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 SMEFT not just a parametrisation but a predictive framework.

* At a given order in SMEFT fewer parameters than BSM deviations
/deformations that are generated

* These lead to predictions of some measurements as a function of

others

* Here we will see how breaking of predictions at D6 level probes

D8 operators



2 KIS OF P8 QIPERATOIRS

|. Those that give rise to vertex structures not present in D6
lagrangian. Can give leading contribution to new final states
(neutral diboson production), new kinematic signatures. For e.g.
they can contribute to new helicity amplitudes, faster energy
growth not present in D6, s

Careful differential study required

2. Those that give subleading contribution to vertex structures
already present in D6 lagrangian. These can be probed by the

breaking of D6 predictions. jmm— Focus of this talk
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SMEFT PREDICTION EXAMPLE



D4-PR

DICTIONS

Proportional to Iukawa at D4

e Same SU(2)x U(I) invariant D4
operator gives rise to both LHS and
RHS

* Experimentally fermion mass and
Yukawa completely different
measurements. So are W and Z mass.

* But actually we are probing the same
effect by two different
measurements.




UNCONSTRAINING "‘OBS
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Imw = mz cos Ow gfr =

* At D6 level another SU(2)x U(l) invariant operator:

o 2
Or = 3 (HTD,,,H)

D6

* Now 2 operators and 2 measurements so prediction is broken
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e At O(V3/A?), W and Z mass independent couplings.We
unconstrained an ‘observable’/ opened a new BSM primary at Dé.



BSM PRIMARIES

BSM Primary: Independent ‘observable’

Up to a given order
No of independent ‘observables’ = No of operators=N

The set of N ‘observables’ that are all independent and can
be best measured are called BSM Primaries

All other ‘observables’ can be predicted in terms of these.

RSG, Pomarol & Riva (2014)
8



UNCONSTRAINING "‘OBS

mw = myz cos Ow grfr =

Ay A G

* At D6 level another SU(2)x U(l) invariant operator:

Oy = ?!f|H|2FHf

Ble

* Now 2 operators and 2 observables so prediction is broken.

2

(%

o MmN U TS
(gff ) VA2

« At O(v2//\?), hff coupling and mass independent couplings. We
unconstrained an ‘observable’/opened a new BSM primary at Dé.
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» At D4 level Zff, Wff couplings determined as a function of (g,g’,v) which can
be determined by VW/Z mass and fine structure constant measurements.

Cow

g g
97 = (Ts — Qsj.,, ) Fo=—

» At D6 level following operators break these D4 predictions at O(v¥//\?)

) > > _ (3) > _
O, =iH'D, Hegy'er Op=iH'D,HILy*L O}’ =iH'0c*D HLo*y"L.

* For leptons four couplings and only 3 operators so | prediction:

SM + 5geZL Z,eryter + 5geZRZMéR'y“eR + 5g5L Z, vyt + 5gZV(WJ'17L'y“eL + h.c.)

¢

Cov (5951 - 69321) .

89, —

/3 =0

|0



UNCONSTRAINING "‘OBS

-RVABL

Ay A G

Ble

* At D8 level another SU(2)x U(1) invariant operator breaks D6

prediction at O(v¥/A%)

> —
0% — iH'D, H(H'0c*H)Lo®y*L

* So of the 4 D4 predictions 3 are broken at O(v?/A?) and | at O(v¥/A%)

Chyy (5951 — 5geZl) _

%74 W
0°g e = 69y,

V2

3
Ty’

24/2 A4

* At D6 level there were 3 independent couplings, at D8 we liberate a
further observable/ open a 4th BSM primary

Bertuzzo, Grojean & RSG (in prep)



OVERVIEW OF WORK

Bertuzzo, Grojean & RSG (in prep)
RSG, Pomarol & Riva (2014)
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ANOQPMALOWUS COUIE]INGS AS
CIBSERVABLES

So far all ‘observables’ we
have considered were QCD
& EM invariant vertices/
anomalous couplings

We will call these
‘deformations’ from now

More examples:

(1) Higgs observables (20):
hW, W

.........

hZyufLrY" fLR "

(2) Electorweak precision observables (9):

ZufL.rY" fL.R Z°
NN N
Gy JUUV
W, oLy eL

(3) Triple and Quartic Gauge couplings (3+4):

97 cow Z2# (WH W, — WW,3)

Ky 8oy, AMY H:”J W
Ay Sow s ‘Vu— o “‘rp+u

SM

SM

P2

P3
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DICTIVE FRAMEWORK

No of operators < No of deformations
(No of free parameters) (anomalous couplings)

