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Outline

ee colliders & ee — hZ,hhZ: quick notes

- The SMEFT & application to ee — hZ,hhZ o L

the y20?D class op's from heavy vector-boson exchanges

NP(ee — hZ,hhZ), , .y ‘expectations @ a 0.5-3 TeV ILC/CLIC

Some extra handles
- Validity of the EFT
- An hZ - hhZ correlation

« Summary & outlook
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ee colliders: a pathway to precision

Some benchmark expectations for leading BSM scenarios

Ghbb 9hrr 1 TeV
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“stolen” from Paulo Meridiani's talk @ EPS-HEP2017

given the present status of BSM searches, need percent level
accuracies to hunt for the tail of potential multi-TeV NP
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ee — hZ & hhZ: some basic facts |
SM

ete- - hZ ete- - hhZ

o(E,, ~ 250 GeV) ~ O(100 fb) O(E.. ~ 500 - 1000 GeV) ~ O(0.1 fb)
dropping to O(10 fb) @ E,,, ~ 1 TeV dropping to 0(0.01 fb) @ E,, ~ 3 TeV
& to O(1 fb) @ E,,, ~ 3 TeV
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ee — hZ & hhZ: some basic facts |
SM

ete- - hZ ete- - hhZ

o(E,, ~ 250 GeV) ~ O(100 fb) O(E.n ~ 300 - 1000 GeV) ~ O(0.1 fb)
dropping to O(10 fb) @ E,,, ~ 1 TeV dropping to O(0.01 fb) @ E,, ~ 3 TeV
& to O(1 fb) @ E,,, ~ 3 TeV

3

Dominant Higgs prod. Channel One of the main motivation for hhZ:
@ E., ~ 250 -350 GeV potential sensitivity to the Higgs trilinear self coupling
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ee — hZ & hhZ: some basic facts |
SM

ete- - hZ ete- - hhZ

o(E,, ~ 250 GeV) ~ O(100 fb) O(E.n ~ 300 - 1000 GeV) ~ O(0.1 fb)
dropping to O(10 fb) @ E,,, ~ 1 TeV dropping to O(0.01 fb) @ E,, ~ 3 TeV
& to O(1 fb) @ E,,, ~ 3 TeV

3

Dominant Higgs prod. Channel One of the main motivation for hhZ:
@ E., ~ 250 -350 GeV potential sensitivity to the Higgs trilinear self coupling

Indeed, both are sensitive to a variety of BSM scenarios
but: sensitivity to multi-TeV NP requires TeV-scale energies where CSX's are small

= needs an O(1000 fb-!) luminosity
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“They have been stuck in that
model, like birds in
a gilded cage, ever since.”
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The “art” of EFT in a nutshell: ‘

Conventional practice: physics at E < A is described by

JCHM‘l_Z \ an

n=>5

v “light fields” [@ E < A] = SM fields

v Gauge-symmetry [@ E < A] = SM: SU(3)xSU(2)xU(1)

v Underlying NP ((I)heavy) is weakly coupled, renormalizable, obeys
gauge-invariance & preserves symmetries of the known dynamics (SM)
(useful for classifying the higher dim operators)
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The “art” of EFT in a nutshell:

on top of that:

use 3 more guiding pr'inciples which further simplify/reduce the # of relevant operators

(we don't know the precise form of the underlying heavy physics = ambiguities in selecting relevant operators ...):
Arzt, Einhorn & Wudka, Nucl.Phys. B433 (1995), 41. Einhorn & Wudka, Nucl.Phys. B876 (2013) 556

s EquainnS of Motion (EOM): an “equivalence theorem”
2. In1'egr'a1'ion by Parts (IbP ): dismiss surface terms

3 LOOP Classification of OPQI"OTOI‘S: loop-gen. (LG) vs potentially tree-level gen. (PTG) operators

Many operators can be constructed under these conditions,
O(50) @ dim 6
but only several of them directly apply to hZ & hhZ prod ...
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The SMEFT & heavy vector-boson exchanges:
the y?p2D class operators

The GIMR (Warsaw) basis (6rzadkowski et at., arxiv:1008.4884)
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Q.5 ot By, BH Qic | (@0 TAd)p G | Qo | (¢1iD, o) (@, u,)
Qs | ATeWLBY | Qav | (Go™d) T oW | Qua | (1D, ¢)(dyydy)
QY“TB ":T/—l‘f: ﬁ/'/{“Bl“’ Qap (qpo™” dy)p By Qepud i(v?TD/fvf)('_’1»7' dy)

