Vacuum stability bounds on Higgs couplings
in the absence of new bosons
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If Higgs couplings are off, what do we learn?
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Is the Higgs the only scalar particle with m << Mpl?

That would make it special.
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Is the Higgs the only scalar particle with m << Mpl?

If there are more, would suggest generic stabilization.

neutrinos
-® leptons: e, u, T

=& QCD composites: =, K, p, p, /v, T, ...
--» massive electroweak vector bosons: W, Z
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Claim here:

Measurable deviations in Higgs couplings at the LHC imply new

bosonic states

neutrinos
-® leptons: e, u, T

=® QCD composites: m, K, p, p, J/¢, T, ...
--» massive electroweak vector bosons: W, Z

-@ b,t quarks
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Consider new fermions but no new bosons up to high cut-off A

Certain things cannot be done:
* No Higgs mixing

Certain things are fixed:
* Sign of leading fermion loops

Fermion loops drive the Higgs potential negative
Generic constraint from vacuum stability.

(4m)2 G = —4N: 32, [wil* +




Main observational channels

Htt, HWW, HZZ, Hyy, HGG, Hbb, Hrtt

Imagine all the ways in which new fermions might modify them.

In most cases, O(1) Yukawa couplings are needed if the LHC is to be
sensitive to this.

Analog from days before top and/or Higgs discovery: stability bounds on mt, mH

Datta, Young, Zhang, Phys. Lett. B 385 (1996) 225,
Altarelli and Isidori, Phys. Lett. B 337 (1994) 141,
Casas, Espinosa, Quiros, Phys. Lett. B 342 (1995) 171,
Hung and Sher, Phys. Lett. B 374 (1996) 138,



Main observational channels

Htt, HWW, HZZ, Hyy, HGG, Hbb, Hrtt

Imagine all the ways in which new fermions might modify them.

In most cases, O(1) Yukawa couplings are needed if the LHC is to be
sensitive to this.

Quantitatively, what happens if we add large Yukawa?



Example: vector-like quarks

Q(S,Z)%, Qc(grz)_%
D(3,1)_%, Dc(g,l)%

Vp = Yope H'QD® + Yoe pH €Q° D+ MoQTeQ + MpDD® + cc

e.g., “beautiful mirrors”,
Kearney, Pierce, Weiner 2012,
etc.



Q(3, 2)% ’ Qc(gr 2)—% YaDpe(1TeV)=0

D(3, 1)_% ) Dc(gr 1)% YQcD(1TeV)=1.25
Vere/(10 TeV)4 2-loop RGE:
I Extensive use of PyR@TE
I L t et al,
0.03 C‘;?;St.ePhifs. Commun. 185
_ arXiv:1309.7030
0.02-
0.01
------------ _log.o(h./TeV
02 04 1.4 °9nlhlTeV)
-0.01

~0.02.




Q(3, 2)% ’ Qc(g’ 2)_% YQD¢(1TeV)=0
D(3, 1)_% ) DC(;‘;, 1)% YQcD(1TeV)=1.25

Vee/(10 TeV)*

0.03
Z mass scale of
0.02 new fermions M

runaway ~ 10 M

0.01 /
02 04 06 08 1. / 12 10910(h/TeV)

-0.01;

~0.02.
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Htt

representation —%Np

DI | Q(3,2):, Q¢(3,2)_: YoacH'Qd¢ + Y;pe H' g D¢ + Yope H'QDC + YopepHT€Q¢D
D(3,1)_1, D¢(3,1), +MoQTeQ¢ +MpDDE¢ +cc

DII Q’(3,2)_;, Q’C(E,Z)Sg YoacHT€Q'd + Yype H'qDC + Yo pe HT€Q'D° + Yy , H'Q°D
D(3,1)_1, D(3,1); +MqgQ'TeQ¢+MpDDE +cc

DIII Q(s,z)éf QC[3,2)_§ YoacH'Qd+Y, y.H'oq- D°+Y,y.H'0Q-D°+ Yoy H €0 Q- D’
D'(3,3)_1, D’C(S,S)% +MqQTeQ¢+MpD’-D'¢ +cc

