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Qutline for Lecture four

Fourth lecture

® Motivation for going beyond leading order in the SMEFT

® The RGE of the SMEFT at (6

® Problems atone loop using I'(h — 77v) as an example

® Ward identities in the SMEFT related to field space geometry.

e £® Corrections correlations between the op expansion and the loop expansion
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Nima Arkani-Hamed Higgs@10

® The SMEFT is exactly a QFT microscope to study the Higgs consistent with other
Global measurements.

T —m———————————
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https://indico.cern.ch/event/1135177/contributions/4788694/attachments/2474678/4246383/HiggsJul4CERN2022_NAH.pdf

® How good a microscope do we need?

" SMEFT beyond
@

.

‘9

® e are going to have to calculate beyond
£8) Inthe SMEFT. Why?
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We need Quantum corrections

Depends
On the C;
Pattern

®  General structure of eorrections:
A = .ASM + é’z(G) a; + éJ(G) é’,(cﬁ) bjk + él(S) Ci,

) ) LHC exp (O(s))
[dm CY + en CFF) 1og (W)] o - CLUs), C((s)) -+ Cal(s))
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We need a good (NLO) microscope

® (General structure of corrections:
A = Asm + C~'i(6) a; + C~'J(-6) é;(f) bjr + él(s) Cl,

+

1672 M?>

Is the log enough? No. For two reasons

® The pattern of the CN’(.6) > C’.(G)
L . g
can have mild hierarchies making loops
more important

® The finite terms dm of the loops are not
Much smaller than the log terms
Unless p; - p; << M?

e If that was true, M 2 3TeV effects too
small to experimentally measure.

|:dm é'r(r?) + €En C~’7gz,6) lOQ (p_i . pj)] + e

LHC exp (O(s))
- C1((s)), Ca((s)) -+~ Cr((s))

,‘-:;‘?*
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We need a good (NLO) microscope

® General structure of corrections:

A = Asu + C~'i(6) a; + C'J(-G) é,(f) bjr + él(s) Cl,

+

M2

]_6 > |:dm Cy'r(r?) + €n éfr(LG) lOQ (p_i .p_j )] + e
(4

s £5) with loops enough? Not if the
SMEFT effects are observable.

® |t can be (usually is) true that

v 0 G v
A2 A2 7 1672A2

LHC exp (O(s))
- C1((s)), Ca((s)) -+~ Cr((s))

We need the ¢; in general.

Therefore we need the b;; _

5#
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We need a good (NLO) microscope

® General structure of corrections:

A = Asu + C~'i(6) a; + C~'J(-6) é;(f) bjr + él(s) Cl,

+

4 O + e O 1oy (2522 -+

1672 M?>

® \What do we have?

SMEFTsim 1709.06492, 2012.11343
UFQ, interfaces with Madgraph gives full set of

%)
For two input parameter schemes
(Gew Mz, G M0} (N, Mz, G, M} LHC exp (O(s))
L - C1({s)), Ca((s)) - - O ((s))
For flavour sym assumptions:

U(3)° MFV, Gen flavour (2499) :1709.06492 —

top, topU31l: U(2)? symmetry in the quark sector :2012.11343

B
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We need a good (NLO) microscope

® General structure of corrections:

A = Asu + C~'i(6) a; + C~'J(-6) é;(f) bjr + él(s) Cl,

+

[dm CO + e CO) 1oy (22 )] oo

1672 M?

® \What do we have?

SMEFTsim 1709.06492, 2012.11343

UFQ, interfaces with Madgraph gives full set of
a;

For same set of input parameters and flavour

assumptions a subset of the LHC exp (O(s))

- CL(s)), C3({s)) -+ Ca(ts))
bk

T —
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We need a good (NLO) microscope

® General structure of corrections:

A = Asm + C~'i(6) a; + C~'J(-6) é;(f) bjr + él(s) Cl,

+ Y

]_6 > |:dm é'r(r?) + €En C~’7gz,6) lOQ (p_i .pj>] + e
(4

o L® results increasingly available:

£®) pasis. Murphy 2005.00059

GeoSMEFT enables many dim 8 results

1803.08001, 1909.08470,
2001.01453, 2007.00565 LHC exp (O(s))
- CL((s)), C3((s)) -+~ Cl(s))

Some specific processes known
Drell Yan/di-lepton: 2003.11615, 2106.05337 _

mono-lepton: 2203.11976

e [Pf
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https://arxiv.org/abs/2005.00059
https://arxiv.org/abs/1803.08001
https://arxiv.org/abs/1909.08470
https://arxiv.org/abs/2001.01453
https://arxiv.org/abs/2007.00565
https://arxiv.org/abs/2203.11976

