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“Absence of evidence is not evidence of absence.” -The BSM physics mantra.



SUMMARY

e The signal h — v~ is a very powerful probe of Higgs substructure

An amazing probe of the point-like “elementary” nature of the J? = 0% scalar

® A consistent field theory of deviations in place to one loop in this
signal (SMEFT) to interpret very small deviations in this observable. (this talk)

® \We can gain maximum benefit from even small improvements in precision
in bounds on anomalous & — v 7y. | am personally begging you for every
fraction of a precent in accuracy you can get.
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SUMMARY

e The signal h — v~ is a very powerful probe of Higgs substructure
An amazing probe of the point-like “elementary” nature of the J? = 0" scalar

Work reported here is the result reported in
the excellent Ph.D. thesis of C Hartmann. Well done!

e Overlap with results reported in

arXiv:1505.03706 M. Ghezzi et al, JHEP 1507 (2015) 175
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meas(h — YY)

matters.

Precision on

Mk = 77)
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Lorentz indicies: A5, = (h|h A7* A, ,|v(pa o) v(ps B))
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~ 16 2 mw W — SN me — ryms

J. R Ellis, M. K. Galllard and D.V. Nanopoulos, Nucl. Phys. B 106 (1976) 292;
M. A. Shifman, A. |.Vainshtein, M. B.Voloshin and V. |. Zakharov, Sov. |. Nucl. Phys. 30 (1979) 711 [Yad. Fiz. 30 (1979) 1368].
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[eas(h — v

) matters.

Precision on

LCsar(h = v7)
v
5
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® Full SM two loop result also known:

Complete two-loop QCD corrections to one-loop top contribution
Djouadi et al Phys. Lett. B 257, 187 (1991), Phys. Rev. D 47 (1993) 1264, Phys. Lett. B 311 (1993) 255

Melnikov et al Phys. Lett. B 312 (1993) + ...
ITwo-loop electroweak corrections evaluated In the large top-mass

Djouadi et al arXivhep-ph/9712330, Liao at al. arXivhep-ph/96053 10
Two-loop contribution induced by the light fermions

Aglietti et al arXivhep-ph/040407/ |, arXivhep-ph/0407/ | 62

Two-loop electroweak corrections involving the weak bosons
Degrassi, Maltoni arXivhep-ph/0504 | 37/

® Two loop shift of one loop result  [Asw + Agep| ~1.5%

® |f deviations show up at the few % level, can be possible signal of BSM.
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[eas(h — v

Precision ) matters.

Lsar(h — v7)

® Beyond the SM

Perturbative mediatiors Non-perturbative couplings
at loop level (not a diagram sum) Bound state substructure
(see backup slides)
h =

A2~ Cuo Cup| Caws Caw C'HB} Are these substructure coefficients:
Mul — Az ’ A2 ’ A2 ’ A2 ’ A2 .
)\mul < ﬁ/mhc
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[eas(h — v

Precision ) matters.

Lsar(h — v7)

® Beyond the SM

Perturbative mediatiors Non-perturbative couplings
tree/loop level (not a diagram sum) Bound state substructure

JCan calculate Cannot calculate
(honestly)

Cannot calculate
(honestly)

® Key point of EFT so long as characteristic scale is large we
CAN parameterize in all 3 cases in a systematically improvable way for measurements
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What is the SMEFT?

Built of H doublet + higher D ops (due to uncertainty principle+ scale separation)

1

AéL#O § B=0 s B#£0 8 L#0

O Glashow 1961, Weinberg 1967 (Salam 1967)

D Weinberg 1979, Zee, Wilczek 1979

O Leung, Love, Rao 1984, Buchmuller Wyler 1986,
Grzadkowski, Iskrzynski, Misiak,Rosiek 2010

Weinberg 1979, Abbott Wise 1980
O Lehman 1410.4193, Henning et al. 1512.03433

O Lehman,Martin 1510.00372, Henning et al. 1512.03433

The Lagrangian expansion technology is essentially a solved problem
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Bases choice and Dim 6.

