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PRECISE HIGGS PROPERT!

ATLAS Preliminary
Vs=13TeV, 36.1 - 79.8 fo'
my, =125.09 GeV, |y, | <2.5

1 0 interval ==

2 o interval —

Fits for Higgs couplin
Standard Model
particles have
20-50% errors
and currently
agree with SM value
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HIGGS POTENTIAL WE ONLY
KNOW THE MASS

Standard
EWSB

w/ new EWSB source| , -
e.g. 2HDM, induced EW B
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Precision Electroweak
-] =< 14
Kribs et.al. 1702.07678
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TRIPLE HIGGS PROCESS

Papaefstathiou and Sakural
See also Chien et.al.
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Papaefstathiou and Sakural hh and hhh at one loop
See also Chien et.al. e.g. Bizon, Haisch, Rottol

approximate ¢, d, exclusion, hirk +(b5) (%) (), pp@100 TeV

10 i
4
o
’
( ‘lyn
Fl \
’
4
oF /
/
/
r
/
/
’
_é’t‘ 0 | 4
’
| ¢
i
Y
\ /7
a X
-5 ll‘-l 220
(ts‘aazl |
e o ~
v =l
'
_10 [l 4 1
-3 -7 -1 0 2 3 - 35

I'IG. 6: The approximate expected 2¢ (blue) and 5o (red) ex-
clusion regions on the ¢3—d, plane after 30 ab~ ' of integrated
luminosity. derived assuming a constant signal efficiency, cal-
culated along the ds = Ges line in ¢s € [—3.0,4.0].



TRIPLE HIGGS PROCESS

hh and hhh at one loop

Papaefstathiou and Sakural
e.g. Bizon, Haisch, Rottol

See also Chien et.al.
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A model iIndependent approach to constraining
this new physics is (perturbatie)
unitarity violation
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UNITARITY VIOLATION

The Standard Model
IS a precise deck of cards
K O modiPcations (due to
PRV higher dimensional operatol
N lead to problems at high
energies, In particular
Unitarity violation
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CLASSIC EXAMPLE
SCATTERING ZL &= W LW

—_—
M =c Energs+ ... M = -c Energi+ ...

Higgs exchange cancels high energy growth If its cou
are SM-like, matrix element is Unitary |if
my = 1TeV (Lee, Quigg, Thacker)

il
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GENERAL HIGGS POTENTIA

1
V = émihQ + Monnh® + Mnnnh® + Appnanh® + - -

Higgs Effective Field Theory (HEFT) parameterizes
most general Higgs couplings

 Not SU(2) x U(1) invariant, but can be lifted to EW ga ge
iInvariant theory via

X1  2H2" v= (v+h)2+ &2 v
| - he —&20 T pE2+

" 2V 2V?
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STANDARD MODEL EFT
(SMEFT)

Nonanalytic nature of HEFT around v = 0 rel3ects a nonl
EFT for Higgs doublet in ultraviolet

o = — R —— e — — - e

SMEFT instead looks at the most general EW gauge | \
analytic EFT for H |

i
1
|

\
|




NONSTANDARD HIGGS TRILINE/

14



NONSTANDARD HIGGS TRILINE/

14



NONSTANDARD HIGGS TRILINE/
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= Vgmr + =213 h’ +
2V

3m+
4v-?

3m: m?
8v3 16v4

SMEFT correlations
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TRILINEAR UNITARITY
VIOLATION

Modifying trilinear from SM value automatically leads to Unite
violation at high energies

Example:

w w VAWAWAR—_WAWAWA

Cancellation to get

@‘\% g'/ixw @‘é gmd M ~ 1/Energ¥
requires SM

trilinear value!



UNITARITY CONSTRAINTS ON NON-
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UNITARITY CONSTRAINTS ON NON-
DERIVATIVE COUPLINGS

"nl 7 /llnr
T ad
nlaaa! ! %

Consider s-wave Ki 2z 22k N1 —Ki1 2 z1zn. —k
_ | K1 r | ] NM1—K1 r r
scattering paakt oy aag,

Unitarity constraints from this amplitude reqt

B2 4 .6f1!22(k1!ééléf!(k" DIk" 2))((n, " k)laad, " k)I(n" k" i(n" k" 2N
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ONE PARTICLE EXAMPLE

ol Optimal bound is when k = n/2
n!
: , 1/(2n! 8)
Ew=rn,2  {(n/2){(n/2! 1)}(n/2! 2)!}
E 1= 211101(n ! 2)I(n! 3)(n! 4)!
0.70f* |
0.65| n/2 < n/2 channel
0.60f ° iImproves Unitarity
0.55} "o bound by up to
0.50} e, factor of two compared
oasf . teeea,, to standard
10 15 20 25 2 P n_2



HEFT TRILINEAR

(ALSO SEE FALKOWSKI, RATTAZZI)

mg 3 _ My 1 * [ Goldstone Equivalen};
— 13X = —1I v+ h)?2+ G21 v
v ° v ° <\/( ) > Theorem says

