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e - :Z for nice introductions: David, Denner

00 02 04 06 08 10 12 14 16 18 20 Hamburg Workshop on Higgs Physics
dataftheory for comprehensive EFT reading
Murayama et al. arXiv:1412.1837
PO any, uniquely defined, QFT-consistent, expression giving one number

PO is implementable in any SM deformation

T assuming AB < AS
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drops of PO




Example
From Laurent expansion

7k =320 T ) (2= )

to gauge-invariant QFT splitting (only the POLE, the RESIDUE
and the REMAINDER are gauge invariant)
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H—Z*(—ff) +y unphysical
H—y*(—ff)+y unphysical
H—Z (—ff)+y PO

where Z* is the off-shell Z boson and Z, is the Z boson at its
complex pole. Understanding the problem of POs means
understanding the difference between H — ff and H — ff+ ny

As long as we have 6 (pp — yff) and H — Z_+y we know
everything, we can communicate and always go back, should a

© €
new theory emerge
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Table: ThePOTI.=T'H—Zy—e'ey)and It =T(H—e'ey).
Here Mc+e-), > 0.1 My and Mz —ET7 < Myt < Mz +ET7.

& Fto'[[ ke V] Fc[ ke V] R. = Fc/rtot
1 138.7 154.1 1.11
2 166.2 194.8 1.17
3 176.4 217.9 1.24
4 181.7 236.5 1.30
5 185.0 253.6 1.37

The ratio R.(&) gives the correction factor for extracting the PO

~ [keV/ GeV]
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PO building manual

eeeeeeee d current.
P \
0O = polarization
[ 323 FO) =55 1 F) PP + rest

50— s [0)] €)
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HZZ PO has been described

(Nihil sub
sole novum.

@ in Sect. 7 of “ NLO Inspired Effective Lagrangians for Higgs
Physics” (e-Print: arXiv:1209.5538) and

@ in Appendix C of “The Higgs Boson Lineshape” (e-Print:
arXiv:1112.5517)

v How POs were used/defined from both the theory and the
experimental side? Please, read
http://arxiv.org/abs/hep-ex/0509008
(especially Sect. 1.5.4)
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NLO EFT for the Sorcerer’s Apprentice

... where it is proven that NLO EFT provides the general framework for consistent calculation of higher orders and

allows for global fits, superseding any ad-hoc variation of the SM parameters

Ongoing and near future experiments can achieve an estimated per mille accuracy on precision Higgs and EW

observables, thus providing a window to indirectly explore the theory space of BSM physics. That's why you need
NLO EFT

One more reason for NLO? Well, k-framework is not fully consistent (violates gauge symmetry and unitarity); do you

want to consistently differentiate loops in loop-induced processes? There is only one way




In case you ask

Higgs couplings from LHC

+ New: VH->bb included in ATLAS, updates for H->Zy, VH/ttH->yy (*)

+ No BSM Higgs decay modes assumed ] 1 1 +e- 1
—Comparable numbers for Ky, k, and k, between the experiments nggs Coupllngs n €+¢ COllldeI‘S
—goupliflg; can be determined with 2-10% precision at 3000fb™! for CMS Model-independent fit C ined fit
cenario =
Coupling | TLEP-240 ILC TLEP ILC
O Lk [k [ |6 [k [k k] guzz | 0.16% 09% | 0.05% (0.06%) | 0.31%
300 [ATLAs | (99] | 19,91 | (88 |[11,14] | (22,23] | [2022] | (13,14 | [24,24) | [21,21] GHWW 0.85% 05% | 0.09% (0.11%) | 0.25%
300t | cMs | [57] | [46] | [46] | [68] |(10,13]|(1415] | [68] | [41,41] | [23,23] Jubn 0.88% 24% | 0.19% (0.23%) | 0.85%
3000fb | ATLAS | [4,5] | [45] | [44] | [59] |[1012]] [811] | [90] | [14,14] | [7,8] GHce 1.0% 38% | 0.68% (0.84%) | 3.5%
3000t | evs | (25 | 125 | 1241 | 35 | 47 | (7.10) | 125 |[1012]] [88) GHge 1.1% 44% | 0.79% (097%) | 44%
N " . i 0.94% 29% | 049% (0.60%) | 2.6%
— Assumptions made: no particles other than those from SM in the
loops, or contributing to the total width [ 64% 45% | 62% (16%) | 45%
—ATLAS: [no theory uncert.; full theory uncert.] 9wy | L7%] 145% | 14% (1.7%) | 14.5% |
—CMS: [uncertainties scale with 1/VZ and theory reduced by %; all BRexo 0.48% 29% [0.16% (0.20%) | 0.9%
inti B . - . .
uneertaintics as today] Relative statistical uncertainty on the Higgs boson

