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Electrowedadk precision measurements: Infroduction and status




Current status of electrowedadk precision tests
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Standard Model after Higgs discovery:

m Good agreement between measured mass and indirect prediction

m \Very good agreement over large number of observables
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Direct measurements:
My = 125.1 + 0.3 GeV
mi = 173.24 + 0.95 GeV

Indirect prediction:
My = 123.7 £ 2.3 GeV
(with LHC BRS)
My = 89722 Gev
(w/o LHC data)
mi = 177.0 £ 2.1 GeV
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Surprisingly good agreement:
x2/d.0of. = 18.1/14 (p = 20%)

Most quantities measured with
1%—0.1% precision

GFitter coll. '14
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Surprisingly good agreement:
x2/d.0of. = 18.1/14 (p = 20%)

Most quantities measured with
1%—0.1% precision

A few interesting deviations:

Uﬁad (~ 1.50)
Ay)(SLD) (~ 20)
A,sz (~ 2.50)

(gu—2) (2 30)

GFitter coll. '14




u decay in Fermi Model u decay in Standard Model

<~— QED caorr.

G2 e
(2-loop) \/5 882M2 (14 Ar)
G%mz m2 \ | K .
F(—E)(1 4+ A electroweak corrections
H = 19273 <mg)( +A4)
Ritbergen, Stuart '98
Pak, Czarnecki '08
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QED/QCD corrections on ext. fermions

Chetyrkin, Kataev, Tkachov '79 Chetyrkin, Kiihn 90 etc...
Dine, Saphirstein '79 Surguladze, Samuel '91

Celmaster, Gonsalves '80 Kataev '92

Gorishnii, Kataev, Larin '88,91 Chetyrkin '93



o= 5 2(1+5X) (1 —PeAe) + onon—res|,
mzl 5
Fep =R rZ=ijrff,
P 14 Gvi/aan? 1 - 41Q/lsin2 0l + 8(1QfIsin?6))2

3
A‘lf:B = ZAeAf ALR — -Ae

additional initial-state QED corrections

Kuraev, Fadin '85 Beenakker, Berends, v. Neerven '89

Berends, Burgers, v. Neerven '88 Bardin et al. ‘89,91

Kniehl, Krawczyk, Kihn, Stuart '88 Montagna, Nicrosini, Piccinini '97
etc...



Z-pole observables 7130

+e_ — fffOI’ \/E ~ Mmyz.

rool
127 e IS

o = Rini = (1 @ (1 —PeAe) + onon—res|

(s —m3)? —mZ7

.AfZQ

T+ (ong/9aP2 17 41Q Isin? 0/ + 8(1Qlsin2 6] )2

3
Ai];B — ZAeAf AR

electroweak corrections

Correction term first at NNLO: Grassi, Kniehl, Sirlin '01
6X () = —(IMES1))° —2FzMz Im¥5 ), Freitas 13




Low-energy observables
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Test of running MS weak mixing angle sin28(u)

m Polarized ee, ep, ed scattering

0.245 SN N
(QW(€)1 QW(p)1 eDIS) R sﬂnb"shed
E158°'05;, Qweak '13; JlLab Hall A’13 ° Pplanned h
0.240 Q,(p) {1 Qw®) _
JLab SLAC
m v/N/UN scattering NuTeV ‘02 3 o o SN
N% 0.235 " jLDa'lg
e e
4 / D 4 / D 0.230 TQu(p)
Mainz
z tope =2
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u [GeV]
e,p, N e,p, N

m Atomic parity violation

(QW(133CS)) Wood et al. '97
Guéna, Lintz, Bouchiat '05

10000




Known corrections to Ar, sin? ngr’ GV 1 GAF

Y.ZW
YZW

e Complete NNLO corrections (Ar, sin? Qgﬂr) Freitas, Hollik, Walter, Weiglein 00
Awramik, Czakon ’'02; Onishchenko, Veretin '02