We need a good (NLO) microscope

® General structure of corrections:

A= Asy+C%a; +CVCY bj + G ¢,

+

M2

o7 [ O+ 00 O tog (B22)] 4+
™

o £ one loop results developed:
KU — €7 Pruna, Signer 1408.3565

h — 7Y 1505.03706, 1505.02646,1507.3568
1807.11504, 2107.07470

h— ZZ,Zv 1801.01136, 1903.12046

h— ff 1512.02508, 1904.06358, 2007.15238 LHC exp (O(s))
. - C1((s)), Ch((s)) - Ch((s))
g9 — h(7)1708.00460,1806.08832, 2107.07470

'z 1611.09879, 1808.05948, 1909.02000

t — bW 1907-0_0997 1908.05295 Denkens Stoffer one loop
A rather limited QCD NLOcode 2008.11743  matching to LEFT
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https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295

Note cross correlation at sub-leading order

® The operator and loop expansion are not independent.

A=Asu+C¥a;+ -

e If you choose to rescale (or not) the Wilson coefficient at L6 by SM
parameters, it changes the one loop result and the dimension 8 result in a

A:ASM+C~',L-(6)Q%—I—°~

A=Asu+C7 a1 |1+

do + djéj(-6) L o + eké,iG)log(pjﬁj) N
1672 1672

® 50 sub-leading terms in the series are correlated with L.O. conventions,
and one another, in a consistent cale:

.A — -ASM C~'z(6) a; C~'J(6) 6126) bjk él(s) Ci,
1

)\ -
. ~(6) ~(6) il
F 1602 dm C,) +e,C.” log ( A2) +
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RGE basics

Modification of

Higgs properties The “interesting scales”

N I

~ 125 GeV ~ 2000 GeV

]
N L »
]
This is a quantum “operator mixing” effect
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RGE results

LHC LEPII
h pole 4 fermions

Energy scale: <—|—|—|—|—|—|—>

~ GeV ~ 10's GeV ~91.2GeV  ~125GeV  ~190GeV ~ 2000 GeV
EFT: WET (or LEFT) EFT: SMEFT
| I | Running l
Complete LEFT RGE: Complete SMEFT RGE:

arXiv:1301.2588 Grojean, Jenkins, Manohar, Trott
arXiv:1308.262/,1309.0819,1310.4838 Jenkins, Manohar, Trott
arXiv: 1312.2014 Alonso, Jenkins, Manohar, Trott

| 711.05270 Jenkins, Manohar, Stoffer

HEFT/SMEFT matching LEFT:
| 709.04486 Jenkins, Manohar, Stoffer
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Not a trivial exercise
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® Each dot can be 59 types operator
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Not a trivial exercise

4 of 10 dlagrarr\is/for h o 77
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Not a trivial exercise

A @‘ oM

{;;E gf*. Two diagrams that were challenging. 25 4 fermion ops (neglecting flavour) \h

@ Hard part is the group theory, not the divergence.

Had to keep all indicies for true EFT generality and testing MFV etc..
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It is the SMEFT not Higgs EFT.

@ It does not really make sense to think of just RGE improving a sector like
“the Higgs sector’. We need the whole RGE evolution.

Consider the SM equations of motion:

Higgs: D?Hy, — W?Hy, + 2M(H H)H, + @ Y ue;p + dYyqp + €Y.l =0
Gauge field: i g; =Yjuﬁj+YJde, iDd=Yyq H'Y, muzyquﬁfj
iPl; =Y, eH;, iPe=Y, l;H',
. . [Da G ]A — - A [Da W ]I — - D%RB — .
Fermion: y Gap 93]g s Wap 9273 af = 91J3,
ip= > vT v, SMEFT Renormalisation
;i:u,d,q . . « Alonso Jenkins,Manohar,Trott 1312.2014
jé = 57 TI’Yﬁq + 52 TI’Yﬁl + EHT i‘BéH, . Jenkins,Manohar, Trott 1310.4838
_ 1 _
ja - Z P yz.fmflp + §HT i(BgH, « Jenkins,Manohar, Trott 1308.2627
lb:u’d!q,e’l
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https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1308.2627

EOM effects essential in RGE

® The EOM have been used EXTENSIVELY in reducing the basis to 59 operators.
Our intuition does not accommodate that, but it is a fact.

Here is one way this non-intuitive physics shows up.

