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Introduction to SMEFT
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— v E

NP scale

><

SO Jhp
n

g Y(1,238)

*’_\ z

ew particlesy,

CMS Preliminary

One assumption : p2 < m”* -

New/modified interactions 1
between SM particles

Ns=7TeV, L =40pb

1 Allll 1 1 llllll Il ' lll;lll

1 2
! Lo u"'u'enass {GeV/c?)

C. Degrande




Parametrize any NP but an « number of coefficients

Ny
C; .
L=Lsy+) ) w704 SMfields & sym.
d>4 i
® Assumption : e =<4 a finite number of
L= Ly + Z %O? coefficients
; A =>Predictive!

measure only C;/A*

¢ Model independent (i.e. parametrize a large class of
models) : any HEAVY NP

e SMis the leading term : EFT for precision physics

® higher the exp. precision => smaller EFT error
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SMEFT and interference



M ()" = [Msa ()] 2R (M (2) Mg (2)) | Mas ()| + ..
S D o@n

(0.0l)

O(1) 0(0.1) 10%
O(1) 0(0.5) 50% 0(0.25)

- Contains :
- 1 dim6 insertion squared
- Interference wi Insertions
- Interference with 1 dim8 insertion

. ...at 1/A™°
+ Error (estimate)

usually

included

Dimension 8 basis: Li et al., 2005.00008
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https://arxiv.org/abs/2005.00008

Azatov et al., Helicity Selection Rules and Non-Interference for
BSM Amplitudes, 1607.05236

As ||R(AZY)] | IR(AZM)]
VVvVv 0 4,2 (XIEDXT 2,0 2,0
VVoo 0 2 (XI0Y0 0 0
V'V 0 2 PPOP 0 0
Vo 0 2
M (2)|* = |Msar(2)] |4 2R (Mg (2) Mg () +O(A™°)
AO ) A2 | ,%
6(1) ~0 6(0.03)

: | _
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https://arxiv.org/abs/1607.05236

M ()| = |Msar ()| |+ 2R (Msar(2) Mjg(z)) H (| Mas(z)* + ...
A© * A2 O (A™%)

* 2 2 L\
%(MSA}Qx)Mda(w)) = \/ Mg ()™ | Mas ()| cos o &
L » R
moma&spin Not always positive >
Can be suppressed 1
Msn (1) = 1, Msp(z2) =0
oo Y M) if Tint =0
X Md6(581) :% Md6(CL‘2) =1
- Observable dependent

oraxnl2 M?->M?>—iTM Oyl
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C.D., M. Maltoni 2012.06595

. do

oIt = / dP gg't > >, ~ =Phase space
Suppression

O_|meas| E/dq)meas d_O' EXperImenta”y
fomy @® accessible?

N
— ]\;E}noo ; w; * sign (gﬂ; M E(p;, um))

do neutrino momenta,

Fully: —2(pp — Zy) o cos @ helicities, jet
do flavours, initial

arton direction,...
Not atall: o, (1;) = — o;, (Hp) P
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https://arxiv.org/abs/2012.06595

CPV in EWdiboson



at the interference level

m, # 0 # m,

(X7) G (FP#D)
Ocac | 1MPCGIGIPGE! | O (¢79) (st o) Optp | 1(¢TD,) (E7*D)
Ovrww EUKW;{VWVJ prK “ 1 Oy (679)(q3b9)
(X?2¢?) (v (Xv%0)
Oz | ¢loGLGM™ 0§1§b (Ben(@h) | O | (@0 TA)oGE,
Ogiy | SfoWL Wi | O | (BTat)ejn(@ETab) | Oww | (@™ t)T oW,
O,5 ¢t ¢ B, B e . Oz | (G30"t)¢B,,
quWB ¢TTI¢/W/L{VB”V If I agl nary ObG (§3U'W/TA[)) ¢Gﬁy
coefficient Oww | (g0 b)TioW],
Obs (q30"D) OB,

Table 4: List of CP-odd dimension-6 operators in our reduced basis under the U(1)

symmetry.

C.D., J. Toucheque, 2110.02993
Bonnefoy et al., 2112.03889
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https://arxiv.org/abs/2110.02993

If b Is massless,

bR — €_i90bi/R
leaves the SM Lagrangian invariant but

ewa|Cbc;|(Qa“”TAb)q§Gﬁ,, — |CbG|(QU#VTAb/)q;GﬁV
No CP violation from (- in the massless b limit

The relative phase of operators only matter at © (A‘4)
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neglecting CKM phase

0, (C —even) =0
IntQ #£ 024 = () SM/dim6?
WZ/y are not C-even processes but o;,, ~ (

CP—-odd A,

Only visible in distributions

Large enough cross-sections for accurate differential meas.