Awramik, Czakon, Freitas, Weiglein '04; Awramik, Czakon, Freitas '06

Hollik, Meier, Uccirati '05,07; Degrassi, Gambino, Giardino '14

e “Fermionic” NNLO corrections (gy f, g ) Czarnecki, Kiithn '96
Harlander, Seidensticker, Steinhauser '98
Freitas '13,14

e Partial 3/4-loop corrections to p/T-parameter
O(arad), O(a%as), O (o) Chetyrkin, Kiihn, Steinhauser '95
Faisst, Kuhn, Seidensticker, Veretin '03
Boughezal, Tausk, v. d. Bij '05
th Schroder, Steinhauser '05; Chetyrkin et al. ‘06
(ot = E) Boughezal, Czakon '06




Current uncertainties 10/30
Experiment Theory error Main source
My 80.385+ 0.015 MeV 4 MeV a3, alas
7 2495.2+23MeV  05MeV o, o> aas, aad
Ugad 41540 + 37 pb O‘%osn a3, alas
R, =rY%/rad 0.21629 +0.00066  0.00015 o2, a3, a’as
Sin? 0 0.23153 £0.00016 4.5 x 107> a3, a?as

m Theory error estimate is not well defined, ideally A < Aexp

m Common methods:

Count prefactors (o, Ne¢, Ny, ...)
Extrapolation of perturbative series
Renormalization scale dependence
Renormalization scheme dependence

m Also parametric error from external inputs (m¢, my, as, Aapag, ---)




Oblique parameters:
Zww(0)  Xzz(0)

ol =

My Mz

a > 27(M2) — 22(0)
452c2 M~
SC MZ MZ

Sww (Ma) — Zyww (0)

«
(5 +U) =

Gfitter coll. '14
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" (SM_:H,=126 GeV, m =173 GeV)
ref t
0.2 [ "B Present fit ]
C Present uncertainties
0.1 — —
0 — —
01— SM Prediction ]
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0.2 — —]
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— Not adequate for new physics that affects flavor (Z — ¢¢, Z — bb, ...)




Constraints on new physics: EFT
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More general setup: Use pseudo-observables

My, Tz, 00,4 Ry Ry Apy Ap Ay (€= e, 1, 7)

— 12 quantities

Effective field theory:
Op1 = (DpP) D dT(DHD)
Opw = PTBLWH P
(3)6 — (T€Ee ~a e TEe -a e
O = (L{o%yuLi )(L{ o%*LY )

OL = i(ot D, ) (Frrfr)

Of = i(®T Dy P)(FLyFL)
07T = i(of DT &) (FLowy"FL)

More operators than EWPOs

L=3;350;+0N3)  (A> Myz)
_ _v2 el
aAS = —62’020/8\\2/\/
C(3)e
AGp = —V2-35

f=entblq

P= (.90

— Some can be constrained by W — ¢v, had., eTe™ — WTW—




Assuming flavor universality:
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Significant correlation/
degeneracy between
different operators

Pomaral, Riva '13
Ellis, Sanz, You '14




Electroweak physics at the LHC




W mass measurement at the LHC 14/30

Precision target for LHC: d My ~ 8 MeV Snowmass EW group, Baak et al. '13

m Requires improvements in PDF uncertainties (currently My ppr > 10 MeV)
— S. Forte’s talk

m Also improvements in experimental systematics and modeling of QED
radiation (state of the art MC programs: PHOTOS, HORACE)
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) ~  68% and 95% CL fit contour m 1o - Gfitter coll. '14
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Drell-Yan at hadron colliders 15/30
Meausurement of sin? 0. from Agg for pp — Z — 0174~
— Check of discrepancy between SLD and LEP
Current erors: A —e—] 0.23099 + 0.00053
LEP/SLC: 1.6 x 104 2005
ATLAS: 10 x10~* 2013 Ny
CMS: 32 %104 2011 A —v— 0.23221 + 0.00029
CDF'. 6 _a AL * 0.23220 + 0.00081
: X 10 2014 had
D@ 4.7 x 10_4 _— Qs X 0.2324 £ 0.0012
Average 1+ 0.23153 = 0.00016
Future projection: 1075 T
LHC: <35x 104 T
Snowmass EW group, Baak et al. '13 2
I
. — , S 2. g Ao = +
CDF: ~ 4.5 x 10~4 Bodek '14 105 I 9.02758 4 000035

