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Lecture Three




Outline for today

Third lecture

® W mass anomaly as a SMEFT example.

® Higgs width calculation as a SMEFT calculation example (kinematics x geometry)

® Comments on the Hierarchy problem in SMEFT/EFT to motivate size of effects
we are looking for...in these two examples etc.
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The SMEFT is a key tool for interpreting such deviations:
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the CDF Il detector
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TN e Any one measurement can just dictate a
Iz 7 ) I
HEAVYWEIGHT parameter in a theory. But a PATTERN of |
P measurements can show a theory does not describe
Global data.
SM
DO | 80478 + 83 o
CDF | 80432 + 79 @ ] ]
e SMEFT allows the experimental pattern to deviate
DELPHI 80336 + 67 — . . . .
From the SM expectation - while still doing well
L3 80270 £+ 55 ——0—— . .
Defined field theory.
OPAL 80415 + 52 —
ALEPH 80440 + 51 —
Do I 80376 + 23 —e— ® SMEFT Game plan: (we are ready for deviations!)
ATLAS 80370 + 19 -—
eOEIl @048 & O - Find deviations »Map to pattern in SMEFT
7990|0I IéOé)OIOI l8|0|10|0I I2130|20I0I Ii|30I30|0I IEIBOLK)IOI I£|30150|0I |
W boson mass (Me PRI Follow pattern to underlying model
T — ————————
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Choose inputs, define predictions

{Gew, Mz, Gr, My} Scheme

® Probably the paper we should be citing on the W mass shift
using a (proto)-SMEFT op basis is EOM.

M2 sin? 20

. . . . 2 0

Operator analysis for precision electroweak physics My ohye = M5 phys cos® o [1 +(C1 + M\ cos26
Benjamin Grinstein (Harvard U.), Mark B. Wise (Caltech)

Apr, 1991

v? [ sin 26, v [ cos?b
+Cs 2M2 (cos 200) +Cy M2 (cos 200)
Phys.Lett.B 265 (1991) 326-334 (4.

® Modern result all over (160606502 .....) , using Warsaw basis:

2y = 2v2 78w/ (G 52) 82 =1/2 = \/1— 47, [V2G i,

my _ A lac %6 Cpp +42008) — 2% ¢ A = 2 _ 52)9./2G
52 = HWB + S CHD + o CHe — 4 G = 0585/(6(; —Sé) F-
W Z 0 0 ' S '

e Measurement to constraint this shift in this scheme, or cause deviations
elsewhere in {Mw,Mz,Gr, M} Scheme
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Strong input scheme dependence in SMEFT

{Gew, Mz, Gr, M} Scheme {My,Mz,Gr, My} Scheme
M2 - 23/4\/ e M, ~ M2 . . M2,
5m22 = TZCHD—l— Y ZCHW37 5m2Z = TZCHD‘F?MZ]\’[W 1—A—VXCHWB,
Gy My

583 = —0.390111) — 0-420HWB,

8552 = 0.17Cyp + 0.79C w5 + 0.76C3) — 0.34C7, 5T i i i i _
Sp o e i " ) FS—fI = 0.46CHw 5 — 0.07CHp — 0.18C) — 1.376%) — 0.18C,
FS—AZ, = —0.82CHwp — 0.67CHp — 0.19C";) —2.06C) — 0.19Cy, z

Z

" o ) ) 5 +0.47CY) + 1.61C) + 0.24Cp, — 0.18Cqq + Cy,
() /] & () & () ()

Ch ~ S5 ~
LCup + C—‘fz\/iacp + 4CHWB) ,
0

" = —397Chwp — 1.80Cyp — 3.52C) + 1.33C%) + 2.10C},

® Completely expected from AC decoupling theorem. UV physics preserving SM
symmetries being absorbed into measured low scale parameters now.
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When a large set of experimental

results are combined in global SMEFT,
Input parameter dependence is reduced.




SMEFT inputs best practices

® Good input observables to fix numerical values to make predictions
should be:

e Experimentally precise
e Theoretically well defined (IR insensitive)

® |argely calculable in pert theory.
Under good control for radiative corrections

® Extra problems in SMEFT: Make sure the extraction of the input
observable does not have intrinsic SM assumptions, and has all
operator effects included in SMEFT

® Do not use combined measurements if the SMEFT effects are different

for different contributions to the global combinations
C— e ——
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Mw measurements in SMEFT

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

Transverse mass Jacoblan peak

0041 o Exp Before Detector Eff 1 oo 1606.06502 Bjorn, Trott
— Analytical Before Detector Eff. ahda
. @ Exp.Incl Detector Eff. . . ‘.
& 0.03[ — Analytical Incl. Detector Eff. % 0.3l
g »« FitRange g
5 0020 5 0.0214
T T > «
E 4 E @ Exp. Before Detector Eff.
S oof S 001 — Analytical Before Detector Eff.
® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.
»« FitRange
0.00k. L L L L L L T 0.00L, L L L L
60 65 70 75 80 85 20 95 30 35 40 45 50
mr | GeV pn | GeV

® Sem| analyt|C underStandlng W. L. van Neerven et al. NIKHEF-H/82-20.

J. Smith et al. Phys. Rev. Lett. 50, 1738 (1983).
mT — ZPT / PT y (1 — COS 921/) V. D. Barger et al. Z. Phys. C 21, 99 (1983).