Eg. iH'D,H fY*f,(H'o*H)YW?e,B*  Eg. Z,fv"f, hZ,Jv"f, hZ, 7"

Invariant under full Invariant under

electroweak group U(l)em
Smaller number Larger number
More Symmetry Less Symmetry

No of SMEFT Predictions = No of deformations - No of Operators

| 4



WG CIBSERVABLES |
CQIFERATCOIRS 10 VW E NG U o

We focus on vertices involved in the following pp/ee/VV N VV/Vh
processes: >
pp/VV — h

Let us focus up to CP dimension 4
deformations. These are almost all the h — VU/ 1Y /U
‘observables’ of D6 SMEFT in Higgs/EW
Physics pp — h’h” hhh
For these largest deviations from predictions in
HEFE
Dimension 6 operators with more than or O = |HI?O4 — v°0O4
equal to 2 Higgs doublets can contribute 4 4

08 = |H 04 — U (94

Dimension 8 operators with more than or
equal to 4 Higgs doublets can contribute

|5



COUNTING

959 vertices S MEFT

\ 4

7 SM input parameters

52 SM Predictions

»17 D6 operators

35 D6 Predictions

v

23 D8 operators

12 D8 Predictions

(considering only | generation for the purpose of counting)

Bertuzzo, Grojean & RSG (in prep) | 6



C O INITINICS

Pattern of breaking of these predictions
distinguishes between HEFT and SMEFT:

H]I

|. HEFT: Simultaneous Breaking at O(v%//\?)
. for all predictions

2. SMEFT: Breaking order by order in v#//\?

3. With sufficient no of Higgs doublets all
predictions broken in SMEFT too at high D

Bertuzzo, Grojean & RSG (in prep) . 1/




COUNTING

59 vertices

SMEFT

\ 4

7 SM input parameters

52 SM Predictions

35 D6 Predictions

v

17 D6 operators

4

12 D8 Predictions

v

23 D8 operators

|8



S VR

/ input parameters

2 2 l

Qem, Ty Mz, My, TG, Mg, and mp

>

52 deformations

ALyyy = Zég, Zfy" fr.r + dgue (W oLy er + hoe.) L + g (W, agy"dy, + h.c.)

ALrce = igew [8g7 Z, (WS W™ — W W) + 6k W W 2]
R
+ie STW W, AM + gset " WID W, Z,

ALgce = glew® [0g51 242" W, W,F — 8953 24 Z,W "W ] +4f hEF(202,)°
w

- [6g3"1“’ WrWH W W — g8, (W““W,ﬂz]

0|5,

ZrZ,

vz, +gH (hfoR+hc)+6gzz >z
Doy

ALy = gyy h [W“‘W + 5%
Ca

w

h L h )
* Zgz” (ZuFrf +he) + glyua = (Wiary ds + he) + gy, — (Wi ouyter +

h Ly h h ” h y —
+ Kzz —Z"Z,, + Ky % A AL, + Kz, UA“”J,“, + Kww vW+ oy

2v By

h )
+ kg %G"" pe G;‘}V

AL} 4o = Ko 4—2G4 MG, — gsnvh® — gan b
Ac ghh h2 W+”“/_ 1 Z“A + 5 hh h2 d}ld
hh VvV o / b —

2 263, 2 22,
Ouhd,h 242 (D.h)? Z+Z
+ 92 “2«02 = T gfh:sv_-z 2e2 .
B Do

g"x"lz_!}_z(w-*p""’ o - h.c ) + g}"‘;ld( = ) W+y ‘V—

h? h?
hh - - hh
+ kww 5 5 W Wi + K27 1o 52" Z .

AL,ys = lgcwﬁ (422, (WIw—r —WowHe) 4 gh2Wiws zm]

A
+ie kMWW AR + a"zzé ‘—gf‘—zl,(w*“w-" W W),

Bertuzzo, Grojean & RSG (in prep) |9




COUNTING

59 vertices

SMEFT

52 SM Predictions

\ 4

7 SM input parameters

35 D6 Predictions

\ 4

17 D6 operators

v

12 D8 Predictions

v

23 D8 operators

Bertuzzo, Grojean & RSG (in prep) 7 ()



/L6 CIPERATC IR

H*-operators
Ono = |H|?0|H|?
Oup =(H'D,H)*(H'D,H)
O = A\ H|°
O, = |H|>FHf
Of = ":HTBqu’YMf