O.ZISZ | | 0.2I34 |
. 2.lept
Sin“8, LEP EWWG 05




Drell-Yan at LHC
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At LHC : forward = boost direction
Van

p ><<1—_P
q . q

Precise predictions for rapidity
distributions crucial

Leadings effects:

m Parton distribution functions

m QED FSR radiation

m QCD corrections

m EW corrections

m mixed QCD-EW contributions

m Multiple photon rad. in final state
— modifies observed ¢* directions

7 V...,/£+
\\.\
- Y ~

e Current "standard” tool: PHOTOS
Golonka, Was '05

— Uses factorization approach,
accurate to leading-log

e KKMC 4. 22 Jadach, Ward, Was ’'13
— pp — ff with integrated QED,

accurate to O(a2L), L = log —
f




Drell-Yan at LHC
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At LHC : forward = boost direction
Van

p ><<1—_P
q . q

Precise predictions for rapidity
distributions crucial

Leadings effects:

m Parton distribution functions

m QED FSR radiation

m QCD corrections

m EW corrections

m mixed QCD-EW contributions

m NNLO QCD Melnikov, Petriello '06

Catani et al. '09

m NNLL QCD for p distribution

Bozzi et al. '10

m NLO EW Berends, Kleiss '85
Baur et al. '01; Carloni Calame et al. '07
Li, Petriello '12

m Mixed QCD-EW corrections

— Work in progress
Dittmaier, Huss, Schwinn '14-15

q &9 I
Z I+y

g




Anomalous gauge boson couplings 18/30

Example: CP-conserving yWW and ZW W couplings: W+
Y, 4
W

L= —ie|g](WhEW—F - Wi WHR)AY 4 kWi W, AR A}—\”/QVWJ’/W;PAM

—ige|gE (Wb W—H — W, W) 2V + kg Wi Wy 20 + 25 WYW P ZH
i W i

Hagiwara, Peccei, Zeppenfeld, Hikasa '87

Limitations:

m Coupling constants are not independent; gauge invariance forces
2
g}_/: 17 ’%Z:g]_z—l_i_Q(l_’%’Y)a >"Y:>‘Z

m Additional terms with derivatives possible, e. g. /«:WWJF W, 0p,0°P AHY

m No prescription for ranking terms in numerical size




Effective field theory 19/30

Extension of SM by higher-dimensional operators

_ — 1 (d)
L=Lsm+ Y 2260,
d=5/\ )

m Incorporate knowledge that Higgs boson exists

m Operators must satisfy SM gauge invariance

m Valid description for energies E < A (/A ~ mass of heavy particles)
m Operators ranked by suppression power A4—¢

Leading CP-even gauge boson operators (d = 6):

Owww = Tr[W,, WYPIW,F] Hagiwara, Ishihara, Szalapski, Zeppenfeld '93
Ow = (Du®)'WH (D, ®)
Og = (Du®) B (D, ®)

— Only 3 indep. parameters




YW W, ZW W couplings.

gf])_/a g]_Z: R~, Kz, )"77 >‘Z
Hagiwara, Peccei, Zeppenfeld, Hikasa '87

YW W couplings:
al, o, JT.0

Belanger, Boudjema '92

YYZ, ¥4 Z, ZZ Z couplings:
o, £, h, hS, hy, hf

fi, 1%

Gounatris, Layssac, Renard '00

OWWW = TI’[WM;/WVPWIO/‘L]

