 6, LoopOrder » 1] /. e * - 03 — 10 min, 93 MB*

e Automatic off-shell simplifications (incl. evanescent operators) of £ q\gpr

LEFT1 = GreensSimplify [ LEFT1l, TypeofIdentities » Evanescent]; — 3 min, 12 M B*

e Automatic on-shell simplifications (field redefinitions) of £ q\gpr

LEFT1 = EOMSimplify [ LEFT1]; — 35 min, 28 MB*

e Matching conditions in Warsaw basis

MatchingCondition = MapEffectiveCouplings[LEFT1, LoadModel["SMEFT"]]; — 35 min, 66 MB*
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One-loop matching

e Automatic one-loop matching of &\qqm

LEFT1 = Match[LMSSM, EFTOrder -» 6, LoopOrder » 1] /. el 0;

e Automatic off-shell simplifications (incl. evanescent operators) of £ q\gpr

LEFT1 = GreensSimplify[LEFT1l, TypeofIdentities -» Evanescent];

e Automatic on-shell simplifications (field redefinitions) of £ q\gpr

LEFT1 = EOMSimplify [ LEFT1];

e Matching conditions in Warsaw basis

MatchingCondition = MapEffectiveCouplings[LEFT1l, LoadModel["SMEFT"]];

. —_— v . .
e Exam p|e QHG = (H T[{ )G,uI/G'u Leading terms cross checked with:

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

1 2 2 1 1 2 -2 1 1 r roo2 1 1 2 1 2 o 1 l
- —hc2Bgl’g3’ — - —nc2pgl’g3’ — - —nad” ad® g3’ = — ¢ = heopel g3 - -

48 g Md? 48 s Mg? 24 TR Mq? - 24 il Mu?

1 1 1 1 1 1 1 1 1

— nau  auP  g3?sB? — —— + — hYdP YdP  g3® — cB%+ — AYdP YdP g3 — cp®+ — nYuP  YuP  g3%sp® — +

24 Mg? Mu? 24 Md? 24 Mq? 24 Mq?

1 1 1 1 1 1 1 ] 1 11

— AYuP YuP  g3%sB? — + — aspYdP pad® cBg3? - — + — asBYuP pauP ceBg3? . v+ — nspYd®? padP cpg3t .

24 L Mz 24 - 5 = Md? Mq? " 24 . g e Mg? Mu? Y s - - Md? Mq? ’

1 11 1 1 1 1 T 1

— hs Yupr wprc 32————hWPrder 3252—— 2——hVUerupr 32—— 2C2

24 . . e Mg? Mu? 24 s Md? Mg? € o7 : Mg Mu? g e

Prelimijp, i
N — (HTEN3 Y (w.ip)
o Example: Oy =(H'H)
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One-loop matching

e Automatic one-loop matching of &\qqm

LEFT1 = Match[LMSSM, EFTOrder -» 6, LoopOrder » 1] /. el 0;

e Automatic off-shell simplifications (incl. evanescent operators) of £ q\gpr

LEFT1 = GreensSimplify[LEFT1l, TypeofIdentities -» Evanescent];

e Automatic on-shell simplifications (field redefinitions) of £ q\gpr

LEFT1 = EOMSimplify [ LEFT1];

e Matching conditions in Warsaw basis

MatchingCondition = MapEffectiveCouplings[LEFT1l, LoadModel["SMEFT"]];

: — T Uv : e
e Exam p|e QHG = (H H)G,MI/G Leading terms cross checked with:
cHG[] /. MatchingCondition // RelabelIndices // NiceForm
1 2 2 1 1 2 -2 1 1 r ro,2 1 1 2 1 2 o 1 l
- _he2Bgl’g3’ — - —hc2Bgl g3’ — - — hadP adPM g3° — — — hc2Bgl? g3’ — -
E e o e T e S ey Ll e oy il e L
i . 1 1 o1 1 .1 1
7 nauP” auP” g3%sp W e v aYdP" vdP" g3 e cB’ + o aYdP" vdP" g3 W cB’ + i aYuP" YuP" g3 s W +
1 s 0 1 S 1 1 1 1 ;1
1 1 1 1 11 1 1 1
— hs Yupr ﬂprc 32————hWPrder 3252—— 2——hVUerupr 32—— 2C2 .
4 DSB u Bg Mg? Mo? 24 83" s8” i o B3 47 w2 v B prel,minar
o Example: Oy =(H'H)