DIV | Q'(3,2)_s, Q"C(ﬁ,z)g YoacH'€Q'd°+Y, . H'oq- -D°+Yyy.H'edQ - D+ Y., HoQ - D

D’(3,3) 1, D'°(3,3):

Q(Bl 2) é ’ QC(?’; 2)_%

U(3! 1): Uc(g’ 1)~

+MoQTeQ°+MpD’-D+cc
EC]UC + YQUCH EQUC + YQ"U
+MgQTeQ¢ + MyUU® +cc

Ull | Q'(3,2)z, Q°(3,2)_: Yo e H'Q u+ Yue H' eqUC + Yoy H'Q U + Yoy H €Q U
U(3,1)z, UC(3,1)_§ +MqQ'TeQ "+ MyUU® + cc

UII | Q(3,2)1, QC(E,Z)_% YourHTeQu°+Y, y.HTeoq- Ue+ Yo -H €oQ: U+ Yoy HoQ¢ - U’
U’(3,3)z, U°(3,3)_ 2 +MoQTeQc+ My U’ -U*¢ +cc

ULV Q""(3,2)2, Q”C(§,2)_% YfoucH*Q”u"'+YqUJCHTeaq-U’C Yy H'oQ" - U+ Yy, HN €a Q¢ - U’
U’(3,3)§, U’C(§,3)_§ +MyQ'TeQ* + My U’-U°+cc

DV | Q(3,2)_s, Q’C(E,Z)% YoacHTeQ'd® + Y, . H'oQ'- D”C+Y» yHTeaQc-D"
D"(3,3)_:, D"¢(3,3): +MyQ'TeQc+MpD"-D c+cc

uv Q"’(3,2)§ 3 Q”C(§,2)_§ Yy e H'Q u + Yy e HTea Q" - U"¢ + Yyyro p HY'0 Q"¢ - U”
U’ (3, 3)s, U”C(3,3)_§ +Mo Q" TeQ"c + My»U"-U"*+cc




Htt

Yt = O(1) = need large new Yukawa to modify appreciably

Q(3,2)%, QC(I_’J,Z)_%, U(3,1)§, Uc(g,l)_%

Or; —v? (|YQUC|2 | Youc<|* 1+ YQCUYQMK?UC)

2lMyl2 " 2|Mg|? MoMy



Htt

Yt = O(1) = need large new Yukawa to modify appreciably

Q(3,2)%, QC(I_’;,Z)_%, U(3,1)§, UC(E_},I)_%

5r ~ _vz |K7UC|2 |YQuc|2 N YQCUYQuC YC]UC
t 2|Myl?  2|Mgl|? MoMy

Turning all the knobs: |6r,] <0.2 for A, > 100 TeV

Generic prediction: |6r,| ~0.1 =& A, =0(10 TeV)




H - diphoton

ATLAS and CMS Preliminary
LHC Run 1
Kz K, < 1 ;I
_ BRBSM=0
K —_—+ 1o ——o—
LUl + 20 ;
Ky *
KT —*:—
Kp ' §
Kg ——
K, e
h—
BRBSM
llllIlllllllllllllllllllll llllllllllll
0O 02 04 0608 1 12 14 16 18 2

1
1
Parameter value



L(1,2)_1, L¢(1,2):
2 2

H = diphoton AL Doy B
AQ%2D (alogllMll)
ory =~ 7
3.4, \ Ologv
_______________________________________________ i M,=200 GeV




L(l)z)_%’ Lc(lyz)l
2

H - diphoton E(1,1)-1, E°(1,1)
Sr 4Q2D(810g|lMll)
s Q=1 7 3, \ dlogy

—




L(1,2)_1, L°(1,2):
2 2

H - diphoton E(1,1)-1, E°(1,1)
4Q*D (Jlog||M]|

513, Y v 31
Q=1L = 3dg \ Cl8Y

el oV a' —




H - diphoton

0t 108
Ayv(GeV)