Ow = (D, ®)TWH (D, d)

Og = (D) B (D, d)

Hagiwara, Ishihara, Szalapski, Zeppenfeld '93

Owww, Ow, d = 8 operators

Eboli, Gonzalez-Garcia, Mizukoshi '06

d = 8 operators
0 = @B, Wr{D,, D"} &

0®) = 1B, Br{D,, D"}
8
0 = @B, WH{D,, D"}
8
0 = &tW,, Wro{D,, D"}
Degrande '13




Limits from data 21/30

Oct 2014
[ T T ATAS LimitsT |
CMS Prel. Limits —
DO Limit o
LEP Limit e
\ . Wy -0.410- 0.460 4.6 fb™ tion'
Ak, " T wy 0380 0,290 £.0 1L Back of envelope translation:
_— wWWw -0.210-0.220 4.9 b’
—_— wv -0.210 - 0.220 4.6 " Ay [TeV] | A_ [TeV]
—_— WV -0.110 - 0.140 5.0 fb™’ '|'
—_— DO Combination -0.158 - 0.255 8.6 fb™ o C—
- LEP Combination -0.099 - 0.066 0.7 fb (CZ _ +1) (C’ — 1)
— Wy -0.065 - 0.061 4.6 fb’
7"“/ - Wy -0.050 - 0.037 5.0 fb! OW 0.44 0.35
— WwW -0.048 - 0.048 4.9 fb™
— WV -0.039 - 0.040 4.6 fb OB 0-19 0-17
— WV -0.038 - 0.030 5.0 fb!
o DO Combination  -0.036 - 0.044 8.6 fb" OWWW 0.49 0.34
i LEP Combination -0.059 - 0.017 0.7 fb
Ak — WWwW -0.043 - 0.043 4.6 fb’
Z — WV -0.090 - 0.105 4.6 fb’
— WV -0.043 - 0.033 5.0 fb’
—a—i LEP Combination -0.074 - 0.051 0.7 fb
) WwW -0.062 - 0.059 4.6 fb"
Z — WwW -0.048 - 0.048 4.9 fb!
— 74 -0.046 - 0.047 4.6 b’
— WV -0.039 - 0.040 4.6 fb" s R
— WV -0.038-0.030 5.0 fb™ : ;
. DO Combination  -0.036 - 0.044 8.6 fb! Complementary |nf0rmat|0n
i LEP Combination -0.059 - 0.017 0.7 fb
AGE — WW -0.039 - 0.052 4.6 fby" from EWPOs
g, — WW -0.095 - 0.095 4.9 fb!
— 4 -0.057 - 0.093 4.6 fb I
— Wz ppciarysdyydd — Both needed to constrain
ot DO Combination  -0.034 - 0.084 8.6 fb™
‘ e LEP Combination -0.054 - 0.021 0.7 o't all d=6 operators
-0.5 0 0.5 N y

i 1.5
aTGC Limits @95% C.L.




Limitations of the EFT 22/30

EFT becomes invalid for £ > A:

— d = 8, 10, ... operators become
equally importantas d = 6

m New resonances or thresholds

m Off-shell effects below resonance

m Matching ambiguity in multi-scale

models

CMS 19.4 fb' (8 TeV

g AT T T T R N L L L
10" E «Data Top quark

8 = WW mDY ]
s - I BWZ/ZZNVV Wijets .
%) — —— — Cpuw/A® =20 TeV
o | | — _ —-c/A2=55TeV? |
© -
L 10227 —

- __— EFT valid here?