+ 4 fermion interactions ...
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The SMEFT & heavy vector-boson exchanges:

the y?p2D class operators

The GIMR (Warsaw) basis (6rzadkowski et at., arxiv:1008.4884)

b & ¢©® and *D? 28
Qe | FACGGHPGE | Qp (ple)? +78 (ot o) (perp)
Qs | FAPOGGHGE | Qu | (¢lo)Olely) Quy (ot0) (Gu-P)
Qu | IWEWIWER | Quo | (#1D0) (#1D40) | Qup | (0N
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X% VX @
Qec A C Cd Qew | (po* e, )T W),
Q;C’ oto (7;?,/(;'-4;11/ Q.5 (I,0"e,)pB,,
Qow plo Wi, Wik Quc | (Gpo"Tu,)3 G2,
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Qv Pl W}{,/BW QB (oo™ d, )¢ B

y?9°D op's:

heavy vector-boson

exchanges

(singlets & triplets)

generate IlhZ & llhhZ

+ 4 fermion interactions ... contact terms and therefore

expected to give the
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The SMEFT & heavy vector-boson exchanges:
the y?p2D class operators

For practical reasons use HEL package (FeynRules) — UFO file for MG5 ...

L=Lgpn + E ¢;O; =Lsy + Lsig + Ly, + Lp, + L& Alloul, Fuk, THEP2014 (arxiv: 1310.5150)

. 4i¢)
Cp '!CHQ @L?#QL} [(I)Jf(ﬁ“(b] + (é{Q @LT»“T%QL] [(I)TTQA,?#(I)}
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The SMEFT & heavy vector-boson exchanges:
the y?p2D class operators

For practical reasons use HEL package (FeynRules) — UFO file for MG5 ...

L=Lgpn + E ¢;O; =Lsy + Lsig + Ly, + Lp, + L& Alloul, Fuk, THEP2014 (arxiv: 1310.5150)
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The SMEFT & heavy vector-boson exchanges:
the y?p2D class operators

For practical reasons use HEL package (FeynRules) — UFO file for MG5 ...

L=Lgpn + E ¢;O; =Lsy + Lsig + Ly, + Lp, + L& Alloul, Fuk, THEP2014 (arxiv: 1310.5150)
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"mapping” HEL — GIMR: ¢, = —f; fi~0(Q1)..

14 Physics @ CLIC, CERN, July 2017 Shaouly Bar-Shalom



The SMEFT & heavy vector-boson exchanges:
the y?p2D class operators

ConS"'r'ai n‘l's: e.g., Contino et al., JHEP2013 (arxiv: 1303.3876)

w’p’D class operators modify couplings of Z to quarks and leptons

0gry _ 1 (—Chw + 27131 Cyy) Ogry _ 1 Chy
gy 2 Ty, —Qsin’fy Jre 2 Qsin’fy

use PEWD Tightly constrained by Z-pole measurements at LEP1
—0.0009 < ey < 0.003, el
—0.0003 < €y + Ty < 0.002 in terms of A (e.g., for 0,):

—0.002 < ey — ey < 0.004

- — 1‘2 f,
% &) — A\z J

—0.0003 < ¢y < 0.002
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e*e" — hZ, hhZ & the 292D class operators

ete- — hZ

ete- — hhZ
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e*e" — hZ, hhZ & the y2¢?D class operators

ete- — hZ e‘e- — hhZ

2
do(hZ,hhZ) = dosri(hZ, hhZ) (1 + A‘igal (i) + 2—452( f.i))

e [+ Sn) = =] e [+ S + 2] 2

QCM/ SWw (Lg + v 3 A[% ?
2

( 1 )2[(fHL‘i'f]l{L)_%}Q-F[(fHL—l-f;{L)_F%](

2 2
a; + vz

4¢ W SWwW

* An interesting hZ - hhZ correlation ...

17 - Same sensitivity to f,, & f',
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ete- — hZ, hhZ: numerical analysis ‘

S itivit NT _ ySM
enS’ ’V’ y: *\'.r . 'A A. Y *" : i"\ E - 4
sp (Vs fir A) VNT
\T‘TuS'M - (T‘T..S’A-I I

E., [TeV] L [fb-1]

0.5 500

Benchmark designs: 1 1000
2 2000

3 2500
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ete” — hZ, hhZ: numerical analysis

“"Validity” function: R = Aoy o = ey |14 01 (s, fi) n 02 (s, fi)

A2 A4
o1 A A’

~ L.