: : : (People met this in flavour
You renormalize and obtain a divergence, for example physics Gilman-Wise

| Phys.Rev. D20 (1979) 2392)
Eyn = [H H|[HY(D*H) + (D*H")H]

This operator form is not retained in the basis, so remove it:
, o~ 1 . i C ot
Lsm + %EH[_‘ — LsMm + %Euu +0 (F) via field redefinition H—H+ P(HTH)H

Epn =20 (H'H)? — 4\Qu — ([YJ Jrs Quit + [Y]]rs Qarr + Y ]rs Qert + h.c.)

® Anoperator (JO1 can mix with an operator (5 when

G\IO 1Pl diagram exists that corresponds to the mixing)

T —m———————————
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An example set of loop calcs




SMEFT decay widths of the Z at one loop

arXiv:1611.09879 One Loop Z C. Hartmann,W. Shepherd, MT

® This is a multi-scale hard problem, BRM results oc y¢, A RO
b
Ry
smerT(1° = m3) rgA4v
FZ—mZzp
I'z

_ A
e LSZdefn: (Z|S|viwi) =1+ gz)(l + ARy, )i Ay,

® Need to loop improve the extraction of parameters AND the decay process

of interest.
input shifts decay process (wavefunction&process)
see also : Passarino et al arXiv:1607.01236 , arXiv:1505.03706
T — T —————————————————m
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Loops present

e ~ 30 massive loops in addition to the RGE dim reg results of inputs and

outputs need loops arXiv:1308.2627,1309.0819,1310.4838 |enkins, Manohar, Trott
arXiv: 1312.2014 Alonso, Jenkins, Manohar, Trott
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Main conclusions

® MORE PARAMETERS (At least) the following operators contribute at one
loop to EWPD, that are not present at tree level.

{C(l) 0(3) C(l) CUU7 Cq(cli)7 C’L(Lil)’ Céql)y Cés))) C&L) qu7 CHB + CH”? ClL87 Cu."Va CUH}

qq 7’ —qq ’ T qu?
® Distinctions between operators made at LO not relevant
\\\ / /\M\<><w
AN

® Need to combine data sets carefully due to hierarchies in experimental
precision and different scales of measurements
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SMEFT Subtleties

® I'(h —~7) Defining the basis of operators as

*k %k % *k *k *k
O; = (O, Ouw,Onwn, Ow,0cp,0.5,0uB,0,5,0an, Oi, Ocw, Osw, Ouw, Oy Oaw s Oqw)

= ZSMNHBO HB 'I—ZSM-/\[HW(9 " +ZSMNHWB OI(LI%/VB

® 3x3 sub-matrix of ops that contribute at tree level and first at one loop
1 '%;i—q—gi'r'G/\-'rY 0 gf / 0 ——g, %g} \
= 3o _ 5 —(y1 +ye) Ye 0 —1Y.
2,] 16 72 0 TRttty g 7 Y.
m 393 91 _ﬁi_*__‘?__r_g)\_r_y —(w +u.) Y, 0 -3 Y,
2 2 4 —N. (yq-+-y )Y 0 sN.Y,
—N, (Y +yu) Y 0 ANY]
—Ne (yq + yt 1) Ya 0 —j N .Yy
\f (y"l = Yd ) Y(: 0 _'l;' *I\rt.' Yut
0 1Y,  —(m+y)Y.
0 1Y) —(m+y)Y)
. . . 0 —LiN.Y, N.(y,+y.)Y.
® Counter-term subtraction is proportionalto v o Ny N (y,j fyY
0 —sN.Yy —N:(y; +vya)Ya
\ 0 —iN.Y] —No(y, +ya) Y] )
I —————— T
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The required loops.

® Calculate in BF method, in F¢ gauge, for operators that contribute at tree level

ha¢0 ¢i +
BN Y R e Y Y
ho----e ﬂ h----e mi: h
Y \\-(’ Y Y
h’¢0 ¢i w=
(a) (b) (c)
Y W= W=
vy Y
h W+ h w h----{MWi
>’ Y o
+
y ¢
(d) () (f)
+ + +
¢ ANANY ¢ ¥ w 0%
X 2
Wt y Wt AN Y AN Y

()

® Gauge dependence cancels M remaining divergences cancel exactly M

T e ™

Michael Trott, NBI




NLO EFT - fix finite terms

® Define vev of the theory as the one point function vanishing - fixes dv

h’a ?0_) ¢:|: u:l: ,_UO Z, W:t f
R L R A ﬁ )
1 v ©? m?2 ©?
T =m2h —1672 3A(1+1og | —Wel141 ,
mj lewz[ T v+ (+0g[m%])+v2§<+og[€m%v
lmZ ©? 1 4+ 1 p?
+§—§ (l-l—log [§m2zl> _EZ% ch <1+log [m_f :
2
2
2

2
gsm K 1, 2 mz Nl
+2 mh (1+3log [m%]) +4(gl —i—gz)m% (1+310g [mzz]>]

® The finite terms that are fixed by renormalization conditions (at one loop) in the theory
enter as

(h(on) |51 (D> @), 105, B)) Bsmt = (1 + “o2) (1 + 6Ra) (1 + 6Rei 3 As.