> —
Op=iH'D,HF*F
(923) = ’I:HTO'O'B“HFO'O")’“F
Ops = ¢°|H|*Bu,B"”
Owp = g9'H' c®* HW;, B
Oww = g°|H|*W3, W
Occ = gs|H[*Gpu G+
H-operators

Osw = abe kY oRPYy 7P

21



COUNTING

59 vertices

SMEFT

52 SM Predictions

\ 4

7 SM input parameters

35 D6 Predictions

\ 4

17 D6 operators

v

12 D8 Predictions

v

23 D8 operators

22



SH b6 EREINC FHODS

35 Dependant couplings

V2

= ng - tgw' 6K”‘.’

Sg..
g? - 25glz(g3czczgw + eQs2g,, ) + 2(5rs'm,g’ch4

G
269\4/ (69? - 69_}?’) - 26912'9}‘/63“.-

= PRy + Kzy + 2Ky

2Kz~8g9,, 20Ky 2K,

2
Cg w Co Cg w

Y
to,

26k 2K 7,
L SR g,
Ow tow

D. de Florian et al (2016),

a function of
| / best measured
‘observables’

called
BSM Primaries

RSG, Pomarol & Riva (2014) 723



| /7 BSM PRIMARIES

Process Vertex
h—~y, h—~Z4, h— gg hA, A", hA, Z" hG,,GH
Hliggs Physics 8) | h » VV,h — ff,pp — h* — hh WWHW., hff, B
o Z—ff Z,fL.ry fLr
poled) (2 can be traded for S,T)
Triple Gauge 7 i i
iy ce — WW g% cp, 2" (W+A Wo —W w;;,)
Ry Sy, A" W: Wu_

RSG, Pomarol & Riva (2014) 24



Do these |7 best measurements make
the rest of the 52-17=35 ‘observables’
irrelevant ?

25



EXAMPLE OF D6 PREDICTION: h>Vff

h—~Z

99% CL it 00 oV,

115 =
.
LA B
e -
’

!
s -

,
s -~

ars ——

o9 0.5% 1 105 u

-V L e N
)

Y0012

2000

PR LAY

3.0006

PRLE

e

ALY

Already constrained !

Slide Courtesy: F. Riva

26



COUNTING

59 vertices

\ 4

7 SM input parameters

52 SM Predictions

»17 D6 operators

35 D6 Predictions

v

23 D8 operators

A

12 D8 Predictions

D8 unconstrains 23 deformations and makes them primaries !
27



D3 OPERATORS

He
Oy 1"

DY

Oy = |H[D, 1D H
H'X% 4 Henning: 5

Ouzpn = 9°|H|*B,.B""
Omawe = |H|*Ow s
Opaww g"lHl"W" Wy
Oy = g°|H | (:p“ GAw
H D% 9 Henning: 9

HAD*X* 9

Obpiim g"“ it e /0. .
Opywy =g* D HIDHW] Wi |
Ouuwm =ggDH'a'D "118“,“""'“"

Oprine =g"D,HID" nn,,,,nw-
Opuwa = g° D., HIDYHW ] Wi |
Obaw i "(H et e« hc.)H,f,,U"’ |
Ovnwns = S-(D H'a" DH — he ) HW [ B¢

Opnwa = e Do D HW ] W Kee

Ovnws = Lerax(DuH'e' DH + he )W) WK

H*X% 2 Henning: 2

Oip = ‘|"|3"'” Hfev" fr
o,, , =ilHPH D, HF4% Fy
O, =il P H'a* D, H Fuay*
089 = iH'D H (H o H)Fr oy F),
HIPX: 5 Henning: 3

Ou'm H* Oy
O”;'““' _gg ]}, p€abe (l! o” !!]“r “,“r cup
JHADX: 32 Henning: 52

Opsow-p) = |H|"Ow 5

Onwii = igWe (H1a*D 1 + h.e) D, H
Oy = igW o, H'o"HD, H' D, H

s

Ouw = igWe . (H'H)H'e* D, H

21

Osn = ig' B (H HYH' D H

DY 3 Henning: 3

Opm = |DH|*
Opprz = (DD 1+ DD )
Oppis = (D, HDH - D.H'DH )

oL ;= m'_m‘li,.,u A £ B (5) |

Ol =98, (H'H) fy* fB* (5) |

O = igh'o” D H f* fW*(5) |

OF, ;= gD, (H'a" H) f4" fW(5) |

o,’), @D (0" 1) Foy* P (2) |

W o =ig'H'a" D, HFa"y" FB™(2) |
OY. = igh' D, H Py FW=e(2)