couplings, as expected from the physics programme at \'s
=240 and 350 GeV at FCC-ee (TLEP in the table).

The numbers between brackets indicates the uncertainties
expected with two detectors instead of four.
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s DY QFT is not flexible

s We need matching of UV models onto EFT
RS order-by-order in a loop expansion

Definition
L= {01("), ﬁ,(,d)} is a list of operators in V(9), then these

operators form a basis iff every 6@ e V(9 can be uniquely
written as a linear combination of the elements in L

Remark Overcomplete L is useful for cross-checking

An L that is not a basis is useless, e.g. is not closed under
renormalization and leads to violation of WST identities

Proposition

A basis is optimal insofar as it allows to write Feynman rules in
arbitrary gauges



Awareness of assumptions in EFT

F
il X one Higgs doublet (flexible)
reetiiaiin X linear realization (flexible)
HYPOTHESIS X no light dof + decoupling (rigid)

X UVC weakly-coupled and ren. (flexible)
X Neglecting dim = 8 and NNLO EW

ﬂ 3TeV<A<5 TeV

HEP phases

o PREDICTIVE phase: in any (strictly) renormalizable
theory with n parameters you need to match n data
points, the (n+ 1)th calculation is a prediction, e.g. as
doable in the SM

O FITTING (approximate predictive) phase: there are
(Ng+Nsg+ - -- = o) renormalized Wilson coefficients that
have to be fitted, e.g. measuring SM deformations due
to a single ¢® insertion (Ng enough for per mille
accuracy)



. P ROP O SITIO N . There are two ways of formulating HEFT

a) mass-dependent scheme(s) or Wilsonian HEFT

b) mass-independent scheme(s) or Continuum HEFT (CHEFT)

high-energy theory

O only a) is conceptually consistent with the image of an EFT as a low-energy approximation to a

O however, inclusion of NLO corrections is only meaningful in b) since we cannot regularize with a
cutoff and NLO requires regularization

@ There is an additional problem, CHEFT requires evolving our theory to lower scales until we
get below the “heavy-mass” scale where we use £ = % +d-%Z, d£ encoding matching

corrections at the boundary. Therefore, CHEFT does not integrate out heavy degrees of

Not quite the same as it is usually discussed (no theory approaching the boundary
from above.. ..

freedom but removes them compensating for by an appropriate matching calculation
) cf. low-ener,
9y SM, we;
ak effects on 9—-2etc.
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Having said that ...

calculations from UV models

This is not a contribution to the EFT basis diatribe, it's NLO EFT building, capturing the convergency with future

What can be said at all can be said clearly and whereof one cannot speak thereof
one must be silent



includes non-SM families

£6)

& iy ‘
up to O(g” g{:;)’ o(gﬂ) ...‘". s R

O(g"2 gs)
g6 =1/(V2GrA?)

O(g" g6)
PTG/LG

option 1: absent
option 2: PTG
option 3: PTG/LG

L (ight)

mixing under renormalization
H(eavy)