2
Ir=a..o
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NLO EFT - fix finite terms

® Remaining finite terms fixed by defining in renormalization conditions on the couplings and
two point function residues and poles

Ol (p?) 1
So also calc: h. b0, b 7, W u, us
R h:] R
(a) (b) (c)
f h, ¢'0‘, P+ uQ, U+
(d) (e) (f)
Z, Wy W4 A

(8) (h) (1)

Michael Trott, NBI




Renormalization conditions

® The finite terms that are fixed by renormalization conditions (at one loop) in the theory
enter as

(h(Pn)IS|Y(Pas @), v (s, B)) Bsm = (1 + 5%) (1+ MTA) (1+0R)*i ) As

r=a..o

Cancels!

® Remaining finite terms fixed by defining in renormalization conditions on the couplings and
two point function residues and poles

Ol (p?) 1
ORn =~ 2 |y 6Re = —50R4,
This relation follows from a Ward identity
using BFM.

Michael Trott, NBI 25




NLO SMEFT

1505.02646 Hartmann, Trott

® The final tree result is of the form

- ANP ) )
Z—otc}zll :C77(1_|_&+_,U),
z’ve2Aap 2 v

Cyy gi? 39% CawB 2 m}?z

Cyy [ (95 95 2 93 2

2

CuwB 2 myy 2 ””%V 2 2
+ 2 1+ -2 1+1 + (4 — Zimyy,
16 72 ( € ( 0 m? 92 8 m? ( 92) Zlmiy],

2

m
+4 (362 — g2 — Gezm—vg) Z,[m3y, ) ,
h

2 2 2 2
95 Caw My, my, My 2
— 3 —= 4 — —F2 — 66— i
4 72 ( m% N ( m%,v m,zl) LJ[mW])

Where CYF = Cup + Caw — Cuws

1 m2_m2$(1_$) 1—x 1 m2
ZIm? = | dzl C T, [m? E/ d / d
] /0 v Og( mj, )’ vl o ho miomiz(l-z—y)
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NLO SMEFT

1505.02646 Hartmann, Trott

® The final tree result is of the form

Fixed by renorm

A _ o (44 OBn OV conditions
ve2 Ay T ’
1€ of

2 v

Cyy gi? 39% CawB 2 m}?z
+ (—167T2 (Z+T+6/\ + 167T2 ( 3g2-l-4)\) log A2 ’

Cyvy 9_% 9_% 2 9_% 2 _
+16W2((4+4+>\ Iimz] + (5 +2) Iimiy] + (V3w —6) A\ |,

2

L CrwE (g2 (4 gMw —2g2 (14 log My + (4 — g3) Z[miy],
16 72 m? mj,

2

m
+4 (362 — g2 — Gezm—vg) Z,[m3y, ) ,
h

2 2 2 2
95 Caw My, my, My 2
— 3 —= 4 — —F2 — 66— i
4 72 ( m% N ( m%,v m,zl) LJ[mW])

Where CYF = Cup + Caw — Cuws

1 m2_m2$(1_$) 1—x 1 m2
Imzzfdxlo ( h ), Imzzf d/da: :
[ ] 0 g m}gl y[ ] 0 y 0 m2_m%x(1_$_y)
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NLO SMEFT

1505.02646 Hartmann, Trott

® The final tree result is of the form

- ANP
Z—otd:C77(1+5&+5_v),

ive? Agp 2 v
C 2 2 2 6 ”
o (i5m (F2vor) + St ostean (5. 5 e congistent wi
log terms consistent with
Cyy 9% 93 2 9% 2 RGE
+ Crws (42 1+6@ —2¢2 (1+1og iy + (4X — g2) Z[m%]
16 72 m}zl 92 mi% 2 Wi
2
+4 (362 — g3 — 6627;—‘/2‘/) Z,[m3y, ) ;
h
2 2 2 2
_ 920w [, My _Mh M 2
4 2 (3 m% + (4 m%/V 6 m’%) Lj[mw])