Goldstone scattering
gives high energy
longitudinal W,Z

scattering
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HEFT TRILINEAR

(ALSO SEE FALKOWSKI, RATTAZZI)

mg 3 _ My 1 * [ Goldstone Equivalen};
— 13X = —1I v+ h)?2+ G21 v
v ° v ° <\/( ) > Theorem says

Goldstone scattering

| , . .
! ! 3m2 . gives high energy

| L5(" )™ 2 n:Gzhm longitudinal W,Z
- L | scattering |

i | | 25 " 3 =10' 4,10 1

Unitarity violating scale fCEU ) 1,10 |

nitarity 1s¢
7, M2 & 7, hm'2 (Tei/)y ol k l
IS ~5TeV for m ~ 10-15 b
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SMEFTVS HEFT

In two descriptions, they differ wildly at high multip
INn the Interactions

SMEFT |H| HEFT R
cuts off at 6-pt interactions  has inPnite tower of interactions
(analytic in H) (non-analytic in H)

rThus, these higher order terms are model depend:
and are due to assumptions about Higgs potenti:
modiPcations (e.g. existence‘hh I corrections

L

e



MODEL DEPENDENCE OF

TERMS

X231 h3+ &%(h?+ h3+ 44/ G*h+ h?+ 44/ G511+ h+ 44n
+ G831+ h+ a4/ %1+ h+ 4ap+ 444

X41 h*+ E3(h3+ h*+ aapr G4(h2+ 3+ aap+ G%h+ h2+ aan
+ G3(1+ h+ adpr 6L+ h+ aap+ aaa

X51 hd+ &2
+ G§(

W+ h+ aaR+ G4(h+ h*+ a44/+ G5h2+ h+ 44K

h+ h?+ 44/ G1%(1+ h+ 44/t 444

(Schematic without coefbcients, but we know
cancellations can occur due to SMEFT description)
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MODEL DEPENDENCE OF
TERMS

X31 h3+ & h® + 44+ G“ h? + éé)é++ h+ aan

+ G831+ h+ a4kl %1+ h+ 4ap+ 444

X41 h*+ EX(h3+ h*+ aap+ 42+ h+ 44l G%h+ h?2+ a4k
+ G3(1+ h+ adpr 6L+ h+ aap+ aaa

X51 h+ G2(h*+ h®+ 4ak+ G4(h3+ h*+ a4k &(h2+ h+ 4an
+ E8(h+ h?+ 44+ %L+ h+ aaR+ a4a

(Schematic without coefbcients, but we know
cancellations can occur due to SMEFT descrlptlon)

— —_— —— e e

' Terms cwcled can only come from trllmea

e e e e e — = _——— —===_=
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MODEL INDEPENDENT
VIOLATION

These couplings onl
depend on trilinear
modiPcations and
give much weaker
bounds (15 TeV for

$3=1)

60
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EUnltarlty 30
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MODEL INDEPENDENT
VIOLATION

60

These couplings onl
depend on trilinear
modiPcations and
give much weaker
bounds (15 TeV for

$3=1)

50t

40}
Eunitarity ., .|
(Tev) )

m?

In SMEFT with
correlated trilinear
to hexilinear coupling

bound does not get
better until much large

$3 (w/o large
multiplicity disaster)

21



ISOSPIN ANALY SIS
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Weak Isospln =1, 3 channels ‘
G311 @G3 triplet channel gives best bound

13. 4Te\/$31’2 1‘
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ISOSPIN ANALY SIS

e — — e _ . e o

| Weak Isospin = 1, 3 channels ‘,‘
G31 @G3 triplet channel gives best bound {‘-

= —— — e ——— —— — EE——— e — e —
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, Weak Isospin =0, 1, 2 Channel
G singlet channel gives best boun 01}
’1

-
e
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Effective Theory SMEFT HEFT

Parameters are closer to
extracted Higgs
couplings

Better High Energy

Advant
i Behavior

Breaks down at a
low energy scale

unless couplings are
tuned towards SMEFT

Larger correlations
Disadvantages assumed amongst
Higgs modifications




SMEFTVS HEFT SUMMAR?

Effective Theory SMEFT HEFT

Parameters are closer to
extracted Higgs
couplings

Better High Energy

Advant
i Behavior

Breaks down at a
low energy scale

unless couplings are
tuned towards SMEFT

Larger correlations
Disadvantages assumed amongst
Higgs modifications

O(1) deviation In trilinear suggests new physics must appear be
TeV for generic Higgs couplings, 13 TeV assuming UV struct
(Aside: trilinear interactions from derivatives, have even low

Unitarity bounds)



EMBEDDINGS INTO UV
COMPLETION

So far, we have been completely model independ
which leads to interesting scales ~ 5-10 TeV for
O(1) modibcations
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EMBEDDINGS INTO UV
COMPLETION

So far, we have been completely model independ
which leads to Interesting scales ~ 5-10 TeV for
O(1) modibcations

