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SM  SMEFT  "an extra operator”
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*  Assuming no large “nonlinearities/scalar manifold curvatures”
(HEFT vs SMEFT as the IR limit assumption.)

® All IR assumptions on the EFT limit, not a UV assumption.

® EFT prime directive, separate the scales in the problem and
calculate with the long distance propagating states consistently.
In SMEFT these are still the SM states. Calculate IN the EFT.



Typical size of effects to search for

® When you don’t rely on a resonance discovery the SM interactions are perturbed
by local interactions
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e LHC reach <14/6 ~ 2TeV (rule of thumb due to PDF suppression)
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® (Corrections expected on the order of o few %
(LEP data few % to 0.1 % precise)

~ few — tens%

A2
A~ M/\/qg in this talk



Parameter breakdown

® Dim 6 counting is a bit non trivial.

Class Nop CP-even CP-odd
Ng 1 3 Ng 1 3
1 g*x3 4 2 2 2 2 2
2 HS 1 1 1 1 0 0 0
3 H'D? 2 2 2 0 0 0
4 g’X?H? 8 4 4 4 4 4 4
5 yv?H® 3 3n> 3 27 3n; 3 27
6 gyu’XH 8 8n 8 T2 8n; 8 T2
7 WH?D 8 3ng(Ing + 7) 8 51 3ng(9ny — 7) 1 30
8 :(LL)(LL) 5 in2(Tnl +13) 5 171 Ini(ng —1)(ng + 1) 0 126
8 : (RR)(RR) 7 ing(21n) + 2n2 + 31ng + 2) 7 255| ing(2lng+2)(ng—1)(ng+1) 0 195
¢4 8 : (LL)(RR) 8 4n%(n? 4 1) 8 360 4n?(ny — 1)(ny + 1) 0 288
8 : (LR)(RL) 1 ng 1 81 ng 1 8l
8 : (LR)(LR) 4 4n 4 324 4n; 4 324
8 : All 25 ing(107ng +2n3 +89ng +2) 25 1191  2ny(107nj +2n3 —67Tng —2) 5 1014
Total 59 [L(107n7 + 2n3 + 213n2 + 30n, + 72) 53 1350|L(107n + 2n3 + 57n2 — 30n, + 48) 23 1149

Table 2. Number of C'P-even and CP-odd coefficients in £©) for n, flavors. The total number of
coefficients is (107nj + 2n + 135n2 + 60)/4, which is 76 for ny, = 1 and 2499 for ny = 3.

g s
Lots of ways to count...for ex at LO:
jepencie - 23 - 24 = 20 arXiv:1312.2014 Alonso, Jenkins, Manohar, Trott

flavour CP e




More parameters, but MUCH more data
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What does EVWPD mean in the SMEFT?

® Do we have a factor of 10 problem?

2 2
® (Corrections expected on the order of % ~ few % i ~ few — tens%

A2
(LEP data few % to 0.1 % precise)

Observable | Experimental Value | Ref. | SM Theoretical Value | Ref.
iz|GeV| 91.1875 + 0.0021 [38 - -
rw [GeV] 80.385 + 0.015 [39] 80.365 + 0.004 [40]
o} [nb] 41.540 + 0.037 [38] 41.488 + 0.006 [41] _
I'z[GeV] 2.4952+0.0023 | [38] 2.4942 + 0.0005 [41] per-mill
R} 20.767 £ 0.025 [38] 20.751 + 0.005 [41]
RY 0.21629 + 0.00066 | [38] 0.21580 + 0.00015 [41]
RY 0.1721 + 0.0030 38 0.17223 + 0.00005 [41]
AL o 0.0171 4 0.0010 38] 0.01616 + 0.00008 [42]
Asp 0.0707 + 0.0035 38] 0.0735 + 0.0002 [42] perce nt!
Ab o 0.0992 +0.0016 | [38] 0.1029 + 0.0003 [42]

T

® How worried should we be about the need to get a factor of 10 or so by
cancelations?



Worries that we should/are sorting out:

® Can we use the measurements without a significant extra bias introduced
due to transition from SM to the SMEFT? Ex given next.