® Warsaw basis: 1008.4884 Grzadkowski, Iskrzynski, Misiak,Rosiek
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Table 2: Dimension-six operators other than the four-fermion ones.
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6 gauge dual ops

28 non dual
operators

25 four fermi ops

59 + h.c.
operators

NOTATION:

1 _
X = 5€upaX? (Egras = +1)



Bases choice and Dim 6.

® Four fermion operators: 1008.4884 Grzadkowski, Iskrzynski, Misiak,Rosiek

8: (LL)(LL) 8 : (RR)(RR) 8: (LL)(RR)
Qu (Lo Yulr ) (Ls¥*1e) Qee (epvuer)(Esv*er) Qie (lpvulr)(€sv"et)
o (@pYu4-)(d:7" ;) Q (Tpyuu, ) (Tsy* uy) Q1 Loyl ) (@ v uy)
& | @G e) @' r'a)  Qua (dpyudy) (s dy) Qud (Lpvplr) (dsy"de)
QY | )@ e) Qe | (&) (@ayu) Que | (@ovuar) (@ er)
QY | Gyt 1)(@71a)  Qea (€pvuer)(dsyids) o | (@e) (@)
QL (Upyuur)(dsyde) o | (@ T er) (@sy* T uy)
QL) | (wpmuTAu)(devTAd) Q%) | (@ vugr)(devide)
Q% | (@7.T4q,)(dy*TAd,)
8: (LR)(RL) + h.c. 8: (LR)(LR) + h.c.
Quedg | (Ber)(dage;)  QLa | (@ur)en(ahdy)
Q) i | (@Tur)esn(@ETAdy)
o, (Eer)en(dur) Over _20 years?!
0P | (Howerep(@onu,) 700 citations before full

EOM reduction?
Our priorities were

elsewhere.
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Assume deviation: then what?

® Maybe a part of the 3 loop result in the SM is needed. It will be checked out.

® Maybe an operator that contributes at tree level or one loop has modified the decay.

A
Signal strength modified as: 1+ =11+ g7

hy~

loop
A e ol ] 2
hy v ~ 16 712 <Z fzc}f\}“epez ij NP,J) v

Ag% i 16 72 A2
Three operators in chosen basis. Thirteen more operators in chosen

Ctree,NP B CHW e CHB 5 CHWB baS|S |n the U(3)A5 I|m|t

0% = ¢g*H'HB,, B*",

Oy = gsH HW?S, WE,
OE’?E}VB = g1 92HT oc"H Bu, WS,
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Assume deviation: then what?

® Maybe a part of the 3 loop result in the SM is needed. It will be checked out.

® Maybe an operator that contributes at tree level or one loop has modified the decay.

Signal strength modified as: #,, =11+ j’;}]\Q

hy~

loop
Ahq/q/ j fj CNP ' U2
MY~ 16 Z p Ctree »J
ag — < JiCnpy 1672 | A2

7 O\

Three operators in chosen basis. Thirteen more operators in chosen
basis in the U(3)"5 limit

Ctree,NP B CHW e CHB > CHWB

O = 2l extly BoWiy, O = g1l e Ho By Olly = 92re0™ ws iy Ha Wy
O:;j = g1 q,._,,o"“’u,ljlu By, (9‘1[;'1 = 02 Gra0" dy 7o Hy W .-f:n Ou; = 01Gro0"d, H, B,
0 — HiH(i,e,H), 0O, = H'H(gyu, 1), @'ﬁf = H'H(gyd.H),

pr or
O — (HTH), Oy, = H'HO(H'H), O}‘u_, = (H'D H)*(H'D*H),

(o) _ .3 1raviasboyiren
O = g3 e W WheWen,
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Assume deviation: then what?

® Maybe a part of the 3 loop result in the SM is needed. It will be checked out.