-~

J1 .A(Tg

Values of A for which R>1 are considered to be inconsistent with the EFT prescription ...
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Limitations of the EFT

N (s ) | o (s, fi
" o fog M . 1 <2 ) 01 "fz) 02 ('5-11
Validity” function: R = o = ogy |1+ (:\2 + 2 )
(_j—l ~ YA v ~ AV J

o1 Aoy

Values of A for which R>1 are considered to be inconsistent with the EFT prescription ...

Ecm=0.5 TeV V ha _ A02(6+87—>hz) thZ _ A(rg(eJre*%th)
RhZ = crl(e*e*ﬁhZ) i - 0'1(6+€_4)th)
35 |\ 35
En=1TeV A>25TeV . | | ey Vs
g \ o\ o s =1 TeV o s =1 TeV
o\ CVS ATV — o\ ¢ Vs =2TeV
2.0 \ e 20 \
E..=2TeV A >45TeV \ + Vs =3 Te v\ - Vs 3 TeV

E.=3 TeV A>7 TeV b Q\% \\ :

Results for the y?¢?D op's cannot be "trusted” below these values
without knowing the full dim 8 effect ...
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Naive Analysis Realistic Background Analysis

! |

full simulation of backg with
appropriate kinematic &

acceptance cuts
(but still a theorist analysis ...)

o (ete — hZ, hhZ) - BR(h,Z — F)

NA ~ RBA

22 Physics @ CLIC, CERN, July 2017 Shaouly Bar-Shalom



BG considerations ‘

BG depends on the subsequent decays of h & Z:

Z — vv: dominant BG from WW-fusion
(in particular @ E_, 2 1 TeV)

Z — ee: dominant BG from ZZ-fusion

e+te- —> hZ — hvv e+e- — hhZ — hhvv

e.g., BG for the
hvv & hhvv fs
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BG considerations ‘

BG depends on the subsequent decays of h & Z:

Z — vv: dominant BG from WW-fusion
(in particular @ E_, 2 1 TeV)

Z — ee: dominant BG from ZZ-fusion

e+te- —> hZ — hvv e+e- — hhZ — hhvv

e.g., BG for the
hvv & hhvv fs

Consider all SM + NP(O,,) diagrams for any of the final states and
optimize with a set of kinematic + acceptance cuts:

e.g., for ete- > hZ — hee: 85 GeV < M., < 95 GeV
pr(e) > 15 GeV, pr(ee) > 80 GeV
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e+e- — hZ: full set of SM + NP diagrams

e+e- —> hZ — hee+hpp: 24 diag's
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e+e- — hZ — hvv: 16 diag's
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e+e- — hZ — hbb: 18 diag's
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e+e- — hZ: full set of SM + NP diagrams

e+e- —> hZ — hee+hppy: 24 diag's
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e+e- — hZ — hvv: comparison with naive estimates ]

V5=500 GeV JE5=1 TeV 1
Before cuts|After cuts|o,z x BRz |Before cuts|After cuts|onz x BRz
oM [fb] 757 3.64 3.74 205.7 0.7874 0.840
T J ) n . . .
N 759 4.029 4.16 206.7 | d.182 1.127
Vs5=2 TeV V5=3 TeV
Before cuts|After cuts|onz X BRz |Before cuts|After cuts|onz X BRz
aSM [fb] 374.9 0.1889 0.203 183.6 0.0834 0.0898
(o) s ey D] 376 0.7574 0.8190 485.8 | (09561 1.03

TABLE II: SM and SM+NP cross-sections in the ete™ — hr 7. channel including all SM and NP diagrams, after imposing the
cut on the missing invariant mass of the two neutrinos mz —4l'z < M, &, < mz + 4’z (in order to suppress the WW-fusion
BG, see Fig. 2 and Appendix C). Also shown are the corresponding naive cross-sections of section V:
Ohy = O (e+ef — hZ) and BRz = BR (Z — v.v.) = 6.6%. Results are given for /s=500 GeV, 1 TeV (upper table) and 2 .3
TeV (lower table). For the NP cross-section we take A =6 TeV.

