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EFT vs On-Shell BSM

* No clear evidence for new physics, despite the large number of
dedicated LHC searches.

e How can we make the most of the available data?
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dedicated LHC searches.

e How can we make the most of the available data?
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4 approaches compare?
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* To answer these questions we need a concrete UV model-> MSSM






MSSM

* The Minimal Supersymmetric SM (MSSM) has many interesting

properties:

e Stabilizes the EW scale
e Dark Matter candidate

* Predicts the Higgs mass

 Almost all the interactions are fixed by the SM gauge and Yukawa couplings, ...

spin 0 spin 1/2
q = (ur,dr) q= (ur,dr)
il e
di d€
~:(DL7éL) f:(yL’eL)
et e
H, = (HJ,HB) H, = (qu_aﬁg)
Hd:(Hgde_) Hgy :(Hc(i)vﬂd_)

spin 1/2 | spin 1
G G
W W
B B
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* The Minimal Supersymmetric SM (MSSM) has many interesting
properties:

e Stabilizes the EW scale
e Dark Matter candidate
* Predicts the Higgs mass

 Almost all the interactions are fixed by the SM gauge and Yukawa couplings, ...

spin 0 spin 1/2
¢ = (ug,dg) q= (ur,dy) spin 1/2 | spin 1
= { c -
- u G =
dT d€ -
= (p.er) | €= (vper) A
= \VL, €L = (VL,€eL
et ec B B
H,=(H+,H% | H, = (H,HY) |
Hy= (H) H7) H, = (ﬁc(z) ﬁd—) * R-odd and R-even fields

* Higgs Sector: Type-Il 2HDM
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MSSM to SMEFT

* If the BSM fields are sufficiently heavy, their impact at low energies
can be parametrized by the SM Effective Field Theory (SMEFT):
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EFT

* If the BSM fields are sufficiently heavy, their impact at low energies
can be parametrized by the SM Effective Field Theory (SMEFT):

Lyissm(mg, ...) = Lesvuerr = Lsm +

¥ (mg, ...

oo o (A

* Mapping Assumptions:

l. all BSM fields are heavy (but not degenerate) » 31 fields!

ll. we consider up to dim-6 operators

lll. we do not include running between intermediate BSM scales
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* How to integrate out the heavy degrees of freedom in this case?
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MSSM to SMEFT

* The decoupling limit (me » My) leads to alignment, thus making the
SM-like Higgs doublet a linear combination of H, and Hg:

H Sy —cy\ [ Hy 2b
— tan 2v =
(@) ( ) (H) ST e

INn this liMit;

Laissv (Mg, -.) = (YuSy) GRQLH + (Yacy) drQrLH + (yucy) urpQr® + ...
= Lsm + Leswu

* In this basis it is possible to integrate out the BSM fields:

MSSM \ FIATCAETE |\ SMEFT
(Warsaw basis)

(4-component | Hod
spinors, diagonal Functional methods (CDE)

Higgs basis)

* 2 modified version of Matchete was
used, which will become public
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Matching Results
* dim-6 Operators:

* All the R-odd fields (squarks, sleptons, gauginos) appear in pairs when
coupling to the SM fields:

s = SM
/(Q7 l? g, W7 B)
= [ SR
\ (4m)° A2
(51} L g, W, 3) sM  (loop induced)

* Tree level operators are only generated by the heavy Higgs:

.2 2 2\ 2
SM SM Cyg = sin”(405) (91 —I_gQ)

> ¢ / mé 64 |
2
(1)p7‘8t L (S)prst o COt 5 Y*TSth
” \ - ‘Cqu/ 60‘1’“ qu)

Fully correlated
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Matching Results

* Wilson coefficients:  Cy WHWYPWPF + Cyp|H|?B,, B" + ...