® Maybe an operator that contributes at tree level or one loop has modified the decay.

A
Signal strength modified as:  #v+ =1+ Zg3 I’

A

Ah7'7 16 2 3 f Ctree L 23 fj C]l\?%{jj U2
<apNy — T 1 J1 7

A Bk 16 72 A2

Three operators in chosen basis. Thirteen more operators in chosen
tree.N P basis in the U(3)"5 limit
C;°"" =Caw +Cup —Caws

To be able to robustly follow a hint in the SMEFT we want to be able to accommodate

tree loop tree loop loop

tree
NP ~o NP> <CNP

Y

So we need to do the one loop correction to capture some of these cases.

ldea of SMEFT: avoid theory bigotry, treat all possible SM deviations equally as a
consistent EFT to avoid missing anything.
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One loop in the SMEFT.

® The Algorithm: Use SMEFT RGE results to renormalize.

Also use SM counter term subtractions.

Define a scheme that fixes that asymptotic properties of states
in the S matrix, this fixes the finite terms in renormalization conditions.

Gauge fix, calculate, and then check gauge independence.

® \Ve know the Warsaw basis is self consistent at one loop as it has been
completely renormalized - DONE!

arXiv:1301.2588 Grojean, Jenkins, Manohar, Trott

arXiv:1308.262/7,1309.0819,1310.4838 Jenkins, Manohar; Trott
arXiv: 1312.2014 Alonso, Jenkins, Manohar, Trott

See also Ghezzi et al. 1505.03706 for Warsaw basis results

Some partial results were also obtained in a “SILH basis”

arXiv:1302.5661,1308.1879 Elias-Miro, Espinosa, Masso, Pomarol
1312.2928 Elias-Miro, Grojean, Gupta, Marzocca
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SMEFT counter-terms feeding in.

® Here is how this works in I'(h — ), need mixing with the “tree” level operators

Defining the basis of operators as
Oi D (OHB7 OHW) OHWB? OW) 0637 OZB) OuBa OZ,B) OdB? O;Ba OeWa ZW? OuWa O:I/V) OdW7 OZW)

£y = Zsm 2:5C; O,
= ZsuNup 0,,)3 + Zsmu Naw Omy + Zsu Nuwn o};{‘, B

e ————
® 3x3 sub-matrix of ops that contribute at tree level and first at one loop
1 %;—%’i-rﬁ/\f)’ | 0 g° / 0 —= g4 :}g}
Zi; = > 0 _31 58 L ea4+Y g2 —(yr + ye) Ye 0 -3Y.
167 3g Y B oy (u'+u.)Y,_' 0 —z Y]
2 2 4 1 yJ-+—'q)YJ 0 '1,'\'( Y,
_\ (g + ) Y 0 AN.Y!
: (y,,+y,)Y 0 —2 N, Y,
arXiv:1301.2588,1308.262/, N. (yo +y2) Y 0 ~Ln.y]
[SHCIAe kel |33 0T 4 0 -3 Y —(w +y) Y.
0 iyl —m+p)Y)
. . . 0 _%]\rc Yr.' \ (2/, + Yu ) Y.-
® note thgt this counter-term subtraction is 0 SENY] Ny + )Y
proportional to v 0 —3NeYa —Ne(yq +ya) Yo
\ 0 % \( )/l1 — \ '\UJ 'yd') YJ /
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SM counter-term structure

® To define the SM counter terms use background field , use B¢ gauge

— 1 V2ig*
T V2 \ h 4 v+ v +idy

Background field method (with particular operator normalization) gives:

ZpZe =1, Zp = Zg, = Zg,, Zw Zgy = 1.