Of ¢ =00, (HIH)Foy FW™*(2) |

OW2, = igeanH'o" D HE G FWe(2) |

ORL, = gewseD, (H'o™ H) Pty W< (2)

X% 10 Henning: 10
Qum = .fl”H PO Ll O ¢ L
Qi =g' b‘,” BYeR, . 570

Oy = g' W Wirmwl win
OQuwa —J'"r 7 W Ivew v Wioe

I
Qiws =g ij. H ’ W Juv g7 Jpa
Qawa g’w‘fl u, RUSEETEEN

Qow i = 979" 13,‘,13""& .'w“' fuv
Qow iz = y""y"ﬂ,n B"'“v" wihee
02“, By = yay! B“,B,..“r n‘,m“ Ipo

Qaw s = 979 Buu B WTwrWioe

'DX?: 18 Henning: 18

W DH %4
OJTNHH =T {u(l)‘.!!'l) YH <+ he)
O g2 = TH(D, H'a"DH + he)
Oty = AL(D*H'DYH — h.c.) |
."f‘ 0 .‘ - 0 v .
Opiys = Af,, (D*H'a"DVH — h.c.) \

Orip = g'."’l',“. B 3YR(5)
Orwn = 99 Ty, W 13V0(2)
Ohww = 9°T,,, WOorPW %0 (5)

Ofww = Peae T W bupply evie(2)
Quw i = 99" JEW 08, BH(2)
O.: ww = g"’(,,‘g,,. .["'} Wheep )W .~,.,»,( 2]

Henning, Lu, Melia, and Murayama(2015)
Bertuzzo, Grojean & RSG (in prep) 28




D3 OPERATORS

HD'X? 9
Opiiy = 9~ D | D1 By B
Opuw =g* D H\DPHWI Win

> i = Opuwm =99 D H'e' DFHB,, W I#
D) T Oorine =g"D HIDYHB, B
5 4 I Opvuws =g D H DY IIW";'.,'.W"'"""
wy = |HI"D,H D, H Opuwps = L (D, H'e" DH + he W] B = :
H'X?: 4 Henning: 5 . by pe X% 10 Henning: 10
T Oonwns = 2(D, H'o"DVH — he)HW ]! BY¢ — - —
O;;.';;l; = y’JI}II‘!}‘pl}).l ¢ gt oy oiﬂl =9 H;m“’ Huv”}
’ ' Opnws = L eraxc D H' o D HW S W Kie " » vy
Oiwe = |H|*Owp s 4 h f o e e | OQupa = 9" 8,010, 13
C)HJ“‘,“' g'lllll-1“',-;;"“',---.-,'“/ Ol’)il’“'l = 92 ([.,v;\'(’)..‘ i (7‘]).,'! -+ h.(’]‘tl’h‘t Kwp c’-i“"l - g-l“:‘i’“'.'.’,:«“.'...:".“.'J;u.
Ouice = g?l]!l'if"j‘:‘p("*“hu H*X% 2 Henning: 2 ‘ Qs = g'Hv".j'h,W“"“W";';W“""”
H*De% 9 Henning: 9 C'),:»:m- H*'Q:qv L | OQaws = g* W, WL Wyl
Oiuip = dl,l?"t}j ’lf ,\,,.f OH"I!“" =gg° Iju‘p(.‘oﬁ“(” o‘ll!)“.jt“' il “ c).1“'g g"W,‘:‘,W',_‘:,W""""W""’"
ey JHZDX: 32 Henning: 32 | Ouw i = 979 By B W, W1k
L=t e T OF, ;= i H D H v f B (5) | Oaw irz = 8797 By B**W/, WioP
Oy, =i ['H'a" D HF 1o Fr O, = g0, (H' 1)y f B (5) | Oaw iy = 97267 By B g W 100 100
05 =it D 1 (H'o" H) Fro®y"F, OV, dolitaa ) gy Far Ao ) | Qawiza = §%6% By B WIWPW I8
HD?X: 5 Henning: 3 Of-’":
Omor-m =[HOw-n or,,423 Dimension 8 operators
Ouw i i'g“v".ff‘,(”'0'“1)‘,” . h.c.)l! 'D‘, i O}_‘ .
Oy = igW I WD, 1 D1 = . h h I
(R “ ”A c)‘.l )
o oW (oD oM with more than or equal to p
ar W
Opp = ig'B A, (H H)H D, H oWz _ 4 H . d bl 2)
Py F = -
D% 3 Henning: 3 i | ggS oublets
Mg &

Opu = |D,H|* .
» ' - ! 2 4 "
Opiiz = (Dl D1 + DD H Y O sy = TL(D"HIDH + h.c.)