23 LF3,.3[|T|2] + i g23 I—FS,—Z [m5 ] Zp g23 LF3 @[m p Zp 823 LF4 -1 [mlp] -

g
9
L6 a2 (] ] Tyt a0 6 s (] 2 Tt e, a[m?]

g% LFs, 5[ma] - 12 8° LFg,@[m v = 8° LFs, 5[]

Cus - h (3*16 ZPCZB gl4 LF3,0[m&p] - 3716 ch25 g14 LF4’,1[m&p] -

é g1 cg” Vo' yeP" LF3,0[m "] + %) 817 ¢’ VP yaP" LFa,1[m "] + % 812 (cp AP - sp IVeP") (cpacP - spiliyeP) LFs ) 2 [mP,m]

i Do Cop 81t LFs o [mP] - :11 Do Cap 81% LFa, 1 [m.P] ,é 812 a2 Vo yeP" LFs o [m, ] + é g% (53" - 55 AVa") (cpad® - S5 yaP") LFs,10[mP, m "] +

i 812 cg® VP  yeP  LFy, 1 [m. "] - 1*16 g1° (2cs? V" yepr+ZpC26 g1%) LF3,0[mP] + é g1% (cpag - sp 1VaP") (cpad® - sp iy ) LFs,, 1[mP, m "] -

Tle (2817 €s® V" yeP" 4 )y cop 8a®) LFa, o [mP] + 5817 (o TP -5 1Va"") (csad® —spyePT) LFayy, 1 [mP, m "] +

m g% (-6 s’ Vo' yaP - 6 557 YiPT yuPT + ) Cap 81%) LFs 0 [mgP] + 2 g1 (cpad® - iVa") (CpadP - sp/iyaP") LFs,1,2[mP, m."] -
(6T 05T Ty ) L] - S 6 (5,3 ) (58 o) Lnmal s ] -

3 chm g1t LFso[mP] + 2 D% Czﬁ g1* LFa, 1 [mP] - 2 &1® 55° TP yuP" LFa 0 [m"] + o 817 (e FP - e VaPT) (span® -y LFs,1,0[mP, my ] +

3 g 252 VP yuP " LFy, 1 [my" ] + ( (1+3cap) +381% 8% (-1+Cap)) LF3 0[mg] - 2%‘ g1 (spac - fcs VaP') (span® - ficpyuP") LF3,2, 1[mgP, m,"] +

L g2 (gl (1+3cap) +382% (- l+c45)) LFa, 1[mg] - g (ST - s TaPT) (S5 @ - CoyPT) LFay, o [mP, mT] -

%, : (cs3q Ny_p ) (Cﬁ agP" -~ sp A yaP") LF2,2,0 a:: meP] - o817 (e3P - e V") (span® -y LFs,1,0 M, mP]

s 8 (cs adp Sp AYaP") (cpad® - 55 i ya®") LFs,1,0[my", mP] + 26 817 (S0 TPT - H s TuPT) (36 P’ - e yuPT) LFs o, 0 [my", meP] -

é 2 (cpaa® - s Ve (cp adpr—SBMder> LF3,5, 1] dr, mgP] + ;—i 812 (spaP - HcsViP") (spaP - icsyuP) LR, 1,o1[mg", mP o+

é % (cp adp Sp V") (cpad® - sgliydP") LFa 1, 1 [my, mgP - iglz (sgaaP - fcs VuP') (spanP - fcpyuP) LFs,1, o [my", mP] -

é 2 (cp@P - sp I TVeP") (cpacP” —s5ayeP) LF; o [me", mP] - % g1* (cp? +552) LF3 1, 1[fi, m] —% My Sg i Csg1* LFs 1,0 ([, m] +

i % (cp aepr Sp V") (cpacP - sgiiyeP ) LFs o [me", mP]+ g g1% (cp? + %) LFa,1, o[/, M) +% my SpfiCpgr* LFq 1, 1 [/, m] -