Leptonic and mostly visible decays

q

ZIy g e z/y Z[y

WWW? 0¢WB C. Degrande



Process WHZ — uutetv, | WZ = upute v,
o(SM) 15.74(2) fb 9.88(1) b
OpDr 3.45% 3.78%
7 (Osvmy) 0.047(4) fb 0.033(3) fb +,

Schwartz Bound 16.13 tb 8.85 tb <>Suppressed
O"mﬂ(OWWW) 3.302(4) b 2.028(3) tb < from phase space
oM (O ) 1.084(4) fb 0.634(3) fb “ |
oA+ (O ) 1.133(5) b 1.982(3) fb

(0 5 5) 0.0086(7) fb -0.0066(4) b+,
Schwartz Bound 1.21fh | 0.76 fb ()
(O 0.5467(7) fb <] 0.3533(4) fb <
om0 7 ) 0.1807(7) fb = | 0.1100(4) b | |grgely available
-+ (O 57 5) 0.0231(3) fb 0.0145(2) b

C=1,A=1TeV
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pp — pu putety, for C s =1 and A =1TEV at 13 TEV

WWW
4: :Sxa eeeeeeeeee l
’ Symmetric .
- (qupZ)
) 2: Pe - N N
%yg 1: |(qupZ)|
) —m—r———= ———
-1 Asymmetric
9200  —-100 0 100 200
P (GGV)

C. Degrande



knowing the quark direction

D

Process W*Z — puputetu,
Operators SM Owrww O S
Ap, (Pe,Dq) -0.04(2) | -1.612(4) | -0.3888(7)
Ap (pe, p”’z) -0.02(2) | -0.628(4) | -0.1207(7)
Ap, (pe, p?) 0.0(2) 0.535(4) | -0.1173(7)
Ap1 (pe,p%) -0.01(2) | -0.527(4) | -0.0874(7)
Asin ¢y 7 -0.03(2) | -0.321(4) | 0.0031(7)
A (Apey) 0.07(2) | 0.196(4) | 0.0688(7)
SM stat err 30 fb™" 0.7
SM stat err 100 fb™" 0.4
SM stat err 3000 fb~" 0.07

50-70% efficiency

80-90% in Wy

etter than HE observables

Process W~Z — u ute v,
Operators SM Owww O SV B
Ap, (De, Pq) 0.08(1) | 1.006(3) | 0.2522(4)
ApL(pe,pi) 0.03(1) | -0.331(3) | 0.0810(4)
Ap1 (pe, p?) 0.01(1) | 0.295(3) | 0.0514(4)
Api(pe,p%) 0.00(1) | 0.295(3) | 0.0627(4) >
A sin ¢y 0.02(1) | -0.190(3) | 0.0013(4) B
A (Apez) 0.05(1) | 0.022(3) | 0.0109(4)
SM stat err 30 fb™* 0.6
SM stat err 100 fb™* 0.3
SM stat err 3000 fb™" 0.06
~ 0
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1%1p. »u-ute ve for Cypww=1 alnd A= 1T]|EV at 13 TEV
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Constraints in WZ
102 E 1
] — OWww —_— Wtz * ATLAS
] EEs==e_ —_— Oz == W~Z
10% - === —
< ] Eom=——_ . | m===aa____
G 0 i * ---------------- .'-—-N
10° ; S S S AN~ 1TeV
10-1 1— ——= | —
101 102 103
Luminosity (fb~1)
Constraints in Wy
101 5 .
] — Owww — W+Y % ATLAS
— — Opz == W~y
100 BRI, —=tr
1071
101

Luminosity (fb~1)

A ~ 3TeV

EFT validity & Errors ~ (0.2TeV/1TeV)2 ~4%
Bulk vs small HE talil
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Keeping uncertainties under control
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https://arxiv.org/abs/2008.11743

1.0:—

cos @ + 0.05

: 1 Lo _
|3 NLO
Cls oNO = — .43
-0.5 -
10, - K ~ -3
2.0 e
" 4 - Uncertainty
x 10¢r N 8 :
0.5 e
00— v e e 1
0. 0.5 1.0 1.5 2.0 2.5 3.0

O is not the right variable to probe the interference
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A = do(cosd > 0) — do(cos 8 < 0)

ALO =72 > > 0¥ =0.16
ANO =215
KA — 1.1

No/little cancellation
(Much) larger sensitivity
Less sensitive to corrections (smaller errors)

C. Degrande



do/d¢yz (fb)

@LO

wgt>0—-wgt<0
wgt>0+wgt<0

pp >W*(e*vZ(u*u~), ug=pr= 1TeV

............................... l
r e A
m
0.0 -
SM/50
——— 0O(1/A?)
0.2 —— SM/50 LO+j
— 0O(1/N\?) LO+j
) D » u : I Lo |
0.4 1 Iﬂw — NLO
[ stat unc
Cos 778 scale var
2
04 — SM K-factor
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Dim-8 In diboson