- f ' ,
Opps=(D,H'DH - DD, O{,".(“,Q _ T}f',f'(D.., Ha"D,H + he)

Opiys = A, (D*H'a" DY H = h.c.)

29
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NEW D3 PRIMARY

Pure D8 observable

D& Operators

V20g — coy, (897 — 6g%.)

q&” o
7\,""} 3

dkz —bg] + t5, 0K,

agn

My «
\‘ .
—(Chw + 2chwi)

oy
0

dgi" " — 2ewdgf
dga” " — 2ew dgf
dg?” — 28g7
bgi % — 247
hZZ
3g% 7 — (g7 €¢” — brrg "o
w — (5!‘\‘--‘ - T—M‘LN-Z-\ — Ry

Rzz — , 6" - Kzy = Koy

€O "'.-. Ty

d I \/2( o ((59!/ — ogf - ‘:9“.691-[)

G5 — 7= Yith,, 0ny — 2697 + 2 (T, + Yysj, )oa]

PR
U (r'” w+2cuwu +epuz + cpua)

o2 : '
'%‘ (2‘ ww T ACwy — epi — 2¢puz + 2epus)
04£)
Ac |
ll""
g g’
|0'-r'!

LT

(f'm: + depia)

g u
Tf—(b(‘.m - 2<‘u W 80”‘ W +(C'::u-

Cipya

Com

+ 2)(chiw + 2cnwn))
= (Cuu +Cow — 2C 2 — Cii l"H)
— ((‘uu +cCow — 2L ypapr + (‘m' +cuwu)

"»((( g — Cip) + 9,,'(2(:.;;'.' t ey — 2enwn))

:5 .
f’:uv'af'uw«ff-{msf?ml.' + 2erw i, Czwr s Coaw i

Gan — -qu rrresé’

hi L p 2

Koo — Koo 2266€
TeT

he g
N“I'r' W OR‘\ o KRZ~y — N-'\'r

.1 :. . [P . N .
- (r.m + ocsw — 16‘4:-"1"1' - 2‘-}1431'13' —Cuw H)

ﬂ'-. + #sz'\ + 2'\'»«-,

} 2 2 .
Ky + ;—ém + Kz + 2K ~yny

Uenr
W

OhZ
g

rr
2 2 -f,'
Kzz — ,T.f:o"r . r..'.'—,:."}:l.“TK"’ = Kapy — 1,_u (f op +9caw — 16Cy 2w — 2Ch2w e —CHwW )
dghh, — iu- L (46¢y72, +4cgyay:)
g%ty — "—M:“' T;,L‘?)_ ((10+ 5ci,, Nchw + 2cuwn) + (30 con — 18(cy2yp +4cy2y u)8a,,.)
, Oy
Q)".‘é.? g'zfzﬂmm
g.;t.‘f:;z L ‘,5: CnmH
Gina g€ (cpma + cpus)
Gins &(('nn — 4cpya)
gz + .\._."+"/" + -5—5h + TA- ‘L.-f;(f‘(m — caw — 3caw i + 8¢aww — 2¢ 2w pr)
v W

L (chw — 2enwn +2con — 2cow + 16c2w —8cywpr)

222 v «
2 5 2 3 S
o (0 + Cu.,.,.)('-u'.ir' — 4cz0 Crpawpe + 2(?0._.'.((‘-.111 — caw + 8Crrww —Cuwii))

2.2 p
- J_f_(zc:r.s' + Chw + 2w + 2cpus)

Bertuzzo, Grojean & RSG (in prep) 30




COUNTING

59 vertices

52 SM Predictions

\ 4

7 SM input parameters

35 D6 Predictions

\ 4

17 D6 operators

12 D8 Predictions

v

23 D8 operators

31
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9°=0
58K,WW — ngdslﬁjzz - 2CBW(58K,Z =0

cow (0%9%., — 6%9%4,)

gt g — 3 — (46%g%, — V2gc2  6%kz) =0
Co (589hu - 58.qhe )
589{/LVV€ - = Z\/li A - ( gue \/—QCQW 68""'Z) = 0.
58 WW _ 58g5l/1W _ 2ng (68962222 _ ng ) =0

hQ 2 Chy (8985 — 8°987) =0
9Fha2 — 4(58931W — 265‘,‘, P®ky) =0
Gina + 4(5895‘/1W —2c5,,6°%kz + c5,, (58g522 ng 22 =0
9}?}12 - 403”, 58942212 =0
gts +4ch 88952 =0
58,chZ _ 3 (9589vv/v — 58922 n 358

o #3834V + el +97%)