281 (cp AP - iVPT) (cpacP - spliyeP") LR, a[m", mP] + 28 (cg? +55%) LFs 1, 5[, my] - 5 mySgficygn® LFs,y, o[fi, m] -

i 2 (CB 3" - ﬂy_pr> <C/3 acP - sgiyeP r) LF4,1, 1[me s mip] + g g2 g, (c52+562> LF3,1, 1 [f, my] —i My Sg i Cp 812 82° LF3,1,0 [, Mo +
5 8% (o TP - sp A TePT) (cpacP -~ 55 f1yeP) LFsz 0 [mP, m"] - 2 812 827 (cp? + 55%) LFay, 21, M) + 2 My S5 /i s @12 822 LFa,y, 1[I, my] -
L e’ (C/S ERE ﬂy_p ) <C/s aepr’sﬁuyepr> LFa,1,-1[mP, m"] + 2 81787 (c? + 557) LFs,1, 3[fl, Mm] -2 myspficpga® 82 LFs,1, 5 [, My
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m g1° (6 cs? Vo ydP" + 6 557 VIPT yP" - Z{ ") (spalP" -fdcpysP") LF2 50 [m~p, m-"1 -

9 ZPCZB 81" LFs O[m“p] 2 Z Cap g.* LF4, | Operat0rTOC++ g
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) (ssauP -dcsyP)
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2’ (-lecap)) L ) (se aupr—ucﬁ YuP) LFa,1, 1 [mP, m"] -

) )

) )

) (e )

]
a> M|
]
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g1 (cpacP —sp i yr" r LFz,z,o[mer, mip] - g’ (CB +552> LF3,1,-1 [/, my] *% My Sg i Csg1* LFs 1,0 ([, m] +
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Stop-Bino case

* “Light” Stop-Bino case: v < mg,, mi < msusy

. N ~ ~ V2 .=
Lpsu — 5B (iy"9, —m1) B+ |Dyt|* —m: [t - (—\/_gltTBtR + h.c.)

3

DO | —
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Stop-Bino case

* “Light” Stop-Bino case: v < mg,, mi < msusy

= ~ - - IN/2 .=
B (iv"0,, — m1) B + | D, t|* — 772%R|t|2 — (T\/_gltTBtR + h.c.)

DO | —

Lpsy —

* SMEFT Lagrangian: only 8 (out of 22) WCs are LlI!
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Stop-Bino case

* “Light” Stop-Bino case: v < mg,, mi < msusy

2v/2

Lpsy — B (iv"0,, — m1) B + |D,t]* — mth|7§|2 — (TglfTBtR + h.c.)

DO | —

* SMEFT Lagrangian: only 8 (out of 22) WCs are LlI!

LsverT = C2% (EUWTAt) (egp*ny) + CGfABCGfV G* fo“

£ OB (E T AL (O TAQ) + CO (T R) (GruTAQ + iy T 1)

+ 403333yt ) Eyutr) + C333 (Tryutr) Erul R)
1 _ _ _ B
+ 10(5611)3311(&’7“&) (4dryudr — 2Q1Y, QL + 3tryutL)

+ Cfgi)n%(fRW”tR) (4uryuur — 2dryudr + Qry,QL) + ...

q t t t g t t
q t t t g t t
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* Preliminary results:
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* Preliminary results:
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* Preliminary results:

André Lessa | UFABC

1074
10—5_
10—6_
1 —7
E 1074
10~°:
10-9- B my, =2.0TeV,m; =1.5TeV
B my, =1.6TeV,m; = 1.5TeV
B m;, = 1.6TeV,my; = 0.5TeV
10-10- ~malt
33 1)1133 3333 1)3333 1)3311 8)3311 8)1133
Cal 11 o™ 1CER o™ el e e
~— e
4 2 2
Js 1 gs 891 1 1 2 3 3
C(8)1133 _ _ + 2 —9x 4+ 18x° — 11x° + 62° log(x
o 96072 m? 5762 9 m? (1 — z)* | 3(@)]
tr tr
_ 27 2
C(®)1133 10—4i L = ml/ng
a A2 _

—» \Well below experimental limits



Stop-Bino case

* Preliminary results:

g1 = 0.37, gJs = 1.1
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e
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Stop-Bino case