Jacobian peak

do 1 mw FW mr / do-”
_— = d _ d I
dmr ~ (n/2+ arctan m /Ty /m ’ |(s' S Ve T, (515 — m))2 ¢Z 2 I, 6, ),

T

pt + pta? cos? ¢ + 2u%a? sin® ¢ + a sin® ¢ do; _ 3(GrM2)2|V,12, _w
(12 + a2sin® ¢)1/2(p2 + p202 cos? ¢ + a2sin® ¢)3/2°  dcosd Y 821 N, s l

\ Pdf’s feed in

I(p, ¢, cx)

7912 [1 + cos® 0] Br

/™\

V= PRy +s/VS  a=(2-1)Y2=Prw/Vs . p?=mi/s
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Mw measurements in SMEFT

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

Transverse mass Jacoblan peak

0041 o  Exp. Before Detector Eff. ] 0.041 | 60606502 BJOI”n,TrO’Et
— Analytical Before Detector Eff. ahda
. @ Exp. Incl Detector Eff. . L
é 0.03} — Amlyncal Incl. Detector Eff. 73 0.03}
v »« FitRange 9
< <
: :
& 0.02F & 0.02}*
T 1 » «
E E @ Exp. Before Detector Eff.
Zc 0.01F Zc 0.01} —— Analytical Before Detector Eff.

® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.

»« FitRange
60 65 70 75 80 85 920 95 30 35 40 45 50
mr | GeV pn | GeV

® SMEFT interpretation concern - other shifts compared to SM feed in.
Does that screw up mapping to mass shift formula®

l.e. W coupling normalization and width shifts.

B ——
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Mw measurements in SMEFT

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

Transverse mass Jacoblan peak

0041 o Exp Before Detector Eff 1 oo 1606.06502 Bjorn, Trott
—_ Analytical Before Detector Eff. aada
. @ Exp.Incl Detector Eff. . ; 2
& 0.03[ — Analytical Incl. Detector Eff. & o0.03f
) »¢ FitRange 9
2 2
2 2
£ o002t XX
I E > ¢
E E @ Exp. Before Detector Eff.
Zc 0.01F Zc 0.01} —— Analytical Before Detector Eff.

® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.

0.00L, L L L L ' L T 0.00-.N Fit Range s s ' s
do;; _ 3(GrMZ)? Vi _w.
o Waytocheck oug= %= guann., 19 | [L+cos 6] Br

/ ™\

The overall normalization of both of the spectra is
modified with a shift

- oW _
5N?;j B 592'3' 4 5gW’e 4 1 5m%V B o' w
Ni; VijgWe gt 2 iy I'w

T — ————C
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Mw measurements in SMEFT

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

Transverse mass Jacoblan peak

0041 o Exp Before Detector Eff 1 oo 1606.06502 Bjorn, Trott
___ Analytical Before Detector Eff. s

e Exp. Incl Detector Eff. ‘ 8
0.03] — Analytical Incl. Detector Eff.

g

8

4

@ Exp. Before Detector Eff.
0.01} —— Analytical Before Detector Eff.
® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.
»« FitRange
L L L L L L L T 0.00L, L L L L
60 65 70 75 80 85 20 95 30 35 40 45 50
mr [ GeV ) GeV

Normalized Events /0.5 GeV
Normalized Events /0.5 GeV

® Way to check Both §N(= Y dN;;) and 0Ty stem from shifts of the
W=*-couplings, and are therefore correlated. We decom-
pose

oT'w oLy N ol |
'w TI'w Tw’
where dI'|| captures all the correlation, and 0I'; corre-

sponds to directions in Wilson-coefficient-space where the
overall normalization of the spectra is unchanged.

Michael Trott, NBI



Mw measurements in SMEFT

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

Transverse mass Jacoblan peak

004 o ExpBeforeDetectorEX. ] oo "~ 1606.06502 Bjorn, Trott

— Analytical Before Detector Eff.

- @ Exp.Incl Detector Eff.
& 0.03} —— Analytical Incl. Detector Eff.
»« FitRange

g

8

4

@ Exp. Before Detector Eff.
0.01} —— Analytical Before Detector Eff.
® Exp. Incl. Detector Eff.
— Analytical Incl Detector Eff.
> Fit Range
60 65 70 75 80 85 20 95 30 35 40 45 50
mr [ GeV pn | GeV

Normalized Events /0.5 GeV

e \Way to check

SN 154 4+ 44 s%2 — 38s%\ oT ST
oY 06l ~oer—l  (15)

where the proportionality factor is obtained by express-
ing o'y in a basis of the space spanned by C; that in-
cludes dN/N as a basis vector.

T — ————C
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Mw measurements in SMEFT

1606.06502 Bjorn, Trott

mr-distribution Ppre- distribtion
o ol =ol, o ol =6I,
40 A 0= OT" 40 A O = ($F||

.= =« EXp.stat. err. . ==« EXp. stat. err.

waﬁl—‘\‘f w'" / MeV

0.94 0.96 0.98 1.00 1.02 1.04 1.06 0.94 0.96 008  1.00 102 104 106

v>/ndf.

. ).0
0.94 0.96 0.98 1.00 1.02 1.04 1.06 . (()_94 0.96 0.98 1.00 1.02 1.04 1.06
1400w/ Ty

1400w /Ty

® The error quoted on the extraction for the Tevatron is OK in the SMEFT
For old measurement due to width and coupling shifts also floated. Seems likely this is
still the case with smaller errors ( 9.4 MeV) so that the deviation can be directly
mapped to the mass shift (note however a 2-d scan is really required).
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Comments on combinations




- M, e Q: If we want to constrain SMEFT from
CDFI 80432 % 79 0 the data which measurement to use?
DELPHI 80336 + 67 —_——
L3 80270 + 55 +—e—— . .
OPAL 80415 + 52 | . A: Use the global combination of course.
ALEPH 80440 + 51 —— It is not that simple.
DO Il 80376 + 23 —C—
ATLAS 80370 + 19 —CO
CDF I 80433 + 9 @
799010l I8IO(|)OIOI IéO|1OIOI IéOIZOIOI Iéo.lBOIOl I£I3O|40IOI IE|30|50|0I |
W boson mass (Me\RNENI=Y

A global combination of data needs a theory to define theory
correlations as well as experimental correlations. The SM is NOT
the same field theory as the SMEFT.