[-» Generating all B- and L-conserving operators without dual field-strength tensors]
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Conclusions & outlook: phenomenology

e Full MSSM-to-SMEFT matching condition in Warsaw basis computed wit%

Felix Wilsch (bl Effective Field Theories of the MSSM — HEFT 2024 | Bologna

a ™)
- Need to include flavor indices on sfermion masses, separating of 3rd gen. sfermions
e Need efficient way to isolate leading contributions / restrict matching conditions to subsets
e Make matching conditions available for analyses E
. | . T
e Link to codes for phenomenological analysis — e.g. SMEFiT '
- Export matching conditions to C++ for faster evaluation
- Perform phenomenological analysis by scanning over MSSM parameter space
\ y




Conclusions & outlook: phenomenology

e Full MSSM-to-SMEFT matching condition in Warsaw basis computed wit%

~

e Need efficient way to isolate leading contributions / restrict matching conditions to subsets

Need to include flavor indices on sfermion masses, separating of 3rd gen. sfermions

e Make matching conditions available for analyses

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

Export matching conditions to C++ for faster evaluation

Perform phenomenological analysis by scanning over MSSM parameter space

)

.d.!.M

e Compare different EFT scenarios — investigate EFT validity

e Longterm ideas/goals:

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

Global MSSM fit using SMEFT

)

}40M 2.N3INj
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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
/: background fields (satisfy classical EOM)
1. pure quantum fluctuation

e Path integral representation of effective quantum action:

exp (ilCyy(®) = J@n exp <indx Luv(n + ﬁ))

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

- Expand in powers of mg,l

= [ '-rr 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:

R X _ 5°Syy
Suv(®) = Syv(@ +1) = Syv(®) + =1, —
2 on 5’7]'
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Functional Matching at Tree Level & One Loop

e Saddle point approximation of the action:

Suv) = Suv(t +n) = | Suv(p) |+ =1i; 7+ 0(n)

® Tree-level matching: 3,(EOFET = ZLyv (ﬁL, ﬁH(ﬁL))

- Substitute #y by its EOM and expand in m{,l
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Functional Matching at Tree Level & One Loop

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

5°Syy

of]; on;

i + o)

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

® Tree-level matching: 3%2T = ZLyv (ﬁL, ﬁH(ﬁL))

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

1
® One-loop matching: exp (zFS%,) = [@n exp (Jddx Eﬁi @ij nj>

- Gaussian path integral:

) 172

) = —ilog (SDet @[A]) ~ = STy (log @I71)
UV 2

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

- Supertraces directly provide EFT operators: [ddx Sf,(ElF)T = FS%,
hard
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Functional Matching at Tree Level & One Loop

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

5°Syy

of]; on;

1
Suv(i) = Syv( + 1) = [SUV(ﬁ) J+ 5771' i + o)

® Tree-level matching: 3%2T = ZLyv (ﬁL, ﬁH(ﬁL))

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

1
® One-loop matching: exp (zFS%,) = [@n exp (Jddx Eﬁi @ij nj>

- Gaussian path integral: Evaluation using:

j - Method of regions
= ESTI' (log @[77]) | _ Wilson lines — covariance

. ) 172
1“82/ = —ilog (SDet @[n])

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

- Supertraces directly provide EFT operators: [ddx Sf,(ElF)T = FS%,
hard
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Functional Matching at Tree Level & One Loop

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

5°Syy

of]; on;

i + o)

n=ij \

[higher loop orders]

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

® Tree-level matching: 3%2T = ZLyv (ﬁL, ﬁH(ﬁL))