Also need the Higgs wavefunction and vev renorm

(3+&) (9 +393) Y

Zn =1 — )
h + 6472 ¢ 16 72 ¢

 0v, o B+&(i+3g) Y
(V2o + )aiw =1+ 12812 €  3272¢

N

We used a trick involving h — gg for the latter.
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The required loops.

h, ¢o o=
s ~ .
h----# . h----
.o l‘ .) - _( .7
h, ¢o o=
(a) (b)
¢ 7 W
) W %
h----% by h o
- ¢::z
Y
(d) (e)
¢* - ¢*
N Y
h----e Vgt ho----
\y Ly
-~
w T W
(8) (h)
ho-eeeeeee -
(3)

P —

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

W

® Gauge dependence cancels M remaining divergences cancel exactly M
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The required loops.

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

w

v W X f v f .
e ey
’:" vv't f L ":v’

e — T

W

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

h, clfo_, b+ Ui, U Z,Wy f

’ \ l, \\‘
! '

h -t ’ h -t ' h ===-- h ==---
\~-o,l \‘_—l’

2 2 2
T = m2hv— [—167r25—”+3,\(1+10g[”—])+m—W§(1+1og[ 2 D
1
A

1672 v
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Renormalization conditions

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

(h(ph)lsl'Y(paaa)”Y(pbaB»BSM — (1 + 5%) (1 + JRA) (1 + 5Re)27: Z Am

| r=a..o

Cancels!

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

% 2 1
—_— Hg;gp )|p2=m2 5R6 — —§6RA,

h

IRy =

This relation follows from a Ward identity
using BFM.
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Higgs two point functions

® Required Higgs two point function results

hw ¢Uv él‘ ZV "‘/:Z.' 'u()' 'ui
h - - -’; -t - - - h —
(a) (b) (c)
f h, ¢, o+ Uo, Us
h\_ " A h
(d) (e) (f)
ZWs W z
h N h 9% h %
(8) (h) (i)
T — e—

This result is pretty well known, but where is it ?! for finite terms in /¢ gauge in BF method

We will supply it upon request for general ¢ .
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SMEFT gauge fixing issues.

® Some interesting subtleties in the SMEFT. Consider

ofy W= y e
,—)-\\ Y ~
h----e h---- W= h----
¢ Y y Y
b0 W= W=
e — B ——

® These terms give divergences proportional to v* but counter-terms all come in proportional
to v. So what is going on?

® Resolution of this issue is to rethink gauge fixing

) ,\ X A 2
Lap = _2€_W [auwa,u — g9 CabCWb,chp + 1299 g (HJU%HJ' - HJO'%H]')‘ ;
a

1 € (it )]
- E[a,,}_'3"+z'91§(HiH,-—HiHi)] .
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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.

L 0G* 4

Lrp=—u 3 1P~ Some operatorsin Lg then source ghosts!
—
¢i == 4
AN LoV AVAVE ¥ y
’,'"f’ E ’,’f/ E // \‘\
h----el Y ¢* R N T h----® ,
\\r\ : \‘r\\: \\\‘<’/I ,},
. ANy VW ¢
(p u— u=

e —

® This cancels the unusual divergences 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

— 2
. Cw Sw (€B . €W) (G”Au ol Zu) . CHWB’Uz(S?U C?U)(S,?UéB + c’w§W) ((9“Au o ZV) )
9:23%% 9:237%
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One loop SMEFT - Final result

® The final result for the 3 tree ops result is of the form 1505.02646 Hartmann. Trott

2 2
1

Cyy (9% 3¢5 CuwB [ o 2 mj,
+ (1671'2 (4 + 56X )+ 20 (—395+4X) | log 52 )5
g 93
( + =2 +/\) Z[m%] + (22 +2)\) IZm¥) + (V3T —6) A |,

Cuwsn [ ., m? o ma, . :
+ — (262 (1 + 6 ":%’ —2g5 [ 1+ log m‘.’% + (4 — g3) I[miy],