DIAGRAMMATICA of EFT

- Forget ks if you are using 1
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Appendix C. Dimension-Six Basis Operators for the SM?
a X* (LG) ¢ and 'D? (PTG) V28 (PTG)
E‘mhom’\NudK Q| frearalradr | Q, () Qep (') perp)
is PTG| ° FAECGEGIGS | Qo | (P10 || Que | (@)
IS Qu | WIWIWIS | Qoo | (6D40) (6D,0) | Que | (o))
is LG Qw | VKWW oW e
X*p* (LG) ¥’ Xy (LG) ’¢"D (PTG)
- Qo | #eGhe™ | Qur | thoreriowy, [ Q) (wﬁu )0
3 Qo | @lelhew | Qu | Goe)eBa | QY | (@Dl )00
z Quw | eleWLw ™ | Que | @ T u)3Gh, || Que | (liDuo)En e
] Qur | PloWLW | Quy | (@0 u)r W}, 0 (WD )@ ar)
_; Qus s J?WB“” Qus | (40" u)? By o (WD’ @7 ¢r)
§. Q. oo B, B"™ Quc | (40" T d) e Gty || Quu | (9l D# @) (' uy)
K Quwr | Il WLB™Y | Quw | (o d)Tio WL, || Qua (i B, ) (ddy)
H Qs | ATeWLBY | Qs | (@0™d)¢ B || Qeua | i(FT D) (p1dy)
%? Table C.1: Dimension-six operators other than the four-fermion ones.
2These tables are taken from [5], by permission of the authors

@ Effective Lagrangians cannot be blithely used without acknowledging implications of their choice
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What in loops?
Example: PTG in loops

No LG in loops?
S heavy BSM particle /

2
Scenario with g2 /(16 &2) suppression, gg = 0.068 (y)

g6 > ng requires A < 5 TeV 14;“:2- > g2 requires A>3 TeV

@ There is no model independent EFT statement on some
operators being big and other small arxiv:1305.0017

.. no suppression in ggF series ... multi-H interaction due to (multi) Manohar-Wise (8,2)1/2 fields ...
ground-to-ground, once everything is computed, why bother?



De rerum rinormalizzazione

o Renormalization should make UV finite all off-shell Green
functions (not done yet)

v all relevant, on-shell, S-matrix elements made finite, i.e.

@ Introduce ® = Zp(pren =2 en (fields & parameters)
’ P

g @) (6)
Zi=1+16.2 (429 +92°)

@ Construct self-energies, Dyson resum and make
propagators UV finte

@ Construct 3-point (or higher) functions, check their
6@ initeness, remove remaining 6® divergencies by

.. . . EUTEL e
mixing Wilson coefficients il



Everything on my hard disk

id dZh= +
+
+
*

id dZmh= - (

+
+
+
+
+

*

id dZa= 2*deg + stt

1
1/2+4M~-2+n1"2%sumg
3/2%M7-
3/2%M7-
1/2%ctt
2xdeg;

1

2%M7-24
6*M™-24
6*M™-24
1/2+M°-
3/2x%M7-
3/2x%M7-
3/2%M°-
1/2%ctl
3/2+M°2
3*M~2+n

*
id dZw= 19/6 - 4/34
*

id dM= - M~

+

[

id dZzz= +

2% (
1/2+m1"2*sung
3/2%mb~2%sumg
3/2*mt " 2*sumg
M~2%cth™-2
7/6%M"2
4/3%M~2+NG) ;

10/3

1/6%cth™-2
3/4*cth™-2*NG
1/4%cth™-2+NG*vt~2
1/4*cth™-24NG*vb~2
4 /19%mt %N k] =0

The CTs

remove UV
induce running

The mixing

The finite CTs

replace SM parameters with data

Likg
@

e BRIl SR | AVI VS

Why not anomalous dimension matrix only?
For moderate A the logs are modest
finite terms are important !
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Z]—m

i

L=Z¢0¢+Lin+Jo

O = Klein-Gordon, Dirac, etc.

Z = dim = 6 remnant

L=60¢+Lim+27VJ%

-

DENEm

§—matrix factors

1
2

1+96 (a0 — §asp)
1+geaaa
1+geazz
1+gsasw

dim = 6 — dim = 4 normalization

H — vev in 6©)

g

el
Additional correlations !I; (the vev tower game), e.g.

a,(;q’:’), ayy, correlate HZbb with Zbb
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building manual
@ Split the SM amplitude (e.g. t,b loops and bosonic loops in
H—1yy)

A

e
]

i=1,n

@ Recover these sub-amplitudes in the full answer

®@ Classify the (non-factorizable) remainder and obtain

dprc =

prc _,(4) prcNe(BNF)
R/ D DI i
i=1,n i=1,m

[m]

