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Takehome messages

To measure Higgs potential “"deviations”:

1. A general approach considering all Non-SM
contributions together is needed.

2. Best LEP EWPT observables also needs to be
updated.

3. Usual kappa or mu analysis cannot be used.
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Higgs potential

® What we know now:

\/(WA m; =V"(v), my =~ 125 GeV
- ® Measuring Higgs cubic coupling is the
N - next step in extending our knowledge
il > of the shape of V:
U h

| .
by M.Perelstein -V
O

Triple Higgs 3 Sunghoon Jung (SNU)



How we usually think about
trlple nggs measurement
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Diagrams with triple-Higgs coupling
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Extracting triple Higgs

+ These results of Delta lambda might be good
enough if the only question is to test the SM.

- If there’s a deviation, there’s a new physics! Not
only lambda, but many others will be non-SM.

- To interpret Higgs-potential deviation from the SM,
it iIs needed to separate deviations in the Higgs

triple coupling from possible deviations of other SM
parameters.
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Kappa analysis not enough

- Often, a single kappa is used for Higgs coupling
ratio w.r.t the SM value.

- For WW and ZZ, in particular, it is not enough.
m7 h
0L = (1 + nz)—hZMZ’u + CZ_Z,LLI/ZMV
v 20
olete”™ — Zh) = (SM) - (1 + 2nz + (5.7)(z)

T(h— ZZ%) = (SM) - (1 + 217 — (0.50)()

- Contribute differently to production and decays, and
are also not constants (energy-dependent).
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How shall we do?

Focusing on H
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HEFT as a model-
iIndependent framework

*In the HEFT,
the deviation of the Higgs potential (triple Higgs
coupling in particular) is associated with

(36)\

V2

AL = PTP|3
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HEFT as a model-
iIndependent framework

- In the HEFT,

the deviation of the Higgs potential (triple Higgs
coupling in particular) is associated with

A
AL = -2 |0t
(Y,
- However,,,

many other SM and EFT parameters contribute to
the same double Higgs observables.
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10 d=6 operators

AL = S 503199, (010) + (o Dra)@t B, o) - “(a7e)

2v2 2@2 v?
g cww DIOW?, W 499w g1, QW2 BH
mW My
g CBB (I)T(I)BMVBMV | g CS)W abcwa Wbl/ A/ cPi
mW My
CHL a a
i (@1 D o)L, L) 52’3 (®'te D 1®)(Ty,t°L)
CHE
i (@1 D 4o) (ev,e)

These 10 HEFT ops consist of:
(1) at least one Higgs or EW gauge,
(2) only Higgs, EW gauge and electrons
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All 10 ops contribute!

h h 06)\

CH h .'.
_ CH o' P
AL 20 Y _~h h h 2 —( )
g: Z . 7 4 Z 7 h
+Z Z Z Z

(2) only Higgs, EW gauge and electrons
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First of all, c6 Is our main parameter for triple Higgs coupling

AL = L on(310)d,(dT0) + L (ot T 1d) (@t D, o) ﬁjﬁA(éfé)}

2@2 2v2 V2
4
W gy o 4 499 W gijagyye puv
mW myy
g CBB @T@BHVBMV | g CSW acha Wbl/ A/ P
mW My
.CHL - a a
ik (@ D #®)(Ly,L) 52’? (@119 D 143)(Ty,t°L)
CHE _
i (@1 D 4o) (ev,e)
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But both c¢6 and cH shape triple Higgs (and Higgs potential)
/hh alone cannot distinguish them.

AL [CH 9 (®13)d, (@TCD)J T (ot Dro)(of U, @) ﬁjﬁA(éfé)}

202 2v2 V2
4
TWW gigyya yyem 4 29T WD gtgagyya pur
mW mW
97cpp o' ®B,, B - g LN A
mW My
.CHL - a a
ik (@ D #®)(Ly,L) 52’? (@119 D 143)(Ty,t°L)
CHE _
i (@1 D 4o) (ev,e)
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But cH renormalizes the Higgs field.
Thus, single Higgs measurements can be relevant.
CH ot | AR CoA (o
AL [2028 (310)d), (<I><I>)J (@ Do) (@t D, o) o (0fa)?
4
TEWW gty yyrom 4 199 WE gjagyya pur
mW myy
97cpp o' ®B,, B - g LN A
miy myy
CHL T a a
ik (@ D #®)(Ly,L) 52’? (@119 D 143)(Ty,t°L)
CHE _
i (@1 D 4o) (ev,e)
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cl shifts hZZ coupling
and famously m/Z.

AL = H o1(013), (01) | [CT (@' U ra)(of D, @] A (pi)?

2@2 202 V2
4
TWW gigpye ow 4 199 WE gijagyye g
mW myy
g CBB q)Tq)BMVB“V | g CSW acha Wbl/ A/ P
mW My
.CHL - a a
ik (@ D #®)(Ly,L) 52’3 (@119 D 143)(Ty,t°L)
CHE _
i (@1 D 4o) (ev,e)
Triple Higgs 15 Sunghoon Jung (SNU)



cWW,cBB,cWB
renormalize gauge boson interactions and masses
and induce hVV, hhVV interactions

AL = S 503199, (010) + (o Dra)@l B, o) - 2 (a1a)

2@2 2v2 V2
4
[ TWW gigpye pyrom 4 199 W @TtGCDW“VB“”]
mW My
[ g “CpB (IDTCI)BWBW g CSW acha Wbu T/ cPr
mW My
.CHL + a a
ik (@ D #®)(Ly,L) 52’3 (®tte D #3)(Ty,t°L)
CHE _
i (@1 D 4o) (ev,e)
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cHL,cHL ,cHE induce
/ee . /hee,/hhee contact interactions

AL = S 503199, (010) + (o Dra)@l B, o) - 2 (a1a)

2@2 2v2 V2
4
TWW gigpye pow 4 299 WE giyagyye g
mW myy
97cpp o' ®B,, B - g LN A
miy myy
f )
i (@ D #®)(Ly,L) fQL (@119 D #®)(Ly,toL)
. .CHE ;= 1 _
i (P ﬁ”@)(e%e) . )
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Lastly, although ¢3W doesn't directly contribute to Zhh,
it affects TGC measurements that determine other ops.