® \What are the one loop corrections on the most precise observables
(see Will's talk)

® How correlated is the fit space? (very) Should we work harder on statistical
measures of cancelations? (yes)

® Remember that LEP PO highly experimentally correlated:

Simultaneous PO extraction of: {fz,T'z,0p .4, RY, RO ]

Also the calibration of the calorimeter in extraction of my
means that it is really an extraction of mw /mz

e Theoretically can’t get just one operator at a time,
so probably also theoretically correlated (see Yun's talk).



Ex of measurement bias check

e To use a measurement of My, to constrain the SMEFT: {&,Gr,7mz} inputs

om? Ch Sy CA Sz Ss
= e {4CHWB L G - O — Q—HCM}
My, (Cé — Sé)Q \/§GF Sg Ch &

This is how you want the constraint to act.

BUT measurement via transverse variables actually measures a process:

i 5mm1 5FW

e How wrong is it to just apply the constraint pretending the other shifts not there?



Mw measurements in SMEFT

e Mw is a template fit at LEP and at the Tevatron.

1606.06502 Bjorn, Trott Transverse mass Jacoblan peak
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e Error quoted on the extraction for the Tevatron is OK in the SMEFT!




EWPD measurements in SMEFT

"{ @ EWPD is a scan through the Z pole

+ -
e ¢ —hadrons

Cross-section (pb)

~40pb™" off peak data
~ 155pb~" on peak data
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arXiv:1502.02570 Berthier MT

e The pseudo-observable LEP data is not subject to large intrinsic
measurement bias transitioning from SM to SMEFT, so loops a go!




How many parameters in EVWPD!?

® For measurements of LEPI near Z pole data and W mass at LO:

Quwr, Qup||Qyr Q% Q%) Q57 Qres Qrrus Qrral Que

Dome e X

® Relevant four fermion operator at LO is introduced dueto © —e¢ + v +v,
(used to extract G r)

® Some basis dependence in this, but O(10) < 76 as T'w.z/Mw 7z < 1

Two core issues:
e \What is going on with the different claims and flat directions?

® How do neglected higher order terms effect EWPD?

10




The reparameterization invariance

® Recently we have been able to understand the origin of weak constraints
when using the Warsaw basis in LEP data. Not a bug - its a physics feature!

arXiv:1 701.06424 Reparameterization! llaria Brivio, MT
(Vig) e (VI(1+e€),¢d (1—¢).

V4 Y — Y1) scattering has a
reparamatrization invariance (RlI)
1 1 _ -
Lvy, = 5my VIV, = 2VEVuy = gy Vi — g ke iV + -+
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The reparameterization invariance

® Recently we have been able to understand the origin of weak constraints
when using the Warsaw basis in LEP data. Not a bug - its a physics feature!

arXiv:1 701.06424 Reparameterization! llaria Brivio, MT
(Vig) e (VI(1+e€),¢d (1—¢).

Py — Yp scattering has a
V PN
reparamatrization invariance (RI)
1 1 - - .
Ly, = 5 mi VH V, — ZV” Vv - 90 iV — g bpy* iV + - -

f These terms invariant under shift

This term changes!

® BUT! The LSZ formula corrects out the non-normalized kinetic terms, so no
physical effect.




The reparameterization invariance

® This is why at one scale, you can get rid of the effect of the operators
H'HB*'B,,, HTHWH'W,,

')
(l 2 (l) U7 LV
yh JlQHB '1 T B*Y B/[I/- <g§QHH“'>S'R — T I‘ TH W 1

172 2 A2 o
vy — Py /

® via B— B(1+Cupv?), g1 — gi(1—Cupv’)
Which leaves B g, — Bg; Invariant.

e LEP data also can’t see what is EOM equivalent to these operators in ¥y — )

9
‘ ) — = 91 1
(Y 91QHB) SR = Z Vi 01 U v3Un (H' i D gH) + > (Quo +4QuD) — 591 92 QW B)Sp.

' . 5 2 .»
(93Quw)sp =|{95 @7 vsq +17"5l) (H 'ﬁ’ ) +295Qun—29192¥0 QuwB) sg-

T T ————————————————wess
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The reparameterization invariance

® F[lat directions discovered in the 2 to 2 scattering data set project onto these
EOM equivalent combinations of operators

wy = —|u..' Bl 2.590ww wy = —Iu..' BlH 4.31|w;,y\.