+60%kz + 53 (320%k 7 + 150%K 22 + 66°9F 4¢3 )) =0

1 [96%gh, v — 6%gh.
88k + ( gvv/ 9zz ng _*_3589?2 . 333”.' (25898/1W 4 5snfvsz +gahz)

2 2
339W g

—60°K2C5,, + Spy, Coy, (260°k2 +158°k 22 + 66°9 553, )) =0

Bertuzzo, Grojean & RSG (in prep) 32
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l!s
Og = 1"

DY

Oy = |H"D, 1D 1
H'X*: 4 Henning: 5

Ouzpn = g |H|*B,.B""
Oia““'ﬁ‘ — IHIZOH';;~
Opaww = g |H| W3 wer
Owice = gi | |'GLGM™
H Dy 9 Henning: 9

Oviws = Seraw(DuH'a' DH + he )WL WK |

HDP*X* 9
Opiigy = g o [N e 13, 1
Opywy =g* D HI D W] Wi
Qpuuw m =99 D H 'o’l)"’HB.,,,.H,""'“"
Qoupe =g" D HID"HB, B
Opuwa = g* D, H DYHW ! Wive

gy ‘e v o0 v
Oppw e = Z-(D M e DN+ he )W B ¥ 10 Temsing 10

_ iog’ P e I

Qonw s = -5‘;(1).,!! o' l‘! - ’U’JJ”“‘ {..,-B Qum = " BB B, B"
" ’ » rKpup

Opnws = S D 'a" D HW W | Qupa = g B, BB, B°

C)_‘ wip = g" ‘L-’.'i, w I pxr “"..-.51' W Jpw

H*X% 2 Henning: 2 Ouwvy = g“v’ju“-’l't";“t-"-:;“-’u"‘lp

Onsn =il HPHD,H far*
Oy, =i|H [P H D HE A" Fy
Oty = ilH [P H'a" D H Py oa Fy
()'_‘;'Q - 3!!'!)’,11 U! t o l‘)i‘}v"’}"f",'
HD?X: 5 Henning: 3

O g = H*Ogw
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JHADX: 32 Henning: 32

Qaws = g" W ‘V;iv Wiy Jpa
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D% 3 Henning: 3

Opuy = | D, H|
Opiiz = (DD 1+ DD 1)
Opps = (D, H'DH — DD H )

i
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|
|
|
|
|
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O}, el 10 T £330 () Ogupa = g%g B B W Ik leo
O}‘.‘ f ° ° -
02185 Dimension 8 operators

O

or{with less than 4 Higgs
doublets don't contribute
to D4 vertices

,l
O””W

O 1 =T i "I:D.., Hia® D‘,lf < ’“_..)

n‘"{(_-'z ny
Ot = AL(D*H'DYH — h.c.)

= A‘,‘,»)u_(l)"ﬂ'a“ DVYH — h.e)

oN

(ne
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CHHIER DB CIPERAFCRS

These give rise to vertices with more derivatives not
present in D6 lagrangian. Can give rise to new final states
(neutral diboson production), new kinematic signatures. For
e.g. they can contribute to new helicity amplitudes, faster
energy growth

The strategy required to probe these is very different as a
careful differential study needs to be carried out to truly
isolate their effect which is beyond the scope of our work

34



PHENOMENOLOGICAL EXAMPLES
Shape of Higgs potential
Transverse Gauge boson couplings

High energy primaries

35



EAAAPEE Al S R O Gl FOLE PR TS

Higgs potential: — )\
V(h) = ="h? + Agvh® + fh“
_ 3 54 4]

2 D4 Predictions:

)\3 — )\4 — m%,/Z'v? = /\SM

Dé opens 03 (due to operator H®) but one Prediction:

o4 — 60 Jg?/v ) mj, »vanishes at D6 level
04 — 003 — . chw 91 Sm%v

Chiesaa, Maltoni, Mantani, Melee, Piccinini & Zhao (2020) 36



EAAAPEE Al S R O Gl FOLE PR TS

Higgs potential: — 3
V(h) = ="h? + Agvh® + Z“h‘*
_ 3, 04,4

2 D4 Predictions:

)\3 — )\4 — m%,/Q'uz — /\SM

Dé opens 03 but one Prediction remains:
stronger constraints

2
04 — 603 — (JQVV - gl mg »vanishes at D6 level

W

Chiesaa, Maltoni, Mantani, Melee, Piccinini & Zhao (2020) 37



EAAAPEE Al S R O Gl FOLE PR TS

D8 breaks D6 Prediction
(due to operator H?%):