10

1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ‘ 1 1 1 1 I 1
100 200 300 400 500 600
my, (GeV)




Limitations of the EFT
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EFT becomes invalid for £ > A:

— d = 8, 10, ... operators become
equally importantas d = 6

m New resonances or thresholds

m Off-shell effects below resonance

m Matching ambiguity in multi-scale
models

. CMS
> 10*E | | oData Tlop quarkI =
o] 2 WW mDY E
s - | BWZ/ZZ/NVV W+jets ]
[%) —_ === - CWWW/A2 =20 TeV'ZE
§ - | _ _—-cy/A’=55Tev? ]
w 10° = e = E
10
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 | | | . 1 1 1 1 I 1
100 200 300 400 500 600

m,, (GeV)

Test through comparison with explicit
models

— D. Lopez-Val's talk

Singlet scalar , mg=1 TeV, sina=0.4

<
§ 15
©
1
05

o
o

Ogrt - Ol
Gyl
o

I
o
)

pp —hh(S4)

— ll T T T T T =

[ Th )

i1 .

- SM i

o 1

e[ ful (no H) "M ull

L+ EFT (no p dep.)”

= nopeep EFT

- EFT error ;
2 v-improved EFT error

I -'-‘“‘.""'"'5 N e B

o It i

C . 1 . . 1 . . i T B

400 600 800 1000

m,,, [GeV]

Brehmer, Freitas, Lopez-Val, Plehn '15




Limitations of the EFT
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EFT becomes invalid for £ > A:

— d = 8, 10, ... operators become
equally importantas d = 6

m New resonances or thresholds

m Off-shell effects below resonance

m Matching ambiguity in multi-scale
models

CMS 19.4 fb' (8 TeV
~— T T T T T T T T | T T T T T T T T | T T T T T T
> 10*E | | oData Top quarkI =
o] 2 WW mDY E
s - | BWZ/ZZ/NVV W+jets .
E’ 103 :_ - CW/A2 = 20 TeV_z —
[%) — === — Cpun/A® =20 TeV'2§
GC) » | — — ="~ CB/A2 = 55 TeV_Z .
o =

2 —— I
w10 E I
10
| n

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 I 1
100 200 300 400 500 600
m,, (GeV)

Test through comparison with explicit
models — D. Lopez-Val's talk

Triplet vector , m¢ =1.2 TeV, gy =3
VBF

ud—-udh (T1)
T T T I T T T T

o [fo/bin]

Y ;
50 100 150 200 _ 250
Py, [GeV]

Brehmer, Freitas, Lopez-Val, Plehn '15




m ¢ — WTW—: Sensitive probe of triple aGC at LHC

(also qf/ — W~, WZ,...)

m Important contributions from vy — W1TW—
— Dependence on quartic aGC
— Difficult but possible to separate experimentally

q W+ do /dpr w-(pb/GeV)

CMS Caoll. '13

Bierweiler, Kasprzik,
Kuhn, Uccirati '12

5

| | |
qq
91,0
vy
910 |
gg .

10—7 I ] ] ]

100 200 300 400 500 600 700 800
Prw- (GeV)




WW production 24/30

m Large QCD (NLO+NNLL) corrections (up to 50%) Dawson, Lewis, Zeng '13
— Few % uncertainty

m Large EW corrections for high-energy tail,

from Sudakov logarithms o l0g2" —-. o™ log?"—1 5,

2 3 2 9 o o o
Mg, My,
(known to NNLL) Fadin, Lipatov, Martin, Melles '99; Accomando, Denner, Kaiser '04

Kuhn, Metzler, Penin, Uccirati '11

One-loop corrections: Bierweiler, Kasprzik, Kithn, Uccirati '12
do/dpy w- (pb/GeV) 6(%)
1 3 T T T T T T T B 20 T T T T T T T

0.1
0.01 F
0.001 |

0.0001}

- _ _
I LHC at 14 TeV ]
10-6 [ e

10—7 i ] ] ] ] ] ] ]
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Prw- (GeV) P w- (GeV)




Di-boson excess 25/30

Separate hints from ATLAS and CMS for M ~ 2 TeV resonance:

> 10 E_ T T T e

m ATLAS VYV — JJ, ~ 3.40 8 E\(A%.’;L:fev . A o -
— _ . 2 10° T — 15TeVEGM W', c = 1 -

(V — LL /Z J — fat Jet) = E 2.0 TeV EGM W', ¢ = 1 3

) 2 25TeVEGM W', ¢ =1 1

L?>j 102 — Significance (stat) -

I Significance (stat + syst) E

m CMS eejj, ~2.80
m CMSVH — (vbb, ~ 2.20
m CMS 59, ~ 20 L

Interpretationas W' — WZ, WH ... 0 | -
Fukano et al. '15; Hisano, Nagata, Omura '15 | |
Cheung, Keung, Tseng, Yuan '15; Dobrescu, Liu’'15
Abe, Kitahara, Nojiri '15; ...

WZ Selection -

Significance
L Ol W

1.5 2 2.5 3 3.5
But no excess in WZ — fvjj M ftevl
Can also be analyzed through EFT with 2-TeV resonance Allanach, Gripaios,
25 ‘ " No WW signal 25 ‘ " No WZ signal 25 ‘ " No ZZ signal Sutherland '15
2
gzo— <20
:115 % 15
510 %10\
5 10 15 20 % 5 10 15 20 25 % 5 10 15 20 25
o(X*) xBr(X* —W* 2)/fb o(X°) xBr(X* =Wt W )/fb o(X°) xBr(X* =W W )/fb — J. Brehmer'’s talk




Prospects for future e ¢~ machines




Electroweak precision tests
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perturb. error  Param. error

ILC FCC-ee

Param. error

with 3-loop”  |LC* FCC-ee**
My, [MeV] 3-5 ~1 1 2.6 1
7 [MeV] ~1 ~0.1 <0.2 0.5 0.06
Ry, [1077] 15 <5 5-10 <1 <1
sin2 05 [107°] 1.3 0.3 1.5 2 2

I Theory scenario: O(aa?), O(Njaas), O(N]%azozs)

(N} = at least n closed fermion loops)

Parametfric inputs:
*ILC: dmy = 100 MeV, das = 0.001, My = 2.1 MeV
*FCC-ee: dmy < 50 MeV, éas = 0.0001, 6Mz = 0.1 MeV

also: §(Aa) =5 x 107°




FCC-ee Summary b

A’ [TeVI e mM/v)A'
55 &4 7.8 7.8 6.4

: ‘ - : ;
1l
"
_(3)l :&,ﬁ
FEL -~
i
U
U
"
Cye+ECp ¥ i \‘

I .
L | N [TeV]  A=vElM/vA’
Cr . i N W 5. 49 35
il 1 1 ' T L 'I 1
o I |
= ° . | I
C‘j:g - il | |
ili : ;
i .
~0.0020 ~0.0015 —0,0010 —0.0005 0.0000 0.0005 E_[a-)‘ / ;
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LEP | |
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I |
ew +ep | I
I L §
I I
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- | |
°r ' i
I I
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TH uncertainty) ?fh - : i
i I
-Red: Marginalised (exp. i I
uncertainty only) L L L
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Theory challenges 29/30

m Electroweak 3-loop calculations for EWPO necessary + leading 4-loop (5-loop?)

m Need consistent use of short-distance definition  of m across all sectors

m Control of parametric uncertainties crucial:
e my. Several error sources, extracted value of m; depends itself on oy
e m;:. No agreement between groups on error estimate, path forward unclear

e My: May need 2-loop corrections for ete~ — WW — 4f near threshold
to achieve d My, ~ 1 MeV

e « . Big improvement expected from FCC-ee, but discrenpancy to event
shapes and DIS must be understood

e Aapsq: Could be limiting factor, but possibly determined directly at FCC-ee

— FCC-ee phenomenology WG2: Precision electroweak calculations
Convenors: S. Heinemeyer, A. Freitas




Conclusions

m Electroweak precision tests and VV production
probe physics at the TeV scale

m Higher-order radiative corrections  mandatory for
SM predictions to meet experimental precision

m Understanding of QCD systematics (jet binning,
PDFs, ...) essential for controlling uncertainties in
electroweak processes at LHC

m Effective field theory is well-defined framework for
describing electroweak new physics in
e Electroweak precision data
e High energy V'V and VV'V production
e Higgs physics

m Future eTe collider will probe much deeper!
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Impact of different observables:

Ry, = [Z — bb]/T[Z — had.]