* Preliminary results:

g1=037, gs=11

2.5 I104
o -
= >
> D)
= 15 =
s 07 85

1.0

0.5

05 1.0 15 20 25
ng (T@V)

g1 = 037,
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gs=1.1

sign flip

10
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Conclusions

* Current tools allows us to map any BSM model to SMEFT

* For the MSSM we find:
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Conclusions

* Current tools allows us to map any BSM model to SMEFT

* For the MSSM we find:

* A large number of relevant operators, but mostly loop suppressed
* Strong correlation between the operators

* The results were validated against some well known results in the
literature

* Next steps:

e Study of the coefficients within more general MSSM scenarios
 Constraints from SM measurements

« Combination with direct searches

* RGE evolution between BSM hierarchies

Thanks!
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Backup
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Matching Results

* DiIm-4 matching conditions (threshold corrections)

* Gauge couplings: matching scale
3 1 —2 2 —2 1 —2/
T = 0 - {Z 36 8 (f,zpf Fglos (fnfp)? Tgles (njpf
p q u d
—2 —2 —2 —2
+1—12 log (52)2 + é log (752)2 + % log :L—?I) + %log 22}
gSMEFT — gg/ISSM _1_ ey ggMEFT — gg/ISSM _1_

Large logs if there is a large
* Higgs quartic: hierarchy in the BSM sector
(requires RGE running)
2(5 2(5
_ gi(p) +g2(p) | 1
Ap) = C%’y : 4 : 1672 Ax(m)

* Yukawa couplings:

YPT (1) = P ([ Av (i1
T/ — r —_ 1
Yie(R) = ¢y yae(R) + 753 Ava..(B)
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Matching Results

* DiIm-4 matching conditions (threshold corrections)

* Gauge couplings: matching scale

SMEFT MSSM g% {Z 1 ] /12 21 :L_LQ 1 1 /12/
g1 = 91 - 5 on 108 p2+_0g p2+ 0og N2
1672 | 5= 36 (mf)” 9 T (mB)® 18 (mh)
1 ° 1 0? 1 o 1. p§?
—1 ~1 — log — + - log =
+12 og 60g<m§)2 +12 Ogm%+30gﬁ2
gSMEFT — gg/ISSM _1_ ey ggMEFT — gg/ISSM
Large logs if there is a large
* Higgs quartic: hierarchy N the BSM sector
(requires RGE running)
2(5 2(
_ gi(f) + g5 (j1) 1
) = c5 A
() Cony 1 + 1672 A(
* Yukawa couplings: Input variables:
1
PT(5) — PT (1 T
T/ — r —_ 1
Y7o(B) = cyyg(B) + = Ay, . (f) + MSSM parameters
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* Higgs mass:
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= cos*(2v)m% [1 -3 Sin2(2’y)m—§ + loop corrections
My
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* This is the well-known result that at tree level the Higgs
mass is smaller than mz
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Matching Results

* Higgs mass:

3 2
mfo = o (1= 2

2

= cos*(2v)m% [1 -3 sin2(2’y)m—§ + loop corrections
My

* This is the well-known result that at tree level the Higgs
mass is smaller than mz

* Large loop corrections are heeded to achieve my =125 GeV
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Warsaw Basis