4( 32— 2—62ﬁ 2
+ e — g3 — 6e”—5- | I, [myy] |,

m h

'2 C 7n-2 1n2 7n]2
- 924 wz;w (3 m—‘;;,/ + (4 = m—%’; : em—fg) I,,[mﬁ,]). (3.6)
B ——
Where C—'v,N;,P =Cyp+ Chaw — Cuwn
R — T
1 2 2 l1—x 1 2
m*—myxr(l—x m
I[m2] = / dz log ( h . ( )) ’ Iy[mZ] = dy/ dz 5 3 :
0 mj 0 0 m —mhz(l—:c—y)
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One loop SMEFT - Final result

® The final result for the 3 tree ops result is of the form  1909.02646 Hartmann, Trott

Fixed by renorm
s ANP , R ‘s
ot _ (1 + 9Bn _U> , conditions
ive? A 2 v
2 2 2
1 2

Cyy (9¢ 3g . Cuwp ; o, 2 mp

* | 1672 (4 74 t0A e (3 +4) | log| 7
2

(5 -+ 43) Zmd)+ (% + 22) Zomdy) + (V5 - G)A)

CH WB a2 J?l%v o 2 'n]%‘/ 2 2
+ 16 72 (26 146 2 —2g5 |1+ log m? + (42 — g3) Z[miy],

+4(362 9 bezi)zy[mw])

171 h

2 2
g5 Caw My mh mw 2
— 3 —= 4 - —4 — 6—= . 3.6
= ( =2 ( == ) Iy[mw]) (36)
T — e ———
Where €)Y =Cus+ Caw — Cuws
R — B

I[mz]z‘/olda: log(m —mr,;%(l—m)) Iy[mz]_/l xdy/ e —mhm(zl—x—y)’
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One loop SMEFT - Final result

® The final result for the 3 tree ops result is of the form 1505.02646 Hartmann. Trott

i ANP SRy, &
Mﬂl_chmr(l_*_h_}__l))’

iveQAﬁ'Z;" 2 v
2 9 .2 2 7 ”
+ 1%“’;2 (%‘ﬁ%w,\) + (’;’é“{z” (—39%-!-4/\)) log (’j’\’g) < (not so) Large. |
log terms consistent with
Coy (9, 9, . RGE
+ 1672 ((4 + 1 I[m%] + 2 +2A I[miy] + (V37 —6) A |,

CH WB a2 J?l%v o 2 'n]%‘/ 2 2
+ 16 72 (26 146 2 —2g5 |1+ log m? + (42 — g3) Z[miy],

+4(362 g bezi)zy[mw])

171 h

2 2
95 Caw My mh mw 2
— 3 — 4 - -+ —6—= : 3.6
in? ( m.% ( miy m;, ) Iy[mW]) (3.6)
O ——  ———
Where €)Y =Cus+Cuw — Crws
S — T

I[mz]z‘/olda: log(m —mr,;%(l—m)) Iy[mz]_/l xdy/ e —mhm(zl—x—y)’
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One loop SMEFT - Final result

® The final result for the 3 tree ops result is of the form 1505.02646 Hartmann. Trott

i ANF SRy, 6

iveQAﬁ'Z;" 2 v
b (Cox (91,39 ) Cuws (-3¢3+4)) | lo m'z‘
1672 \ 4 ' 4 1672 \ 092 &\ A2

C 2 2

-+ E::Q ( (041 + %2 ) I[Ulj] + ( 2 + 2A) Z[mu/] + (\/_71'— 6) /\) e . -

Finite terms with associatec

Cuws (., » My o o miy 2\ 2 logs terms

+ 6.2 (26 (I-H) 2 295 [ 1+ log m? + (42 — g3) Z[miyk g

+4(362 g bezi)zy[mw])

171 h

2 2
93 Caw My mh mw 2
— 3 —5 4 — — — 6—5 . 3.6
472 ( m% ( m2, U m? ) Iy[mw]) (3.6)
R ——  ——

Where CyY, =Cup+ Caw — Caws

1 m? —m2z (1 — ) 1—x 1 m2
Im2§/dx10 ( h ), m?] = d/d:z: :
] 0 ¥ m;, Lylm’] 0 Y Jo m2 —mjz(l —z —y)
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One loop SMEFT - Final result