M,=200 GeV, 400 GeV, 600 GeV

03—
104

108 108
Ayv(GeV)

M,=400 GeV, 600 GeV, 800 GeV



HGG
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HGG

I |

__________ - M,=500 GeV
—— M,z Y,

11| M,=1000 GeV




HGG

PN T——

I |

. L Mg Vv
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HGG

M;=1.2TeV, 1.5TeV, 2 TeV



HWW, HZZ
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HWW, HZZ

Leading-log = c(h/v) W W

__ 8bg?’D dlog||M|| _  8bg?D YY©02 .
C= Tam? “dlogv  (4m2 M; M, sign (| M)

c|? _ —4 c12
-> 5"'W""|g_|4510 D’ (200Méev) Y'Y

0(1%) deviation would imply new bosons nearby
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Summary 1502.01045

1. Any of those =2
would imply
new bosons < 10-100 TeV

2. Run-Ill will sharpen this
by placing new limits on
(or detecting) new fermions
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LHC Run 1
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—e b,t quarks
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Thank you!
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312 ’ ¢ 312 S ~ ~
QE3,2)1, Q% _); Y~12 = A, ~10-100 M,
D(Sr 1)_% ) DC(3, 1)% colored

e.g., “beautiful mirrors”,

106 r ' Kearney, Pierce, Weiner 2012,
5 etc.
Auyy /M, 107
104.
M, = mass 10°C ==~
of lightest
NP state 102
10 L
s 10 15 20 25



C
L(1,2)_1, L(L,2)1 | y~15 & A, ~10-100 M,
E(1,1)—4, E°(1,1); uncolored

106_

5
Auv /My 10

65 10 15 20 25



402D (Olog||M
5, ~ Q ( og|| II)

14
3., \ dlogv
Controlled by QED beta function +1/3 scalar
b= < +4/3 Dirac fermion
-11/3 vector boson
| | | . - B ) L xh%w‘ N . P
SM amplitude negative by W contribution Ag,, = —6.49 2" B
N W B . v-.*..'n.:;'uw

T

One basic structure (Arkani-Hamed, KB, D’Agnolo, Fan 2012)

Y(D,2)_g4pr ¥(D,2)g-1, 2(D: Ve 2°(Dy1)-0

Yv
0 7 —My P d log||M]| YYcp?
,1/ — Q C Q \/E c — M
ve= (4% )( m, —YV ) ( etQ ) ( dlogv ) M1 M sign(IM)



SM Higgs quartic already dips below zero due to large top Yukawa coupling

V =Q(t)—

_I_

2
m; () A1)

AREN. 4
0.12] 5 h” + h
0.10}
0.08|
0.06]
0.04]

0.02;

— logqo(K/GeV)

4 6 8 10 12 14



SM Higgs quartic already dips below zero due to large top Yukawa coupling

’ni(t)h24—&££2h4

V =0Q(t)— +

0.12;
0.10;
0.08

0.06; (471')2% = —4 N, Z@ |y%|4 + ...

0.04

0.02;

—log(p/GeV)




How to define the cut-off?

In a full (consistent) theory, this is straightforward

via the tunneling action.
Here we often simply have a runaway...

0.03
0.02
0.01

~0.01
~0.02

Vees/(10 TeV)*

0.2

0.4

0.8

10
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Vees/(10 TeV)*

How to define the cut-off?

0.03

0.02
In a full (consistent) theory, this is straightforward 0.01
vid the tunne“ng aCt'Ion. ; 0.2 04 06 08 10 1.2 14
Here we often simply have a runaway... -0.01

~0.02 3

A number of possibilities, all scale similarly, and similarly agreeable for our purpose:

1. Ay "~ location of maximum of Veff

2. Ay, "~ location of Veff=0

3. Ay "~ via approximate tunneling prob’ using runaway quartic potential
4.



Vees/(10 TeV)*

How to define the cut-off?