Combine in the SM ! (Good luck!)
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SMEFT Combinations

DO | 80478 + 83 o o ® Fach measurement needs to be
COFI 80432 % 79 o examined for SMEFT interpretability
DELPHI 80336 + 67 —_—— and COm blnatlon
L3 80270 £+ 55 —e——
OPAL 80415 + 52 — q
ALEPH 80440 + 51 — 00—
DO Il 80376 + 23 —C—
ATLAS 80370 + 19 —O—
CDF I 80433 + 9 @ !
799010l I8IO(I)OIOl IéO|1OIOI IéO|2OIOI IéO.lSOIOl I2|30|40I0l I2|30|5010I | . .
W boson mass (Ve\ESERTREE Similar transverse kinematic

procedures (diff pdf's etc).

SMEFT bias analysis laid out
should be redone.

Michael Trott, NBI



SMEFT Combinations

e \What about LEPII?

et et
DELPHI 80336 + 67 — w+
W+
L3 80270 + 55 —e——
Ve
OPAL 80415 + 52 —— Z/~ W-
| %
ALEPH 80440 + 51 ——
e e

Two different techniques: threshold scan
K. Hagiwara and D. Zei)penfeld, Phys. Lett. B 196, 97

79900 80000 80100 80200 80300 80400 80500 (1987).
W boson mass (Me\RNENI=Y
the leading order (in 8) SMEFT correction to the Born
SMEFT bias in this case cross section approximation of o(ete”™ — WtW~ —
S,;,Sj) 1S
Is under control too ] o
_0 ~ . mw ) —‘ — ) 2
1606.06502 Bjorn, Trott 6dQ ~ 8ss; m2, p= \/1 4mW/s,

Note the lack of s channel contributions due to possi-

. ' bly anomalous TGC parameters in the threshold limit.
Com blne awaY- These corrections first appear at order A3

Michael Trott, NBI



SMEFT Combinations

e \What about LEPII?
€+ e+
DELPHI 80336 *+ 67 —— w+
.
L3 80270 £ 55 ———— W
Ve
OPAL 80415 + 52 —o— Z/~ - W-
ALEPH 80440 + 51 ——
79900 80000 80100 80200 80300 80400 80500 . . .
W boson mass (Mie\ESEIEEE=S Two different techniques:

Away from threshold scan with TGC
and Width shifts set to 07?!7?!

Not interpretable in SMEFT to my
knowledge 1606.06502 Bjorn, Trott

A SM global data combination is not the same as a SMEFT one
for constraints. These are different theories.
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Higgs Width in SMEFT




State of the art Higgs properties

Raw events are processed to measured (relative) event rates.

¢ ‘H

Higgs production

Narrow width
Factorisation of

Production and decay

Michael Trott, NBI

¥y V4
gg Y
- 023% p15%
7o 8
26%

Hi__
0.02%

T
6.3%

cC
29%

Higgs decay




Under a SM like assumption

® Raw events are processed to measured (relative) event rates.

LINLL N L L L L L L L L L L L L L L L L L Y [ mon mo e | [TT T T[T I T T[T T T T[T T T T[T T T T[T T T T[T T T T[T T T T [TTT1

ATLAS Preliminary Fed Total [ | Stat. =3 Syst. = SM ATLAS Preliminary e Total | | Stat. == Syst. = SM
E = 13 TeV, 36.1 - 79.8 fb-1 E = 13 TeV 36.1 _ 79.8 fb-1
my=125.09GeV, ly,| <25 m,, = 125.09 GeV, ly | < 2.5
Total ~ Stat.  Syst. : Total Stat. Syst.
o« I_!_I 1.13i0'13(i°'12,i°'06) - om - - - ]

”, o (om0 B,/B., e 089+ ¢15 (% 32 % 0%
Ovgr/ Oggr === 117+ 0% (% 021 5% 043 ) Byw/B I 0.94 + °1° (£ 014 4 014 )
L | 1644 5% (£ 0% % 0% ) § = PO

o5t [, o4l . 020 B./B;, Fe=—— 087+ g% (£ 017 »% 015 )
csZH/GggF = 076 £ g4 (% 035 + % 026 ) | 057 0'25 0'27
coaa v by b by b by Bbb/Bzz I—;%—I 0-81i0:28(i0:19’i0:19)

f
—0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 | I . | I L1 11 | | I . | | L1 11 | | I . | | L1 11 | | I . | I L1 11 I L1 11 I L1 11
Parameter normalized to SM value -05 0 05 1 15 2 25 3 35 4 45

Parameter normalized to SM value

Narrow width
Factorisation of
Production and decay

® You need a theory to do the inference to define the relative event rates.
This analysis uses a “SM like” assumption at many key points.
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State of the art Higgs properties

® \arious operator based perturbationscanappear m H H B

“’. Z E O = . L B
(b ->--- H ---- H
W. Z<§
q g
- T '1
(a) (b)
XZ% ,‘06 and (pdD2
q W.Z Qe | fAPCGHIGEGS | Q, (ptp)?
. Qz | F12°GHGEGE | Qo | (#9)D(ee)
Qw | Wiwlwkel Q.p | (¢'D*0)" (¢'D,p)
| g QW IJKWIqupW}\’p
( " X2p? v Xy ‘

Q¢ @ qu‘ GAw Qew (Ipcr‘“ er)r! .pW’
Q¢ o' GA,GA Qs | (Lo"™e)pB,,

Quw | @eW Wi | Q. | (gGo~T)FG],
Qv ¢1¢WI Wi Quw | (o™ u, )T W],
Qun oo B, B* Qun (0" u. )@ B,
Q¢§ (p'fth,wB’“’ Qaic | (Go™TAd )WGA
Qewn | irlp W' B Qaw | (30"d,)T' W’
pir!l o Wi, B (Gp0*" dr ) By

® Q: Does the analysis “SM like”
assumption fail in the SMEFT?
Can we use the result?