’U4 m2 ’U4
54 — 653 — 468F + CH2T4,U}; A4

Should not deform only one
coupling but both simultaneously

Deviations from this line probe
D8 effect

Chiesaa, Maltoni, Mantani, Melee, Piccinini & Zhao (2020) 38



EAAAPEE Al S R O Gl FOLE PR TS

D8 breaks D6 Prediction g
(due to operator H?%):

4 2 ,/4
(% my v

+c 1 o dlllic:
— H2 b s sccccnccssissscccnnsssstsccsnnsssstsccncnce ffinnnnnnnnnns ’....é ............................. j ...................... -
A4 " 4’02 A4

Should not deform only one < 05 b
coupling but both simultaneously

54 — 653 — 468

’

DGVlatlonS from th |S I|ne PI’Obe —0.5 | ......................... Stii ..... @ ... il

D8 effect ! s <1 T

—0.2 0 0.2 0.4
32

Chiesaa, Maltoni, Mantani, Melee, Piccinini & Zhao (2020) 39




EXAMPLE 2 FRANSVERSE GALIGE COUIPEINGS

- v h v h v h v
5K7W:_WV A# K77 %Z# ZI“’ —+ I‘i77 %Ay' A,“, —+ IiZ—y;A“ ZI“’

e 1 C26
D6 Prediction:|kzz = - ” Hf‘in + "”wv‘

COW Cow SOw \

Per-cent level constraint
at HL LHC Per-mille level constraint
in WW production from Higgs decays
(Grojean, Montul & Riembau 2018)

Kzz is already constrained at percent level due to this correlation. Is
there any point in trying to measure this separately ?

40



EXAMPLE 2 FRANSYERSE GAUGE COUPHINGS

Kzz is already constrained at percent level due to this correlation. Is
there any point in trying to measure this separately !

YES !

In HEFT this correlation broken at O(v?/A\?), i.e there is no
correlation

In SMEFT this correlation broken at O(v¥/A%)(that is at D8)

4|



EAANPL R PR VERSE G AL IGE CCOIUIR] JINGaH

@ Filtered Distribution

—— CP Even
1 — CP Odd

i
Kzz — 4" Zu
2v ad

See Joey’s Talk

Using our technique and combining with h>ZZ rate Kzz can be
measured at | % level at HL-LHC

Banerjee, RSG, Reines & Spannowsky (2019)
Banerjee, RSG, Reines, Seth & Spannowsky (2019) 4)



EXAMPLE 2 FRANSVERSE GALIGE COUIPEINGS

1

Rz7 = CZ_(SK”Y I

Ow

CQW Sgw

KZ~ T Ky

In HEFT this correlation broken at O(1), i.e there is no correlation.
We need to measure LHS and RHS at same level so Banerjee et al

bound essential
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EXAMPLE 2 FRANSVERSE GALIGE COUIPEINGS

First 2 terms: O(v2/A?)=10% O(VNH=1%
C (2,04
K27 — ggl—&%fy - cgvf,”;’;w Kzy = Ky |= =38z (con + cow — 2em2wp + Chw + cuw i)
W W

In SMEFT this correlation broken at O(v4//\4)
Maximum size of each term on LHS: present bounds <I0 %=O(v2//\2)
O(v4//\4)= | %= Required future sensitivity for measuring the full combination.

Again Banerjee et al result can be used to measure this D8 effect.
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EAAPGELE 3 FCar EINERC PRI AR TS

D6 prediction
>

VvV Vh

Z-pole, TGCs hVff

Can be understood by Goldstone Boson Equivalence

D6 Prediction for WZ—Wh case:

h Z Z Z W
Iwr = \@CGW((SQf — 59f') — 2097 9r ng
hWIf Z-pole TGCs

Franceschini, Panico, Pomarol, Riva & Wulzer (2017) 45



EAANIPLE 3 FC EINERCG PRI AR B

D6 prediction broken at D8 level:

g‘};VF — \/§COW ((59? - 59?’ — Cow 5912) =

gzv4 3
_463 A4 (CaB + cow — 2cy2wpr + Caw + CHWH)
" W —

First and last term can be 10 %= O(vZ/\?)