® Ve have also confirmed that this is scheme independent.

e [he message is not “ there are too many parameters” but_.combine data
sets in a well defined SMEFT, as no matter what operator basis you choose
you get consistent results

Not as
precisely
measured.

So weaker

constraints RI not broken ~ Breaks the RI'" o1 6t proken

® (Can compare to operator basis choice arguments in Grojean et al hep-phioeo21541.
Contino et al arxiv:1303.3876].




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
guadraple 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

® \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 — @

¥)

1




The multipole expansion

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

Cuo Cup Cuwp Caw CHB}. Are these substructure coefficients:

Mul—{z’z’ 2 7 A2 7 A2
A A A A A Al =< e

® Described as:
(k,s q,)Tf (q’ k’ E)
E—-q¢/u+ie

2 [ Vi
T K5 B) = Vi(k,K) + [ dial ¢

I

Transition matrix for non-local potential for Wavefunctions

® S matrix for partial wave scattering: (k) = e2“¢®

(first introduced by wheeler)



More scales

e Thisis the effective range expansion:

1 1
k cot 50(k) = PN -+ 57’0 k? — 027‘8 Kkt +
0

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

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

iA=—i{p|lV+VGRV + V(GRV - |p"y =P iA = —i(p|(Gr) " Ge (Gg) " Ip))
free gtf. -
3~

18




More on scales

e Thisis the effective range expansion:

1 1
k cot 50(k) = PN -+ 57’0 k? — 027‘8 Kkt +
0

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

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

iA=—iplV+VGLV +V(GLV)2 + .- |p/) =P iAd = —i{p|(GE)~*
free g.f.

Gg (Gg)™ Ip')

satisfies sch. egn

4 1

® |nthe end |p|c0t6(p)—z|p|+MJ—4 Problem |sth|il\‘lOT
2 18 K )

S B

18




More on scales

e Thisis the effective range expansion:
1 1 2 3 1.4
kCOt(So(k) =——+ —1rok° — Corg k™ +
ap 2

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

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

iA=—i{p|lV +VGLV + V(GLV)2 - |p)y =P iA = —i{p|(Gy) ' |Gr (Gx) ')

free gf. satisfies sch. eqgn

4 1
In the end  |p|cotd(p) = i|p| + Y

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

make it O.
A2~ Cyo Cup Caws Cuw CuB Test this
v =1 A2 7 AZ 7 A2 7 A2 7 A2 } without
prejudice!




If a series of unfortunate events happens...

Look away

look away

Look away

look away

This show will reck your evening

Your whole life and your day

Every single episode Is nothing but dismay ...
but horror and inconvenience on the way
Ask any stable person "should | watch?" and they will say
Look away

look away,

look away

Look away

look away

look away

Look away

look away

look away




It would be extremely curious.

® Reminder: Why is the Higgs mechanism and classical potential curious?

2
Sy = / diz (|DpH|2 - (H*H - %v2) ) ,

Partial Higgs action

myy 7z = 0 field config. energetically
excluded (i.e. spon. sym breaking)

LG(s) = / dz?® [1|(d— 2ieA)s|? + 1 (|s|* —a?)|,
w2 2

B

Landau-Ginzberg actional,
parameterization of Superconductivity

Normal state Superconducting state

Magnetic field energetically
excluded from interior of SC

20




Challenge of constructing potential

® |t would make sense for the Higgs mechanism to just parameterize symmetry
breaking. To do better we should construct the Higgs potential

V(H)=—p*H"H+ \(H'" H)?

® Muon decay: v = 246 GeV Higgs mass: myp = 125 GeV —»[)\ = O.lSj
The problem.

® Composite models (nobly) try to construct the Higgs potential:

I HYH)? »
VA~ gig/lﬂz (_2 aHTH + 2[)( 7 ) )see 1401.2457 Bellazzini et al

weak coupling

2 2
A N i
® Can get the quartic to work: ~ 0.1 gsm i for A/f<4n implied, lighter
Ncyq 2 i new states

21




Challenge of constructing potential.ll

® |t would make sense for the Higgs mechanism to just parameterize symmetry
breaking. To do better we should construct the Higgs potential

V(H)=—p*H"H+ \(H'" H)?
2
® Higgs coupling deviations scaleas ~ 1 — v_2 but pheno studies imply f = TeV

f

® Where are the new states at a weakly coupled mass scale below the full cut off?