=



™ BEWAREL

ipy Mg - My

______________ ‘/ o -
¢
My ™ ipf My "

Lorentz structures are severely constrained
by WST identities

For off-shell H there are additional terms



ks form hyperplanes in the space of Wilson coefficients

o Each x-plane describes (tangent) flat-directions
o Normal directions are blind
Qo K-planes intersect correlations between different processes

@ Only now you can start making approximations, e.g. only
PTG, only H-induced SM deformations etc. (but why?)

o Finally, a global rescaling & / 2%y is a running parameter
(i.e. phase-space dependent)
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ZOOming in
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H — yy cut-away

starts at 6(g%) | [3«]
is LG
""" < dim =6 tree o« axa
mixes

one row in the anomalous dimension matrix y

AaA Adaaz azz awB awB aBw

QUOD ERAT DEHONSTRANDUM

xs are linear combinations of Wilson coeff.

[m]

=
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1+ ok
................ J T — I
g, M, my fin. ren:
w 1o O(g° g6) O(g%) O(g 96)

O(g° 96)
Assembling the amplitude
Finite renormalization
s— M2, + Sww(s) = 0 etc.
H WF renormalization a la LSZ

Fine points in renormalization
y WF renormalization €2 — 4 c(0)

(including IPS dependence)

Don'’t say T only want to shift H couplings
InputParameterSet GF, Mw, AI’Z, My Pren ié p(IPS)
o &



22 3 M?
K = 1+ge{(6—sg) asa + 8 coans — 2MzceatBW
3M21-2s2 1 5 (2
t AR s, g (%ot 2sh (Ban-2a0-a)])
2-s3 3 M;
K = 1+ge{(6—s§)aAA+ CeaAz+2MzceabWB

_ 212 [a¢D+239 (CeaZZ_2a¢D_a""’>”

2 2
96 Mi Mis
= 1+3 {(14+53§_2W35> aAA+<5 2M )Ceazz

M2 C 31
+ 4+53§—2—s§> —eaAZ___ a¢D_4Sga¢D
( M2 Se 2 s < )}
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H— YY Ad usum Delpbz’ni (does not mean former member of Delphi)

(%\ is PTG
1 2
A = _E (a¢D —4sj a¢u>
Ay =Ax Ax)' = A +ay Akl =AM+ apy
4 4 M
M) = Wl A e oY 21 g6 1 an

2
probes 07Dy 9| o 9209 o [0 2qtoo |92 Gbee

] = =

it
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starts at 6(¢%) | [3x] [11x"]
*— is LG ,,*\

****** <

mixes

dim=61tree < aaz

azA aaz az aws aws asw iny

k"F contains
@ aa @z axz p aws  amw
B B

aws
gV



1+ 1672 wa
1t o S
e . I
g, M, my fin. ren
w 10 O(g° go) o(g*) O(9.96) O(g° 96)
Assembling the amplitude
Finite renormalization
s— M2 + wa(s) =0 ete.

H,Z WF renormalization a la LSZ
y WF renormalization €2 — 47 c(0)

IPS G, Mw, Mz, My

Crucial for WST identities




KtZY = 1406 (GaAA+ZaZZ—a¢D+4a¢D+23t¢)
1
K%Y = 1—|—§ge (GaAA+23zz—a¢D+4a¢\:\+23b¢)
K%,J = 1406 [(3—1—83) ana + (4—85) azz+39093AZ+23¢D}
* Ad usum Delphini
4 4 Mi
S H=v2) = Suop + A el A +igge 1 an

+ ayp Ay + Z (a¢q —aqu)—a )MNF
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Intersecting H — yy N H — yZ o k1% = 1+ gg 52 A" + gs Aresti!?
2
ArestKZZ _

= (33—3) aAA+2_

1¢2
+ Ce

(Se dzz — Co aAZ)
31-2s2 M?
2s2 %D~ 7
Alest, 72

3 M
Co &
5o M2 tWB+2 V2 0 ABW
2-s3
(sg - 3) asa + (S0 @zz — Co az)
1¢5 3 M
T2 0T VR
Alest, Y2

¢ - {2 (15 ) A3 g
_ [9—2(1—5—2)03]azz+[2+<1 II\\/If
=] =

) 2] axz)

DA



£

To bie continued...