® The final result for the 3 tree ops result is of the form 1505.02646 Hartmann. Trott

i ANP, SRy v
wean = (It )
' af

Cyy (9¢ 3g . Cuwp ; o, 2 mizu

T | 1672 (4 tog T8+ gm (B t4d) | leg(
2
( )

) I[m%] + ( - +2A) Z[m¥y +(\/_7r—6)/\>

CH WB a2 J?l%v o 2 'n]%‘/ 2 2
+ 16 72 (26 146 2 —2g5 |1+ log m? + (42 — g3) Z[miy],

+4(362 g bezi)zy[mw])

171 h

2 0 o, 4/“Pure” finite terms not in
92 ~HW (3 — (4 _mh 6'"W) z,,[mw]) (3.6)

m— . Ioqu and no associated

Where €)Y =Cus+ Caw — Cuws
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SMEFT - Physics developments

1505.02646 Hartmann, Trott

® 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

CHwB m - 1 my
RenwB/caw = Crry (0.5 + 0.7 log A—S‘) Regwp >~ 1+ 0.7 log A2

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

® The RGE is not a good proxy for the full one loop structure
of the SMEFT. We need to calculate full one |loop.

(O’s in the rge do not mean O’s guaranteed at one loop for finite terms)
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One loop SMEFT - Final result

1507.03568 Hartmann, Trott

® Remaining contributions are WWW operator

2
my

fw = —9g; log (F) — 995 Z[miy] — 6 g5 Z, [miy]

+ 693 Iww[m%‘v] (1-1/mw) — 1293’

: . i 2
® dipole results: fop = 200 [Yilas | —1+2 log (_2) + log (i)]
88 . mp, Ts
— 2Q¢[Yilos 22, [m2] + Zm?]] .
for = LAs(n), fun = Ne Lty ()
) eH — = Ts)s uH — c_u Ts)s
® SM rescalings: 8 2 :/2 88 2 In terms of usual
(only this in far = N. %Al/z('rs), loop functions of
eHdecay) a8 03 , the SM.
fHE] — _7£A1/2(Tp) - Nc TuAl/'Z(Tr),
2 1
— N, %’Al/'Z(TS) — 5 Ai1(tw),
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Do we need this SMEFT one loop?

® Developing the SMEFT lets you reduce theory errors in the future.
® For the current precision it is not a disaster to not have it:

Hartmann, Trott 1507.03568

Correcting tree level conclusion for 1 loop neglected effects
errors introduced added in quadrature, C; ~ 1 :

. NP ¢ 2
Data for: -0.02 < (C;';”’ L G f‘) T <0.02.

A = 800 GeV
A = 3000 GeV
A/

Ry = 0-93J_r8:?1)(75 ATLAS data - naive map to C corrected |29, 4] %

k- = 0.981T015 CMS data - naive map to C corrected

52,7 %

® The future precision Higgs phenomenology program clearly needs it:

Y

figroj:HILHC —14+0.03

/egmj:TLEP —140.0145

gProj:ftunll 9 4 () 045 - naive map to C (tree level) corrected [167,21] %

250, 31] %
513, 64] %

e

T ——————————5———
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Conclusions

® Presented the complete one loop result for I'(h = v7) in the (linear) SMEFT.

Based on Hartmann, Trott 1505.02646, 1507.03568
Some overlap of results in 1505.03706 Ghezzi et al. and builds on the RGE

® Results are numerically significant for interpretations of the data when precision descends
below 10% experimentally. Results are not yet included in codes such as eHdecay.