My (from G,)

;=T zBR[Z — ]

210 —
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NN\
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9ap ,
Choudhury, Tait, Wagner '01




After deconvolution of initial-state QED
radiation and subtraction of v-exchange:

R

AleTe™ — ffl = + S+ (s — s50)S’

s — 80
s = M2 — iMzl 5
so, R, S, S’ are gauge-invariant

Willenbrock, Valencia '91; Sirlin '91; Stuart '91
Gambino, Grassi '00

1
o~ -+ non.res.
(s — M2)2 + M2r2

Mz = M5*P — 34 MeV
rz=rg*—-0.9Mev

Op,q [ND]

10}

40
30

20 |

LEP EWWG '05

| @ measurements (error bars
increased by factor 10)

—— o fromfit
T QED corrected

86 88 90 92 94
E,, [GeV]




Muon anomalous magnetic moment 30/30

1(p2)
DN — m 2 otqy 2
= (—ie) u(p2) |Y"Fe(q®) +1¢ 5 Fum(q®) | u(p1)
My
(p1)
= F(0) . Hoecker, Marciano (PDG) '13
BNL g—2 experiment: i u - e i
ay = (11659208.0 £6.3) X 10-10 DHMZ 10 (x-based)
~197+54 —a—
DHMZ 10 (e'e)
= 3o discrepancy to SM prediction 949 e
HLMNT 11 (e"e”)

e Underestimated uncertainty of e —
non_perturbative QCD (from BNL-EB21 (world average) ..
data & models)? o g

PR i A A Gl A A O oM L G O O el ;i

=700 -600 -500 -400 -300 -200 -100 0
i
%10
2eXP

a,

e Cross-check from Fermilab g—2
experiment el




EFT matching 30/30

For precision measurements, may need EW loop corrections in EFT fits
Mebane, Greiner, Zhang, Willenbrock '13; Chen, Dawson, Zhang '14
Ghezzi, Gomez-Ambrosio, Passarino, Uccirati '15

1. Match EFT at weak scale with NLO Wilson coefficients AN
2. Include LO effective operators in SM loops

3. Perform renormalization at weak scale /\(}N
4. Obtain bounds on Wilson coefficients at weak scale from data

5. Bounds on Wilson coefficient at high scale A from RG running

Alternative approch: NLO effects from operator mixing
Grojean, Jenkins, Mahohar, Trott '13; Jenkins, Mahohar, Trott '13
Elias-Miro, Espinosa, Masso, Pomarol '13

Note: Leading-log running not sufficient for precision observables




Unitarity constraints

Amplitudes with aGC grow « E2

— Perturbative unitarity violated

One approach: promote couplings
to form factors

Wt

q
_>

Z
9% (q?)

m Functional form of form factors is
ad hoc/unknown

m Gauge invariance still violated
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Amplitudes with aGC grow « F2

— Perturbative unitarity violated

One approach: promote couplings
to form factors

Wt

q
%

Z
9% (q?)

m Functional form of form factors is
ad hoc/unknown

m Gauge invariance still violated

Effective theory:

do(pp—WW) 1 pb

d My

[cey]  Degrande et

al. '12
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m / ~ A Higher-dim. (d = 8, ...)
operators become important

m 7 > /A : New resonances, pair
production thresholds, etc.
— EFT and aGC break down