L (& D) i7ds) |

Table 2: Dimension-six operators other than the four-fermion ones.

® A:“yes.
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State of the art Higgs properties

® \arious operator based perturbationscanappear m H H B

g ‘aab - '1
( -

“'. Z E O = . L B
b e - H
W. Z<
(I B .
g ~ q
(a) (b)
XZ% :‘06 and ¢41D2
q o W.Z Qe | fAPCGHIGEGS | Q, (vlp)?
” Z (_g-) o Q(’j fABCG;}"G.{BPGSF Q\,:D ( )[](cp*cp)
/\/. Qw EIJKW,f"WLIPWf“ Qup ( ?Dﬂ‘r’) ( u"’)
1\ o Qﬁ IJKWIxwapWKp
! H Xy Xy |
EEEE Qi | oeGAG™ | Qu | (Goe)r oW,
Q',aC‘ ¥ ‘PGA G Qen (! Paﬂ er )9 By

signal z : i Quw | @leWLWi | Q. | (30T )G,
nkg = Lk : :(0- X B)lf(e X A)kf Qv gloWLwie | Q. | (G0 u )T EW],

Q(pB ‘Pf‘PB B QuB (qpa” r)(:o B;m
Qi | ©9BuB” | Qi | (GoTd,)eG,
Qows | @ T eWLB™ | Quy | (go*d,)T o W],

LQ\NJ _ﬁDﬂ‘P) (@pyy*dy) ‘

Table 2: Dimension-six operators other than the four-fermion ones.

Function of cuts and kinematics e (60" d,)0 Ba
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SMEFT interpretation of Higgs

® Step one, what is the inclusive Higgs width?

t _I T T T T T | T T T T T T | T T T | T T I_Q — 3_
g T WW ER = 107
c = = s o -
- bb £ g B
C__,E g j:1025
2101 “t!lll..L\ 2z 3 -
+ ) =2 i
: — 10k
m cC -
()]
3107 E
T
i 107
103} -
- 102
10'4 1 1 1 | 1 1 1 | 1 1 1 i 1 1 1 | 1 1 1 1 1 1
80 100 120 140 160 180 200
M, [GeV]

® \WVhat is the inclusive Higgs width in the SMEFT?

Fg,]_\flull = 4100 MeV + Z 5Fh—)z/_11,b + 5Fh—>.A.A -+ 5Fh—>Z.A -+ 5Ph_>gg - Z 5Ph—>zﬁ1¢2$3¢4,

—_— u7c’d’s,
’l/)_{ b)e7l'1"7- }

Michael Trott, NBI
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SMEFT interpretation of Higgs

® |nclusive Higgs width critical, as we measure:

\

R SMEFT _ 5 SM -1 I Chos| Dog0Thss |
s s I‘h—>S ZS I‘h—>S -

—

® [Easy bits with no acceptance subtleties: Lpefr = _ghw,b h¢R¢L + h.c.

. SM — }A/ \/E A _ 3/4 A A
B yukawa dictates width and Y =~ 0.02

2 o - 02] - Loy
= Hkin — ——7= | — = :
o V2L V2] V2T

Taking the Higgs to canonical kinetic term ¢y, = (CHD - iéﬂg)

Michael Trott, NBI




SMEFT interpretation of Higgs

® SM loop level decay

B 2
QZGF

Y Y
Csyr (h— AA) = M} ZNé;/) Q7 Fija(1y) + Fi(tw)|
128+/273
t |14 Y
h === t h === W Where TW:4M3V/M;%,TZW=M%/(4M3V) and T¢=4M£/M}%,Whﬂe
t %4
Fyo(my) = =21y — 279 (1 — 79) f(T3),
Y Y

Fi(tw) =2+ 3w [1+ (2 —1w) f(Tw)],

arcsin? \/1/7,, Tp > 1
f(TP) - 1 1 14+4/1—7p ; 2 1
—1 | f— -, Tp <L
® SMEFT tree level result interference
S M2 -
7 52“‘};;‘ ~ (22 \/35GE) + 027 x 0.155 W 64n? x 0.15 x Can.
h 5V o My

Where
Caa = Caw/§5 + Cup/3® — Cawr/d1 92
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SMEFT interpretation of Higgs

® SM through charged currents four fermion

~ Michael Trott, NBI *




SMEFT interpretation of Higgs

® SMEFT through charged currents four fermion

L= —gy,“vrh [(W;];)2 + (Wi)Q] 1+ ¢chkin] + Caworh [(W/il/)Q T (Wl%”)z]

Modified momentum flow through vertex
Modified momentum flow through propagator

1
DB (k2 = _ _
( ”) kz?j —M% +iI'gMp + i€ [

1+ 6D (k7)) -

2(k% — M3)oM3 — (T s ME + 2M3 6T 5)

2Re [6DP(kZ)] = - —
’ (k% — M%) + M1,

~ Michael Trott, NBI | - 23




SMEFT interpretation of Higgs

® (Connections to final state fermions not present in the SM

-------- (H'DLH) friye f

Need to “remove a propagator’ compared to final SM amplitude squared

— 3 A —
8C), (k2 — M%)
wwi op

Z dps |A s ,/,tu |2
¢ ,'lp SM A2 W,',bn
nzzg,kl/ ! 2 92 (gL,op )SM

All of these effects need to be integrated over four body phase space for

an inclusive result. Bl
/dps = /(27T)454(Ph — Zk’z) H (271')322E'k )
i ki '

Michael Troti, NBI




How much does the phase space change!