Where CYF = Cup + Caw — Cuws

1 m2_m2$(1_$) 1—x 1 m2
Imzzfdxlo ( h ), Imzzf d/da: :
[ ] 0 g m}gl y[ ] 0 y 0 m2_m%x(1_$_y)
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NLO SMEFT

1505.02646 Hartmann, Trott

® The final tree result is of the form

- ANP ) )
Z—otc}zll :C77(1_|_&+_,U),
z’ve2Aap 2 v

Cyy (9 395 CuwB 2 mj
-+ (—167T2 (Z+T+6/\ -+ 167T2 ( 3g2-l-4)\) log A2 ’

. O ((g_f+9_3+,\) I[m2] + (g—%+2>\) I[m%v]+(\/§7f—6)>‘)’

2 . . . .
1672\ \4 4 2 Finite terms with associate
Cuwn 2 @ 5 2 @ _ 2 2 logs terms
- 1672 (26 (1 +6 2 295 |1+ log m? + (4/\ gz) Zmiyk g
m2
+4 (362 — g3 — Gezm—vg) Z,[m3y, ) ;
h
2 2 2 2
_ 92Crw [, miy _ My Miy 2
4 72 (3 m2 + (4 mé, 0 mle) LJ[mW])

Where CYF = Cup + Caw — Cuws

1 m2_m2$(1_$) 1—x 1 m2
Imzzfdxlo ( h ), Imzzf d/da: :
[ ] 0 g m}gl y[ ] 0 y 0 m2_m%x(1_$_y)
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NLO SMEFT

1505.02646 Hartmann, Trott

® The final tree result is of the form

NP ) )
Z—otc}zll :C77(1_|_&+_,U),
zve2Aap 2 v

(& (gl_h%m) G (o an) ) os ().

1672\ \4 " 14 2

CawB 2 My miy ) :
+ 6.2 (26 (1 +6W) —292 (1 +108( )) + (4’\_92) Imiv],

h mh

m2
+4 (362 Gezm—w) Z,[m3y, ) ,

h

“Pure” finite terms not in
_ 95 Caw (3ﬁ+ ( m% ) Iy[mwl) 4/

172 U ~ ~ and no associated

mh mW mh

Iog

Where CYF = Cup + Caw — Cuws

1 m2_m2$(1_$) 1—x 1 m2
ZIm? = | dzl C T, [m? E/ d / d
] /0 v Og( mj, )’ vl o ho miomiz(l-z—y)
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NLO EFT - Physics lessons

® Operators can contribute a “pure finite term” at NLO and not have a corresponding
RGE log. This fact consistent with results in 1505.03706 Ghezzi et al.

® Finite terms are not small in general compared to the log terms

2

2
C o m
RoawB/cHW =~ C;{VIZ/B (0.5 + 0.7 log %) Rogwp ~ 1+ 0.7 log 1 A_g

@ Log mu dependence of RGE consistent with full one loop result,
but important modification due to mass scales running (vev not 0)

® The RGE is not a good proxy for the full one loop structure
of the SMEFT.

(O’s in the rge do not mean 0’s guaranteed at one loop for finite terms)

Michael Trott, NBI
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NLO SMEFT

1505.02646 Hartmann, Trott

® An unusual feature of the calculation

Eeff(v2) = 264 ’U2 CHWB (A#A“WJW'_/ — A#AUW_ﬁWi/) — z'eg% ’02 CHWB Au,,W: WZ,

3,2
LY (;HWB (A WO, WY — ALWHO,WY +2e W W” A, A*),

+ i€ v Crwa (AW, WH — AW, W™ + W W, A*),
+ eV’ Cruwp (i¢- A oy —ipr A ' —2edy o Ay AV,
1
~3 e3 g2 v® Cywni A, (Wf¢+¢0 + Wj_‘gb_gbo) —2e*v® Cywp A, A (QTL ut +a u).
+ v’ Cuwe ((aTA* duut — @~ A* Ouu”) + 9,A* (atu® —a u7)).

b0 W y +
,/)‘\\\ 'Y ’Y
ho---- % ho---- W ho----
\\-(’/ ,Y ,7 ,Y
oo W=+ wW=*
(b) (k Q)
o™ ut ot
AN % - ”
/,/T ! /,’f | ’ \\\
h----e v ot h----e v ot h----
S Syl ' /!
. ~-&- Y
5 B~y - B~y ot

Figure 3. Diagrams contributing to H — ~y decay due to L.;s(v?). The divergent terms exactly
cancel in this class of contributions, as expected. u™ are ghost fields.

T ————————————— ————————————————
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SMEFT gauge fixing issues.