1-4: Bosonic Operators

1: x° 2: HY 4: X?H?
Qc ﬁf""”r'f_}’i;"”(}‘f”(?i"‘ Qx (HTH)? Que  H(HTH)GLG™ | Qup L(HH)B,, B
Qw ="M win W Qun (HTHO(HTH) Quw  (H'H)N ,{, Wi | Quwe - (H'r fHuH,{, B
Qi W Iwrw S | Qup  (HIDLHHIDMH) || Qe S(HTH)WLW | Qo = (7 H )W, B
5-7: Fermion Bilinears (v'?) 7. v2H'D - Hermitian + O oy
non-Hermitian (L) (LL) (RR) (RR') + H.e
5: ¥'H? + He. 6: v'XH + He. QY (HNDH)EA") | Que  (HUD H)En ) | Quua i(HIDLH) (1,0%d,)
Qe (HUH)(lpe H) || Quw  L(G0™e)r HW), | Que (G T )HGY, | Que (g0 T4, HGY, QW (DY) | Qe (HYD L H) (7% 0,)
Quu (H'H) @ H) | Qe L(60"e,)HBu | Quw E{mﬂ“”fh} AW, | Quw L(gervd, )T HW, QB ) are) | Qua (D))
Qarr (H'H)(Gpd, H) Que =@ u )HBu | Qus =(§po"d,)HBy, E,l:,:'f [H?i‘ﬁj"rH‘_llfr}r;"ﬁ.“q,}
8: Fermion Quadrilinears (")
Hermitian non-Hermitian
(LL)(LL) (RR)(RR) (LL)(RR) (LR)(LR) + H.c.
Qu G ) (Bt | Qe (EuedEnte) | Qn  (Bde)(Eer) @E,!ir,; ()23 (ghdy)
Qw (@)@ a) | Que  (pve)(@atn) | Qu (Pl ) (P Qq,m (T, ey (@A Td))
Qv (@' e )@ a) | Qua (dyypde sy dy) Qi (Eprypels ) (dyytdy) (J,,W (Ger)ei (@)
QY But)@'a) | Qe Ene)@atu) | Qe (@wa) @) | Q) (Bowereg(@ou)
Q' G )@ ) | Qea (Ewe)datd) | Qnd (Gpude) (T )
QL () (datd) | Q) (G T (i ur*m ]
Q) (T ) (do?TAde) | QL) (@) (dandr) (LR)(RL) + H.c.
'L(c?,r,-; (quruT e )dar" TAde) || Qreaq (e ) dages)
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MSSM to SMEFT

* Why not simply consider the general (model-independent)
SMEFT framework?

Many free parameters! (~2,500 @ dim-6)

The coefficients induced by a full BSM model can be strongly correlated

The BSM effects can be enhanced or suppressed with respect to single
parameter fits

It allows for a direct comparison with on-shell searches



MSSM to SMEFT

 Two approaches:

1) Consider the full MSSM, compute the
physical masses after EWSB and only then
Integrate the fields » mapping to HEFT

2 | 2 2 1 42 .2
VHEFT _ (h0)2 cos?(28) 91 + 93 2 [1 — sin2(28) gi+92 v ]

8 4 mé

2 2 2 2 92
+(10)® cos?(28) L1192 4 |1~ 3sin2(2p) AT U
8 4 mg

2 2 2 2 9

+g . g1 g5 v

hO 4 2 2 gl 2 1 - 13 2 2 ]_ 2

+( ) cos(25) 32 sin“(20) ) m?{)

— (h°)° 3sin(48) (s +93)" v

256 m2,
2
. 0\6 . 9 (g%+g%) 1
(h ) sin“(4.3) =12 mé’

André Lessa | UFABC

2) Integrate out the heavy scalars
before EWSB » mapping to SMEFT

A
VSMEFT _ M%]‘HP + §’H’4 o CH|H|6

Higgs
2 2
A\ = COSQ(Q’)/) 91 1_92
2
O — Sm2(47) (g% —l—g%)
H m%{) 64

 Both approaches give the same results up to leading order in the EFT expansion:

VSMEFT _ IgEFT + 0(04//\4)

Higgs h



André Lessa | UFABC

Stop-Bino case

* “Light” Stop-Bino case: v < m;,, mi < msusy

. N ~ ~ V2 .=
Lpsu — 5B (iy"9, —m1) B+ |Dyt|* —m: [t - (—\/_gltTBtR + h.c.)

3

DO | —

mi., M1 - Free parameters

10
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Stop-Bino case

* “Light” Stop-Bino case: v < mg,, mi < msusy

2v/2

Lpsy — B (iv"0,, — m1) B + |D,t]* — m%R|f|2 — (TglfTBtR + h.c.)