® SM kinematics (inclusive)

ki-kik;-k
WW l k 6
dps ~ 1.28 x 10™°.
/ |[sz’W]| |[kkl’W]|2

® SMEFT kinematics (inclusive)

ki-kikj -k 8(kZ—M3) _ ww 7
dps J = NV ~ —4.83 x 10 40Y Effect
/ I[kzg’ ]|2|[kzl’w]|2 % %
k kl k * kk; W 1.2 WW(SFW WW5M2
dps / 2Re[6D" (k;)] = N4 + N, —,
/ [k2, WI2[[kZ,, W2 tw ' MR
2
~ —1.22x 1078 ‘SF—W — 8.78 x 10—6%, 5%, 30%
Iy M2,
Bo B 1.6
ga'y(g kzy kkl kklk ) _
dpsL;”, L’Y‘s = N ~ —8.15 x 1077
/ P2 Dk kb K2 W 2|k, W02 s 4070
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Pure ZZ neutral currents

® |n SM two different final state connections, two kinematic numbers

ki - ki kj - b —/dps Kikiki Kk 04 %1077
[} ' ’

NE? = /dps —
' [k, 21121 (k25 2117 Z]|2|[kz,, 2|2
ki-kp k- Ky
NZ2 = /dps
? k2, Z1[k2,, Z1[k2,, Z]*[k2, Z]*

YR

+ h.c. ~6.84 x 1078,

® SMEFT modification of kinematics - generally ~40 percent effects here

N3L/R_ —9.76 x 1078, N4L/R_ —5.28 x 1078,
NZ% ~ —1.45 x 10—7, NEZ ~ —2.96 x 1077,
N#% ~ —1.37x 107, N§% ~ —3.79 x 1077,
N§? ~ —9.55 x 1078, N{Z ~ —2.62 x 1078,
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More serious, breakdown narrow width

® (perators that must be loop suppressed in SM (due to renormalizability)
are now interfering at tree level. EW neutral current interferences.

® Modified pole structure compared to SM, so kinematic number
differences >40% effects
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More serious, breakdown narrow width
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Neutral -charged current interferences
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“Tree level” treatment of ops

2 2
: : p = my
® Consider a higgs decay h -==m-n-- %i Energy through unknown literal
“black box” limited to higgs mass

e Beyond the SM can modify this decay in many ways

With perturbative mediators  With non-perturbative couplings With non perturbative
at loop level (not a diagram sum) bound state substructure
«Can calculate Cannot calculate Cannot calculate

(honestly) (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 do you get in total?

h—S I$Ms MeV) | Caw  Cup Crnws Cue Cup Cun CY CF  Cue CY4) C2 Cuu Cua G
ehe ehes X 3 0.0007 —-0.11 -0.90 —0.98 -0.12 2 224 -292 -166 -039 -133 -021 016 224
VT Uy x 3 0.003 —-0.77 —0.23 0.25 0.06 2 -180 -234 016 -039 -1.33 -021 016  1.89
el vy x 6 0.003 —0.44 -0.56 —0.37 —-0.03 2 022 -263 -075 -039 -1.33 -021 016  2.07
UpUp T Uy x 1 0.003 141 -2.58 —3.86 —-0.54 2 016 —6.67 0.16 -27 103 086 016  3.07
dypdyd,d, x 3 0.015 0.78 —1.87 —2.67 —0.36 2 016 —-597 016 18 092 -021 -—0.26 2.73
Upupdydy x 4 0.016 110 —2.22 -3.27 —-0.45 2 016 —6.32 0.16 —045 098 032 —0.05 2.90
T x 6 0.005 0.66 —1.71 —2.44 -0.33 2 120 —-4.79 -0.75 —157 -0.15 032 016  2.66
el dp rdy x 9 0.010 0.34 —1.37 -—1.84 —-0.24 2 120 —445 -0.75 0.73 —0.20 -0.21 —0.05 2.48
DpUplip,rp,r x 6 0.010 0.3 —1.34 -—1.84 -024 2 -082 -450 0.16 -157 —0.15 0.32 0.16  2.48
UpVpdp,rdp,r x 9 0.020 0.02 -1.02 -1.23 -0.15 2  -082 —4.16 0.6 073 —020 -021 -—0.05 231
ehes eh ey X 3 0.0004 -0.39 -1.92 —0.63 -020 2 216 —-3.26 —1.60 -0.36 -1.21 -019 014 240
UpVpTpVyp x 3 0.002 -0.73 -0.22 0.7 -003 2 -170 -273 013 -033 -1.12 -0.18 013  2.06
Uy T Uy X 2 0.003 1.35 —269 -3.91 -820 -0.58 2 015 —684 015 -271 106 083 015  3.17
dpdpdpdy x 3 0.008 0.74 —1.84 —2.69 —6.27 -040 2 015 —6.09 0.15 1.8 094 -020 -0.24 280
Cr vy + hec. x 3 0.06 -1.51 8.09 3.16 2 1.91 —1.24 —0.16
Updpd,u, + h.c. x 1 0.20 -1.51 8.09 3.16 2 —0.30 0.97 —0.16
Crvptip rdyr +hic. X 6 0.39 —1.51 8.09 3.16 2 0.81 —0.13 —0.16
tpuydyd, X 2 0.20 -142 -0.07 779 -1.01 3.08 2  0.006 —042 0.006 —0.02 097 0.01 —0.002 —0.10
el Upyp x 3 0.03 -1.53 0.02 818 319 2 —0.002 208 -0.04 -002 -1.30 -0.01 0.008 —0.24
tot. h — 4f 0.985 -1.29 -0.17 7.00 -0.28 28 2 —0.004 -0.15 -0.003 0.009 025 0.005 -0.003 0.13
{&ewaj\/[Z7GF7]\/[h} SCheme
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What do you get in total?