(36/\

_ CH ouapt t T &t T t t
AL = 2028 (109, (0') 1 chﬁcb )@ T, @) o (0fa)?
W gy o 4 499 W gijagyye puv
mW My -
97cpp o' ®B,, B - g LN A
mW LmW D
.CHL T a a
ik (@ D #®)(Ly,L) 521; (@119 D 143)(Ty,t°L)
CHE _
i (@1 D 4o) (ev,e)
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AL = S 503199, (010) + (o Dra)@l B, o) - 2 (a1a)

202 2v2 V2
—|— 92(311/11/ n 400 Ciirr o
B 9 EFT + ¢c6 + 4 SM parameters
12
I “BEgtep,, B - g LN A
mW My
.CHL - a a
ik (@ D #®)(Ly,L) QI;L (®tte D #3)(Ty,t°L)
CHE _
i (@1 D 4o) (ev,e)
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EWPT (LEP) + mh

measured o PDG SM fit

"

a t(my) 128.9220  (78) same
Gp 1.1663787  (6) same
my 01.1876  (21)  91.1880
mw 80.385  (15)  80.361
M 125.09 (24) same
Ay 0.1470  (13)  0.1480

['(Z —¢t¢-) 83385  (15) 33.995

Using these inputs, we can obtain a covariance matrix for
/ of our coefficients

dg 69" v A

gagla?aTchacHLacHE

with errors on single parameters at the 1072 level.
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e+e- > WW (TGC)

AETGC — z’gv{glVV“(W/;W“ — WJ;W_V) + Iivw:WV_V“V

e+e- > WW physics is described by 3 independent coeffs,
constraining 3 additional HEFT ops (cWB,cHL’,c3W).

91z = ~ "o 9 2CWB‘|‘ ¢r — CHL | »

Co — So Co 2 .7 06 3.0
2 56 7.6 2.8 | x1074

Kz = g1z — SC—%CWB, KA = g14 3.0 2.8 15.06
Ay — — Nt — eaw 2/ab 250 GeV

Marchesini 2011
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Single Higgs (LHC & Zh)

F(h — ’}/’7) — F(h — ’y’}/) (1 + 52882 (8CWW — Q(SCWB) -+ SCBB) -+ - )

D(h —~Z) =T(h = ~vZ)o(1 4 2905wcw (Scww — (1 —2)(8cwp) — t28cpp) +---)
p pv i &
L3 _QnZhZ,uZ 9 Z,ul/Z y JeZh 67# )Z o
Yo 2 (%0 Vo

Three additional coefficients can be constrained to O(0.1%)
except for cH ~ O(1) % (see later)
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Finally, e+e- > Zhh

" h h h
h
7 h h
£ 7 z Z Z
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Finally, e+e- > Zhh

~

o(ete” — Zhh)

SM

~

— 1 +{0.056¢6]— 4.15¢ + 15.1(8cyw) + - - -

+62.1(cyr + cyr) — 53.5¢cHE

J

After all, only c6 ~ 28% is possible (mostly stat only)

Triple Higgs
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Finally, e+e- > Zhh

-

o(ete” — Zhh)

SM

~

— 1 +{0.056¢6)]— 4.15¢ + 15.1(8cww ) + - - -

+62.1(cyr + cyr) — 53.5¢cHE

J

there are several noisy contributions with large coefficients!

Triple Higgs

Surprisingly,
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Challenge 1.
s/mZ72 enhancement
h

/

cHE, cHL, cHL  give contact-interaction contributions
enhanced by s/mz”2 ~ 50 at 500 GeV.

To measure c6 at 1% level, these ops shall be measured
at 0.01% level which is only marginally achieved at
LEP EWPT.
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Challenge 2:
cH measurements from Zh

VA

Similarly for e+e- > Zh, constraining cH.
LEP precisions on contact interactions lead to poor cH~1%
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Fortunately, many other
observables

<|

Z W 5F(h — bg) =1—cyg + 2¢p%

VBF h->WW*

Many more observables
depending on additional HEFT parameters,
but many observables with different dependences.
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Also, the enhancements at
250 GeV are less severe

Triple Higgs

250 GeV

500 GeV
Cr prec. EW  + Zh
CT 0.011 0.041
CHE 0.043 0.040
CHL 0.042 0.027
CHr, — 0.026
SCWB — 0.067
8CBB — 0.15
SCWW — 0.11

29

+ Zh

0.048
0.047
0.032
0.028
0.076
0.16

0.13 .
'

Sunghoon Jung (SNU)



Combining all systematically,

A (< A2 >]12 | A (< A% >]1/2
c 0.65 (car + yr) 0.014
(8cww) 0.039 | cyp 0.009
(—4.15CH + 151(Swa)) 2.8 62.1(CHL + C}IL) — 53.5CHE 0.85

£ s\

5% measurements (stat err only) of c6 is possible!
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General approach gives
more than just adding all.

We can more reliably interpret and measure
Higgs potential.

We can systematically identify challenges
to be foremost importantly improved.
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I'hank you
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