® The fields are redefined at each order in the power counting, this leads to the appearance
of L6 Wilson coefficients in the gauge fixing term.

0G*
— Y .
Lrp=—u 508 ’u,ﬂ. Some operators in  Lg then source ghosts!
+ +
R VAV 5 y
/’>( : // \\\
h----e ¥ oyt h----
\\r : \\ //
~ ~ & Y
. By M

® This cancels the unusual divergences in FSMEFT(h — *w) exactly.
® The mismatch of the mass eigenstates in the SMEFT with the SM means gauge fixing
in the former also results in some interesting local contact operators

Cawpv?(ss, — c2,)(s2€B + ciéw)

{BEw

| Cu Su
§B Ew

(€ —&w) (0% A, 0" Zy) — (0" Ap 0" Zy)-
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Another geoSMEFT clue

_ CwSw . v, CawBv* (s, — 3 (508 + codw) vy
Ep Gy OB W) (074,07 2,) Py (0"Au 0" Zy)

®  This was extremely confusing. The BFM usually removes such terms by design.
Not just at tree level but at one loop. In other gauge fixing approaches,

this term is removed by a gauge fixing condition.

What is going on here with the vev redefinitions?

Michael Trott, NBI




SMEFT Ward identities in BFM




Aside on the BFM

Abbott Acta Phys.Polon.B 13 (1982) 33

® Here we are gauge fixing in the BFM: F' — F+F

Double the fields, introduce background fields that have gauge sym unbroken when gauge
fixing quantum fields

1 & . 7T a 3 ’
LGF — _ﬁ Z [auWa:y' — g2 ea‘bCWb’#Wé‘ . 192 g (HJO-ZJHJ — HJO-Z?HJ)] 3
a
1 5 BM 4 g § (ot t A ?

From the gauge fixing term, choosing £ = &w, one directly finds
Lop = —% (GY? + (G%)? + 26+ @],
where
GA = 9,A" + ie (W;W; — W;W;) +ie (43—¢+ _ </3+¢—) ,

— (&~ 53) (46% — 8%67),

. Cw (3 — - .
GZ = 8,2" +ie= (WiW, - WiW,) + e .

Sw
203}% (@0 h — ho — vo)

G* = “WE +ie [AN + ﬁzu} W ie (A” + ﬁz%) W
Sw S

M
w

— et

— et 5 ((0+hTido)g* - (T ido)d).
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SMEFT gauge fixing solution!

® Problem: contact operators change mass and weak eigenstate relationship.
This can be understood as a “curved field space” due to the contact operators.

® Solution:define a gauge fixing term on the “curved field space”

Lor = _das =G4 g5,
2§
GX =W+ —¢ CDWEWD’“ + ggxcqg hik ’75{,J€13J-

/DFdet AgA ot (SIF+Fl+Lor+iop I WP +hri Tj¢”)
AaB

arXiv:1803.08001 Helset, Paraskevas, Trott
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SMEFT gauge fixing solution!

Lsca.lar,kin - (DMH)T (DNH) + CHD (HTH) [ (HTH)
+Cxp (H'D,H)" (H'D*H),

%hu(cb) (Do) (D*¢)” .

€. x

gX_ WX/.L_ C’DWCWDM+2

7 " hix AE ;97

A R , "
/DFdet |:Ag ] (S[F+F]+£GF+§CDJEWD’”-FhIJJéQSJ).
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SMEFT gauge fixing solution!

o f 1
Lacatapin = (D H)' (D*H) + Cry (H'H) O (H'H) =-h13(9) (D,u¢)" (D ¢)”.
+ CHp (HTDMH) (HTD“H) :
r ——lW“ W @ Hv lB BHY CHBHTHB BHY 1 A yA)B,uv
WB — 17w — A 737 + A2 LV - _ZgAB(H)WMVW s )
CHW T a a,uv CHWB a a v
+ =g H HWS, W + —==H'o" HW,, B*,
_ _94B ;A B
LGF — 2§ g g )

gX - 6MWX,IJ — € CDWEWD,IJ« + ggXC¢I ilIK ;}'lé("]é;.].

A . =
/ DF det [293] ¢ (SIF+F1+Lortgon 1E WP {hig}e”)
(87
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Another geoSMEFT clue

a2 (o2 _ 2
. c'w s'w (€B . §W) (ap,A au ZV . ~ ‘ {1 w S'wEB + c’w€W) (B;J,A 81/ Zl/) .
7 ‘ 7

§B fW B

The geometric BFM gauge fixing cancels this mixing at all orders in the vev expansion!