\4
OVYAH=1%
Future precision per mille level
so this D8 effect may be easily seen

Banerjee, RSG, Reines, Seth & Spannowsky (2019)
Bishara, Englert, Grojean, Montull,Panico &. Rossia(2020) 46



SMEFT VS HEFT
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HIGGS EFT (HEFT)

h not part of doublet H. EW symmetry non-linearly realised.

Goldstone bosons eaten by W, Z, written as follows,

U = exp(2iX;m;/v)

h does not unitarise WWV scattering. Mass term of W, Z non

renormalisable with cut off below 4TTv, where a strong sector is
often assumed

2
UZ’I}(D#U“D“U) — (M3 W? + m%2%/2)




HIGGS EFT (HEFT)

h does not unitarise WWV scattering. Mass term of W, Z non renormalisable
with cut off below 41Ty, often assumed to be a strong sector

2
UZ’I}(D#UTD“U) — (M3 W2 +m%22/2)

h is a scalar, not necessarily related to goldstones, accidentally lighter than
cut-off. Typical HEFT operator:

2 2
v T Du E _h
1 Tr(D#U D U) (1+2av +b'u2 .

No cost to additional h or U (goldstones) in HEFT. Each Higgs/goldstone
accompanied by a 47T

41h X h  4mm; , T
A v’ A v

Georgi & Manohar (1983) 49



VEIAT ABUI T e HER b

D,U=U'6,U —iU'[gW°T, + ¢'B,Y|U

eAd, =

g
gz
2¢,, "

gwﬁl:

L

2% Tr[Xem D, U]
i Tr[X3D,U]

iv2 Tr[T

bDuU]

» Unitary gauge:U=1

{A, 2, WF} = {A,Z, W™}

}

WIW, ZH — WIWw, Z*

Our deformations can be promoted to independent invariant terms wher
EW symmetry is non-linearly realised, i.e. HEFT operators.

All deformations at a given HEFT order independent. All predictions
broken all at once.

Chanowitz, Holden & Georgi (1987) 50



ALSCY N SER ]

~glv+h)*
2¢q,,

>
Z, - iH'D,H

g(v + h)?

(W+ W=, Z,/co.} — i{H'cT D, H,H'c~ D, H, Hc*D,,H}
[T [T W sy [0l M

_ But will Require 6 Higgs doublets.
WrWw. Z*
s g A Dim 10 operator

Our deformations can be promoted to independent invariant terms SMEFT operators
but at the cost of additional Higgs doublets.

Have to go to higher and higher dimensions with more Higgs doublets to break all
predictions. Predictions broken order by order in v %IN? as these Higgs doublets et VEV

5]



SEIEE N S FIER OS5 I OB FHOG(SS
DCOLIBLETS

To generate each anomalous coupling independently heed many Higgs
doublets (up to 8 for QGCs), go to higher and higher dimension

All SMEFT predictions broken eventually but order by order in v/

In HEFT all predictions at a given order broken simultaneously.
SMEFT an expansion in v3/A% and p?//\?

HEFT an expansion only in p%//A?
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SMEE L VS HEE

HEFT 59 vertices SMEFT
l »7 SM input parameters
All < 52 SM Predictions
Broken
O(VHN?) »17 D6 operators
O(VZ//\Z)

35 D6 Predictions

v

23 D8 operators

v O(V*IN%
12 D8 Predictions

(considering only | generation for the purpose of counting)

Bertuzzo, Grojean & RSG (in prep) 53



NON DECOPIEING NEVN. PERSICS AND
HEE

Another way of identifying physical scenarios that map to HEFT but
not SMEFT

Integrating out non-decoupled heavy physics getting mass from EVWSB
give non analytic terms:

4th generation fermions === |(H'H)log(H'H)

Doublet ® in |V = xk®* + u(®1H + h.c)| = (HtH)?/3

Expanding these gives series an infinite series in powers of h/v not h/A
Maps to HEFT, not SMEFT.

Fallkowski & Rattazzi (2019) 54



CONCLUSIONS

At any order in SMEFT more ‘observables’ than operators.This leads to
predictions of observables as a function of others

Predictions broken as we go to higher order in EFT expansions for e.g.
D6 to D8, i.e. order by order in v3//\?

More and more ‘observables’ unconstrained. Our work motivates
more measurements

Probing these violations of predictions only way to probe a certain class
of D8 operators

Predictions broken also in HEFT but all at once
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