: v = g
d )7 O10 = ZWIMVWI A (QLT’}/)\ DMQLp) 7

Oy = iB",B"\(dr Y D
O9 = iB*, B” \(uRrpY %) Rr),s Oy =i /Bw i, WY, ((jip’YA (TK)ijﬁMQLrj) v
O3 = iB", B (fi ﬁqu)y O1y = ie KW, W7 (g, (75),7'D i)
Oy = Wi, B> (QLpV (1) ]ﬁqug) | O = il K Win Jirdv, (_fﬂ/\ (TK)ijﬁqurj) |
05 = W' B (G, (), Dpawry) . Ou=i(an Dyur,) (DaH D 1),
O = iWT, B ( , (), jﬁuqm)a O15 = i (A7 D i, ) (DAHTDMH),
O7 = iW' B ( Gt (71, %}qurﬂ) ) 16 =1 <QLWA<B“QLP) (DAHTDMH) !
Os = iWH, W (diyr D i), O =i(a W”Kﬁu%ﬁ (DT D i)
Oy = iWTH, W, (g <ﬁ uRy), O = i(upy " D " dp,)e? (D* H;D" Hy),

q ' CD,H.-L. Li, 2303.10493

\% Vv q \%4
q 1% q

C. Degrande

(a) dim-6 vertex corrections (b) dim-8 contact corrections


https://arxiv.org/abs/2303.10493

Operator 2 Re(ASMANP*) 2 f dQ Re( ASM ANPx)

Og dd : bsS + cg 0 %

@ uu : bgS + cg 0 \\
O10 uﬂ/dJ: aio - S? + b19 - S + 10 uﬂ/dJ: 51@ 510 <93 C10

O11 0 0 \\ (: PV

. uti : a¥yS?% + b8 + ¥ Ut n@ b1oS + Ty + D12X\\
12

dd : a%y5% +b%,S + cf, dd: @ @ 57,8 + ey + Dy log S >\<
Asymmetric

uti : 55?4+ 0% S + Yy uil : @ by3S + ¢ + Diglog S

dd : a%yS? + b5 + c, dd - @ byyS + e, -I—/Efl{log/S/
O14 uti : a145% + b14S + c14 0 “ /

O15 dd : a155% + b15S + c15 0 —

O uti : alsS? 4+ b%S + ¥ uti : bygS + s + Dyglog S
dd : algS? + bdsS + dd : bsS + ¢ + Diglog S

o uti : a,S% + biS + ¢t uti : by7S + ¢ + Dy, log S
dd : al.5% + bd.S + . dd : b5+ + D log S

Table 2: Scaling of qg — W W interference amplitude after summing and averaging over spins and helici-
ties.
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(hyw+, hyy-) Ah 15 ApM
— 4+ 1S%Ssin? () sin(6) (S — 2M2,) 6. 0 SV
Arocsin(@) M2 4, 1—4M‘%V _
=S Ssin(8) cos(8)M2,6, (;(SZ M"V) i
_ 0 S3/2 $3/2 sin?(§)(2cos(0)+1)MZ, 6ap drosin? (9)MZ6ap+/25—8M S_j[/2
; 2 Mo 3S My —3 My, M2
2
. 4rasin(0) M2 34, 1— M —1
+, + S S sin(6) cos(0) Mz, 040 3(SZ—M§\< s_
+,— 1S22S5 sin (8) cos® (£) 6ap (S — 2M2)) 0 SO
10 S3/2 S3/2 cos? (%)\(/2_008(0)—1)M3V5ab 47Tacos;‘sg]%4)M%35]T;\/]\24i—8Mav S__1/2
! 2 My, W W
0. 1+ S3/2_53/2 Sin2(%)\(/2_cos(9)—|—1)Ma/5ab 4\/§7ra51]r\14( ]\2—[]2\425:;3\/}/5 AM S +1/2
! 2 My 3 My —3 w
0 — S3/2 53/2COS2(%)(1—2COS(9))M‘%‘/5ab 4/ 27 cos? ( )M25ab\/5 4M2 S +1/2
’ V2 My 3Mw MZ—3S My
2
0,0 P — S'sin 20026, QW“SiD(Q)M%‘Sa”@MgV*S)\/1‘4?‘/50

3013, (135)