® Extensive tuning in these models: see [401.2457 Bellazzini et al,

e This problem killed the initial composite idea initially (Georgi-Kaplan
80’s), Modern models introduce tunings and constructed to avoid this.
Generic feature - tev or below states to construct potential.

2




We know more about the potential now

® Due to the improved knowledge of the top and Higgs mass:

1205.6497 Degrassi et al, | | 12.3022 Elias-Miro et al..

O b ''''''''''''''' L |
. } ® \What does this mean? (if anything)
nns L SO Dands 1n
o i M, = 173.1 £ 0.6 GeV (gray)
v_ a:(Mz) =0.1184 = 0.0007(red)
0.06 | M;, = 125.7 £ 0.3 GeV (blue)

® For fate of the universe considerations
S€E€  [205.6497 Degrassi et al.

1505.04825 Espinosa et al.

ipling A

liggs quartic con
OO :

® This might be a different message.

® Build the Higgs potential in the UV, as
there A ~ 0

Unexplored compared to the fate

[:An interesting mass scale is 10-10(ﬂ
of the universe issues.

PeV (or 107 — 10% GeV)




Simplest example of building the potential

® Add the simplest thing we can, a singlet fermion with a heavy mass scale
to the SM

e HL onlything we can then couple to to make a Lorentz and gauge singlet

2Ln, = Ny(id —my)N, — €] HWE'N, ® How such a fermion
— P BTN, — Nywh* HT1P — Ny wl HEE. talks tothe SM at d <4

® Direct threshold matching onto Lsw

\\\ N I”
\\ “'p ,/
| | (wh)” ws
wj W5)° ‘e p
___________ ; 8 2 s P> R
.‘ Am2_m2M AA_—S(wq w )(wp w )
W (w5)" TP g2 N 2 '
"/ r \\‘ 87r 64 v
’ iVq N

EE——

® ) still has to be small, but at high
scales, that is fine!




This threshold matching should be done to CW

wa azz C ® Construct quantum corrections:
mi, () [, mn(¢)® 3

15 1 N 2
Ve = 6472 [og (12 2] U

R — e E———_—

e If my>wv,A; such athreshold matching can dominate the potential
and give low scale pheno that is the SM

® |t has long been known that such threshold corrections are a direct
representation of the Hierarchy problem F. vissani, Phys. Rev. D 57, 7027 (1998)

® Can one go the full way of generating the EW scale in this manner?



Can the Neutrino Option work!?

® Use the RGE (1205.6497 Degrassi et al, 1112.3022 Elias-Miro et al..)
to run down the threshold matching corrections
arXiv:1703.10924 Neutrino Option llaria Brivio, MT

Amy(20)

0.130

® (Can get the troublesome X ~ 0.13

0.125}

0.120¢+

m)

0.115}

e This essentially fixes the
mass scale and couplings

A(p

0.110¢

0.105+

A
2100 - L l my ~ 10 GeV
10° 108 107 108

mp (GeV) w| ~ 107°

® Expand around the classically scaleless limit of the SM. Punch the
potential with threshold matching you kick off low scale EW sym. breaking?



Higgs potential. Check. Neutrino mass scale. Check.

® The EW potential does get constructed

2 correctly running down in a non-trivial
I
T manner
>
080 05 10 15 20 25 30 35 40 Army(20)
VHIH/v : , ,
—_— — 107
>
)
S
® |n a non-trivial manner - and the right E o'l
neutrino mass scale (diff) can result. 3
S
Am,(eV)
100 N
106 10-° 104
wl




The mass scales of neutrinos also works.

' ® you were warned...
ook away
ook away
ook away

,,,,,,,,,,,,, ook away
080 05 10 15 20 25 30 35 40 Amy(20)
VHH/v . , :
— e 102}
-
)
)
® The right neutrino mass scale (diff) E 101l
can result. é:
Am,(eV)
10° :
10-6 10-5 104
wl




Neutrino option summary:

e Radiative EW symmetry breaking due to see-saw model field content
extending the SM + SM RGE’s.

® Expectatio le new states

® Expectation of PeV scale mass generation mechanism associated with lepton
number violating neutrino masses.

® Protection mechanism of the SM: Accidental L number global symmetry

Scale invariant limit with CW breaking
and threshold matching hard breaking.