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

1
® One-loop matching: exp (zFS%,) = [@n exp (Jddx Eﬁi @ij nj>

- Gaussian path integral: Evaluation using:

- Method of regions

12 1 A
) = ESTr (log @[’7]) > _ Wilson lines — covariance

() = —ilog (SDet G[#]

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

- Supertraces directly provide EFT operators: [ddx Sf,(ElF)T = FS%,
hard
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Evanescent Operators

Operator reduction to a 4-dimensional on-shell basis of the EFT



Evanescent Operators

e Some identities for the reduction of redundant operator structures are
intrinsically 4-dimensional and 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, Y)I"® fn

| - -
> Fierz identities X)®[Y] = Ztr{XFnYFm} I M)

- Contractions of Levi-Civita tensors
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Evanescent Operators

e Some identities for the reduction of redundant operator structures are
intrinsically 4-dimensional and 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, Y)I"® fn

| - -
> Fierz identities X)®[Y] = Ztr{XFnYFm} I M)

- Contractions of Levi-Civita tensors onlyinD =4

e Applying these identities in combination with a matching performed using dimensional

regularization in D = 4 — 2¢ dimensions introduces order @O(e) mistake
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Evanescent Operators

e Some identities for the reduction of redundant operator structures are
intrinsically 4-dimensional and 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, Y)I"® fn

| - -
> Fierz identities X)®[Y] = Ztr{XFnYFm} I M)

- Contractions of Levi-Civita tensors onlyinD =4

e Applying these identities in combination with a matching performed using dimensional

regularization in D = 4 — 2¢ dimensions introduces order @O(e) mistake

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

D=4 identities

2%

T
D = 4 basis

R
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Evanescent Operators

e Some identities for the reduction of redundant operator structures are
intrinsically 4-dimensional and 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, Y)I"® fn

| - -
> Fierz identities X)®[Y] = Ztr{XFnYFm} I M)

- Contractions of Levi-Civita tensors

e Applying these identities in combination with a matching performed using dimensional
regularization in D = 4 — 2¢ dimensions introduces order @O(e) mistake

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

T
D = 4 basis

R
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Physical Contributions by Evanescent Operators

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

e Only physical contributions when inserted into a UV-divergent one-loop diagram
- No physical contributions at tree level
- One-loop contributions stem from (local) UV poles of the diagrams

e Only finite contributions to one-loop matrix elements
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Physical Contributions by Evanescent Operators

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

e Only physical contributions when inserted into a UV-divergent one-loop diagram
- No physical contributions at tree level
- One-loop contributions stem from (local) UV poles of the diagrams

e Only finite contributions to one-loop matrix elements

e 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 and

- Shifting coefficients of O by the finite renormalization constants
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Physical Contributions by Evanescent Operators

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

e Only physical contributions when inserted into a UV-divergent one-loop diagram
- No physical contributions at tree level
- One-loop contributions stem from (local) UV poles of the diagrams

e Only finite contributions to one-loop matrix elements

e 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 and

- Shifting coefficients of O by the finite renormalization constants

e Resulting renormalization scheme is an evanescent-free version of MS
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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)
r a
PSP = PSY + AV, where  ASD = g (T -TD)
B q J
o Fgfl): 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
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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)
r N

(1 — (D) ey (D = ) _ 17
PSP = PSY + AV, where  ASD = g (T -TD)

q J
o Fgfl): 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
- 2

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

hard

- J

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
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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)
r N

(1 — (D) ey (D = ) _ 17
PSP = PSY + AV, where  ASD = g (T -TD)

q J
o Fgfl): 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
> 2

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

hard

- J

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
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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 - ZCZde(L”pe d'q’)

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

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

® |n D dimensions we have: Cl’;’;et (3p}/”qt)(cis}/ﬂer) = — ZCZ’;Z (ZPe")(d*q") +CIZ’;§EZ§€I

)

evanescent operator O(¢)
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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 - ZCZde(L”pe d'q’)

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

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

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

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

b o € EFT 7~ © EFT
- J

* 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: [rglgT = 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:
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