h— S M. MeV) | Caw Cup Cuws Cue Cup Cun €Y C© G é}}; é}j’; Cou Cma O
nd el x 3 0.0007 026 —130 —0.76 0.23 2 230 -271 -158 -039 -134 -020 015 217
DpUp T Uy x 3 0.003 —-0.78 —0.22 —0.80 -044 2 -1.81 -290 015 —0.39 -1.34 -020 015 217
ag g 7878 x 6 0.003 -0.25 -0.75 —0.79 —-0.11 2 024 -281 -071 -0.39 -134 -020 0.15 217
U Uyl Uy x 1 0.003 144 —2.63 —0.68 1.00 2 0.15 —486 0.15 —-2.76 1.02 080  0.15 217
d,d,d,d, x 3 0.015 073 -182 —0.73 053 2 0.15 —486 0.15 1.84 089 —020 —0.24 217
Upupd,d, x 4 0.016 1.09 -222 -0.71 0.77 2 0.15 —486 0.15 —046 096 030 —0.04 217
Ol Ty iy x 6 0.005 0.86 —1.94 —0.73 0.62 2 123 -3.79 -0.71 -157 -0.16 030 015 217
0l dordy x 9 0.010 0.50 —155 —0.75 0.38 2 123 =379 -0.71 073 -0.23 -020 —0.04 2.17
DpVplip rUp ¢ x 6 0.010 035 —135 —0.78 028 2  -08 -389 0.15 157 -016 030  0.15 217
UpVpdy rdp x 9 0.020 -0.01 -0.99 —0.78 0056 2  —-083 -38 015 073 -023 -020 —0.04 217
Al x 3 0.0004 0.01 —2.28 —0.08 0.34 2 2.23 -287 -150 -0.36 -1.23 -0.18 014 224
DpVpTplp x 3 0.002 —-0.74 -0.21 —0.72 -045 2 -170 -321 013 -033 -113 -0.17 013 230
Uy Ty X 2 0.003 1.39 -272 -0.51 -8.03 1.06 2 014 —491 014 -270 1.05 077  0.14 220
dyd,d,d, x 3 0.008 069 -179 -0.65 —6.18 0.55 2 014 —492 014 18 092 -019 -0.22 221
by +he. x 3 0.06 ~1.49 -05 2 ~2.50 ~1.26 2.05
Updpd,u, + h.c. x 1 0.20 —1.49 -05 2 —4.74 0.97 2.05
Cfvplprdpr +hc. X 6 0.39 ~1.49 -05 2 —3.62 —0.14 2.05
Upupdpdyp X 2 0.20 —-1.41 -0.07 -0.04 —0.98 —0.47 2 0.006 —4.72 0.006 —0.02 096  0.01 —0.002 2.04
Tng g 7878 x 3 0.03 -1.51 0.01 —0.07 —-0.55 2 —0.0005 -243 —0.03 -0.02 -1.32 -0.009 0.007 2.02
tot. h — 4f 0.985 -1.27 -0.17 -0.08 -0.28 —0.40 2  —0.004 —4.03 -0.003 0.009 0.24 0.004 —0.003 2.06

{Mw,Mz,Gp, M} Scheme
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What is the shifted Higgs Width in the SMEFT?

{&ewaMZ7GF7Mh} SCheme {MW7M27GF7M}L} SCheme
5FSMEFT 6FS’MEFT
h, full = = = = h, full = = ~ ~
TSM ~ 1—-1.40Cyxp —1.22Cxw + 2.89Cygwp + 50.6 Cug TS 1-1.50Cyp —1.21Cxw + 1.21 CygwB + 50.6 Chq
h h
+1.83Cxn + 0.34Cyp +0.70C}, +1.83Cpn — 0.43Cup + 1.17C;,
_ 7'85?::2 ReCyy — 48.5?& Re édH —12.3 f/e ReC.py — 7.85Ycuc ReCyuy — 48.5Yl% ReCypy — 12.3YTgT ReCey
TT

+0.002Cfy) + 0.06 C5) +0.001 Cry, — 0.0007 Cprg

+0.002CY) +0.06 Cf) +0.001 Crzy, — 0.0008 Crrg
—0.0009CY}) — 2.32C%) —0.0006 Ce,

—0.0008 C\}) — 1.38C\2) — 0.0007 Ce.

https://arxiv.org/pdf/1906.06949.pdf Brivio, Corbett, Trott

® Considering the inclusive phase space differences, cuts will matter.

] : ]
n,scign"’11 =L Z Z(O‘ X B);r(€ X A);.cf
i f
To push an STXS measurement to SMEFT properly, acceptance corrections needed.
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https://arxiv.org/pdf/1906.06949.pdf
https://arxiv.org/pdf/1906.06949.pdf

Efficient calculation at dimensions six

® Many Wilson coefficient dependencies in the width calc. The calc was
organised around dependency on kinematics x parameter dependence.

Func. of 4 vectors (kinematics)

VN

A~ Asy +(O0)1 N1 + (O)aNa + - -

If SM kinematics
- rescaling for some Wilson

- coefficient dependence.
If non-SM kinematics then a unique phase space

- - Integral set. Novel kinematic factors
<HTH> Expansion will not change

Kinematics. Some dim 8 Di * P
effects for free? A2

Different SMEFT Expansion factors
present

e Can this kinematics based approach make higher order calcs easier/more
efficient or possible? HELL YES! This is what the geoSMEFT is exactly
about.