onhz X BRz, where




e+e- — hhZ: sample diagrams

e+e- — hhZ — hhee+hhpp: ~ 100 diag's e+e- — hhZ — hhvv: ~ 70 diag's e+e- — hhZ — hhbb: ~ 100 diag's
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e ey 1 _
Sensitivities &_2,-@*5’#@,,?;‘,,

4

e+e- — hZ — hee+huu, hvv, hbb
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@ ILC & CLIC

e+e- — hhZ — hhee+hhppu, hhvv, hhbb
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A~O(10 TeV) easily probed

A ~ 7 TeV, borderline sensitivity
@ CLIC energies




An hZ —hhZ correlation ‘

Due to similarity of diff csX's: | .o (h2) _ o (hhZ)
o M (hZ) oM (hhZ)

Vs =1Tev 1 =t
a1 ; == ;
p— —Oz<I>T D i Oy
8t A<
6t ) =1
s osm (BhZ) iy =1

[S¥]
T

5 ALTeV]
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An hZ —hhZ correlation ‘

T T
Due to similarity of diff csX's: | 2 (nZ) _ o (hhZ)
o M (hZ) oM (hhZ)
useful observable oL Ve 1 58 o= e
SM A2 pPYYY
ot (h2) I
R _ oSM(hZ) 1 .
hZ/hhZ ~ UT(th) -
oSM (h,h,Z) al ‘731\»1(.hh2))le:1

may play a key role in distinguishing
between  different NP  scenarios!

e.g., NP in the form of anomalous
Higgs trilinear couplings will exhibit
a different behavior:

Riz/mhz # 1

5 ALTeV]
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= SUMMARY i

- The dim 6 y2¢?D class op's (generated by tree-level exchanges of
heavy vector-boson exchanges in the underlying UV theory) give rise
to interesting new eehZ & eehhZ contact interactions.

- ee > hZ @ the ILC/CLIC is expected to be
sensitive to A .5 ~ O(10 TeV)

+ ee — hhZ: A ;5 ~ O(7 TeV) borderline at a 3 TeV CLIC, but
- very useful for probing the NP type due to a potential correlation with ee — hZ
- for Ayzp2p < 7 TeV need to calculate/estimate the dim 8 contribution

* Outlook:
- A full study of all dim 6 SMEFT effect in ee — hZ,hhZ (multiple operators)
Initial beam polarization effects
A study of the effects of dim 8 op's
A study of the sensitivity of pp — hV,hhV (LHC) to the y2¢2D class op's
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e
Li_p®

f(6)
L = Lsu +Z

dim 8 operators
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FIG. 12: The pr (Z) distribution in eTe™ — hZ at /s =2 TeV (upper left), the invariant mass distribution of hh in ete™ — hhZ
at /s =1 TeV (upper right), the invariant mass distribution of Z + the Higgs with the largest-pr in eTe™ — hhZ at /s =500
GeV (lower left) and the invariant mass of Z + the Higgs with the 2nd largest-pr in eTe™
right). The blue-solid histogram depicts the SM predictions while the red (green) solid lines correspond to the total cross-section
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including the effect of Onr, where fgr =1 and A =6 TeV (A =2 TeV).
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heavy vectors operators

Consider for example the case where a new heavy vector singlet field I; with a mass M > v, is added to the SM

. . PN . . .
lagrangian (the heavy vector can be thought of as some U (1) remnant of a higher broken symmetry). The lagrangian
piece for V| then reads:

Lo, oy 1o ol - ‘
L= 711}1:}" v 53121,;1, oy 1; (g.l(p’rﬁ.uq) + gtm;__u?;..) . (2)

where, the “Hermitian derivative” in (2) is defined as ®7 D, & = ‘IﬂLDH ¢ —-D, PiP.

Integrating out the heavy field I}i by using its Equation of Motion (EOM), we can express 1; in terms of the SM
light fields:

IJ = (|:|—1U2) (g(lﬁﬁ“(l) + f]l_“'“i) , (3)

so that, performing the propagator expansion:

1 1 /00N |
(O—M?2) =~ _3—22(312) ' (4)

and keeping only the first term, i.e, & = 0, we obtain:

1 — —
Vi & 1 (00T TR0 - gy (5)
O<M?

Plugging now I}i in (5) back into the original lagrangian of (2), we obtain the NP Lagrangian piece which emerges
from the heavy vector-boson exchange:?!

fvr

ALy =77

Oy, (6)
where fyr = gg, A = M and Oy is the dimension 6 heavy vector singlet operator:

_ — .
Oy = ipy*pdT DHD (7)
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