0.03

0.02
In a full (consistent) theory, this is straightforward 0.01
vid the tunne“ng actlon. ; 0.2 04 06 08 10 1.2 14
Here we often simply have a runaway... -0.01

~0.02 3

A number of possibilities, all scale similarly, and similarly agreeable for our purpose:
Ay ~ location of maximum of Veff

1.
2. Ay, "~ location of Veff=0

3. Ay "~ via approximate tunneling prob’ using runaway quartic potential
4.

p~(A/Hp)*e S | S = g%fl , Hy~ 1042 GeV

We take: eff(AUV) = —0.07



Q(S, 2)% ’ Qc(g, 2)_%

- YQDp<(1TeV)=0
D(S! 1)_%, DC(?), 1)%

YQeD(1TeV)=1.25

Aeff
- Ayv ~30 TeV
0.2
0.1\__
....... N ) TeV
05 | 05 10. 15 20 °91o(H/TeV)
— ttunnel<tH
-0.1
-0.2



Last:

Hbb, Htt
19.7 0" (8 TeV) + 5.1 b (7 TeV)
Combined CMS m,, =125 GeV
w=1.00+0.14
Pgy = 0.96

H— yy tagged
u=1.12=x0.24

H— ZZ tagged
w=1.00=0.29

H— WW tagged
u=0.83=+0.21

— 1 tagged
u=0.91=0.28

H — bb tagged
u=0.84 = 0.44

2

05 1 15
Best fit o/og,,



representation —%Np
Q(3,2)1, Q%(3,2)_1 Qd°+ Y,pc H'qD® + Yope H' QD + Yoe: pHT€Q¢ D
D(3,1)_1, D¢(3,1): +MoQTeQ¢+MpDDF¢ +cc
DII Q’(3,2)_%, Q 6(3,2)% YQfchTEQ,dC + Ych QDC + YQ"DC HTEQ"DC + YQ}CD Q ¢D
D(3,1) 1, D¢(3,1): +MqgQ'TeQ¢+MpDDE +cc
3 3
DII | Q(3,2)s, QC[?),Z)_é YoacH'Qd+Y, y.H'oq- D°+Y,y.H'0Q-D°+ Yoy H €0 Q- D’
D'(3,3)_1, D’C(E,S)% +MqoQTeQ¢+MpD’-D'¢ +cc
DIV | Q'(3,2)_s, Q'C(?i,Z)g YoacH'€Q'd°+Y, . H'oq- D°+Yyy.H'eaQ -D°+Yy., HoQ - D
D'(3,3)_1, D“(3,3): +MyQ'TeqQ C+MDfD’-D’C +cc
UI 0(3’2)é’ QC(E,Z)_% YQMCHTEQHC+K;UCHT€6]UC+YQUCHTEQUC+YQCUWQCU
U(s, 1)z, Ue(3, 1)_2 +MoQTeQ¢ + MyUU* +cc
UIl Q”(3,2)%, Q"C(Q,Z)_g e QU+ Yyue HTeqUe + Yy e HQ U + Yy ; HT €Q°U
U(3,1)z, UC(3,1)_§ +MqQ'TeQ "+ MyUU® + cc
UII | Q(3,2)1, QC(E,Z)_% YourHTeQu°+Y, y.HTeoq- Ue+ Yo -H €oQ: U+ Yo HoQC - U’
U’(3,3)z, U°(3,3)_ 2 +MoQTeQc+ My U’ -U*¢ +cc
3 _ 3
ULV Q”(3,2)%, Q”C(3,2)_% YQnuCH*Q” U+ YqUJCHTEUq U+ ”UzCHTo'Q” U+ YoreyH TeaQ"c- U
U’(3,3)2, U*(3,3)_:2 +Mqp Q" TeQ"+ My U’-U°+cc
3 3
DV | Q(3,2)_s5, Q(3,2)s YoacH €Qd° + Yy . H'0Q - D¢+ Y., HTea Q- D
6 6
D”(3, 3) 4, D”C(g,?:)g +MQfoT€Q ¢ -{-}\/I'Da'thr D C +cc
3 3
0)Y% Q”(B,Z)g, Q”C(§,2)_g Yy e H'Q ut + Yy H ea Q" - U + Yooy H'o Q"¢ - U”
U’ (3, 3)s, U"’C(é,s)_g +Mo Q" TeQ"c + My»U"-U"*+cc




Connect the size of the NP Yukawa couplings to Hbb deviation.