Leading way that L number violating effects
feed inis loop level H'H , (H'H)?

® Build the Higgs potential in the far UV and run it down!



Conclusions:

® Massive pessimism before the greatest data set ever recored in
collider particle physics history is delivered is perhaps misplaced.

® \We expected resonances, but the waiter seems to have brought EFT.

® Fortunate events 1: We are talking factor of 10 cancelations between out naive
expectation of effects, and flavour symmetric tests (EWPD). (sym test different)

® Highly correlated fit space in EWPD due to experiment, and the RI.
If we break that by hand - much stronger constraints. This is a multiple orders
of magnitude effect. Things are not as dire if you take this seriously.

® Fortunate events 2: We are probing MORE than just for states in SMEFT,
we are probing for substructure too. More opportunity for discovery.

e Unfortunate event : Neutrino option disturbingly compelling and simple, but also
unexplored!






If you insist - that HB thing.

e Basis is defined by first writing down a full set of SU(3) x SU(2)r, x U(1)y ops

e Then small field redefinitions are used to fix the meaning of the SM fields
In the power counting expansion

SM — SM + dim3/A?

Dim 3 bit is gauge independent structure with same transformation properties
as the field shifted. For example

D?H; el;Ye dq; Yy (e q;)* Y. * H'H H;
Hj = Hj+h =5 + ha— 5= +ha— 5" + has— 5" + hs— 57,
- \ v g
VY H'"iD, H DB, H'H B
B), = Bu+bi—5— +by—— 55 by by —— 5

® Consequence is dim 6 op relations



If you insist - that HB thing.

® For example

1 , _
Ly = —7BluB"™ — g1yy ¥ B¢+ (D*H)'(D,H) + Cp(H! DHH)(D'B,.,),

+ Cpu(DH)' (D"H) B}, + Ciy} Q) + Crre Que + C“>Q‘“ + Criu Qi
tt tt

+ CaQua+ CupQup + Cr (ffr ﬁ“H HJr DFH).
tt tt

HYi D, H

Use field redefinition: B, — B, + by 5
A

e Shift that results is L — L — ¢102AB

AB = YlQ(l) + YeQHe + qu(1) + YUQI‘{;L + YdQI{tda
tt tt

1 .
+ yu (Quo +4Qup) + g—lB“”aﬂ(HTz&_)),,H).



If you insist - that HB thing.

® This is justified as the EOM difference you can then use to choose to
cancel an op out projects out of the external states - it is vanishing in the
on shell projection defining the S matrix element

/,(SM\S\SM}\

AB =0 AB =0

® Another way to say it is in the path integral formulation you are just changing
Interpolating variables without violating a symmetry, no physical effect.

® The field redefinition has to be gauge invariant as the observables do not carry
gauge dependence. le. Unitary gauge is not some “gauge of reality”

® Following the rules protects you from insisting the Lagrangian is put into a gauge
dependent form with gauge dependent field redefintions.



If you insist - that HB thing.

1 1
AB = yiQj) + YeQ@He + YqQEHzI +YuQHu +YaQHa,
tt tt

1 4=
+yu (Quo +4Qup) + g—lB‘“’é)u(HT i D H).

® You fix the lagrangian parameters at the cost of shifting the
remaining parameters retained in the theory. This is why the wilson coefficients
are not physical, but contextual as to the fully defined basis.

® Consequence 1: You should retain all operators that are present in the theory
to be consistent (see 1409.7605)

® Consequence 2: This is why the RGE dim six ops have to run down and change
the scale dependence of the dim 4 terms

® Consequence 3: Scalar manifolds are tricky



If you insist - that HB thing.

® Parameterize the H field as g [ 92t+id
-\ ¢4 — i3

® You can work out the derivative terms

1., - C C - "
Laero = 5(0u8) - (0"9) + —15 #°0F + =57(- (0"9))* +

® This defines a tensor for the scalar manifold 9"¢i0,¢;/2 :

J(CHD —4Cyo) + - - You find Rj‘kl =+ 0
Burgess, Lee, Trott arXiv:1002.2730].

® The same point is made observing that D°H # OH but D?h = [h

This is why in unitary gauge you can do this field redefinition to put

In canonical form

h — h(l + (Cyn — —CHD)'UI (1 + — L + 3}:;))



See the review upcoming and ...
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