® Era of one loop SMEFT results has now been kicked off:

Pioneering full calculation # — €7 Pruna, Signer arXiv:1408.3565
Other processes tacked in 1505.03706 Ghezzi et al. (partial EW precision)

Partial I'(h — f f) R.Gauld, B. D. Pecjak and D. J. Scott, arXiv:1512.02508

QCD corrections partial SMEFT P. Artoisenet et. al., arXiv:1306.6464

QCD NLO Hiaas associated nroduction K. Mimasu. et al. arXiv:1512.02572
QCD NLO single top production C.zhang, arXiv:1512.02508

QCD NLO Higgs pair production R. Grober et al. arXiv:1504.0657

NLO Z decay widths O(y7, \) Hartmann, Shepherd, MT 1611.09879

M.Trott, CERN- May 26th, 2017



Backup stuff



More scales, more possible signals

® \What are we probing? Just for indirect mass scales of new states?

Consider the electrostatics
multipole expansion

Vi) =13 emVim(@) (2)’

e —

® By adding a series of terms
(operators) like the dipole
guadrupole etc one approx
the field

The field far away looks just like a point charge.

® “Non-minimal” coupling effects can be there, there is more than UV states to matching.

1305.001/ Jenkins,Manohar, Trott, Seminars at: - NBI Winter School lec 2015, MTCP Higgs 2015
also 1603.03064 Liu, Pomarol, Rattazzi, Riva



More on scales

arXiv:1 705.soon SMEFT, HEFT etc (review) llaria Brivio, MT

® \Ve want to probe the multipole scales of the (fundamental?) scalar
to determine if its effectively point-like

{CHD Cup Cuwp Caw CHB} Are these substructure coefficients:
Mul— A2 7 A2 7 A2 7 A2 7 A2 T
>\mul < h/th

Scattering lengths (i.e characteristic scales) can be larger than Compton
wavelength), we are interested in a bit smaller but not vanishingly small.

e How can you think about the multipole expansion in SMEFT? Think of quantum
mechanical scattering off of a non-local potential. With boundary conditions
Lippman-Schwinger egn

L
Vo — @

¥)
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The multipole expansion

arXiv:| 7/05.soon SMEFT, HEFT etc (review)SliaficiBriSRNAR

® Described as:

2 [ Ve(K',q)Ty(q, k; E)
s = V. / = 2 Ve ,q)L2\q, X

e ————— e ———

Transition matrix for non-local potential for Wavefunctions

® S matrix for partial wave scattering: S;(k) = 2:%¢(¥)

(first introduced by wheeler)

e This is the effective range expansion:

1 1
kCOtdo(k) = —a—+§r0k2_027~8k4+...
0

These are distinct scales to consider. We should think harder about them.

T —




Bound state physics = challenging

® How does it work in field theory? For NR bound states (see Kaplan et al
9605002, 9802075, manohar and luke 9610534, etc..)

A= —ilplV + VGLY + V(GLT)? p'y =P iA = —i(p|(G) ™" Ge (GE)'Ip)
&S i full g.f.

H

1




Bound state physics = challenging

® How does it work in field theory? For NR bound states (see Kaplan et al
9605002, 9802075, manohar and luke 9610534, etc..)

A= —ilplV + VGLY + V(GLT)? p'y =P iA = —i(p|(GR)|Ge (GE) " Ip')
iee @i

Satisfies Schrodinger. egn

Problem i;T; thii\lOT N’R

H

4 1

o — 4 —_—
In the end  |p| cot é(p) Z|IT|+M‘A
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SMEFT multipole expansion

® How does it work in field theory? For NR bound states (see Kaplan et al

9605002, 9802075, manohar and luke 9610534, etc..)

iA=—ilp|V + VGLY + V(GLV)? p'y =P iA = —i{p|(Gx) " |Gr (Gg) " Ip)

® [nthe end |p|cotd(p) =ilp|+ %}1

® We know, expansion of Higgs as a bound state in SMEFT case projects
onto ops. Just because we have trouble calculating this physics of
relativistic bound states does not make it O.

Ny~ {£50, 0D Cows Caw Cas, Test this without
A% A A A A prejudice in h — y~!