H — ZZ, WW, bb

@ Many more terms, start at ¢/(g) requiring massive
renormalization

@ Need to account for real radiation in H — WW, bb

@ « structure different in H— WW, bb, e.g. xt",fw,xb“’w etc.

t
H — bb includes 4f operators

H — ZZ, WW can only be defined as POs (at the peak) but can
be used in building a DPA in conjunction with Z — ff etc.
(beginning of Lep 2). All these elements are available now (on
my hard disk), next full 4f final state is required (work in
progress)



o

EXAMPLE.: non factorizable H — yy

2%i_sgar2°-1egbeNsxhralh

§_+g 3+r2 - 1eghepi--2elrald + (

+ 1/8xxhx(duhf + degf - 1/2+dME - 1/2¢WFH)

- 1/2+sth"xxh20£ (1)

- 3/64+xh"2#BO£ ( - mh"2, [],mh,mh)

- 1/32%xh"2+BOE( - mh°2, [],M0,10)

- 1/32+((1 - 2%5th"2)"2+xh + Brcth"2xsth2)*xh#BO( - mh"2, [1,M,1)

+ (2 - 5th"2)#M"2xsth"2+CO( - mh"2,0,0, [1,M,M,1)

- 1/192+(16+sth"dsxh™2 + 48+(1 - 3+sth™2)*sth™2+xh - 48+(1 - 3
*5th"2)sth2+omLRexh - 32+(2 - T#sth™2)*sth 2+xh + 964 (2 - sth"2
)#8th"2 + 3+(7 - Brsth"2 + 8+sth™4)+xh™2 - 3+(7 - Brsth"2 + 8¢
5th"4) *onLRexh"2)

)
i_%g"3r2"-1egBxpi -24Mrsth 2¢aZZ * (

- 1/2+cth"2+xhra0f ()

+ 1/8+(2 - xh)*cth™2+xh*BOE( - mh"2, [1,M,1)

- M"2¢cth"2+C0( - mh2,0,0, [1,M,H,})
+1/24+(12 - 10%xh - 5+xh°2 - 18+omlR+xh + 3romlR+xh"2)*cth"2

)

1_+g 3+r2 - 1xghepi -2lssthralZ + (

- 1/2+cthrsth 2exhea0f (M)

- 1/16%(1 - 245th"2)+(2 - xh)*cthwxh#BOf( - mh"2, [1,M,1)

+ M°2¢Gth"3+CO( - mh"2,0,0, [1,M,4,1)

+ 1/48%(3+(1 - 2¥5th™2)*xh"2 - 3x(1 - 2#sth"2)*onLR+xh™2 - 4rsth™2x
Xh"2 - 24+cth"2 + 8+(1 - T+sth2)+xh - 6+(1 - 6+sth2)+xh + 6%(

1 - 6rsth™2) onLRexh) scth

)

i_%g"3kT2"~15g6+pi -24Mrsth 2kcthextrauBil *
+ 1/4%(4%xt - onLR¥xh)

+ 1/4+xn¥BOE( - mh"2, [],mt,mt)

- 24M°2#xt°2+C0( - wh"2,0,0, [],mt,mt ,me)

)

§_g"3wx2 - TegBepi " 2elesthextrais = (

- 1/4%(2%(1 - 2*sth 2)*xt + sth™2+omLR#xh)

- 1/8*xh¥a0f (mt)

- 1/8+((1 - 2*sth"2))*xh*B0f( - mh2, [],mt,mt)

+ ((1 - 2%sth~2))*M~2#xt"2+CO( - mh~2,0,0, [],mt,mt,mt)
)

§_%g" 342"~ 11g6xpi~~2rlathexbradiB * (

- 1/8%(2%xb - omLR*xh)

+ 1/16#xh*a0f (mb)

- 1/16*B0f ( - mh~2, [],mb,mb)*xh

+ 1/2400( - £h°2,0,0, (1 ,mb, mb,mb) #H-2+xb"2
)




H — ZZ cut-away
starts at £(g)
AW = LY+l

+ X [y ek ol
i=t,b,W

'< dim = 6 tree contains aaa,az,azz and ayno
mixes

aza aaz az aws aws asw apo Ny



M2
AKEOZ = SgaAA+<4+C§—VI;) azz-l-SSCgaAz-FZaqm
7
AK%LZo,t = 2azz+2a¢g+at¢
77
Akop = 28z+28p0— @
A & = Baaa+2az+2an

17 non-fact amplitudes with both PTG and LG coefficients

" PTG only (in loops)
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My = Loy, M

p—
Ry + Ry— UV pole oc g% gop?