Table 3: Helicity amplitudes for dd — WW for hy = 1 and hj =

—1, where A%,- is generated by Os.
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(hyy+, hy—) .A,ll? / (5\145 A%VI
—,+ S S sin? (%) sin(H)M%/(Sab 0
0 4o sin(H)M%%b \/1_ 4]\231/ 1q
. S_SSI (5) 5 3(S—M%) S
0 S3/§3/2 s1n2(g) COS(@)MW5ab 4oy sin2(g)M%5ab\/2S—8M‘%V S-_]/2
o /2 35 My, —3Myy M2
1 2 (0 2 Ao sin () M2 5ab\/1_4M€V 11
+, + S S'sin(f) cos® (5) M, dap z s S
S5-113)
+, — ¢—5 sin() cos? (g) ME:6ap 0
0 S3/283/2 COSQ(%) cos(8) My dqp Ao cosz(g)Mgéab\/QS—SM‘%V —1/2
K V2 3S My, —3 My, M2 ‘%
G3/2 53/2 5in?(0) My 8, Warasin?(8) M2, /5—anz, 172
07 _l_ R 2\/_ 3MwM%—3SMW 12
4 2racos? (L YM26,,+/S—AM?2 -
0, — S3/2 572 Sm;(ﬁlMW%b v 3M{§/2]\3%—ZSS?\}{/V v 3
2 0
1 . 27 sin(0) M2 5ab(2M2 —I—S) - 2w S
0,0 |S2  —182sin(20)5, o A 12
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do/dn [pb]

pp - W W~,s=14 TeV, A=1 TeV, C;=1 pp - WW~,s=14 TeV, A=1 TeV, ¢;=1

3min=300 GV, 3max=700 GeV 3min=300 GeV, 31nax =700 GeV

0.06] —10%xdey" ] 0.04} o 10%xdo
| f —10?xder ¥ ;

[ / ) 1l r

0.04/ 0.03¢ VA~ X 10xdo -
T ' ’ ———10*xdoi¥ |

0.02f

do/dn [pb]

[ 7 3 EFT2 1
0.01; 7% :I;':,.’ \/ \/ \ \ -~ dogw/10;
000‘4%/\_/

~0.01} N

oo2b

0.00} -

/
-
-\\
\
\
\

-0.02f

=
=
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osm |pb]

osm [pb)
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do /dn [pb]

1 = 0.02, 2o =0.08, S = 560 GeV x1 = 0.04, 2o =0.04, S =560 GeV 1 = 0.08, o = 0.02, S = 560 GeV

1 — do5-/dn
— doS /dn
| dogg/dn
do? /dn

Not present at lepton colliders

C. Degrande
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w

IC1o/

2.5

2.0
1

|C10/Cyl

3.5

3.0r

2.5}

pp > WW~,s=14 TeV, |o

int_ _EFT2
1w0=ow "I

----- [2myy,0.3A]——[0.5A,0.7A]
o [2my,0.5A]——[0.3A,0.7A]
----- [2mW,O7A]
———0.3A,0.5A]

2 3
A [TeV]

int int

pp =l W+W_, S=14 TCV, O-IOZO-W

2.0f

1.5}

1.0

0.5

7

——1[0.3A,0.5A]
—10.5A,0.7A]
——10.3A,0.7A]

0.0

18

1

|C12/Cw|

int_ _EFT2

Pp — W+W_, s=14 TeV, |0'12=0'W |

..... [2my,0.7A]
—[0.3A,0.5A]
\ —[0.5A,0.7A]
\ —[0.3A,0.7A]

6F

10 : : :
1 2 3 4 5
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pp - W W™, s=14 TeV, |3 =l
20 . — —

/ ;o
// // /
/ ;S o/
I’ /, 4
/ / 7
4 /
’ / 4
’ / 4
’ / ,'
1 5 L 1 // 4 y - =
/ 4 /
/ | ’
/ 4 %
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/ , /
// /, /1 ————— [ZmW ,0 . SA]
3 A A I [2myy,0.7A]

10p— S ——103A,0.5A]
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d i Vi —[0.3A,07A]

int___EFT2
13=0y |

pp > WW~,s=14TeV, |o
20 - -

S
18 .‘\\ ! Sy [2my,0.7A] |
* —[0.3A,0.5A]
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——[0.3A,0.7A]
. 16 \\~ ] ~‘~~ . . L
[N
)

10 : : p
1 2 3 4 5
A [TeV]

int int

pp > W W™, s=14TeV, |o\3=0|
20 , ~ . —
I/ ll Il
I, Il I,
l/’ /I, //l
//l ,// //l
15 B ’I' 1 ,/' 7
”[ ,l, ,/
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0 e E—
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EFT2

pp > W*Z, s=14TeV, | a_‘itnt= o_l’::Vl-‘T2| pp > W*Z, s=14 TeV, | a_iGnt= 0_1;:VFT2| 0.0 pp - W*Z,s=14 TeV, |a.ilrit=o.l§,FT2| b pp > W*Z,s=14 TeV, |o-ilr§t=aW |
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Model indep

- Efficient observables

- more sensitive
- smaller errors

- Both CP and dim8 encourage more differential measurements
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- ME/ML trained vs Observable

Model indep

- Efficient observables
- more sensitive
- smaller errors

- Both CP and dim8 encourage more differential measurements
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