Exactly as it should be. You need to gauge fix geometrically to have the usual BFM
benefits.
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GeoSMEFT based loop corrections?

e Will this simplify the NLO SMEFT radiative correction program?(Yes)

Immediate BFM Ward ldentities have already been derived:

ST[F, 0]

1909.084/0 Corbett, Helset, Trott

’ . A or ’3’{3 g7 oL
~ = 0. » 0=(o*64 — WEk _ U
5&B ( B — € BC ) 5Wﬁ 9 ¢ 5¢I

I

(Background field gauge transformation )

) :
+Z(f” b~ sl

Photon identities:

2 2
0 — o~ oI’ 0— o 0T’

SAMSAY V' SASDI

~

AA AA
Z:L,SMEFT(kQ) =0, ZT,SMEFT(O) = 0.

One loop behaviour works!

Z identities: -~ Geometric mass

52T N &T
0=0"————— (M|
sAms A\ Jsd3s AY

52T _ 5T
0= N,
SA3nsDI T Z sd35Hl

or [3 3] (4,3]
+ — QZ (\/_[4 4]\/_ \/5[4,3]\/E ) 5:;

2 §5p4

or [3,4] [4,4]
_ 972@ (\/5[4,4]\/3 — \/5[4,3]\/5 ) (5}1,

L —

e ——
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https://arxiv.org/abs/1909.08470

GeoSMEFT based loop corrections?

e Expanding out the Ward ID you get expressions like this:

0= 2E2(K?) - (MR (R?),
Consider the operator Cyw i 7 Geometric mass

_iAYZZZX(kQ) — ¢ V 9% + g% v [sz(kz)] t{iv B z'gl 92 Cywp vr [ZZX(kQ)] div |
2 Cuws 2\/9% + 93 SM
919>(397 +593) | 9192 (97 +363)
256 2 € 25672%¢€
91 (97 +293)
64 72 €

= —Cpwp 7 (£ +3) [

= —Cuwp 07 (£ +3)

: 2010.0845 | Corpbett, Trott
2010.15852 Corbett

. 5 3 div -
Which exactly cancels:  [s72(%)| . = cuwpad e +3)g%<£ + 263
T T~ €

CHwB
All one and two point ward ID working out at one loop. Powerful new
NLO code tool is being developed using this as a theory cross check by
Tyler Corbett.
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https://arxiv.org/abs/2010.08451
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Current state of the art




Best practice example in geoSMEFT

'
SMEFT ., {1 _
mW
Lom

788 f1W | (5.6)

: ( ) 'ﬁ’l[/\/ | Th\}[/

+979C 3 (Cop +0.80 é}?&v ~1.02 é}%v ) — 788 Ké}% _
+2283C%) (CC)L +0.66 C), — 0.88C%) 1) — 1224 (F7w)2,

o)

" » N2
—1176%) — 2368+ [51+210g (’Zz)] o -+ [ 0.55 + 3.6 log (TXZ)] G\,

) L
+ [27 — 28 log (722 )] Re C(:; -+ [14 — 15log (TZQ )‘ Re C(:v);, + 0.56 Re 01(5}3)],

~6) . 546 _ Cu ~(6) ~(6) ©)
33

F?‘?\?EFT ~ 1 758faew
TSk
+ 3792 (f=)? — 350 (Clply — Ciok)? — 1159 (flev)?
6 ~(6 ~(6 6 6 ~(6 ~(6 ~(6
618 5 (CFh + 7208y — 9268 5) - 1356, (i) + 1605}, — 1565 1)

~(6
AVSS
4 1 2 ’
A2

A2
—218C8) +22C8), + [ 17+2010g(A2)] cO -+ [ 0.60 + 3.6 log ("Zz)] 4

+13835GY (G - 0.13C%), — 015, ) — 758 [(C}% -

~ 9 ~ 2
+ [26 — 27log (:’;2 )] Re Cfgé + [14 —15log ("/':2 )] Re C(av)s‘,’ +0.56Re C%
~(6)

—0.31ReC\) +26® _ ZHD _ /556G
33

® State of the art I'(h — )
has £%at tree and loop
Level and also £®

(M, Mz,Gr, My} Scheme

{Gew, Mz, Gr, M} Scheme

O Here

1 - 5
5Gg‘i) ) (CSI)WLCS; 5(0’ n +Cy )),

pp peep eppie
fiw = Gty +029 CfYy, — 054G )

My __

[ ~(8 ~(8 ~(8 ~(8
v = |Cith +029 (Cify + Ciphyy) — 0548 5]