Ry =Z{ v + 257,

H — bb Summary
7= (1£7)
% =1} 0%
O(9) o(g*, 993) O(g.95)

O(9” 96, 993 95)

EL L&



H—eteptp atLO

Helicity dim=4 dim=6 fact+ non fact

—+—+ v 331/)7 agf,), 8yD; dp0; 9w, 8gB; pWB
—t+— ayls aéf/)a afﬁ, 4yD, dyo, dpw, 9B, dyWB
+——+ v 31, 8y 3/ B9D. A9, Apw, Bgm, Apw
e 4 ap/, ApD, 8y, pw, 8yB, 8pWB

at NLO more amplitudes are populated

DA



Provisional summary record, option |tree PTG&LG, loops PTG|

@ Wilson coeff — Ax , ® Ax correlations and © mappings &

Beware of mappings with LO-limited warranty

1 1
@) apo = EAKz,g = EAKEOZ ay = Ax” —AKQ,
by = AR — AR ayp = 283 (A — Al
@ A" =2A¢"+2 ca (AK%% — Axly)
7z
Ax =

o = A" +AK¥ — Ay
@ VHft
VSM

Hitt

5 Cg AKYZ — =

w2
o id

(2 sB) Ay
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Goodies

the EWPD

Q>



Measurement

Fit

Aa®)(m,)  0.02758 +0.00035 0.02767
m, [GeV] 91.1875+0.0021 91.1874

r,[GeV]  2.4952+0.0023
Opq (b 41.540 +0.037
R, 20.767 + 0.025

2.4959
41.478
20.742

A 0.01714 +0.00095 0.01643
AP 0.1465 + 0.0032 0.1480
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
AR 0.0992 +0.0016  0.1038
AYC 0.0707 +0.0035  0.0742
A, 0.923 +0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1480

sin®07(Q,,) 0.2324+0.0012  0.2314

m, [GeV] 80.410%0.032  80.377
Iy [Gev] 2.123 +0.067 2.092
m, [GeV] 172.7+2.9 1733

world TH accuracy record

hi

taking into account EWPD
S T U not enough
they live at g2 =0

gh precision lives a bit higher
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EXAMPLE: My

@& select the a, Gg, Mz IPS where

9°s2 =4na

M2_4\/_GF + Rad. Corr.
2

?e =M

v¥ Require M = M2 — &, Re Sww (M)

$ Obtain the solution

M2 = MZ| +29A0

SM T w

it
N
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AQ) contains 9 PTG terms and 9 LG terms

W-Boson Mass [GeV]

TEVATRON 80.387 £ 0.016
LEP2 80.376 £ 0.033
Average 80.385 £ 0.015
XIDOF: 0111
NuTeV A 80.136 + 0.084
LEP1/SLD — 80.362 £ 0.032
LEP1/SLD/m, - 80.363 +0.020
8‘0 86.2 80.4 8646

m,, [GeV] wren 2012

NOT so easy to constrain »I«
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THE e

Example
_ g

Sww = et

SZZ

g—2<2 25230 — SATI s)

167'5203 33 6 ~3Q o L1AA
Y = wa(O)—

Definep~' =1+

Re Xgg(MZ) + Re Zgq(M2)
ﬁ&: =0.99490, Ap contains (PTG only)
a¢D’ aen, agf, a$|f3)a f=1a u, d
Leading term (don’t use it for precision) is

% 14 e

Ap = M? [Kp Ap™ + gg Y F a,} aj = ayp, a, aS;q’S)
(1), @
= [6a¢o+28(a¢q +a

)~ 20ay]

[m]

=



Conclusions

NLO HEFT is ready and we have a consistent framework for
testing compatibility of data with SM Higgs couplings at the
projected level of accuracy

Results and Tools are ready/under way, they should provide
useful for those wishing to use NLO EFT, but

TWILL
CONTINUE.

... anyway, a Never-Ending Story



Good tests kill flawed theories; we remain alive to guess again
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