Michael Trott, NBI 34




Automation of this approach (Just L6)

e Need to keep all operators and carefully compute S matrix elements avoiding
uncontrolled approximations (and human error)

® Automation of leading order SMEFT in the SMEFTsim package now
https://arxiv.org/abs/ | 7/09.06492

< C @ feynrules.irmp.ucl.ac.be/wiki/SMEFT
£ quﬁ;.‘\ j" "
1406.2332.pdf

B " i o I —————————

viki: SMEFT

Standard Model Effective Field Theory -- The SMEFTsim package

Authors

Ilaria Brivio, Yun Jiang and Michael Trott
ilaria.briviofnbi.ku.dk, yunjiangénbi.ku.dk, michael.trottécern.ch

NBIA and Discovery Center, Niels Bohr Institute, University of Copenhagen
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How big should these effects be!

® \V mass shift:

myy & Cs S ~3)  ~S5p A A
oy = A [4CHWB + SZCHD +4CZCH£ _ZCZC” A = césé/(cg—._sg) 2V 2G i

® Higgs width shifts (anomalous Higgs couplings)

SMEFT
STSMEFT oL, Fuli

;g‘fj ~ 1-1.40Cpp — 1.22Cw + 2.89 Cywp + 50.6 Cg poar = 1150 Cup —1.21Chw + 1.21Cywp +50.6 Ca
h ~ - .
+1.83 Cup + 0.34Cup + 0.70 G PO = DA L) -
TT

+0.002 ;) +0.06 Cf;) +0.001 Cpry, — 0.0007 Cyg

+0.002Cf7) +0.06 Cfj) +0.001 Cry, — 0.0008 Cg
—0.0009C}) — 2.32%) —0.0006 Ce,

—0.0008 C';) — 1.38C%) — 0.0007 Ce.

e The SMEFT effects (the numbers in the formula) are calculable in the EFT —
independent of the UV. Calculate once and done!

How big depends on Wilson coefficients and the cut off.
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The Hierarchy Problem

In a hierarchy, every employee tends to rise to his level of incompetence.

Laurence J. Peter

...not this one, the physics one...



Hierarchy problem solid example

® Consider it in the context of a model you probably think is sensible.
The seesaw model

® |Integrating out the seesaw at tree level

® Extremely well known result (5) _ CBr px
L0 =375 the cg = (wh)T wh/mp

p summed over
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What is the Hierarchy problem?

e Consider it in the context of a model you probably think is sensible.
The seesaw model at one loop:

2Ly, = Ny(id —mp)N, — £ HwY TN, ® How such a fermion
 PH BTN, - Nyuh AT Nyt talks to the SM at 4 < 4

® Direct threshold matching onto Ls

i o (@B)* wh
wgs wg . .
"""""" KA 2 2 |wp® (wg - wP*) (wp - W)
Am =m,——, AX=-5 :
wi, B P82 64 2

L — e EEEEE——

In agreement with J. A. Casas et al.

Measured Higgs mass Phys. Rev. D 62,053005 (2000) others.
Absorbs this UV physics effect, but it can be BIG!
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Details of the Matching

® The problem here is we are starting with

lwl WI;LU . l

_ 1 A ~Apv
Lsnv = 4G,WG ™ 1

B,,B* + (D ,H"(D'H)+ > il

w‘:q,usdel,e

1 .\? _ ~ . .
~A (H*H - 51;2) — [H’Ude g; + H'uY, g; + HUEY,l; + h.c.] ,
1 N (s 08 fr oot DTﬂ‘“*wp,T N WP FT B —wp‘”rﬂI

+

Taylor expand for low energy experimental measurements (i.e. match)

Tree level: Loop level: )

£® = DR Q8r L he V(H'H) = N(H'H)? — *HH - A”4

Neutrino masses. Good!
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Did this just violate the decoupling theorem?

Decoupling theorem:T. Appelquist, J. Carazzone, Phys. Rev. D11, 2856 (1975

For any 1PI Feynman graph with external vector mesons only but containing internal fermions,

when all external momenta (i.e. p?) are small relative to m?, then apart from coupling constant
and field strenqth renormalization the graph will be suppressed by some power of m relative to

a graph with the same number of external vector mesons but no internal fermions.?

® Consistent with decoupling theorem and

0 | ¢f1(37t72L) | .f2(37t5?L) |
<>r\J()SAJ | _Alz | _Alﬁ |

eavy eavy

Its just that the “coupling constant” higgs mass has a finite renormalization.
Its a problem because dimensional analysis is not working as we expect.
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Details of the Matching

A = miz + (z — 1)(p°z — m?).

4 2
full 9 d*{ E + z(z — 1)p?
il (P7) = —2w; |/ N
i|w?| i|w?
H H =—16W26(2mg+2m3— p?) — Ty |(3 24+ 3m?2 — p?),
14 ilw?| 1 0 %
o dx(2 —1) —z(2 3 —1))1
s | da(amie —1) — afom +89%(w — D) ogl e Hr e,

T ——————— W
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Details of the Matching

A = miz + (z — 1)(p°z — m?).

Ny
4 2
full 9 d*¢ f +x LE—].)
0 ) = 2121 oy E—AF

----------- z|w m2 — p2 z|w|
H H = e S5 3 2 (2mg + 2m} = p®) — "I (3m] + 3m] — p?),

14 i|wy | 2 w

d 2 —1) —x(2 —1))1
+ e [, de@mi(e 1) —2(md + 857 — 1) logl oA,

® Removed by renormalizing the UV theory

® Remaining terms simplified by expanding.