™ [ ~(6 ~(6 ~(6
v = |Gl - Ciop — 066 Cloly

T —
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Best practice example in geoSMEFT

7w

~SMEET . ) J7s8], (6) ® State of the art I'(h — )
SM (6)
13942 (f)2 — 351 (G, — GOy i 4+ 2228 6GO) frw has L'”/at tree and loop
Level and also £®

)

=(6) [ ~(6 (6 (6 ~(6 ¢ ; ;
+979C%). (6%, +0.80 ), —1.02CC), ;) — 788 | [ 1), — % Fiwl g fiw

+2283C%) (C). +0.66 CC) —0.88CE) ) — 1224 (f*w)2,

L

~ _ N2
~1176%, — 2369+ {51+2log (7\’2)‘ C}f%VBﬁ 0.55 + 3.6 log ("Zz)‘ c®,

a9 ~ 2
- [27—2810g (7:2)] ReC1(§+ ll4— 151log (7/1:2)] ReC£:v§,+O56ReCf§él,

6 . o ~6) Ol ~(6) ~(6) (6)
33

® The various contributions

N Aaaz] Aa’az]
a,ij a,i] 2 a Z] SMEFT,6 SMEFT,8 2
Agyr + Asarerrl” = [Asaz A2 + Al + e
a,i] Aa,z'j a,i]
azg 2 a,ij SMEFT,6 SMEFT,6 2 a,ij SMEFT,8 o
= | Ay |* HAGy 12 + | e = HAG A +h.c+
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Best practice example in geoSMEFT

“SMEFT ~, 1 _ 788f1ﬁ7'W, (5.6)

my
1-‘SM

—351(C), — 0Ly fihw 4 2228 6GQ) fiw
&0
HD

+ 97968 (G, +0.80 Of5), —1.02615), ) — 788 l(é}% ==

) i v ]

+22836) (6%, +0.66 CC), —0.88CF) .

~1176%, — 2369+ [51+2log (722)] 68 .+ [ 0.55 + 3.6 log (%)] c®,

~ 9 &2
+ [27 — 28 log (TZQ )] ReC(:; -+ !14 — 15log (T./T\LQ )] ReC(Gv)V + 0. 56Re01(§§,,

_031ReC®) 4260, — 02@ 12009 —7569,  — 312569,
33

The various contributions

N Aa'77'] Aa’az]
a,t] a,i) 2 a zg SMEFT,6 SMEFT,8
|‘A + ‘ASMEFT| |A A2 + It + -

® State of the art I'(h = vv)
has £%at tree and loop
Level and also £®

| 2

a,tj
2_|_Aa 25 YCSSMEFT,S8

a,ij A%t
|Aa ’Lj|2 Aa 17 YESSMEFT,6 _|_| SMEFT,6

A? A?

A4

® “Quadratic” Terms obtained in SMEFTsim - only!

B
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Consistency checks at one loop/dim8

Benefits of the Background Field method one loop approach in SMEFT.

® NMany cross checks afforded (Ward identities and more).

e Clean understanding of ward identities.

e One loop redefinition of input parameters INDIVIDUALLY gauge
independent.

e Cross checks of AZ, = —5AZy, Our calc in 2107.07470
AR, = _lARjt' Stoffer/Denkens in 1908.05295

Michael Trott, NBI 40



https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295

Consistency checks at one loop/dim8

Cancelation of large mt dependent logs in relations between observables:
Expected and anticipated in Hartmann/Trott. 1505.02646

® [Expected cancelation confirmed in 2107.07470 and 1908.05295

2

i o T -~ -
vp =Ur [1+ Ji Nc_—f; 1+log(“) +---
My

my

Av 27 . Mm% | Ay
or T 16n2 2 [T T8 2 ||

® (Cancelation in single Higgs, single dev observables with tadpole term and
GF extraction.
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https://arxiv.org/abs/1505.02646
https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295

Consistency checks at one loop/dim8

Gauge independence of a common partial matrix element in single Higgs
processes in BFM:

ha¢0 d)d:
RN ,'—>_\\
h----e lﬁi h----® -{\i
\\~—,/ \\-(’/
ha¢0 ¢:t

(a) (b)
Figure 2. One loop contributions to (¢4| F’ F)(MAB).

(¢4 F(p1)F (p2))* o M

y oM
(¢aFm F,,)0(*Has(e))0

Gauge independent combination in result:

)
My = (8 4 vy (BeOh L (5452 1 60) log |

S

),

M|

+1617r2 (%I[mz] + (% + A)(Zmz]| + 2I[mw])) .
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There is so much SMEFT/geoSMEFT to do!