DO | —

mi., M1 - Free parameters

e At the LHC;

10
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Stop-Bino case

* “Light” Stop-Bino case: v < mg,, mi < msusy

= ~ - - IN/2 .=
B (iv"0,, — m1) B + | D, t|* — 772%R|t|2 — (T\/_gltTBtR + h.c.)

DO | —

Lpsy —

mi., M1 - Free parameters

e At the LHC;

2ng < \/gt

Direct Searches

10
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Stop-Bino case

* “Light” Stop-Bino case: v < mg,, mi < msusy

= ~ - - IN/2 .=
B (iv"0,, — m1) B + | D, t|* — 772%R|t|2 — (T\/_gltTBtR + h.c.)

DO | —

Lpsy —

mi., M1 - Free parameters

At the LHC:
2my, < Vs mg,,, m1 > V3§
q ~ é q A oo t q t
t 5 .
>m’<: B >.m.q,< AB >
~ v B ~~\
0 L < q b N—e— ~ -

INndirect Searches

Direct Searches
(EFT)

10
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-FT Coefficients

* Toy Model:
=5 a,=0.13 =5 a,=0.13
2500 DL s 10-! 2500 SDIL s
2000 E 2000
—~ C\|1 —~ \\
2 1500 = 2 1500 =
2 £107 £ 2 2
> : > \
S 1000 5 = 1000 i
500 500 ;

. — ‘ 1073 . .
500 1000 1500 2000 2500 500 1000 1500 2000 2500
myr (GeV) mr (GeV)
e Constraints: | Operator | Individual fit (TeV~2) | Marginalised fit (TeV~2)
0.086 12
Orc _O'Oﬁ% 0-365;026
! g g
O?”} -0.45@1;318 4.0 tllll
3 ;
O;4 -1.0%575 _0‘421_12

J. Ellis, M. Madigan, K. Mimasu, V. Sanz and T. You (2012.02779)



More

Results

Distributions for heavy masses:

e :mT = 1000 GeV, m,, = 900 GeV, ypy =10.0
i pp — tt (SM)
i qq — tt (EFT)
Y [ qq — tt (1-loop)
gg — tt (EFT)
_ 1073 3 1 g9 — tt (1-loop)
=
=
=
-le 10—4 _
107 -
1076 1 1 1 T
0.04
e qq — 1t (1-loop) e pp — 1t (1-loop)
§ 0.03 9 — g9 — tt (1-loop) e pp — 1t (EFT)
= 0.02-
§ 0.01 -+
_’/\———M—
= 0.00-
_0-01 1 1 1 1
500 1000 1500 2000 2500

m(tt) (GeV)

André Lessa | UFABC

mr = 1000 GeV, m, = 900 GeV, ypy =10.0

pr(t) (GeV)

102 -
{ Boosted top fiducial phase-space pp — It (SM)
qq — tt (EFT)
1 qq¢ — ¢t (1-loop)
1073 4 — gg — tt (EFT)
_ ] 1 g9 — it (1-loop)
(S
q
=
i)
1074 _I_ I_I —|—|_
10—‘5 T L} T L T T T
0.04
e qq — tt (1-loop) ey — tt (1-loop)
§ 0.03 9 — gg — tt (1-loop) === pp — tt (EFT)
2 0.011
z 0 E——
<000 T =
_0-01 1 I I 1 I 1 1
600 800 1000 1200 1400 1600 1800
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More Results

Expected Limits:

Expected and Observed Limits

Observed Limits:;

LHC Constraints
| = Direct Searches | —— Direct Searches
| —— CMS - m(tt) J—— CMS - m(it)
|| = ATLAS - pr(?) | —— ATLAS - pr(?)
,' —
= 102
" éo 10
I =
! <
I
I
I
I
i
1
1
1
I I I I ! I I I 101 I - I I . I I 1 1
500 600 700 800 900 1000 1100 500 600 700 800 900 1000 1100

mr (GeV)
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