— = = ‘

, 'However, in realistic models we expect new phys

be lower, much like the Higgs was below the 1T]
Unltarlty bound _ _ |

24



EFT POWER COUNTING

Our scenario has large modibcations for the Higgs
potential, but not in non-derivative couplings
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EFT POWER COUNTING

Our scenario has large modibcations for the Higgs
potential, but not in non-derivative couplings

4 ] n
'L:MF ng

aasd
g¢ M M’

Non-Nambu-Goldstone SILH power counting would realize
for strong coupling- g>1

25



EFT POWER COUNTING

Our scenario has large modibcations for the Higgs
potential, but not in non-derivative couplings

M* g H "
L="F ?
7 MM

,aaad

Non-Nambu-Goldstone SILH power counting would realize
for strong coupling- g>1

—_— = = e : _ *
| Generlc scallng for a UVv completlon Wlth one mass sci Ie |

1*[ ~and one coupllng strength g

— e —— ——— —— = == = —— — —_— = == —— - - —
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SCENARIOS REALIZING
MODEL-INDPT BOUND

In these scenarios the new physics can

appear at M =13.4 Te¥4> and btting the trilinear
requires g=7

However, Higgs mass and quartic have to be tuned
since they should be of order M and g:? respectively!

26



GENERIC HIGGS BOUND
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GENERIC HIGGS BOUND

Y3 3y 4 9Y° 7Y ©
ng(\/v2+2Y_V)3:v_3 205 | 4u7 2’09__|_.”

For "generic" Higgs couplings, we see ithat-gl/v,
leading to g= M/v = 20 (M/5 TeV)
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GENERIC HIGGS BOUND

Y3 3y 4 9Y° 7Y ©
ng(\/v2+2Y_V)3:v_3 205 | 4u7 2’09__|_.”

For "generic" Higgs couplings, we see #hat-gl/v,
leading to g= M/v = 20 (M/5 TeV)

- Strong 60L]pling IS larger théor?urati _.g nd

| f ~M/g = v, so all Higgs coupling deviations
' should be order one, not 10-20%!

(also see Falkowski & Rattazzi for alternative argyme

24,



POWER COUNTING LESSON

It IS possible to push the new physics to the
model-independent Unitarity bound, but not the
generic bound
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POWER COUNTING LESSON

It IS possible to push the new physics to the
model-independent Unitarity bound, but not the
generic bound

(

models will have W
new physics at lower |
energies just like the |
nggs turned out .~

28
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Some work towards observing Unitarity violating processe:
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CO I_ I_ I D E R P RO B Elﬁming et.al.1812.09z

Some work towards observing Unitarity violating processe:

e Searching for Unitarity violating
10} o | process has similar sensitivity :
§f———— | . double Higgs production
$ oo W HANCH
o But Higgs wasn't discovered by
B vector boson scattering, so

need to continue to explore
_1 L M PR ST T S A 1 A " PR T T i
G es i 8 model dependent signals

B 29
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CONCLUSIONS

r n
¥ Nonstandard EWSB is possible and measuring ttil

IS a major goal of high luminosity LHC and future
colliders

¥ Trilinear modibPcations lead to Unitarity violation at
high energies (~ 5 - 13 TeV 5 ~ 1 depending on
assumptions)

¥ Possible to push new physics to 13 TeV and have (
trilinear, but natural models will have it much lower

e )
30




Thanks for your attention!
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QUARTIC

2 2
V$ B+ ) ht s %("4# 3"3) h362 + 3Imh( # 5'5) 26
16\/5( s # 6"'3) hGE + 128/6( s # 6'3) 6B,
Process Unitarity Violating Scale
h2z, ! hZ, 66.7 TeV/|!3" 1]
hz2! Z2 94,2 TeV/ |! 5
hWLZL I W|_Z|_ 141 Te\// ||3|
hz2! hz? 9.1 TeV/ ! 13" 214
hW.Z ! hWoZy | 111 TeVi |la" 1]
Z2 | g 157 TeV/. |!5|
ZEW, ! Z2W, 204 TeVl |4
hz2! z8 6.8 TeV/|l3" 11,5
hZ2W_ | Z2W, 8.0 TeV/|l3" 11,5
780 A 6.1 TeV/|l3" 11,
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Figure 1: Parameter space for the cubic Higgs self-coupling deformatibn relative to the
SM value. The allowed region depends on the valuwg = !as/a,, which encodes 'eects of
dimension-8 SMEFT operators in the Higgs potential. The gray area is excluded by stability
considerations, as the potential contains a deeper minimum that the EW vacuumatd H( =

v?/ 2. Left: the purple areas are excluded fa, = 1 and a, = 0.01 under dI' erent hypotheses
about the parameter! = v2/f 2, which characterizes the size of the corrections to the single
Higgs boson couplings to matter. Right: the blue areas are excluded fiy=1and ! =0.1
under di" erent hypotheses about the coupling strengt, of the BSM theory underlying the

SM.
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