Integrating out heavy quarks:

5Tb

—20 g Ab

Q(3, 2)% y Qc(g, 2)_(_15
D(3,1) 1, D°(3,1);




Connect the size of the NP Yukawa couplings to Hbb deviation.

Integrating out heavy quarks:

Q(3,2)%; Qc(g,Z)_%
D(3,1)_1, D‘T(é,l);j

D | =

2|YQCDIU

\/Emb

o «0.02

U) -
o L
0_
-0.02 -
-0.04 -

-

0 0.02 0.04
EWPT: 1410.6940 Ciuchini et al 5gy

\/|5g%/b _5gib‘ei¢



Connect the size of the NP Yukawa couplings to Hbb deviation.

Integrating out heavy quarks:

Q(3,2)%; Qc(g,Z)_%
D(3,1)_1, D‘T(é,l);j

D | =

5rb ~ —258Ab
Zmb Vb
o <0.02
|
c
or 675~ 0.1|Yoep| | 4/|087, —084,|/1073
I'p| ~ U.11Xqgcp ‘ Evb gAb‘
0.02f
0.04f
0 o002 004
EWPT: 1410.6940 Ciuchini et al 5g?



Connect the size of the NP Yukawa couplings to Hbb deviation.

Integrating out heavy quarks: Q(3, 2)% ’ QC(S:_Z)_%
D(B; ]-)_ ) Dc(g, 1)%

D | =

or, =~ _25gAb 2|YQCDIU\/|5g2 —5g2b‘gi¢

YaenY. ne Ynic Mo M
One complex phase ¢ — arg( QD gD 7Qd® " Q D)

| M| M2x2|

¢ # (0 =» CPVin Hbb; imaginary part adds in quadrature in [(h=>bb),
smaller effect in p,



Hbb deviation > 20% =2 Zbb deviation > 10-3

Otherwise — very large Yukawa... unstable

0.006

0.004

0.002

|
-0.002 0 0.002 0.006

Oy,

Ayy ~ 10 M,



Hbb deviation > 20% =2 Zbb deviation > 10-3

Applies to all of the representations

25%2l”¢|58%d ~6g5,le?

DI’ DIV 6rd%—25gAd+

2|Yye p .
DII, DIl 6ram—26gva— 22" /|68%,— 883 ]e™




HTT deviation > 20% =>

Ztt deviation > 103

0.002F ' T

0.001} ]

~0.001 ]

~0.0021- | I S
~0.004 -0.002 O 0.002  0.004

6er

Ayy ~ 10 M,



Htt

L(1,2) 1, L¢(1,2):
2 2
E(lrl)—l; Ec(]-l]-)l

2| Yieg|v -
or ~ —208ar+ Jam. \/‘58%1_5851,? el?

Obtained by integrating out heavy states;
But applies down to M ~ 100 GeV: really, expansion is in g,

Verify explicitly by scanning over parameters:

eCt
-¢ = (I"LE")#| E* |, 4=VDU,
Lt
V — eiGUATBiryABQiﬁUAZei¢A3’ U:eiﬁquef]’uA;geiQuA?

D= diag(mT)er MZ)



0.002F T
0.001 ]
0 _
-0.001+ -
-0.0024 | . SRR

-0.004 -0.002 0 0.002  0.004

69\/1'



Tuning (with more fermions) to evade EWPTSs
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Of course, need light charged fermions to pull the effect in the first place

=» Irreducible electroweak production at LHC

As we saw, mass of lightest charged state is important to set the stability constraint.

Detectability model-dependent.

To make lightest charged state decay, need to add matter/couplings to SM fermions
Z
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