Michael Trott, NBI 42




Details of the Matching

A = miz + (z — 1)(p°z — m?).

N,
4 2
full 9 d*¢ f +x LE—].)
e = 202 [ gy Z-AR
““““““ 2
H H _ el 2 o2y Hwr] _
167r2 —(2m + 2m? — p?) — Ty 5 (3m m; + 3m?2 — p?),
14 7/|‘J~’| 2 M2
d 2 —1) —x(2 —1))1
+ i [ demi@ = 1) = s + 392~ D) loBl g

® Removed by renormalizing the UV theory

® Remaining terms simplified by expanding before integrating.

1L __ 1L B,
k2 —m2 m2 m2

Scaleless integrals vanish in dimensional reqularisation these are all 0

|w?| d*k k?

2m2 | (2m)* k?

One loop contributions from the HTH operator dropped as all IR scales expanded
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Details of the Matching

A = miz + (z — 1)(p°z — m?).

N,
4 2
full 9 d*¢ f +x LE—].)
e = 202 [ gy Z-AR
““““““ 2
H H _ el 2 o2y Hwr] _
167r2 —(2m + 2m? — p?) — Ty 5 (3m m; + 3m?2 — p?),
14 7/|‘J~’| 2 M2
d 2 —1) —x(2 —1))1
+ i [ demi@ = 1) = s + 392~ D) loBl g

® Removed by renormalizing the UV theory

® Remaining terms simplified by expanding before integrating.

20 2 2 2
fullexp, 2\ —i|w;| m M i|w; |P M

Removed by wavefunction reform

DO this calculation yourself to check! (see SMEFT review for details 1706.08945)
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But.. this keeps happening with UV field content..

Blkol®my Ny | |ks[?mi Ny |kp|*mENEY)
1671-2 ]_671'2 167T2 ’

® \Vhat do we measure at low scales:

CMS 359" (13 TeV)
IIIIII IIIIIIIIIIII

> FT T T o VI - o LARRN RAARE LR RRAN RARY RARRY RARRI RAARY T \/7
@ 700~ ¢ Data ATLAS Preliminary o ] A —_ G
P [ seeees = - O] N Dat ] — p—
R e N T 4 S poe My, 2 v = 125.09Gev
f\] - — Signal In(1+S/B) weighted sum ; C [ qg-2z, 2¢* ]
T T M 992z, 2y
g - N a2m2 No o2m?2
40F 2 i 9; B 29
vy + L 4
: 167 16

Why do all these numbers cancel
so much down to the EW scale?

80 90 100 110 120 130 140 150 160 170
m,, (GeV)
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Does this parameter violate a symmetry!?

® So long as the SM has a scale to start with :

wl i _ lB,,,,B‘“’ + (D HYD'H)+ Y ¢iby

1
Lsm = _ZGﬁuGA#V AR 4
wZQ9u1delae

1 .\? _ ~ . .
~A (H*H — 51;2) — [H*Jde g; + H'uY, g; + HUEY,l; + h.c.],

Consider the SM in the scaleless limit, however

1 | | , —
LSM=—ZG;‘},,GA“ -ZW;VWI“ ~ 7Bu,B" + (D HYD'H)+ Y Qi

wZQ9uad:lse
2
- (HTH .) - [H”EYd gi + H'@Y, g; + HUEY,l; + h.c.] ,
T = A
When no mass scales a conformal symmetry:
t— At In scalar sector.
H — H/\
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Scales of the SM..

Not that simple, the SM spontaneously generated a scale:

I . 33 —2ny
v  Famously: by =
@A 127
2
(04 o
ren(H°) bolog 1? /A?
Q) A ® Ascale of order Agcp ~ my, ~ 1GeV
03¢ ; ali“lflz‘)gsﬂ‘)‘i”““‘,‘f“", N
¢ Zpolefitavioy In the theory. A further scale due to
v pp—> jets (NLO) A t t t f t b t th
0zl el Data Group 2015 - symptotic nature of perturbation theory.
01 amis.;. | ® These scales are less than
= QCD 04(My) =0.1185 £ 0.0006 N
1 10 0O [GeV] 100 1000 mp — vV 2)\?] — 12509G6V
€
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Very Interesting scales a bit out of direct reach

10000— 111 \SMHiggs?

| The interesting scales! ~ 47v/c

— - W -

LHC
1000 AP e *lc
>
)
S
my
> 100 ®SIC,
o -8 TRISTAN
- & "PETRA, PEP
o ,®CESR _ _
= 10 ‘é; e VEPP IV ® Expect % effects on Higgs properties
> ’
u SPEAR, DORIS .
g ,/A’[‘,'ONE Are % level deviations ruled out? NO.
3 /7 ete- Colliders
= 1 e PRIN-STAN, VEPP II, ACO osm+i 1 N2 |k |26
B osm 1672\ gsm A
c
(@) T — el
O

|

1960 1970 1980 1990 2000 2010 2020
Year of First Physics We need a precision Higgs pheno program!

T — N
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We are after % level effects

~——— SM Higgs?

Mhaavy?

'}A
/

2,2 2,2 2,2
AV(H'H) ~ HUH (3|I‘6v| my Ny | |ks|*mgNs  |kp| mFNF) L

16 72 16 72 16 72

e Avoiding tuning one expects the Higgs mass scales

mp ~ |/€7L|Mheavy V Nz/47T

e SMEFT Effects avoiding tuning scale as: osm+i 1 (N3|"~z‘|2""> L
1 Cv? 1 Cjv? osM 167\ gan)
[Agn? ( SMTA2 ) Asy A2

1 C;v?|ki|* N;
Asy m216m2
N 1 C;|ki|* N;
gsym A 1672
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